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Résumé

Une nouvelle stratégie oncologique, basée sur
l'intégration de la radiothérapie nanovectorisée et
'administration loco-régionale, a été évaluéee pour le
traitement et 'imagerie du glioblastome, le type le plus
commun des tumeurs cérébrales primaires. Les
dendrimeres Gallic Acid-Triethylene Glycol (GATG) sont
des nanovecteurs de choix pour délivrer simultanément
lagent thérapeutique (le radioisotope '88Re par son
rayonnement béta a été retenu) et I'agent diagnostique
(le gadolinium est un agent paramagnétique utilisé en
Imagerie par Résonance Magnétique (IRM)). Leur
évaluation a été réalisée par administration loco-
régionale par stéréotaxie sur un modéle de rat F 98. Les
données pharmaco-cinétiques ont été également
obtenues aprés injection intraveineuse permettant
d’apprécier les propriétés des différents dendriméres
synthétisés. Leur apport en terme de confinement au site
d’injection représente un avantage majeur de ce
nouveau type de radiopharmaceutiques.

Mots clés

GATG, dendriméres, radiothérapie interne, MRI,
glioblastoma, '8Re, Gd3+, #MmTc.

Abstract

A new oncologic strategy, based on the integration
of nanovectorized radiotherapy and locoregional
delivery, was evaluated for the treatment and
imaging of glioblastomas, the most common and
lethal type of primary brain tumors. Gallic acid-
triethylene glycol (GATG) dendrimers were the
nanovectors of choice to deliver the radiotherapeutic
88Re and paramagnetic nuclei Gd3*, with a minimally
invasive stereotactic injection, directly depositing the
radiotherapeutic dose to the tumor site in a F98 rat
glioma model. Intravenous injection was used to
further investigate the pharmacokinetics, throughout
body distribution and clearance profiles of these
dendrimers. Molecular weight and architecture had
an important role on the in vivo behavior of the
dendrimers. Their use as nanovectors prevented the
fast brain clearance of the radionuclide alone, and
prolonged the confinement of the internal radiation at
the tumor site.

Key words

GATG, dendrimer, internal radiotherapy, MR,
glioblastoma, '8Re, Gd®+, ¥mTc.
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Une nouvelle stratégie oncologique, basée sur 'intégration de la radiothérapie nanovectorisée et I'administration
loco-régionale, a été évaluéee pour le traitement et I'imagerie du glioblastome, le type le plus commun des tumeurs
cérébrales primaires. Les dendriméres Gallic Acid-Triethyléne Glycol (GATG) sont des nanovecteurs de choix pour
délivrer simultanément |'agent thérapeutique (le radioisotope 188Re par son rayonnement béta a été retenu) et
I'agent diagnostique (le gadolinium est un agent paramagnétique utilisé en Imagerie par Résonance Magnétique
(IRM)). Leur évaluation a été réalisée par administration loco-régionale par stéréotaxie sur un modeéle de rat F 98.
Les données pharmaco-cinétiques ont été également obtenues aprés injection intraveineuse permettant d'apprécier
les propriétés des différents dendriméres synthétisés. Leur apport en terme de confinement au site d‘injection

représente un avantage majeur de ce nouveau type de radiopharmaceutiques.

mots-clés : GATG, DTPA, dendriméres théranostic, radiothérapie interne MRI, glioblastoma, 18Re, Gd3*, mTc,

A new oncologic strategy, based on the integration of nanovectorized radiotherapy and locoregional delivery, was
evaluated for the treatment and imaging of glioblastomas, the most common and lethal type of primary brain
tumors. Gallic acid-triethylene glycol (GATG) dendrimers were the nanovectors of choice to deliver the
radiotherapeutic 88Re and paramagnetic nuclei Gd3*, with a minimally invasive stereotactic injection, directly
depositing the radiotherapeutic dose to the tumor site in a F98 rat glioma model.

Intravenous injection was used to further investigate the pharmacokinetics, throughout body distribution and
clearance profiles of these dendrimers. Molecular weight and architecture had an important role on the in vivo
behavior of the dendrimers. Their use as nanovectors prevented the fast brain clearance of the radionuclide alone,
and prolonged the confinement of the internal radiation at the tumor site.

keywords: GATG, DTPA, theranostic dendrimers, localized radiotherapy, MRI, F98 glioma rats, glioblastoma, 188Re,
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General Introduction

The main objective of this thesis was to develop a new oncologic strategy, based on the
integration of nanovectorized radiotherapy, with radiolabeled dendrimers, and intratumoral
injection, via convection enhanced delivery, for the theranostics of glioblastomas. In the first part
of this manuscript the general characteristics of glioblastoma will be introduced, while exposing
the urgent need to find new diagnosis and treatment regimens for the improvement of this brain
cancer prognosis. It will be continued with the currently used diagnosis modalities in clinical
settings, focusing on the magnetic resonance imaging (MRI), which is considered at this time as
the gold standard for the diagnosis and follow up of the glioblastoma. MRI parameters, important
for the second part of this thesis, are going to be explained shortly, continuing with the preparation
of contrast agents used for MRI, such as diethylenetriaminepentaacetic acid (DTPA) and 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) derivatives for MRI enhancement.

It is known that in order to increase the relaxation rate of bulk solvent the paramagnetic ion
should (1) efficiently relax the water that comes into contact with it, and (2) the relaxed water
should exchange rapidly with the bulk water, to be able to transmit the relaxation effect to it. For
fast tumbling complexes, such as Gd-DTPA, it is relaxation of the bound water that is the rate
limiting process. On the other hand, slower tumbling will result in a more efficient relaxation
mechanism of the bound water. For most biological targets of interest for imaging, multiple
gadolinium ions are required to provide the necessary relaxation rate change. However, linking
complexes in a linear fashion gives an oligomer, where rotation about the short axis of the molecule
is fast and limits relaxivity. Since relaxivity is so dependent on molecular motion, the rotational

dynamics of the final molecule are critical. The architectural characteristics of the dendrimers
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General Introduction

comprised of gadolinium complexes impose a more isotropic rotational dynamic, resulting in a
better translation of the effect of the high molecular weight in the increase of the relaxivity.
Following the presentation of the most important methods used nowadays in clinics for the
diagnosis and follow up of glioblastoma, new modalities in locoregional therapy, for a localized
irradiation to glioblastoma tumor cells will be introduced. The introduction part of this thesis will
be concluded after paying special attention to the localized internal radiotherapy for glioblastoma
treatment, including the used radionuclides, innovative vectors and their characteristics. The
reason why dendrimers were our nanovector of choice as a multifunctional platform, to be dual
labeled with Gd for MRI and '®Re for glioblastoma treatment, is discussed when assessing the
role of dendrimers in biomedical applications and in our review on the use of dendrimers in cancer

radionanotherapy.
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PART 1. Glioblastoma management

Gliomas are the most common primary intracranial tumor, representing 81% of malignant
brain tumors. Glioblastoma, the most occurring glioma histology (45% of all gliomas), has a 5-
year relative survival of less than 5%. It develops from star-shaped glial cells (astrocytes and
oligodendrocytes) that support the health of the nerve cells within the brain. These are the most
invasive type of glial tumors, rapidly growing and commonly spreading into nearby brain tissue.
Incidence rates for brain and other central nervous system (CNS) cancer are highest in Northern
Europe and lowest in Western Africa (Figure 1.1), with the highest world age-standardized
incidence rates in Albania for men and Sweden for women (2012).!

For the first time in 2016, the World Health Organization (WHO) Classification of Tumors
of the CNS introduced molecular parameters in addition to histology to diagnose many tumor
entities.? This new classification from a pathogenetic point of view is based on both phenotype
and genotype; from a prognostic point of view, it groups tumors with similar prognostic markers;
and from the patient management point of view, it guides the use of therapies (conventional or
targeted) for biologically and genetically similar entities (Figure 1.2).

Most notably, while in the past all astrocytic tumors had been grouped together, now all
diffusely infiltrating gliomas (whether astrocytic or oligodendroglial) are grouped together: based

not only on their growth pattern and behaviors, but also more pointedly on the shared genetic driver
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mutations in the IDHI and IDH2 genes. This is aimed to facilitate clinical, experimental and
epidemiological studies that will lead to improvements in the lives of patients with brain tumors.
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Figure 1.1 Brain, nervous system tumors: ASR (World) per 100 000 (all ages). Reprinted with permission from
reference 1. Copyright: International Agency for Research on Cancer (IARC), 2016.
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In this new classification, glioblastomas are divided into (1) glioblastoma, IDH-wildtype
(about 90% of cases), which corresponds most frequently with the clinically defined primary or de
novo glioblastoma and predominates in patients over 55 years of age’; (2) glioblastoma, IDH-
mutant (about 10% of cases), which corresponds closely to so-called secondary glioblastoma with
a history of prior lower grade diffuse glioma and preferentially arises in younger patients® and (3)
glioblastoma, a diagnosis that is reserved for those tumors for which full IDH evaluation cannot

be performed.

Histology Astrocytoma Oligoastrocytoma Oligodendroglioma Glioblastoma

|
] I
P st IDH mutant 1DH wild-type : IDH mutant 1DH wild-type
1
1
L
1 Glioblastoma, /DH mutant |
1p/1%q 8nd ATRX loss® _ i
other genetic TPS3 mutation® 1p/19q codelation i
parameters ' : | Glioblastoma, IDH wild-type
1
| ,
1
!
Diffuse astrocytoma, DHmutant | 4 | = mommssmssssssses -
'
Oligodendroglioma, IDH mutant and 1p/19q codeleted Genetic testing not done
or inconclusive

After exclusion of other entities:
Diffuse astrocytoma, IDH wild-type
Oligodendroglioma, NOS

<_._...._.._...-_

Diffuse astrocytoma, NOS
Oligodendroglioma, NOS
Oligoastrocytoma, NOS

* =characteristic butnot
Glioblastoma, NOS

required for diagnosis

Figure 1.2 A simplified algorithm for classification of the diffuse gliomas based on histological and genetic features.
Reprinted with permission from reference 2.
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The tumor corresponds to WHO Grade 1V, and it is composed of three zones: central
necrosis, proliferation and infiltration zones (Figure 1.3a). Proliferation region is characterized by
hypercellularity, nuclear polymorphism, brisk mitotic activity, prominent microvascular
proliferation, and/or necrosis (Figure 1.3b and c).*> Circumscribed necrosis and angiogenesis are
the absolute features of glioblastoma and their occurrence is needed for its recognition, because
they are direct signs of malignancy. Infiltration zone represents the invasion into the brain of tumor
cells that acquire a particular phenotypic and molecular signature. It is not uniform along the tumor

borders and often it is so mild that it is hardly detectable, also histologically.®

R Pl
central necrosis,
proliferation, and infiltration zone. H&E, 25x; (b) Area of disrupture with high cell density, vessels of different size
and edema dissociation of the tissue; (c¢) Circumscribed necrosis with pseudo-palisading in an area with high cell
density (H&E, 100x) and area with a high Ki-67/MIB.1 proliferation index (DAB, 100x). Reprinted with permission
from reference 6.

The most conclusive prognostic factors for glioblastoma are extent of tumor resection, age
at diagnosis, and Karnofsky performance status, which allows patients to be classified as to their
functional impairment.” Age is significantly associated with survival after diagnosis for all glioma,
but the effect is most pronounced for glioblastoma.® In general, gliomas with an oligodendroglial
component have increased survival, as opposed to those with an astrocytic component.”” The

complex character of this tumor is one of the main reasons of the resistance of glioblastoma to

. . . . . I ocle)
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therapeutic intervention. Glioblastoma treatment challenges can be summarized as due to the

following characteristics:

Localization of tumors in the brain;

Inherent resistance to conventional therapy;

Limited capacity of the brain to repair itself;

Migration of malignant cells into adjacent brain tissue;

The variably disrupted tumor blood supply which inhibits effective drug delivery;

Tumor capillary leakage, resulting in an accumulation of fluid around the tumor;
(peritumoral edema) and intracranial hypertension;

A limited response to therapy;

The resultant neurotoxicity of treatments directed at gliomas.

Despite new diagnostic and treatment opportunities such as magnetic resonance imaging

(MRI), microneurosurgery, neuronavigation, and the development and testing of various cytotoxic

agents this cancer remains incurable.

1.1. Diagnosis modalities of glioblastoma (PET, SPECT, CT, MRI)

Neuroimaging has become invaluable in the management of glioblastoma. Routine diagnosis

of glioblastoma critically relies on MRI, owing to the variety of soft tissue contrasts available and

its ability to provide morphological, physiological and metabolic information about the tumor.

MRI is used at all stages of glioma management, from the detection and localization of the tumor

to the planning of neurosurgery and radiotherapy, followed by the assessment of treatment

efficacy.
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Positron emission tomography (PET) and Single Photon Emission Tomography (SPECT)
can complement MRI by providing access to molecular targets with high sensitivity. Both SPECT
and PET give information based on the spatial concentration of injected radiopharmaceuticals.
PET uses short-lived positron-emitting radiotracers, which can be replace an atom or a molecule
of a biological subtrat, enzyme or other biological active compounds (e.g. with 11C, 18F), or linked
with them via a radioligand (e.g. with 68Ga). These radiopharmaceuticals allow to evaluate with
PET imaging of proliferation and metabolic activity, to assess differential diagnosis,'!! biological
tumor volume, intratumoral heterogeneity'?> and to monitor therapy.'?!> SPECT uses gamma
emitting radionuclides.'*

PET can utilize biochemically active molecules' radiolog of ['®F]fluoro-2-deoxy-2-glucose
(FDG), and amino acids as radiotracers. It is well known that the transport of amino acids and
subsequent protein synthesis is upregulated in many tumor types. Thus, labelled amino acids, such
as ''C-methionine (!'C-MET), !8F-fluor-ethyl-tyrosine ("*FET) are the most commonly applied for
the imaging of gliomas. "'C-MET and '"®FET are superior for the detection of gliomas even in the
regions of infiltrative tumor cells, not detectable by MRI.!¢ They are more useful than '*F-FDG,
which produces a high background signal in the brain (because of high glucose consumption) and
has limited sensitivity in detecting brain tumors.!” PET also allows the monitoring of tumor
hypoxia, an important feature of high grade gliomas.

Similar to PET tracers, most SPECT tracers are metabolism substrates that are labeled with
radionuclides. The simple preparation make SPECT more attractive than PET, the most used
radionuclides in SPECT (**™Tc), which restricts the compounds, which can be labeled with these

nuclides. Four nuclides are used currently in SPECT imaging: thallium-201 (*°'Tl), technetium-
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99m (*™Tc), iodine-123 ('*’I), and indium-111 ('''In).!> ' Several radioisotope-labeled
compounds including ' T, technetium-99m-hexakis-2-methoxyisobutyl isonitrile (**"Tc-MIBI),
and 3-['*Iliodo-a-methyl-l-tyrosine (IMT) have been developed and utilized for glioma
imaging.'® ' The poor targeting and specificity of these chelates prohibit their widespread use.
Mainly due to its limited availability and associated costs, metabolic imaging has not yet been
routinely implemented into a current standard of care algorithm for glioblastoma patients.

Computed tomography (CT) often provides the anatomical context in PET and SPECT
studies, but can also be used to detect tumors (after injection of contrast) and in perfusion studies.
However, CT may cause small tumors to be missed and may not depict all multifocal lesions.

Given the poor prognosis of patients with glioblastoma the overall clinical utility of SPECT
and PET is mostly suited to the evaluation of treatment response in experimental protocols
designed to improve the patients' outcome.'® Functional images can provide additional
information, useful to determine the degree of malignancy and as a guide for biopsy, by locating
tumor hot spots. Ultimately, tissue samples are needed for definite histological diagnosis.

Table 1.1. provides an overview of some of the most important features of the different

modalities used for the imaging of gliomas.?
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Table 1.1. Features of modalities used for glioma imaging.

Modality Key features

MRI Based on the magnetic properties of hydrogen nuclei placed in a high magnetic
field (non-ionizing radiations)

Versatile modality with wide variety of soft tissue contrasts available
High spatial resolution (0.2—1 mm) and fair sensitivity (10"°~10~> molL)

Provide anatomical, functional and metabolic information

PET Nuclear imaging technique that uses positron emitting radionuclides with
fluorine-18 (110 min)

High sensitivity (10~ ''-10" 2 mol/L) and limited spatial resolution (5-10 mm)

Production of radiolabeled isotopes is expensive and requires the proximity of a
cyclotron

Molecular imaging of targets such as receptors, enzymes or protein sites

Biodistribution of tracers may depend on blood-brain barrier, trapping of
enzyme substrates, cell surface internalization, protein binding and metabolism

SPECT Nuclear imaging technique that uses the direct gamma radiations emitted by
radioisotopes such as technetium-99 m (6 h) or iodine-123 (13 h)

Well established, widely available and cheaper than PET
Good sensitivity (10~ '°-10™ ' mol/l) and limited spatial resolution (7—15 mm)

Simultaneously image several radionuclides (differentiated by their energy)

CT Fast, effective and high resolution technique based on X-ray attenuation in
tissues

Often used to provide the anatomical context in PET or SPECT studies
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MRI, in diagnostic imaging of glioblastoma

MRI is used at all stages of glioblastoma management, from the detection and localization
of the tumor, to the planning of neurosurgery and radiotherapy and the assessment of treatment
efficacy.?! Even though MRI scans for glioblastoma diagnosis frequently visualize mass lesions
that enhance with contrast in 71-weighted sequences, accompanied by perifocal edema as being
depicted on T>-/fluid-attenuated inversion recovery-weighted images, the neoplastic cells extend
far beyond the area of enhancement. A typical result of “gross total resection” of a temporal lobe
of glioblastoma, followed 6 months later by recurrence at the surgical margin and elsewhere, is
shown in Figure 1.4.%?

MRI technique is based on the principles of nuclear magnetic resonance (NMR), and takes
advantage of the tissue contrast generated from the NMR signals received from hydrogen nuclei
of water molecules located in different physiological environments throughout an organism.?! MRI
has excellent soft-tissue specificity, and can be used to identify many types of lesions in the brain

and spinal cord.
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Figure 1.4 MRI scans of a patient with a right temporal glioblastoma illustrating the spread of the disease. (4) Pre-
surgical scan, GBM (arrow) is surrounded with edema. (B) Scan after surgery and radiation therapy showing “gross
total resection” and clear resection cavity, and (C) six months later, showing recurrence not only at the resection
margin (arrow) but a second focus of GBM across the Sylvian fissure in the frontal lobe (arrow). (D) Postresection
scans of both recurrent tumors. (£) Scan 3 months later, showing the tumor recurring at the resection margin and
crossing the corpus callosum to the other hemisphere (arrow). Copyright® 2000, the National Academy of Sciences.

The predominant factors that influence the amount of signal and contrast are the longitudinal
relaxation time (77), transverse relaxation time (72) and spin density (p) of the different area.. The
patients are often injected with a contrast agent such as gadolinium (Gd) chelates, which alter the
T1 and/or T2 of the water protons in the vicinity of the agent and, thus, help to improve image
contrast (bright/dark) for diagnosis.*!

MRI is a non-invasive diagnostic technique based on computer-assisted imaging of the
relaxation signals of nuclei spins following their excitation by radiofrequency (RF) waves in a
strong magnetic field.”> The proton ('H) has been the most studied nuclei due to its high
gyromagnetic ratio and abundance in biological tissue, particularly in the human body. Placed
inside a magnetic field, all nuclei spins are aligned, more in the same direction of the magnetic

field, with a precession movement depending on the gyromagnetic moment of the spin. This
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precessional frequency, known as the Larmor frequency, depending to the magnetic field level
(BO) and the gyromagnetic ratio of the proton spin, is calculated from the equation: vo=— (y/2m)Bo,
where: vo is the Larmor frequency in MHz , vy is the gyromagnetic ratio in MHz/Tesla and Bois the
strength of the static magnetic field in Tesla.>* The majority of contrast agents available at present
belong to the class of T7 materials, and are essentially based on metal ions such as Gd** and Mn**

or Mn** bound to chelating ligands with a labile site for coordination of water molecules.

T/ T> relaxation times and 7'/ T> mapping

Spin-lattice (longitudinal) or 77 relaxation is the process by which the longitudinal
magnetization recovers after the RF pulse, which has been traditionally associated to the enthalpic
interaction of the excited nucleus with its environment (the lattice), and in particular with the
magnetic active agents of this environment ('H protons, unpaired electrons e~). The longitudinal
relaxation time 77 is characteristic of the return to equilibrium of the magnetization along the z
direction. It corresponds to the time required for the system to return to 63% of its equilibrium
value, after it has been exposed to a 90° RF pulse. In most situations 77 relaxation is optimal if the
average rate of molecular reorientation in space is at the Larmor precession frequency. In mobile
liquids near room temperature the average rates of molecular rotation are several orders of
magnitude higher than vo, leading to very inefficient relaxation (long 77). For larger molecules and
more viscous solutions molecular motions become slower and 77 shortens. However, at some point

the average molecular motions become slower than vo, and 77 becomes longer again (Figure 1.5).%
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Figure 1.5 Behavior of T} and 7> as a function of correlation time.?’

Spin-spin (transverse) or 72 relaxation is the process by which the transverse magnetization
decays due to dephasing of proton spins. The contribution of all the spins precessing around the
external magnetic field Bo produces a net magnetization Mo. After a 90° RF pulse is applied, the
magnetization flips at the same angle from the longitudinal axis to the xy-plane (Figure 1.6).
Dephasing of the spins is an entropy phenomenon that results in a quick exponential decrease of
the net magnetization in the xy plane. 7> is caused by transient magnetic fields at any frequency.
Thus 72 keeps getting shorter as molecular reorientation rates slowdown, as shown in Figure 1.5.
Different scan sequences show up differences in these relaxation times generating what are

referred to as 77, T or proton density (the concentration of protons) weighted images.
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The high-resolution rapid computation and the intensity consistency provided by modern 77
mapping renders it a new and straightforward candidate data type in MRL.2® T; maps are
quantitative images of 77 relaxation times. The image intensity of a parametric image is known to
be proportional to the 77 relaxation times and it can give a quick view of how these values differ
across an image. Since 77 maps are parametric images of pure 77, they are expected to contain
reduced bias and other distortions, compared with conventional 77-weighted (7:W) images, and
are believed to improve the performance of segmentation.?’

For commonly used 7'W imaging, the accumulation of paramagnetic contrast agent is
associated with local changes in signal intensity. However, signal intensity is an indirect and

qualitative measure of concentration, because it is influenced by several other factors, such as coil
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sensitivities, gain calibration, sequence timing parameters and fluctuations in electrocardiogram
or respiratory triggering intervals.

While 77 maps are not immune to artifacts, they are measurements of a physical property,
and so are comparable across subjects and scanners. This stability of the intensity profile reduces
the complexity of registration and segmentation and may provide information about complex
changes in tissue composition.?®?° New segmentation frameworks either directly take 77 maps as

t2 or combine them with T;-weighted images in multi-channel image segmentation.”

inpu

An important question is whether the in vivo MRI contrast change can be quantitatively
related to local contrast agent concentration in the tissue. In case of paramagnetic nanoparticles,
robust 77 mapping techniques are needed to address this issue.*® The group of Gustav?! found that
regional elevations in longitudinal relaxation rates Ri (Ri=1/T1) following injection of
paramagnetic liposomes in a mouse model of myocardial infarction, correlated well with local Gd-
concentrations as determined by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS).

T parametric maps are generated on the basis of a similar principle of 77 mapping, where a
series of images are obtained to calculate a 72 decay curve. T2 mapping techniques have not yet

received the same focus as 77 mapping.*> A comparison of diagnostic efficacy between the two

techniques will be better served in future investigations.

Spin/gradient echo (7';/T> weighting) and inversion recovery sequences

There are two principle types of pulse sequence, called spin echo (SE) and gradient echo
(GE). SE sequences use two RF pulses to create the echo, which measures the signal intensity and

produce 7i-, T2-, or proton density (p) weighted images depending on the choice of TR and TE.
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SE sequences generally produce the best quality images but they take a relatively long time, several
minutes rather than seconds. GE sequences use a single RF pulse followed by a gradient pulse to
create the echo, which also measures the signal intensity and produce images with 7;-, T2- or p
weighting. Generally, these sequences have much shorter TRs than SE, resulting in shorter scan
times. However, they are influenced to an extent by the inhomogeneity of the main magnetic field
and timing parameters.>?

T:W imaging is one of the basic pulse sequences in MRI and demonstrates differences in the
T relaxation times of tissues. The 77 of a tissue reflects the amount of time needed for its protons'
spins to realign with the main magnetic field (Bo), and to get back to equilibrium. 77 weighting
tends to have short TE and TR times, to minimize 72 relaxations effect. If 7;W images did not have
short TRs, then all the protons would recover their alignment with the main magnetic field and
the image would be uniformly intense. Selecting a TR shorter than the tissues' recovery time allows
one to differentiate them. Tissues with high fat content quickly realign their longitudinal
magnetization with Bo, and therefore appear to be bright on a 77 weighted image. Conversely,
compartments filled with water have much slower longitudinal magnetization realignment after an
RF pulse, and therefore less transverse magnetization. Thus, water has low signal and appears as
dark. This is useful to demonstrate anatomy. 7'W sequences provide the best contrast for
paramagnetic contrast agents.

T>W imaging is useful to differentiate anatomical structures mainly on the basis of 772 values.
The scanning parameters are set as long TR/long TE to minimize 77 relaxation effects. If the TE
is extended out over a very long time, only tissues with a very long 7> relaxation time will retain

signal. Compartments filled with water appear bright and tissues with high fat content appear dark.
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This is useful for demonstrating pathology since most lesions/tumors are associated with an
increase in water content. Paramagnetic contrast agents (e.g. gadolinium (Gd) containing
compounds) do not cause the same bright tissue contrast as they do on 7:W imaging. Gd shortens
T relaxation time and actually results in hypointense signal.

The traditional inversion recovery (IR) pulse sequence is a variation of the spin echo
sequence. It is a spin echo sequence with an additional 180° pulse, usually slice-selective, which
is applied prior to the initial excitation pulse. IR pulse sequences are used to give heavy T;-
weighting. The inversion time (TI) is a user-selectable delay time between the 180° pulse and the
excitation pulse and determines the amount of 77 relaxation that occurs between the two pulses.
The inversion pulse also allows for the suppression of signals through the proper choice of TI. If
the TI time is chosen so that the tissue of interest has no longitudinal component at the time of the
excitation pulse, then that tissue contributes no signal to the final image. The two most common

applications of IR sequences are for the suppression of cerebrospinal fluid (CSF) and fat.

Tissue characterization with and without injection of Gd CA

MRI signal intensity is expressed in gray levels: a high intensity signal appears in white and
a weak intensity signal in black or dark gray. An MRI is obtained by contrasts between different
biological tissues. The contrast-to-noise ratio is chosen by the MRI user who can modify the
sequence parameters (TR: Repetition Time, TE: Echo Time, flip angle, FOV: Field Of View, etc.)
in order to obtain the desired contrast between tissues. The choice of the MRI parameters allows
the image contrast to be varied according to the values of their intrinsic physical parameters. If 7

or T2 are selected as parameters, then the MR image is defined as 71, or 7> weighted. The contrasts
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are defined by the choice of TR and TE, taking into account the repetition of the basic sequence.
The transverse magnetization is the maximum at a short TE. The rate at which each tissue recovers
its longitudinal magnetization depends on its 77 value.

The efficacy of contrast agents with regard to their application in MRI is defined by their
relaxivity. This property describes the ability of a 1 mM solution of CA to enhance the relaxation
rate of solvent nuclei in close vicinity of the paramagnetic entity, which increases signal intensity
in a magnetic resonance image. The effect of the contrast agent on the signal intensity can either
be positive (increase in signal or 7;-enhancement) or negative (signal reduction or 72-
enhancement). Almost all MR contrast agents will affect both 7;- and 7>- relaxation times and the
distinction between them will depend on many MR-specific parameters as well as contrast agent
dose. The most widely used class of MRI contrast agents is based on the mechanism of longitudinal
relaxation (77).>*3¢ It is usually the motion of the neighboring 'H protons which creates an
oscillating magnetic field that stimulates a return to equilibrium of the H20 protons. If molecules
containing unpaired electrons (e") are introduced into the H2O molecule environment, they will
trigger the return to equilibrium of the H20 protons much more effectively, because the magnetic
moment of the electron is 658 times stronger than that of the proton.

Lanthanides contain unpaired electrons, including Gd that contains seven unpaired electrons.
Although Gd is very effective, it is always used as a very stable chelate, to prevent toxicity issues.
Gd complexes reduce the value of neighboring water hydrogens 77 (and 72), generating a reduction
in signal intensity (line broadening) in an acquisition. Taking into consideration that the production
of an image requires the accumulation of many acquisitions for a sufficient signal to noise ratio

(SNR), the Gd contrast agent shorten the time of return to equilibrium of the magnetization (z
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axis). This results in a shorter TR, offering the opportunity for more accumulations per unit time
(several TRs), and therefore recording more signal per unit time for spins with reduced 77.

The presence of the contrast agent Gd in a particular location of a living tissue will result in
a stronger signal (positive enhancement) in this region of the image. For example, in normal tissue,
the “large” Gd chelate cannot cross the blood—brain barrier; by contrast, in certain tumors the
vascularization is higher than the surrounding tissues and the blood brain barrier is locally porous,
so Gd chelate can penetrate the tumor that appears hyperintense on the corresponding MRI, as

shown in the Figure 1.7.

Figure 1.7 Gd contrast agent was selectively taken up in the tumor region due to pathological changes in the BBB,
whereas an intact BBB prevented contrast agent accumulation in unaffected brain tissue. Adapted from ref. ¥7.
Preparation of lanthanide complexes is mostly simple. The formation kinetic of the
complexes differs for two main ligand families, the open-chain ligands (DTPA derivatives) and
macrocycles (DOTA derivatives). The open-chain ligands form complexes at room temperature
immediately once pH is in the appropriate range. Generally, a careful control of solution pH is

very important and the base should be added very slowly to avoid precipitation of uncomplexed
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ions as hydroxides during the reaction course. The most common reaction pH range is 5—7 and
should be kept unchanged during the complexation reaction. The labeling reaction is commonly
done in water, using lanthanide (III) salts of non-complexing anions. Ligands are mostly
polyvalent acids, which must be at least partially, deprotonated to form the complexes. The metal
ions and ligands can be reacted in the equimolar amounts or in an access of the metal ion or ligand.
A slight ligand excess is used to ensure a complete binding of the metal ion.*® If excess of metal
ion is present, it must be removed. The simplest way is raising the pH above 8 leading to
precipitation of the excessive metal ion as metal hydroxide, which is removed by filtration (e.g.,

through syringe filters) or by centrifugation.*

Relaxivity of Gd CA

The aim of using a contrast agent in MRI is to accelerate the relaxation of water protons in
the surrounding tissue. Nowadays, Gd complexes are far the most widely used MRI contrast agents
in the clinical practice. The choice of Gd is explained by its seven unpaired electrons which makes
it the most paramagnetic stable metal ion. Gd complexes induce an increase of both the
longitudinal and transverse relaxation rates, Ri=1/T; and R>=1/T> respectively, of the solvent
nuclei. The observed solvent relaxation rate, 1/7iobs, is the sum of the diamagnetic (1/7i4) and
paramagnetic (1/7ip) relaxation rates. The diamagnetic term, 1/7i 4, corresponds to the relaxation
rate of the solvent (water) nuclei in the absence of a paramagnetic solute. The paramagnetic term,
1/Tip, gives the relaxation rate enhancement caused by the paramagnetic substance which is

linearly proportional to the concentration of the paramagnetic species, [Gd]:
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In the above equation for nondilute systems the linear relationship is valid only if the
concentration is given in millimoles per kilogram solvent (mmol’ kg; millimolality). According to
this equation, a plot of the observed relaxation rates versus the concentration of the paramagnetic
species gives a straight line and its slope defines the relaxivity, ri (ri=1/Tip, in units of mM's™!).
If we consider the relaxation of water protons, which is the basis of imaging by MRI, the
corresponding term proton relaxivity can be introduced. Proton relaxivity directly refers to the
efficiency of a paramagnetic substance to enhance the relaxation rate of water protons, and thus to
its efficiency to act as a contrast agent. It has to be noted that the simple term “relaxivity” is often
used in the context of MRI contrast agents and refers to “longitudinal proton relaxivity

enhancement”.

Dendrimer-based Gd CA and their effect on proton/water exchange

For the molecular MRI, a main challenge for the 7; agents is represented by low
accumulation and sensitivity. This insufficient accumulation can be compensated by attaching
multiple MRI labels to a single multivalent scaffold. One of the first reported dendrimer-contrast
agent systems was based on PAMAM dendrimers functionalized with isothiolcyanobenzyl-DTPA
ligands to be labeled with Gd.*’ This initial study directly compared PAMAM G2 and G6
dendrimers. The G6 dendrimer had 170 Gd sites per molecule and a very high ‘per Gd’ relaxivity
of 34 mM ! s7!, which was higher than that of G2 (ri= 21.3 mM ' s7!) at 0.6T. The authors later

described that this difference was directly related to gains in rotational correlation time.*' They
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demonstrated that the blood circulation half-lives (ti2) depended on the molecular weight of the
dendrimer used.

Another interesting feature is that differences in the dendrimer molecular shape, in aqueous
solution, can affect their relaxivity properties. CA based on PPI dendrimers have higher relaxivity
than the corresponding PAMAM dendrimers, and thus are more efficient.*” The PPI dendrimers
are more ellipsoid shaped than PAMAM dendrimers. This shape has been claimed to lead to a
higher T; relaxivity.** The first commercial dendrimer-based CA was Gadomer-17, which was
developed by Schering AG. It is based on a polylysine core substituted with 24 Gd-DOTA groups
at the surface and is presumably marketed as a contrast agent for dynamic contrast enhanced MRI
applications.

The overall proton exchange rate in a neutral pH is generally equal to the exchange rate of
the entire water molecules, meaning that each proton exchanges with the bulk in the form of intact
H20 molecules. On increasing the acidity or basicity of the solution, the proton exchange may
become considerably faster than the water exchange due to acid- or base-catalyzed pathways.*
The exchange of coordinated water protons can occur in two ways: independently of the exchange
of the entire water molecule on which it resides, or via the exchange of the water molecule itself.
In any case, the water exchange rate represents a lower limit for the proton exchange rate. Since
the water exchange rate on DOTA- and DTPA-type complexes is lower than the optimal values to
attain maximum relaxivities, there has been a continuous effort to design novel ligands that ensure
stable Gd complexes with accelerated water exchange.

The negative charge of the complex and an increased steric crowding around the water

binding site were identified as the two main factors, contributing to the acceleration of the water
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exchange. While increasing the negative charge on the complex is not always a viable route to
optimize water exchange, the design of ligands ensuring steric compression has proved to be a
successful strategy. The steric compression has been induced in DTPA- or DOTA-derivative
complexes, either by the addition of a CHz group in the amine backbone of the ligand or in the
carboxylate arm. The introduction of one six membered chelate ring in the complex, always
increases the stearic crowding. The stearic crowding and the consequent acceleration of the water
exchange is more important on the elongation of the amine backbone than on the elongation of the
carboxylate pending arm (DTPA- DOTA-derivative complexes).

Obviously, rotation is slowed down to a smaller or higher extent when a monomer Gd chelate
is attached to a macromolecule, but it is less straightforward to predict how the water exchange is
affected. To confirm if the attachment of a macrocyclic unit to a large dendrimer molecule
influenced the kinetics of water exchange on the Gd chelate, a pioneer study was done with three
different generations of PAMAM dendrimers (G3-G5) functionalized with DO3A-monoamide Gd
chelates, comparing them to the corresponding monomer chelate.** The water exchange rates of
all the three generations of dendrimers were similar to that of the monomer chelate, demonstrating
for the first time that the attachment of a macrocyclic unit to a large dendrimer molecule does not
significantly influence the kinetics of water exchange on the Gd chelate. Similar results were
obtained later on other dendrimer systems.*

However, reliable kinetic parameters can only be obtained for the proton exchange if the
exchange of the entire water molecules is considerably slower than that of protons. For the Gd
chelates used as MRI contrast agents, at physiological pH the proton exchange rate equals the

water exchange rate. For small-molecular-weight Gd chelates, it is the rotational correlation time
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(tr), that mainly determines the effective correlation time of proton relaxation. In other words, the
fast rotation is the limiting factor for proton relaxivity at magnetic fields relevant to MRI. This fact
led to a wide variety of approaches to slow down rotation by increasing the molecular weight of
the complex. The Solomon-Bloembergen-Morgan (SBM) theory of paramagnetic relaxivity
predicts that the relaxivity of a Gd complex with optimally fast water exchange rate can be
drastically increased upon slowing its molecular tumbling. This general trend holds true for
magnetic fields up to 3T, corresponding to proton Larmor frequencies of ~127 MHz, but starts to
decline at higher magnetic fields. For instance, as the SBM theory predicts, at proton Larmor
frequencies above 200 MHz, 11 increases with the inverse rotational correlation time 1/tr, in
contrast to lower frequencies where it is proportional to Tr.

The tr values generally increase with increasing molecular weight, however, this relation is
far from the linearity. While, the proton relaxivities attained by Gd chelates attached to dendrimers
increased with molecular weight, they were lower than expected solely on the basis of the
molecular weight. A part of the reason is that the linking group between the Gd chelate and the
rigid dendrimer molecule has some flexibility and consequently the Gd chelate experiences a more
rapid motion when compared to the rotation of the dendrimer as a whole. Since the molecules are
not completely rigid, the motion which then determines proton relaxivity can be considerably
faster than the motion of the whole molecule, which is itself related to the molecular weight. This
phenomenon is particularly important for several types of macromolecular agents, either due to
the general flexibility of the whole molecule or to the flexibility of the linking group that is used

to attach the Gd chelate to the macromolecule.
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Amplifying the relaxivity via accumulation of a large number of Gd ions is particularly
important in molecular imaging. Macromolecular conjugates of Gd chelates are widely
investigated as MRI contrast agents. In addition to the potential increase in relaxivity due to their
slower rotation, they have other advantages.

Dendrimers represent a unique class of synthetic polymers in the sense that, contrary to linear
polymers, highly rigid and almost monodisperse systems can be produced. For their proton
relaxivity a key issue besides the rapid water exchange, is the right choice of the linker group
between the macromolecule and the Gd complex. This must be rigid enough so that the slow
rotation of the rigid dendrimer molecule is transmitted to the surface chelate itself.

Among the numerous examples, PAMAM dendrimers of different generations have been
loaded with DOTA* or DTPA type* chelates, most often using the p-NCS-benzyl functional
group as linker. For these types of dendrimer-based Gd complexes the relaxivity was increasing
with increasing generation before reaching a plateau for the high generation compounds. The
relaxivity profiles showed the typical high field peak around 20 MHz which is characteristic of
slow rotation. The decrease in temperature, resulted in lower relaxivities for the high generation
dendrimers (G=5-10), because of the slow water exchange of bound water molecules. In such
circumstances, further increases in the rotational correlation time of the macromolecules
associated with higher generation of dendrimers did not result in significant improvement in proton
relaxivity.

In a more recent study,*’ the in vitro and in vivo MRI properties of G4 PAMAM dendrimers,
functionalized either with C-DOTA or 1B4M-DTPA ligands were compared at 3T. Though the in

vitro relaxivity properties of these two agents were comparable, the shorter blood clearance

Liko Flonja| Dendrimers as a powerful tool in theranostic applications. OSSR 43



General Introduction

lifetime of the C-DOTA dendrimers, made them the superior choice in between both systems for
in vivo applications after iv injection. The challenge is to achieve the best balance between stability
of the complex and the rate of water exchange.

To conclude, the multivalent character of dendrimers has positioned these well-defined,
highly branched macromolecules at the forefront in the development of new CAs for MRI. By
modifying the periphery of the dendrimer with numerous Gd chelates, the relaxivity of the
resulting MRI CAs is increased considerably, compared to low molecular weight Gd chelates.
Furthermore, dendrimers demonstrate increased relaxivity as a result of slower particle tumbling
rates in solution, which minimizes the total dose of Gd ions needed without compromising image
quality, thus reducing risks of toxicity. Research in the field suggests that the flexibility of the
macromolecule can also affect its relaxivity. The monodisperse character of dendrimers creates a

unique opportunity to introduce dendritic MRI contrast agents into clinics.

1.2. Glioblastoma treatment

The standard of care for glioblastoma patients is surgical resection, with the goal of maximal
tumor removal, followed by external beam radiotherapy (EBRT) and adjuvant temozolomide
(TMZ), usually before radiation.**>* TMZ is an oral alkylating agent that leads to cells death by
alkylation of the O6 position of guanine and subsequent disturbance of DNA replication.’!
However, the DNA repair protein O6-methylguanine-DNA-methyltransferase (MGMT), which is
present in gliomas, has been reported to aid the resistance of tumor cells to alkylating agents,
making TMZ not sufficient for therapy. Surgical complete tumor resection is yet impossible due

to the infiltrative nature of malignant gliomas and recurrences are inevitable. Furthermore, the
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non-specific nature of EBRT often results in damage to adjacent areas of brain. Hence,
administration of curative doses to tumor is limited because of the toxicity to normal brain, which
reduces the quality of life for the few patients with significant survival prolongation.’*>* Systemic
chemotherapy is not a good treatment option either.>* The failure of chemotherapy is mostly due
to the BBB that prevents the penetration of drugs from the blood into the CNS, making the injection
of chemotherapeutic agents intravenously ineffective.>>°

Moreover, systemic delivery of drugs capable of crossing the BBB can lead to significant
toxicity. In view of the disadvantages of current therapies, delivery techniques which bypass the
BBB and administer therapeutics directly within the tumor have been developed. The stereotactic
radiosurgery (SRS) is one of these methods applied to bypass BBB and improve the prognosis of
gliomas. A number of retrospective reports have demonstrated the effectiveness of SRS as salvage
therapy for high grade glioma including glioblastoma.>’*® SRS has been well tolerated in a series
of patients, with only 5.5% incidence of treatment related necrosis.®! Locoregional therapies are
considered as promising approaches due to their ability to circumvent the BBB, minimize systemic

toxicity, and their ability to deliver high dose of radiation to a focal target.®?

The first approved
locoregional therapy for malignant gliomas was Gliadel®, a controlled release, biodegradable
polymer releasing carmustine (BCNU). Results were encouraging but only demonstrate an
increase in median survival up to 2-3 months.®* This can be explained by the low chemosensibility
of glioma tumor cells and their high predisposition to be prone to multidrug resistance. Due to
extensive research in the field, new modalities in locoregional therapy have been researched for a

localized irradiation to glioma tumor cells. As such, the three most promising modalities in terms

of locoregional internal targeted radiotherapy are radiolabeled peptide receptor therapies,
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radioimmunotherapy (RIT) and radionuclide delivery systems.®® To avoid the BBB, the
administration technique for these three managements is often by stereotactic neurosurgery. Intra-
compartmental injections seem to be more effective than systemic injections because there is more
effective targeting to the tumor, with typical radiation-absorbed doses approximately tenfold the
dose that is typically achieved with intravenous injection.
Indeed, five criteria are important for a successful internal radiotherapy using a radiolabeled
vector:
1. High and frequent expression of tumor-associated markers as a specific target.
2. Availability of a high affinity targeting agents to reach all the distant sites of tumor cell
infiltration.
3. Efficient radionuclide labeling of the targeting agent, without compromising its binding
properties.
4. Invivo stability of the radio-conjugate yielding long residence time on targeted tumor cells.
5. The radionuclide has to specifically destroy tumor cells without irradiating adjacent normal
brain areas.
Among all available radionuclides for radiolabeling, only few have been developed as
radiopharmaceuticals up to date.% Three are the main reasons for this:
1. The availability of radionuclides with appropriate physical properties.
2. The interaction between the radionuclide and its biologic environment, i.e., the radiation
biology of the decaying moiety.
3. The identification of nontoxic carrier molecules with which to target such radionuclides to

tumors.
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In the case of the radionuclide, its mode of decay, including the nature of the particulate
radiations and their energies, its physical half-life, and its chemistry in relation to the carrier
molecule must be considered. Radionuclide half-life should correspond to pharmacokinetics of the
carrier in vivo. This means that the half-life must be longer than the time required for the
preparation of pharmaceutical, its delivery to clinic, injection, and localization in a tumor.% In the
case of the carrier, its stability and immunogenicity must be defined. The production of carrier
molecules ought to be reproducible, simple, cost effective and with sufficient chemical purity.5>-60
It is of critical importance to avoid release of the therapeutic radioisotopes from the conjugate into
circulation to avoid bone marrow and other organ toxicity. The smaller the number of radioactive
decays, needed to be sustained by the chelator, the lower the toxicity risk. The selection of the
radionuclide with an appropriate half-life is the key factor to obtain this objective.®’

Following the same approach, RIT exploits the immune protein as a carrier for radioactivity,
as a tracer or as a targeted therapeutic. The radio-antibody is formulated as a drug in sterile and
pyrogen-free form and is intravenously injected directly into the tumor or compartmentally into a
body cavity such as the peritoneum, pleura or intrathecal space. Once injected, the radio-antibody
is distributed by blood flow, diffusion or convection to its natural target: an antigen-binding site
on tumor cells. The radioactive cargo, in the form of a radionuclide that emits therapeutic quantities
of particulate radiation, delivers the tumoricidal dose to the tumor mass. The radiation effects are
due to the enormous energy release that occurs during radioactive decay. Many Phase I-1II clinical
trials have supported the use of locoregional delivery for RIT with promising results in patients

with brain tumors.%®
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Radionuclides for the therapy of malignant gliomas

The most common radionuclides used for locoregional therapy of malignant gliomas are,
yttrium-90 (°°Y), iodine-131 (**'T), iodine-125 (!*’I) and rhenium-188 ('*®Re), with *'T and *°Y
used in more than 95% of clinical trials.®® The main physical properties of these radionuclides are
given in Table 1.2. *'T and *°Y represent the current standard to which all other radionuclides are
compared.®7 '] has a long successful history of treating several malignancies, is relatively
inexpensive, and can be used for both imaging and therapy. However, *'I-labelled proteins
degrade rapidly if internalized into tumor cells, resulting in the release of free '*'I into the
bloodstream.”'"> In addition, the y-rays emitted by '*'I may pose a radiation risk to family
members and healthcare personnel, therefore patient hospitalization for radiation isolation may be
required if large doses are injected. *°Y is a reasonable alternative radionuclide for therapeutic
studies, as it emits -particles almost exclusively. Since, this form of radiation does not leave the
patient’s body, caregivers and family members are exposed to lower levels of radiation. The -
radiation emitted from *°Y is five-fold more energetic than that of *'I. ®°Y in contrast with *'T is
stably retained by tumor cells, even after internalization. For both *'T and *°Y, dose-limiting

myelosuppression at conventional doses’>”*

and cardiopulmonary toxicities at high doses, may be
observed.”>7°

188Re is one of the most readily available generator derived and useful radionuclides for therapy
emitting B~ particles (2.12 MeV, 71.1% and 1.965 MeV, 25.6%) and imageable gammas (155 keV,
15.1%). It is chemically similar to technetium and many biological results already obtained for

the latter could be exploited. However, the reduction potential for '3¥Re is substantially larger and

therefore a much greater quantity of reducing agent is required. Given that its chemical reactions
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are mostly redox, '®8Re resolves as anion ReO4 !, resulting in rapid secretion from vital organs.”’
From a radio-biologic point of view, higher dose rates delivered over shorter treatment times are
more effective than lower dose rates delivered over longer periods. Thus, a radionuclide with a
shorter half-life will tend to be biologically more effective than one with a similar emission energy

but longer half-life.%

Table 1.2 General characteristic of therapeutic radionuclides used for malignant gliomas

treatment.”
Ene;li)i/noﬂf( the Mean energy of ~ Max. energy ~ Mean f particle Max.
rticl f rticl rticl
Radionuclide " emission (Mey) P particles’ - of fparticles/ - range P particle
(h) [Abundance disintegration disintegration in soft tissue range in soft
(MeV) (MeV) (mm) tissue (mm)
(%))

188Re 16.9 0.155 [15] 0.764 2.12 3.1 10.4

Ny 64.1 - 0.935 2.28 4 11.3

= 192 0.208 [6.1] 0.133 0.497 0.23 1.8

125 1425.6 0.0355 [6.7] - - - -

So, '88Re has the advantage over '*'T and *°Y during the first day of treatment. Even though
188Re has more favorable characteristics, '*'T and *°Y present a simpler radiolabeling chemistry,
making '%8Re less used in clinical practice.

Radionuclides emitting a-particles have very high potency, making them attractive
alternatives, or adjuncts, to p-emitters in RIT.”®% This higher potency is due to the fact that an a-
emission releases a large amount of energy in a linear manner within a few cell diameters (50-90
um). The high linear energy transfer (LET) of a-emitters (~100 keV per pm) confers a high relative
biological effectiveness for cell killing, leading to apoptosis or necrosis.®!"3 Furthermore, unlike

B-emitting radionuclides, effective cell killing can be expected even in hypoxic tumor areas. 8!+ 83
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Owing to availability and decay properties, only a few a-emitting radionuclides are considered
suitable for in vivo applications, including >'*Bi (biological half-life (ti2) = 45.6 min), ! At (ti2=

7.2 h), *>Ac (tie= 10 d),3* % ?*Ra (t1o= 11.4 d) and *'?Pb (ti2= 10.6 h).

Vectors for internal radiotherapy of glioblastoma

Promising approaches based on the design of novel nanovectors for the improvement of the
quality of diagnosis and the outcome of cancer radiotherapy, have been recently developed.®
There are three generations of nanovectors for radionuclide delivery. The first generation of
nanovectors, primarily based on passively targeted liposomes and polymer—drug conjugates, is
rapidly trapped in the reticuloendothelial system (RES) organs (e.g. liver and/or spleen). To reduce
the toxicity, overcome the RES capture and prolong the blood circulation time, the surface
properties of these nanovectors were modified by covalently binding hydrophilic poly(ethylene
glycol) (PEG) chains, leading to the creation of the second generation, known as the PEGylated
nanovectors. °® An enhancement of the brain tumor uptake of PEGylated nanoparticles was
reported when compared with conventional nanocarriers.®’

The second generation nanocarriers were further updated by the binding of specific
recognition ligands, such as antibodies, or folic acid to their surface, to actively targeted specific
tumor or tissues.38%

The third generation targeted vectors typically have an architecture comprised of a building
polymeric or lipidic matrix, a targeting moiety being any molecule that selectively recognizes and

binds to ligands on target cells, and a loaded diagnostic or therapeutic agent. The pharmacokinetics

and bioavailability of drugs and radionuclides delivered by the third generation of nanovectors

Liko Flonja| Dendrimers as a powerful tool in theranostic applications. OSSR 50



General Introduction

were much improved. Cotara® ("*'I-chTNT-1/B), is up to date the only radiopharmaceutical in
phase III of clinical trials against anaplastic astrocytoma, brain glioblastoma, and glioma.” It is
based on a chimeric monoclonal antibody as a targeted vector and *'I as the radionuclide
component delivered to the tumor site through convection-enhanced delivery (CED).

CED is a method in which therapeutic compounds are forced directly into the region of
interest through a needle or cannula by applying a low-pressure gradient. CED was developed to
homogeneously distribute small- to large-MW therapeutic agents with an effective volume of
distribution (V) that is linearly proportional to the volume of infusion (Vi).”! Direct injection of a
therapeutic actually relies on the intact BBB to partially confine the therapeutic agent within the
tumor rather than exclude it as is the case with intravascular drugs.

Factors affecting CED and the resultant distribution of the drug are: (a) target location (gray
vs white matter); (b) tissue density; (c) tumor permeability; (d) interstitial pressure; (e) the agent’s
inherent properties such as molecular weight, viscosity, polarity and target avidity; and (f) volume
of infusion.’®°! However, bulk flow fluid dynamics within tumor tissue are substantially different
from that of normal brain and consequentially less predictable. Because of the unpredictability of
the fate of infusate in the brain, there is a need to monitor the distribution of CED-administered
agents.

Imaging contrast agents can be mixed with the infusate during CED to monitor the
distribution of a size-matched drug provided they have similar convective properties. It is known
that the CSF flows in one direction and renews about four times every 24 hours, providing a built-in
washout step for all unbound radiotherapeutics.””> The apparent absence of an anatomical barrier

could also facilitate the movement of nanovectors between the CSF and the extracellular space of
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the brain, especially if there is damage to the meninges either by tumor or by surgery. The targeted
delivery of radionuclides to the tumor cells by specific receptor binding may be important to avoid
this washout and aid cell internalization.

There are two main materials featuring nanoparticle formulations for glioma treatment:
gold,”** and lipids.®>® It has been recently suggested that following near-infrared (NIR) exposure
of brain tumors containing gold-nanoshell-loaded macrophages, sufficient hyperthermia could be
generated to suppress tumor growth. As such, gold nanoparticles-loaded macrophages, were

injected stereotactically in an orthotopic rat glioma model.”

After near-infrared exposure
sufficient hyperthermia could be generated to delay tumor growth. Gold nanoparticles have also
been used to increase the effectiveness of radiotherapy.'% This in part depends on the Auger effect,
a physical phenomenon in which the filling of an inner-shell vacancy of a gold atom is
accompanied by the emission of a cytotoxic electron from the same atom. Since this effect is much
localized, it is important to place the gold nanoparticles on or in the cancer cells.

Lipids are another basic material for many types of nanovectors, which may be hollow (lipid
shells) as in liposomes or solid (lipid dots) as in lipid nanocapsules (LNCs). Reports show
promising results in the use of CED administered '3°Re-liposomes for the treatment of
glioblastoma in U87 rat glioma model and in the more aggressive U251 rat glioma model.!?!-192

Another '®Re-labeled PEGylated nanoliposome ('*®Re-liposome) formulation has been
developed more recently for glioma treatment.!*> The progression of tumor growth in terms of
tumor volume and/or tumor weight was slower for the '3 Re-liposome-treated group than the

control group and the lifespan of glioma tumors-bearing rats treated with *®Re-liposome was

slightly prolonged. Another study using '®®Re-labeled LNCs, demonstrated that fractionated
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internal radiation by combining a simple stereotactic injection with CED triggered remarkable
survival responses in a rat orthotropic glioma model (cure rates of 83%).!%* During the last decades,
many nanovectors have been designed, but clinical studies are yet to be performed for malignant

gliomas treatment.

Dendrimers as the vectors of choice
Nature often uses dendritic structures to exhibit or enhance a specific function. As a vivid
example, the CNS and brain consist of a large amount of cells growing into dendritic structures
with the aim to exchange the largest possible amount of material and information with the
surrounding tissue.'% Microglia cells, which serve as multifunctional helper cells in the brain,
when activated during pathological or degenerative states in the brain, expand into dendritic
structures (Figure 1.8). The main objective of this newly formed dendritic structure is the

maximum delivery of anti-inflammatory interleukins to the diseased brain tissue.'®

Brain inflammation
0 >

"Resting" Microglia cell "Reactive" Microglia cell

Figure 1.8 Activation of a Microglia cell during a pathological state in the brain.!%

Indeed, synthetic dendrimers, similarly to the dendritic structures in nature, can be used
directly as high-loading platforms for different applications. Because of their unique cascade

architecture, dendrimers can coordinate with substrates, metal ions and reagents selectively on
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different structural locations such as the surface, core, or branching focal point. This distinct
feature has attracted great attention among scientists in many disciplines including organic,
inorganic, organometallic, polymer, physical and biochemistry as well as materials and life
sciences. Unique magnetic, electronic and optical properties have been intensively explored in
dendritic materials. Dendrimer research has indeed become an interdisciplinary topic with a great
influence on wide fields of science and technology.'%-!15

Dendrimers are highly branched and monodisperse macromolecules that display an exact
and large number of functional groups distributed with unprecedented control within their structure
or architecture.!'%!1'® Dendrimers theoretically are monodisperse, meaning that all the molecules
have the exact same molecular weight and structure.!'!® The intrinsic viscosity of dendrimers has a
peculiar behavior, as it increases with increasing molecular weight (number of generations).'? The

dendrimer structure may be divided into three parts, namely the core, the interior and the periphery

(Figure 1.9).!%!

Dendrimer architectural components
Dendrimer Core
: [ z

Shape
Specific function

Type of dendrimer Multiple functional

Generation number groups

Size (targeting, therapeutic,
imaging agents)

Multivalent

Figure 1.9 Schematic of three main architectural components of dendrimers. Adapted from ref. 2!,
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The core is the primary template from where the dendritic branches originate. These
branches are made of repeating units, forming the interior of the dendrimer. The interior defines
the type, the size and the generation of the dendrimer. The periphery is the third component and it
is composed of terminal functional groups that determine the physicochemical properties of the
dendrimers. The number of terminal functional groups in dendrimers increases exponentially with

the increasing number of generation (Figure 1.10.).

.. ¥ Repeating Unit

. Functiongl Group

Figure 1.10 Schematic depicting the building blocks of the dendrimer and generation growth.

As the dendrimer grows the different compartments of the dendritic structure begin to show
distinct features.'?>!2* This characteristic is crucial for their multivalent attribute. The very high
number of functionalities located on the surface and the outer shell are well-suited for host—guest
interactions and catalysis where the close proximity of the functional motifs is important. The core,
which as the dendrimer generation increases, gets increasingly shielded off from the surroundings
by the dendritic wedges.

Dendrimers are generally prepared using either a divergent method or a convergent one

(Figure 1.11).'%° With the divergent strategy the dendrimers grow from the core to the periphery.
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In the convergent method the branches of the dendrimer, known as dendrons, grow from the

periphery to the interior and in a final step they are coupled with the core.

Synthesis Strategies
“Divergent” Growth

o‘*@*@_
a2 &‘ %Q_

“Convergent” Growth

Figure 1.11 Schematic resuming the divergent and convergent growth of dendrimers.'!% 118

In both strategies the synthesis process is an iterative sequence of reactions involving
coupling and activation steps (Figure 1.12). The convergent approach does not allow the formation
of high generations, because steric problems occur in the reactions of the dendrons and the core

molecule.'?®

monomer
5 Sk _ﬁ?l‘: .38
coupling ,z\ activation m activation .
core
el St G=2 G=2
dendrimer dendrimer dendrimer dendrimer
t&:?\
) ® } active complementary
— 5
actlvation ?' - = Wmctional groups
inactive {protected)
functional group
G=3 G=3 ® internal functional group
dendrimer dendrimer

Figure 1.12 Schematic of the iterative sequence of reactions, needed for the generation growth of the dendrimers.
Adapted from ref, 116118,
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In flexible dendrimer structures, back-folding may occur as a consequence of weak forces
between the surface functionalities or dendrons leading to a more disordered conformation.
However, back-folding may also be a result of attractive forces (ion-pairing, hydrogen bonding, n-
interactions, etc.) between functional groups at the inner part of the dendrons and the surface
functional groups. The degree of back-folding is to a large extend determined by the surroundings
(solvent polarity, ionic strength), thereby constituting a delicate balance between intramolecular
forces and forces applied by the surroundings.!® Interestingly, dendrimers having polar surface
groups to some extent resemble proteins in their conformational behavior when subjecting these
structures to more apolar conditions. Thus, back-folding of the polar surface groups may expose
the more hydrophobic dendrimer parts to the surroundings leading to a decreased surface polarity
of the back-folded dendrimer.'?’

When looking at the molecular size and properties of dendrimers, one soon observes that the
molecular dimension of high generation dendrimers is comparable to medium-sized proteins.'?
Therefore, it was early suggested that these nanoscale polymers would serve as synthetic mimics
of proteins.'” Being nanosized structures, dendrimers may respond to stimuli from the
surroundings and can, like proteins, adapt a tight-packed conformation (“native”) or an extended
(“denaturated”) conformation, depending on solvent, pH, ionic strength and temperature.

However, there are some major differences in the molecular structures of dendrimers in
comparison to proteins, resulting in a different physicochemical response of dendrimers compared
to proteins.'*® The hyperbranched structure of the dendrimer creates a highly multivalent surface,

exposing a much higher number of functional groups on the surface compared to proteins of similar
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molecular size. The dendrimer architecture consists of a network of covalent bonds, which results
in a somewhat less flexible structure than found in proteins.

Another fascinating and rapidly developing area of chemistry, that of self-assembly, has been
successfully exploited with dendritic structures.!?!"*> Self-assembly is the spontaneous, precise

association of chemical species by specific, complementary intermolecular forces.

The role of dendrimers in biomedical applications

Dendrimers constitute a versatile platform, whose inherent parameters can be controlled and
set on demand. Dendrimer surfaces provide an excellent mean for the attachment and presentation
of cell-specific targeting groups, solubility modifiers, stealth moieties that reduce immunological
interactions and imaging tags. The ability to attach any or all of these molecules in a well-defined
and controllable manner on to a robust dendritic surface clearly differentiates dendrimers from
other vectors, such as micelles, liposomes, emulsion droplets or engineered particles.

Due to their unique physicochemical properties, dendrimers have wide ranges of potential
applications, from adhesives and coatings, high-performance polymers, catalysts and chemical
sensors, to medical diagnostics, drug/gene-delivery systems, and many more (Figure 1.13).1331%
The use of dendrimers as targeting vectors for diagnostic imaging, drug delivery and gene
transfection had been proposed in the patent literature two decades ago.!?! 140-14! Historically, the
first in vivo diagnostic imaging applications using dendrimer-based MRI contrast agents were

demonstrated in the early 1990s.%
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Innovative
Drug delivery Radiopharmaceuticals + Targeted radionuclide therapy and imaging

+ Radioimmunotherapy

Boronated Neutron Capture Therapy
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(ex. OLEDs)
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Figure 1.13 Applications of dendrimers with high potential.

In contrast with the commercial small-molecule agent (Magnevist®, Schering, AG), the
dendrimer-based reagents exhibited blood pool properties and extraordinary relaxivity values
when chelated gadolinium groups were attached to PAMAM dendrimer surfaces. The generation
dependent, dramatic enhancements of MRI contrast properties were some of the first examples of
a ‘dendritic effect’.

The term ‘‘dendritic effect’’ is widely used to describe unusual physico-chemical trends
observed for both dendrons and dendrimers as a function of their generation level.'** The origin of
the dendritic effect is not always fully understood, even if some constants can be identified.'* It

has been examined based on functional group multiplicity, steric shielding or blocking effects and
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so-called changes in the nature of internal micro-environment. When the function is located at the
core, the dendritic effect originates from the influence of the branches towards the core, modifying
the polarity of the environment, or shielding the effect of the solvent, in particular water. However,
most of the dendritic effects are observed with functions located at the surface of the dendrimers.
In those cases, a high local concentration of functions within well-defined nanoscopic reaction
volumes can be attained. Such behaviour affects the molecular interactions between the dendrimers
and their surroundings at the interface (substrates for catalysis, receptors or biological entities),
which in turn affects the activity and selectivity.

As for nuclear medicine imaging, the majority of research on the use of dendrimers in this
field has concentrated less on the primary diagnosis of tumors, and more on their treatment, such
as dendrimers delivering cytotoxic radiation via radioimmunotherapy, which will be discussed
later. The main reason for this is that depending on the efficiency of targeting, low signal-to-noise
ratios may make it difficult to distinguish targets from the background. Each imaging modality has
its own distinct advantages and limitations.

The simultaneous use of two or more modalities may help to overcome the disadvantages of
the individual techniques, improving the information obtained during a single session. The
combined use of PET and CT is a successful example of multi-modal imaging, as the two
modalities combined can help identify and localize functional abnormalities.'** However,
conventional imaging agents can only be detected by one particular modality, and the use of two
separate agents concurrently is rarely attempted. For instance, PET-CT scans are acquired with a
PET agent alone; thus, depending on the clinical indication, the unenhanced CT images may be

not so optimal. Dendrimers have multiple binding sites and have the potential to be loaded with
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multiple, separate imaging agents, thus enabling their detection by two, or more, modalities. Such
probes may further improve the information derived from multi-modality scans.

The group of Brechbiel was the first one to develop dendrimers for the purpose of
incorporating separate imaging moieties.'*> A G6-PAMAM dendrimer nanoprobe was complexed
to Gd ions and Cy5.5 molecules to allow dual modality recognition by both magnetic resonance
and near infrared fluorescence imaging. The dendrimer-based dual modality probe was
successfully used in-vivo to visualize sentinel lymph nodes (SLNs) in murine models by both
modalities.

Preliminary results show the potential of dendrimer-based nanocarriers in chemotherapy.'!
Dendrimer properties that were already tested for therapeutic purposes include their stability,
spherical shape, size, hollow structure, and multivalency. The drug-loaded dendrimer nanocarriers
could reduce drug's toxicity and maintain substantial anti-proliferative activity toward cancer cells
in vitro and in vivo. Since dendrimers are inert and stable, they are nontoxic to human. It was
shown that dendrimers could eliminate through the kidneys via urine.!?! 146 The idea of dendrimers
serving as host for foreign molecules was first stumbled upon by Meijer.'"*” He trapped several
small molecules in the cavities of water soluble dendrimer molecules, with a diameter about 5 nm.
This "dendritic box", a fifth generation PPI dendrimer consisting of 64 functional groups at the
periphery, trapped foreign molecules, which could not diffuse out of the box. Only upon prolong
heating, the trapped molecules were able to escape. The "dendritic box" could be used as a vehicle
for drug delivery, able to be opened by enzymatic or photochemical changes. This unique feature

was also explored by Tomalia’s group.'®
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The capability of hosting small organic molecules in water is the key to transport biological
molecules. Frechet’s group'#® used a chemotherapeutic drug, weakly bonded to the periphery of a
dendrimer, which was functionalized with other functional groups to increase its water solubility.
The bond between the drug and the dendrimer was designed to be cleaved (enzymatically or
photochemically), once the dendrimer reached its target.'*” Furthermore, the mathematically
defined number density of surface groups, allows rational attachment of desired ratios of drugs,
targeting groups or functionality that may be required to obtain optimum solution, stealth, targeting
or release properties with minimal dendrimer toxicity. Concurrently it was observed that
appropriate surface-modified dendrimers themselves may act as nanodrugs against viruses,
bacteria or tumors. Based on their now recognized ‘multivalency’ properties, a dendrimer-derived
microbicide VivaGel® (Starpharma) for HIV or genital herpes is in its final stage of approval by
the U.S. Food and Drug Administration (FDA), while the EU and Canada marketing approval has
been granted in October 2015 and September 2016 respectively. .

Although still largely at an experimental stage, it is clear that dendrimers have a vital role to
play in the rapidly developing field of medical nanotechnology and in both the diagnosis and
treatment of tumors. The road to the clinical application of dendrimer-based macromolecular
imaging/therapeutic agents has become a hot topic, which remains to be investigated further
regarding synthesis, purity of agents, toxicity, pharmacokinetics, excretion, and immunogenicity.
In summary, dendrimers present the following advantages compared to traditional transport
molecules: (1) multipurpose control over surface groups; (2) excellent cell uptake, which provides
high drug bioavailability; (3) monodispersity and manageable size, which facilitates biomedical

applications; (4) globular architecture that resembles a protein, which enables application without
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an immunoreaction'*’; and (5) high nucleic acid affinity and the ability to release drugs, which

prevents complications during cancer therapy'>°.

1.3. Review Article: Dendrimers as innovative radiopharmaceuticals in cancer

radionanotherapy.

Radiotherapy is nowadays one of the most commonly used cancer treatments in clinics. It is
of extreme importance an efficient targeting of the radiation and sufficient confinement of the
radiotherapeutic at the tumor site, avoiding side effects, such as tumor resistance and radiation
toxicity. In this context, nuclear medicine has recently turned the attention to new oncologic
strategies based on nanovectorized radiotherapy, creating the concept of radionanomedicine.'>!

The core of radionanomedicine relies on the labeling of multifunctional nanomaterials with
radionuclides and using ‘trace’ amounts, much less than pharmacologic amounts, for in vivo
theranostic purposes.'>? Since in vivo toxicity of nanomaterials is dose dependent, the use of trace
amounts of nanomaterials minimizes the toxicity risk itself.'>?

Multifunctional radionanomedicine can also be used for a multiradioisotope or
multitargeting approach. The distribution study of nanomaterials can provide important
information for their clinical translation, nuclear imaging monitoring and can elucidate the in vivo
fate of nanomaterials by giving information if they are properly retained in the specific tissues.

EPR based accumulation is the basis for most tumor targeted nanomedicines. However, the
therapeutic benefit over small probes is often only moderate since EPR is variable among patients

and even heterogeneous within the same tumor. Here, theranostic agents and companion

diagnostics can help to preselect patients and to individualize therapy. In addition, in tumors larger
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nanoparticles tend to accumulate just outside the vasculature, do hardly penetrate the stroma and
thus do not reach the cancer cells. Thus, a refined balance between accumulation and penetration
may be therapeutically superior over just maximal accumulation. In this context, active targeting
does only marginally help since it does not improve nanoparticle distribution and accumulation
but just retention.!>*

For example, it was shown for targeted polymers that the overall accumulation can even
decrease after adding targeting ligands since increasing recognition of the nanoparticles by the
RES lead to faster clearance, lower blood half-life and thus, reduction of EPR based accumulation.
The principle of target-specific radionuclide theranostic is derived from nuclear medicine therapy.
Classically used "'T for thyroid cancer is the best example, which enables both internal
radiotherapy for thyroid cancer tissues and post-therapy scans to find residual thyroid tissues of
metastasis.'>> Active targeting becomes more evident for small nanoparticles with good
penetration and rapid exchange between the tissue compartments but insufficient retention, which
mostly are nanoparticles below 5 nm in size.!”® These are the ones that are most suited for
molecular imaging purposes as well. Thus, the intended medical application should route the
decisions about design of nanoparticles and all aspects relevant to its in vivo application including
the expected superiority over existing clinical gold standards should be considered from beginning
on. Following this conduct, many failures in the transition from in vitro to in vivo application can
be avoided.

In recent years, there has been an unprecedented expansion in the field of nanomedicine with
the development of new nanometric systems for better therapeutic efficacy and imaging quality of

cancer.®® Various kinds of nanosystems have been described for this purpose, but among them
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dendrimers are especially appealing, because of their multifunctionality and modulable
physicochemical properties. Different approaches have been developed to conjugate dendrimers
to paramagnetic or radionuclide chelators for MRI, fluorescence, CT, or radionuclide-based
imaging, which are described in other specialized reviews.!>’-16°

This review is focused on the use of dendrimers in radiotherapy, an emerging area which, to
the best of our knowledge, has not been revised yet. Important milestones have been reached in
the research with dendrimers for nanovectorized radiotherapy. Dendrimers have been
functionalized with ligands for radiolabeling, targeting agents and stealth functional groups to
potentially improve the biodistribution and elongate the circulation time of the conjugates with a
good in vivo stability. Taking advantage of their numerous peripheral functionalities, dendrimers
with a large number of covalently attached boron atoms have been tested with preliminary positive
results in Boron Neutron Capture Therapy, when targeted to the tumors. For efficient targeting,
conjugation of dendrimers to monoclonal antibodies (moAbs), resulted in a higher loading capacity
of internal radiation dose, without significant loss of the moAbs immunoreactivity. Coating of the
adenoviral vectors with synthetic dendrimers was effective for avoiding the liver sequestration of
the adenovirus and improving the tumor targeting properties. Similarly, dendrimers were used as

a vector for coexpression gene therapy to increase the radiosensitivity of the tumors, followed by

exposure to radiotherapy after transfection with promising results, as described below.
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ABSTRACT: Radiotherapy is one of the most commonly used cancer treatments, with an estimate of 40% success that could be
improved further if more efficient targeting and retention of radiation at the tumor site were achieved, This review focuses on the
use of dendrimers in radionanotherapy, an emerging technology aimed to improve the efficiency of radiotherapy by
implementing nanovectorization, an afready established praxis in drug delivery and diagnosis. The labeling of dendrimers with
radionuclides also aims to reduce the dose of radiolabeled materials and, hence, their toxicity and tumor resistance. Examples of
radiolabeled dendrimers with alpha, beta, and Auger electron emitters are commented, along with the use of dendrimers in boron
neutron capture therapy (BNCT). The conjugation of radiolabeled dendrimers to monoclonal antibodies for a more efficient
targeting and the application of dendrimers in gene delivery radiotherapy are also covered.

1. INTRODUCTION

Since the discovery of X-rays and radioactivity at the end of the
19th century, and their introduction into clinical practice,
radiotherapy has been used, along with surgery and chemo-
therapy, as a key modality in cancer treatment. Its powerful
ability to cause tumor cell death lays mainly in the induction of
imeparable DNA damage and cell cycle arrest.” Approximately
50% of all cancer patients receive radiotherapy during the
course of their illness” with an estimated 40% success.' There
are two ways to deliver radiation to the tumor sites. The most
common approach in the clinical practice is external beam
radiation, which delivers high-energy radiation (photons,
protons, or particle radiation) from outside the body to the
tumor location, The second type i internal radiation, which is
delivered by radionuclides into the tumor site. Radionuclide
internal therapy can thercfore reduce irradiation of healthy
tissues with relatively low toxicity, in comparison to conven-
tional chemotherapy and external beam radiotherapy.

The therapeutic effect of internal radiotherapy is due to the
delivery of alpha (a), beta ("), or Auger electron emitters
(Table 1) to the tumor site, resulting in tumor shrinkage or its
total elimination, depending on the Linear Energy Transfer
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(LET) of the emitter (Table 2). As alpha particles are positively
charged monoenergetic helium nuclei with the highest energy
among particle emissions (LET ~ 80 keV/um), they will
interact in a range of penetration in tissue from 40 to 100 gm,
This is consistent with the dimension of micrometastatic
lesions, so they are especially suited for localized irradiation of
target cells with minimal toxicity to the surrounding normal
cells. This radiation is particularly effective in killing cells,’
independently of their oxygenation state or cell cycle phase.’
Although human cancer cells can be eradicated i vitro after
being hit by only a few alpha particles,” these must reach the
tumor cell nudei to show an eflicient cytocidal effect, not just
the cell cytoplasm.”

Physico-chemical characteristics of Auger electrons are close
with alpha particles with a tissue penetration from nanometers
to a few micrometers. In comparison, fi~ particles (high energy
clectrons from fi~ decay) have the longest penetration range in
tissue (1=12 mm). This is an important factor to consider
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Table 1. Radionuclides for Tumor Radiotherapy'*™"”

decay max range
radionuclide  halflife mode  energy max (keV) lissue
By 442 h Augrer 30926 <10 nm
= 60 b Auger 18877 10 am
Ac 10d a 5830, 5792, 5790, HO—80 g
5732
*Bi 457 min @ 3869 S0—80 pm
A 71h a S870 G0=80 pm
gy 1h a i (a): 60350, 90 um
(#): 2270
Ra 1143 d a 3830 <100 um
1*Re 98 d ] (): 351 1 mm
o 67 d oy (F): 300 1.6 mm
“Cu 238 d By (P): 577 2.2 mm
89 s3.04 d Ay (7): 7 24 mm
sy 5053 d ] 1463 <3 mm
B38m 1954 by () 233 3 mm
Au 2.69 d b (f): 13728 44 mm
HRe 3774 oy () 1069 S mm
Dy 233d oy () 12861 6.4 mm
p 1434 pii 1710 87 mm
o 269 h My () 1853 102 mm
*Re 17h by (7). 2120 11 mm
bt ¢ 641 h Il 2280 12 mm

Table 2. Linear Energy Transfer (LET) of Therapeutic
Radionuclides"®

particle decay range in tissue LET (keV/pum)
a+ (cellular) 40=100 gm ~40 (high)
I's (multiceliular) 0.05=12 mum ~0.2 (low)
EC/1C (subcellular) 2=500 nm ~4=26

“EC/IC: Electron Capture/Internal Conversion.

regarding the size of the tumors potentially treated, as well as
the targeting ligands and carriers for the f~ radionuclide.” The
[ particle lrradlanon also leads to the generation of harmful
free radical species in the presence of oxygen i tumor cells.
Due to their lower LET compared to alpha particles, §~
particles have a lower killing efficacy, so higher concentrations
of emitters are required for a comparable effect.” Conversely,
since the long path of i~ particles crosses multiple cells, a cross-
fire effect is achieved that not only aveids the need to target
every cancer cell with a radionuclide emitter, but also reduces
the hurdle of an heterogeneous uptake in large tumors.

Finally, Auger electrons are low energy atomic orbital
clectrons emitted after electron capture (EC).'" Studies in
vitro have shown Auger electrons as highly effective and specific
in tumor cell killing when used in tandem with targeting
vehicles that can direct them in close proximity to cellular
DN A.‘ 12

With the actual improvement in the clinical outcome of
cancer treatment, the reduction of the toxicity related to
radiation has become a priority, together with the overcoming
of some primary limitations of radlotheraf.o that is, mjury in
surrounding tissues and tumor resistance. ‘ " In this context,
nuclear medicine has recently tumed the attention to new
oncologic strategics based on the nanovectorization of
radiotherapy, generating the concept of radionanomedicine.”’
The core of radionanomedicine relies on the labeling of
nanomaterials with radionuclides to reduce the amounts of
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radiolabeled materials in vivo.” Indeed, nanomedicine has
traditionally been a major focus of nanotechnology.” According
to the U.S. National Science Foundation, by 2020, nearly half of
future pharmaceuticals will have some nanotechnology
components.” """ In recent years, there has been an
unprecedented expansion in the field of nanomedicine with
the development of new nanometric systems for better
therapeutic efficacy and imaging quality of cancer.”” Nano-
systems, compared to conventional medicines, have many
benefits, given their nanometric size and large surface area-to-
volume ratio, improved bioavailability, rcduccd toxicity, greater
dose response, and enhanced solubility.”

Nanosystems with long circulation times can get internalized
into tumors through the leaky tumor vasculature and be
retained in the tumor due to abnormal lymphatic drainage. This
process is known as the enhanced permeability and retention
(EPR) cffect”” However, for an efficient EPR effect, the
physicochemical properties of the nanosystems are as important
as the tumor biology. While, EPR effect 1 quite helpful to
passively target nanosystems in animal models, a full under-
standing of the differences in tumor biology and clearance
mechanisms ‘between individual human patients has yet to be
established.™

Accordingly, innovative radionanopharmaceuticals are much
awaited for targeting cancer, with therapeutic doses of internal
radiation. Their eilicacy is determined by the two constituting
clements, the carnier and the trace amount of a radionuclide
with a2 defined radiation type, but also by the injection
modalities (intravenous or loco-regional injection). Ideal
radiopharmaceuticals should transport the radioactive nudlide
quantitatively to the tumor tissue while protecting healthy
tissues from radiation. Various kinds of carriers have been
described for this purpose, including liposomes, carbon
nanotubes, polymeric nanoparticles, nanocapsules, and so on.
Among them, dendrimers are especially appealing. Their
controlled synthesis allows the preparation of well-defined
monodisperse and globular nanovectors, characterized by a
tunable size and precise number of peripheral groups, which
determine their physicochemical properties and Ffunction
(Figure 1). The number of peripheral groups in dendrimers
increases exponentially with the generation number. Several
approaches have been developed to conjugate dendrimers to
paramagnetic or radionuchde chelators for MRI, fluorescence,
CT, and radionuclide-based imaging. In addition, multimodal
imaging agents with improved diagnosis accuracy have been
described exploiting the unique structural characteristics of
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Figure 1. Schematic representation of a thied generation (G3)
dendrimer,
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Table 3. Radioimmunotherapy Drugs

clinical trial
generic numne antigen/radionuclide disease status
¥ < ibrtumonaly tusetan D20/ non-Hodgkin's lymphoma .\pgsxtd by
"V-tositumomab CD20/'7 non-Hodgkin's lymphama upg[r;vAvcd by
M—Lym 1 HLA-DRIO/™M non-Hodgkin's lymphoma, chronic lymphocytic leukemia phase 111
epratzumab Cha2/™y nan-Hodgkin's lymphama, chronic lymphocytic leukenia, immune diseases phase 11
M-chTNT-1/B DNA/MT glioblastoma, anaplastic astrocytoma phase 111
CEA-Cide CEA/™ or ™' breast, lung, pancreatic, stomach, colorectal carcinoma phase 111
pemtumomab PEM/™Y ovarian, gastric carcinoma phase 111
Y —metuximab (Hab18G/CD147)/M'1 hepatocellular carcinoma phase 11
H-p19 fibronectin/™'1 hepatological malignancy, refractory Hodgkms tymphoma, nonsmal! cell lung  phase 1)
cancer, melanoma, head and neck carcinoma
¥ —clivatuzumab tetraxetan MuUC1/™Y pancreatic adenocarcinoma phase 111
*'Ra dichloride —/*'Ra metastatic castration-resistant prostate cancer npg;wed by
A
P Lu-DOTA-Tyr3~octreotate”  SST/'Lu metastatic gastro-entero-pancreatic neurcendocrine tumors phase 111
VI_MIBG ME\IEI;,? '| newroblastoma, pheochromocytoma, paraganglioma phase 11

“DOTA refers 1o 1,4,7,10-tetraazacyclododecane-1,4,7, 10-tetraacetic acid.
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Figure 2, Structures of common dendrimers: (a) PAMAM; (b) PPL; (c) polybenzyl ether; (d) polyaliphatic ester; (e) polyesteramide; (f)

polycarbosilane.”’

dendrimers. As an exhaustive analysis of all this literature falls
outside the scope of this review, interested readers on the use of
dendrimers in cancer r imaging and chemotherapy are referred to
specialized reviews.” " Herein, we will focus on the use of
dendrimers in radiotherapy, including state of the art examples
up to December 2015 and perspectives in an emerging field,
which to the best of our knowledge has not been revised yet.

1.1. Nanovectorized Radiotherapy Drugs Approved
or under Clinical Trials. During the past decade, alpha (a),
beta minus (#7), and Auger electron-emitting radionuclides
have been investigated for targeted and nanovectorized
radiotherapy. Fortunately, these efforts have resulted in four
targeted /i~ emitters approved by FDA: '“'Sm-EDTMP
(Quadramet) and ®*Sr-chloride (Metastron) for palliation of
bone metastases; and *Y-ibritumomab (Zevalin) and '"'I-
tositumomab {Bexxar), for the treatment of B-cell non-
Hodgkin's lymphoma. While Quadramet and Metastron consist
of radioactive samarium ('**Sm) complexed to a tetraphosph-
onate chelator and a strontium-89 chloride (*’SrCl,) injection,

respectively, Zevalin and Bexxar are radiolabeled murine
antibodies, directed against the CD20 antigen expressed on
the surface of normal and malignant B-lymphocytes.™ The
latter two are good examples of the potential benefit of
antibody-guided systemic radionuclide-targeted therapy.”
In addition, several other radiopharmaceuticals for radio-
immunotherapy of tumors have been introduced into dinical
trials, More detailed information on these clinical trials is
presented in the review of Gudkov and co-workers (Table 3)."

2. DENDRIMERS AS INNOVATIVE
RADIOPHARMACEUTICALS

The history of dendrimers goes back to the late 1970s .md early
1980s, when the groups of Vogte,'" Newkome,' and
Tomaliaw independently published the first contributions in
the area. Since then, more than 100 dendritic structures have
been described in the search of improved properties and
innovative applications in fields like bio- and nanotechnology,
catalysis, or materials science.”' ™" Nowadays, some of the
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most recognized dendritic families include pelyamidoamine
(PAMAM),”" polypropyleneimine (PP1),"" and others based
on polyamide,”’ polyether,”” polyester,”"" and phosphorus-
based scaffolds”” (Figure 2).

Dendrimers are unique among nanomaterials since their
stepwise synthesis allows creating well-defined and mono-
disperse structures with tunable size and number of terminal
units. They have three main structural components: (i) an
internal core, from which the dendritic branches grow, (ii) the
layers of branches that define the dendrimer generation, and
(iii) a multivalent peripheral shell. The number of terminal
groups in dendrimers increases exponentially with the
generation number. This characteristic is crucial to modulate
the dendrimer solubility, making possible to overcome some
fundamental issues in radiotherapy, such as solubility and dose
delivery, The controlled architecture of dendrimers allows
multiple possibilities for the simultaneous attachment of
radionuclide chelators and targeting moieties,”

Historically, dendrimers have been synthesized following
multiple reaction steps that involve long reaction times, tedious
purifications, and sometimes reversible reactions potentially
leading to structural defects. This could have led to an outdated
perception that dendrimer synthesis is complex, slow, and
costly.”  Several improvements, however, have been done
recently that simplify and fasten up the synthesis of dendrimers,
including the use of (i) orthogonal chemistries to avoid the
need of protecting groups and so reduce the number of
reaction steps;” (i) “click” chemistry for irreversible, fast, and
high yield reactions;” (iii) hypercores and hypermonomers for
the accelerated increase of size while preserving dendrimer
properties; or (iv) various types of heterofunctional den-
drimers.”” The design principle of dendrimers has been
thoroughly reviewed elsewhere according to the surface/
interior chemistry, _$eneraﬁ0n size, shape, flexibility/rigidity,
and composition.” '

2.1. Radiolabeled Dendrimers in Radiotherapy. The
first successful evidence of the therapeutic use of radioactive
dendrimers came from a study with radicactive gold-dendrimer
based nanoparticles of various sizes (Figure 3).'" In this report,

i irradution 5
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nanodevice (=22 nm)

Figure 3. Polymerized composite nanoparticle formed by radiation of
a dendrimer network with simultaneous neutron activation of "“Au in
the composite nanoparticles into '™Au. Dark dots represent gold
atoms, the organic network is gray. Reprinted with permission from ref
72, Copyright 2008 Elsevier.

PAMAM dendrimers were used for the targeted delivery of the
radiopharmaceutical to tumors in vivo. Poly-"**Au" nano-
particles were synthesized from nonradioactive ' Au”-PAMAM
complexes using both gamma-radiation and neutron radiation
components in a reactor,

The increase in size of the resulting nanoparticles was due to
partial cross-linking of the PAMAM dendrimers by the
combined effect of y radiation and heat, while absorption of
neatrons activated the gold component to '"*Au. Biodistribu-

tion studies of both the template PAMAM dendrimers and the
gold composites showed that positively charged nanoparticles
were more retained in tissues than neutral or negatively charged
ones. A single injection of ""Au-PAMAM complexes (29 nm in
size) directly into a melanoma tumor mouse model resulted in
more than a 45% decrease in tumor growth within 8 days,

2.1.1. Dendrimer-fi~— Emitter Conjugates. The preclinical
and clinical research in the field of dendrimer-fi~ emitters has
focused on at least 12 radionuclides: yttrium-90 (*"Y), iodine-
131 ("), lutetium-177 ("7Lu), samarium-153 ("**S$m),
strontium-89 (*°Sr), holmium-166 ('**Ho), rhenium-186
(**°Re), rhenium-188 ('**Re), c(;?per-67 (*Cu), prom-
ethium-149 ("“Pm), gold-199 ('Au), and rhodium-105
(""Rh).™ In addition, many radiotherapeutic i~ emitters also
emit a low ratio of gamma photons (y) with energy in the ideal
range for nuclear imaging (80—200 keV). Therefore, these
radionuclides have theranostic properties, which are valuable in
clinical radiotherapeutic applications with nanometric systems.

A radionuclide with excellent theranostic properties is *Re
with a ratio of 85% for /~ emission (Ey = 2.12 MeV) and 15%
for y emission (E = 155 keV). Yu-Mei Shen and co-workers™'
used "™Re to radiolabel G5 PAMAM dendrimers conjugated
with 2-(4-isothiocyanatobenzyl )-6-methyldiethylene-triamine-
pentaacetic acid (1B4M-DTPA) as a bifunctional ligand and
folic acid (FA) for active targeting. The labeling yield of the
conjugate GS-FA-DTPA-'"Re (percentage of incorporated
radionuclide) was 67% and its radiochemical purity (the
fraction of incorporated radioactivity that is present in the
desired radiochemical form) exceeded 95%. Even though the
conjugate showed high in vitro stability when incubated for 6 h
at 37 °C in phosphate buffer saline (PBS, pH 7.4) or in new-
born calf serum, a weak in vivo stability in mice revealed that
further structural improvements were needed in the system.

In a preclinical study published in 2014, Gl and G4
PAMAM dendrimers conjugated with 10-[{4-carboxy-1-oxido-
pyridin-2-yl)methyl]-1,4,7,10-tetraazacyclododecane-1 4, 7-tria-
cetic acid (DO3A-py™ ", a DOTA-like bifunctional chelator
with one methylene pyridine-N-oxide pendant arm) were
radiolabeled with '""Lu with high radiochemical purity. Both
radiolabeled dendrimers were stable for at least 24 h. As already
seen in previous studies, * the distribution profile of the Gl
conjugate in organs and tissues of rats was more favorable than
for G4. Conversely, the G4 conjugate with a considerably
higher number of chelating ligands per molecule enables the
binding of a larger number of radiometals. These results
showed that dendrimer-radiometal chelates might constitute a
prospective way to radiolabel targeting agents, such as
antibodies or their fragments, with markedly high specific
activity and minimal loss of their immunoreactivity.

In a more recent study,  theranostic dendrimers for targeted
single-photon emission computed tomography (SPECT)
imaging and radiotherapy of a MMP2-overexpressing xeno-
grafted glioma model in vivo (Figure 4) were successfully
constructed by the conjugation of a GS PAMAM dendrimer
with polyethylene glycol (PEG) and the targeting agents
chlorotoxin (CTX) and 3-{4"-hydroxyphenyl)propionic acid-
OSu (HPAO). The dendrimer conjugates showed excellent
cytocompatibility and could be effectively labeled with
radioactive "*'I with good stability and high radiochemical
purity. For in vivo imaging experiments, 6-week-old BALB/c
female nude mice were inoculated subcutaneously with 2 x 10°
C6 cells/mouse in the right side of flank. At approximately 3
weeks postinjection, the tumors reached a volume of 0.5-1.0
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Figure 4. Chlorotoxin-conjugated multifunctional dendrimers labeled
with radionuclide “*'l for unaging and radiotherapy. Reprinted with
permission from ref 77, Copyright 2015 American Chemical Society.

cm’. The specific targeting role mediated by the attached CTX
moiety onto the dendrimers was confirmed by the relatively
higher tumor uptake of 'I-G5§ NHAc-HPAO-(PEG-CTX)-
(mPEG) dendrimers in comparison with nontargeted '¥'1.GS
NHAc-HPAQ-(PEG-MAL)-{mPEG) dendrimers. It was scen
that after treatment with “1.G3 NHAc-HPAQ-(PEG-CTX)-
(mPEG), the tumor grew more slowly than in mice treated
with saline, Na'"l, or nontargeted '"I-GS NHAc-HPAO-
(PEG-MAL)-(mPEG). The biodistribution study of the
multifunctional dendrimers, investigated by SPECT imaging,
showed that the majority of the ""'1.G5 NHAc-HPAO-(PEG-
CTX)-(mPEG) or '"1-G5 NHAc-HPAO-(PEGMAL)-
(mPEG) dendrimers accumulated in the liver at 15 h
postinjection, while the heart, lung, tumor, kidney, spleen,
intestines, stomach, and soft tissue had a relatively low
accumulation of the nanosystems. In spite of the high
nonspecific binding to normal tissue, CTX enhanced the
accumulation of dendrimers in tumor compared to nontargeted
dendrimers. At 24 h postinjection, the tumor SPECT signal
descended for both targeted and nontargeted groups, indicating
the dendrimer could be metabolized. Nevertheless, the SPECT
signal intensity of tumors treated with the CTX-targeted
dendrimer was still much higher than when treated with the
nontargeted dendrimer.

Similar multifunctional dendrimers have been synthesized by
modu'yu}g G5 PAMAM dendrimers with HPAO and FA linked
to PEG.™ After radiolabeling with "1 {("*'1.GS-NHAc-HPAO-
PEG-FA) the system was assayed for targeted SPECT imaging
and radiotherapy, using a FA receptor-overexpressing xeno-
grafted tumor model in vivo. The radiolabeling of the
dendrimer with '*'T was done via the chloramine T method
with a radiochemical purity exceeding 97%. '“'I-GS-NHAc-
HPAO-PEG-FA dendrimer displayed acceptable stability in
vitro for at least 27 h when stored at room temperature in PBS.
The relative SPECT signal intensity of different organs at 6 and
24 h postinjection of *'I-G5-NHAc-HPAO-PEG-FA and "'I-
GS'NHAc-HPAO-mPEG dendrimers revealed that liver was
the organ with the highest uptake, and a relatively low uptake
from the other organs, Again, the tumor growth rate of mice
injected with *"'I.G5-NHAc-HPAO-PEG-FA dendrimers was
significantly slower than that of mice treated with saline, Na'™'l,
and control '¥'1-GS'NHAc-HPAO-mPEG dendrimers without
FA. This result underdines the importance of the cffective FA
targeting, also proven by the SPECT image at the tumor site.
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Despite numerous investigations with dendrimers as
conjugates for cancer drug therapy and imaging ™™™ ™"
there have been limited efforts in the development of
radiotherapeutic dendrimers for image-guided radionuclide
therapics. Current results are encouraging and pomnt to a
fruitful progress of dendnmer—chelate conjugates with bound
f~ emitters and target-specific ligands in the area. Another new
axis of research could be based on loco-regional mjection of
dendrimers, especially for glioma or hepatocarcinoma treat-
ment, as confinement of the radiopharmaceuticals is expected,
avoiding radiotoxicity to healthy tissues.

2.1.2. Dendrimer-a Emitter Conjugates. Medically relevant
a-emitting radionuclides currently available for potential
therapeutic application are astatine-211 (*1At), bismuth-212

(*'*Bi), bismuth-213 (**Bi), actinium-225 (***Ac), radium-223
(***Ra), lead-212 (**Pb), thorium-227 (**'Th), and terbium-
149 ("¥Tb)." Recently, a pharmaccutical grade ***Ra chloride
solution was the first a-emitting radiopharmaceutical to be
approved for dinical use m the treatment of metastatic bone
disease.”

Most approaches to target @ particie emitters in the past
relied on conjugation with antibodies through chelators. The
efforts to integrate dendrimers in radiotherapy with « particles
are limited to an early report from Wu, Gansow, and co-
workers,” who desaribed a route to modify moAbs with a high
number of chelating agents by conventional direct ligand
attachment for use in radioimmunotherapy. This group
successfully coupled with minimal loss of immunoreactivity a
moADb with a single G2 PAMAM dendrimer carrying 10,2 of the
available 12 surface primary amines decorated with 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) or
diethylenetriaminepentaacetic acid {DTPA) bifunctional li-
gands. Labeling the moAb-DTPA complex with *Bi resulted
in at least four times greater specific activity than the previously
obtained with a single DTPA conjugated to the moAb. In
addition, radioyttrium labeling did not alter the immunor-
eactivity of the moAb-PAMAM-DOTA complex. Cold Gd(ITI)
complexes also readily formed with the DOTA and DTPA-
dendrimer-moAb conjugates. These positive results pave the
way for the construction of successful dendrimer-r emitter
conjugates for use in radiotherapy.

2.1.3. Dendrimer-Auger Electron Emitter Conjugates.
Auger clectron emitters under mvestigation in therapy include
bromine-77 (7Br), indium-111 (*''In), iodine-123 (**1), and
iodine-125 (*1)."” As for « particles, the precise subcellular
[ocalization of Auger emitters can dramatically affect their
killing efficacy, with nuclear mternalization resulting in
signiﬁcant efficiency compared to localization at the cell
surface.”’ For instance, Auger electrons from neutron-activated
Gd(T11) are strongly cytotoxic, but only when Gd(m) ions have
been intemalized into cells. The group of Kobayashi” used G6
PAMAM dendrimers conjugated with a2 DTPA derivative and
avidin (Av-G6Gd), for targeted delivery of large quantities of
Gd(I11) into peritoneal carcinomatosis tumor cells with the aim
of generating Auger emission with an external neutron beam.
Av-G6Gd significantly accumulated and internalized into tumor
cells both in vitro and in vivo, and the cytotoxic effect of the
external irradiation with appropriate neutron beam was
monitored with MRI (Figure 3).

In another example by the same group, an Av-G4 PAMAM-
1B4M chelate complex radiolabeled with '''In, which emits
Auger and conversion clectrons, was synthesized for intemal
radiation therapy in intraperitoneal (ip.) disseminated
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Figure 5. Biodistribution of “'Gd-labeled Av-G6Gd (a), G6Gd (b),
and Gd-DTPA (c) at 6 b {black bars} and | day (hatched bars) after
i.p. impection in nude mice bearing SHIN3 intraperitoneal disseminated
tumors. The data are expressed as the mean percentages of injected
dose per gram of normal tissues and standard deviation (n = 4—6). All
data show significant differences (p < 0.01) compared with the
appropriate group of data with Gd-DTPA. Reprinted with permission
feom ref 91, Copyright 2001 American Chemical Society,

tumors.” The chelating sites on Av-G4-(1B4M),, were
saturated with cither radioactive or nonradioactive In(111).
The results of this work clearly show the capability of Av-Bt-
G4-(1B4M),; to specifically internalize cancer cells, The

biodistribution studies of both '"'In saturated and unsaturated
dendrimers in pude mice demonstrated high dendrimer
concentration in ip. disseminated tumors with high tumor/
background ratios.

In a more recent study, ” G1 and G4 PAMAM dendrimers
were conjugated with a bifunctional pyridine-N-oxide DOTA
analog and radiolabeled with '"'In. The conjugate displayed a
good kinetic stability for at least 48 h after preparation.
Biodistribution and elimination in rats was more favorable for
the G1-'"'In conjugate than for G4. Thus, while G1-'"In
conjugate was rapidly eliminated from the body, mainly
through urine, significant, and long-term radioactivity uptake
in the liver and kidney was observed for G4-'"'In.

2.1.4. Dendrimers in Boron Neutron Capture Therapy.
Boron neutron capture therapy (BNCT) is a radiation therapy
modality accomplished in two stages. First, a patient is injected
with a nonradioactive pharmaceutical containing a stable
isotope of boron ('°B), which selectively migrates to cancer
cells. Next, upon irradiation with a neutral beam of low-energy
or thermal neutrons boron atoms generate a particles that
destroy the tumor, leaving normal cells unaffected. In order to
sustain a lethal effect a large number of '°B atoms must be
delivered to each cancer cell.”*"*

The high cargo loading of dendrimers has been exploited to
this end, Various dendrimers covalently attached to boron have
been prepared and tested with preliminary positive results. A
methodology was developed to heavily boronate a moAb by
coupling to a boronated PAMAM dendrimer by means of
heterobifunctional reagents.”” These conjugates retained the
high in vitro immunoreactivity of the moAb, but after
intravenous injection they accumulated in the liver. This way
of injection resulted in a decrease of the in vivo tumor targeting
properties of the conjugates. In order to avoid this
biodistribution hurdle, an intratumoral injection of the
boronated dendrimers was investigated with encouraging
results, Later on, the same group”™ has conjugated a heavily
boronated G5 PAMAM dendrimer (G35-By ) to the
Cetuximab moAb, as a boron delivery agent for BNCT to
bramn tumor. When injected intracerebrally, the complex
showed specific molecular targeting of the epidermal growth
factor receptor (EGFR), which is often amplified in human
gliomas,

In an effort to improve the biodistribution and decrease
reticulo-endothelial system (RES) uptake, various studies have
focused on the modification of boronated PAMAM dendrimers
with PEG. Since the expression of the folate receptor is
amplified in a varety of human tumors, FA is frequently used to
enhance the tumoral uptake of dendrimers and other

Figure 6. Schematic representation of the incorporation of carboranes into polyester dendrimers. Reprinted with permission from ref 98, Copyright

2005 American Chemical Society.
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nanosystems. In this context, the group of Tjarks and co-
workers” evaluated a series of boronated G3 PAMAM
dendrimers containing 12—15 decaborate clusters, along with
PEG chains to minimize hepatic uptake and FA for folate
receptor targeting. One of the conjugates having an average of
one PEG,,, chain and one FA-PEGy,, resulted in selective
tumor uptake (6.0% ID/g tumor) in CS7BL/6 mice bearing
folate receptor (+) murine 24JK-FBP sarcomas. In spite of this
result, high hepatic (38.8% ID/g) and renal (62.8% ID/g)
uptakes were also revealed. The authors concluded that even
though the strategy was successful in increasing tumor
selectivity, further improvements were necessary to optimize
biodistribution.

An alternative strategy to optimize the delivery of boronated
dendrimers to tumor cells is the incorporation of carborane
cages within the dendritic structure (Figure 6). The group of
Adronov”™ synthesized a family of biocompatible water-soluble,
aliphatic polyester dendrimers that mcorporate as many as 16
p-carboranes in their interior, as possible candidates for use in
BNCT. In another example, phenylene-cored carborane
dendrimers have been synthesized for BNCT.” In vitro studies
with these dendrimers in human liver cancer cells showed a
concentration-dependent accumulation of the dendrimer
conjugates, Similarly, biocompatible Au nanoparticles contain-
ing carborane clusters and PEG chains attached to dendrons
were engineered to provide a BNCT platform with potential
simultaneous use in photothermotherapy, imaging, and drug
vectorization,'"

The photoluminescence of different generations of porphyr-
in-cored aryl ether dendrnimers functionalized with carborane
clusters has been investigated.'"” It was concluded that the
photoluminescence properties of these dendrimers were not
largely affected by the carboranes, opening the door for further
investigations of these s?'.s\tems for theranostic use in nano-
medicine. More recently, " a2 dendritic wedge with high boron
content for BNCT or boron MRI was combined with a
monomethine cyanine dye for visible-light fluorescent imaging,
and an integrin ligand for efficient tumor targeting. This
conjugate resulted in a rapid intratumoral accumulation and
prolonged retention when analyzed in fully established animal
models of human melanoma and murine mammary adeno-
carcinoma (Figure 7).

i)

seciems:
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Radiant Efficiency x 10* EN

Figure 7. Representative fluorescence images of the in vive tumor
uptake of a trifunctional dendritic theranostic agent. Adapted with
permission from ref 102, Copyright 2014 American Chemical Society.
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2.2. Dendrimer—Antibody Conjugates in Radioimmu-
notherapy. Antibodies have the unique property to bind their
targets in a highly selective manner, which makes them
attractive for the delivery of radiotherapeutics. Phase 1 clinical
trials have been performed with monoclonal antibodies
(moAbs) radiolabeled with a emitters *“'Bi and *"'At. These
systems were evaluated in patients with leukemia and brain
tumors,” respectively, with encouraging responses and accept-
able fevels of toxicity in normal tissues.

The first bifunctional chelate used to bind ***Bi to moAbs
was frans-cyclohexyl diethylene triamine pentaacetic acid
(CHX-A-DTPA), with a procedure requiring 0.5 h."”" Other
ligands derived from DTPA were later on synthesized for the
same purpose, including the cyclic anhydride of diethylene
triamine penta-acetic acid (cDTPAa)'™ and p-isothiocyanato-
benzyl-DTPA (CITC-DTPA).'™ Zalutsky and co-work-
ers' ™" developed a two-step method for the radiolabeling
of intact or fragments of chimeric moAbs with *"'At using two
similar bifunctional chelating agents [N-succinimidyl 3-(tri-n-
butylstannyl) benzoate (m-BuATE) and N-succinimidyl 3-(tri-
n-methylstannyl) benzoate (m-MceATE)] in a procedure fasting
1.5 h.

Tumor targeting studies with these radiolabeled moAbs
showed, however, some limitations, such as insufficient
targeting, low accumulation in tumor sites, and undesired
irradiation of normal tissues associated with low clearance rates
of IgG-based radioimmunoconjugates (days to weeks).'" Also,
the introduction of more than one radionuclide per moAbs, to
enhance the radioactive dose, caused a drastic decrease in
immunoreactivity. The attachment of any therapeutic moiety to
antibodies influences their clearance kinetics, biodistribution,
and side effects of radio-immunoconjugates.'” Another
important issue in the use of moAbs for targeted radiotherapy
was the slow reaction kinetics in the formation of the ligand—
metal complex, when macrocyclic bifunctional chelating
ligands, such as DOTA or DTPA derivatives, were attached
to them.'"™""" When the number of chelating groups into the
structure of moAbs was increased to speed up complexation, a
substantial loss in immunoreactivity was observed.''” The
extent of antibody loading is a critical issue for the design of
highly effective immunoconjugates and still largely a subject of
empirical evaluation. Indeed, amino acids amenable to
modification are found along all regions of antibodies. Since
most modification methods are not site-specific, there is no
control over which amino acids are modified. This frequently
results in immunoconjugates modified at positions weakening
the binding to the antigen which, in turn, decreases the efficacy
of the targeting system.'" So, one of the actual challenges of
immunoconjugation is product homogeneity with regard to
site-sP_cciﬁcity and stoichiometry of antibody modifica-
tion."" " Site-specifically conjugated tumor-targeting antibod-
ies have been shown to exhibit a greater uptake at the
cancerous site and less nonspecific uptake compared to
heterogeneous immunoconjugatca”; The most challenging
issue for radioimmunotherapy (RIT) is to find the correct
balance between the dose delivered to the tumor and exposure
of normal organs and tissues to radiation,' '

Also, in order to improve tumor/blood ratios, antibody
fragments lacking the Fc part have been tested for radio-
immunoconjugarion.m Invariably, however, only a small
fraction of the administered dose localizes in the tumor,
rendering doses delivered to the tumor low for therapeutic
applications.
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In recent years, to solve these problems, dendritic systems
have been conjugated to antibodies to preserve their
immunoreactivity, while providing high specific activities and
efficient radiolabeling,****'** Indeed, the branched structure of
dendrimers creates a multivalent surface with a high number of
peripheral groups, which makes them unique candidates for
conjugating to antibodies to afford log-fold higher radio-
activities than current antibodies with promising results.”””

The use of dendrimers for potentially improving delivery of
radioimmunotherapy conjugates is in its early phases of
development. One of the first reports in this area came from
Roberts and co-workers,™ who conjugated PAMAM den-
drimers to IgG-antibodies in a two-step process and
demonstrated for the first time that their immunoreactivity
remained largely unaffected after dendrimer conjugation using
sensitive enzyme linked immunoassays (ELISA).

In 1999, the group of Kobayashi'’' described the
biodistribution of ""'In- and "Y-labeled G2 PAMAM
dendrimers conjugated to 1B4M and an anti-Tac IgG antibody.
Tumor xenografts were generated in S—6-week-old female
athymic nude mice, with ATAC4 cell line. High tumor
absorption of the conjugates was observed, although accom-
panied by high accumulation in liver, kidney and spleen that
could be decreased by saturating the chelates with cold metals.
Interestingly, saturation of the 1B4M chelates with Y(IIT) was
shown to be more effective to decrease liver and spleen
accumulation, in comparison with In(III). This fact probably
relates a lower stability of the In(ITl) chelates in vivo that
results in free 1B4M ligands and concomitant faster
opsonization and uptake by RES.

In a more recent study by the same group,'” G4 PAMAM
dendrimers conjugated to I1B4M and OST7, a murine
monoclonal IgGl, were labeled with "'In and 'Gd. The
radiometal labeling was achieved with very high specific
radioactivity and minimal loss of immunoreactivity. Biodis-
tribution studies in a mice model with KT005-specific tumors,
showed specific tumor accumulation and rapid blood clearance.
Again, the saturation of the 1B4M ligands with Gd(IIl) was
more effective in decreasing liver and spleen accumulation than
with In(Ill). Additionally, clearance times of unsaturated
preparations were significantly slower than those of the
saturated ones. As a result, it can be concluded that charge
and molecular weight are not the only factors affecting
biodistribution, and that the surface functionalization of
dendrimers is critical to reduce their liver and spleen uptake.

The tumor selectivity of dendrimer-antibady conjugates has
been investigated by Baker and co-workers.''" PAMAM
dendrimers were conjugated to two different antibodies,
60bca and J591, which bind to CDI14 and prostate-specific
membrane antigen (PSMA), respectively. It was revealed that
the antibody-conjugated dendrimers specifically bind to the
antigen-expressing cells in a time- and dose-dependent manner,
with affinity similar to that of the free antibodies.

To study the effect of dendrimer size and number on the
immunoreactivity of moAbs, several DOTA-containing
PAMAM dendrimers of different generations were synthesized
and conjugated to antibodies for radioimmunotherapy and
clinical diagnostics (Figure 8)."*" It was concluded that the
dendrimer size does not significantly influence the immunor-
eactivity of the conjugated antibody over a wide range of
molecular weights, whereas increasing the number of
conjugation sites has a clear detrimental effect. Therefore, to
obtain conjugates that result in a minor compromise of
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Figure 8, Scheme of the conjugation of DOTA-dendrimers to an
antibody. Adapted with permission from ref 123. Copyright 2008
American Chemical Society.

immunoreactivity, antibodies should be functionalized with few
large dendritic systems. Purther studies are necessary to
establish the clinical usefulness of dendrimer-conjugates for
radioimmunotherapy,

2.3. Dendrimers in Gene Delivery Radiotherapy.
2.3.1. Dendrimers in Radiovirotherapy. Radiovirotherapy is
an innovative strategy for radioisotopic therapy that uses
oncolytic viruses able to selectively target and kill cancer
cells.'"" The combination of oncolytic viruses and radiation can
have synergistic antitumor properties by selectively delivering
radiation therapy to tumor cells.

The sodium/iodide symporter (NIS) is the main transgene
that has been studied with this aim.'” NIS, is a trans-
membrane glycoprotein that has a crucial role in the
biosynthesis of thyroid hormones'*” that is also known to be
able to mediate the uptake of radionuclides, such as "', "Re,
or 'At. While NIS expression in thyroid cancers decreases as
the cancer cell differentiation decreases,’”” NIS expression is
found in a number of other nonthyroid cancers, like breast and
liver. ™" While, NIS expression in breast cancer cells is
stimulated by retinoic acid (RA), estrogen, and glucocorticoids,
in the stomach the expression is generally suppressed during
carcinogenesis, In liver cancers, NIS is expressed in all
cholangiocarcinomas (CCA) and in a small proportion of
hepatocellular carcinomas (HCC).

Accordingly, the use of a viral vector for NIS gene transfer to
infected tumor cells is envisaged as a means to improve the
delivery of radioisotopes. Among the oncolytic viruses for this
purpose, adenoviruses are the preferred vectors, as they are
known to selectively infect and replicate in cancer cells.
Adenovirus-mediated gene therapy has nevertheless some
limitations, such as high prevalence of neutralizing antibodies,
widespread expression of the coxsackie-adenovirus receptor
(CAR), and unexpected interactions with host proteins in vivo.
In addition, targeting adenoviruses to receptors on hepatocytes
results in vector sequestration in liver."" Therefore, with the
aim of improving an efficacious targeting to tumor sites and
limit nonspecific uptake of viruses to nontarget tissues (mainly
liver and spleen), it has been necessary to develop suitable
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strategies to modify the capsid proteins on the virus shell,
including the use of dendrimer coatings.

With the aim of developing adenoviral vectors for a
combined systemic oncolytic virotherapy and NIS-mediated
radiotherapy, the groups of Spitzweg and Ogris' ™ in
collaboration recently used PAMAM dendrimers with positively
charged terminal amines to ceat the negatively charged
adenoviral capsid of AdS-E1/AFP-E3/NIS by electrostatic
interactions. NIS expression was followed with noninvasive
imaging by 'l scintigraphy, In vivo tests in a liver cancer
xenograft mouse model (Figure 9) showed significantly lower
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Figure 9, '*' scintigraphy confirms significantly increased levels of
tumor-specific iodide accumulation after application of coated
adenovirus {A) as compared with injection of uncoated virus (B).
Reprinted with permission from ref’ 132, Copyright 2013 Society of
Nuclear Medicine and Molecular Imaging, Tne.

hepatic accumulation of "' after systemic application. More
importantly, the combined radiovirotherapy using the den-
drimer-coated AdS-E1/AFP-E3/NIS (dc300AdS-E1/AFP-E3/
NIS), followed by a single application of a therapeutic dose of
B, resulted in a stronger stimulation of the therapeutic effect,
as observed by an extensively delayed tumor growth and
prolonged survival in comparison with virotherapy alone or
with control groups using the uncoated vector,

In another study from the same group,’" tumor-selective
iodide uptake and therapeutic efficacy of combined radio-
virotherapy was reported after systemic delivery of a theranostic
NIS gene using a dendrimer-coated adenovirus. In this case the
dendritic coating consisted of PAMAM dendrimers linked to an
EGFR specific peptide ligand (GEI1). As above, injection of
the uncoated adenovirus in a liver cancer xenograft mouse
model led to high levels of NIS expression in the liver due to
hepatic sequestration, which were significantly reduced after
dendrimer coating as demonstrated by 'Lscintigraphy. The
EGFR targeting specificity was confirmed by '*'I-PET-imaging
(Figure 10), showing a significantly lower tumoral radioiodine
accumulation after pretreatment with the EGFR-specific
antibody cetuximab, The enhanced oncolytic effect following
systemic application of the dendrimer-coated adenovirus was
further increased by additional treatment with a therapeutic
dose of "'l (Figure 10).

Altogether, these results show that coating of adenoviral
vectors with synthetic dendrimers is a promising strategy for
effective adenovirus liver detargeting and tumor retargeting,

3
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0Cs0 e, ADS-E1/AFP:
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Figure 10. ':‘I-PE’I'-lmaging shows that the strong hepatic trans-
duction after Lv. injection of an uncoated adenoviral vector (AdS-E1/
AFP-RSV/NIS) (a) is significantly reduced by coating with PAMAM-
G2 linked to peptide GEIl (deyn e :AdS-EL/AFP-RSV/NIS) (b),
even when mice are treated with the monocional anti- EGFR antibody
cetuximab before systemic administration (c). Significantly higher
transduction of tumor xenografts was observed in (b) than (c).
Adapted with permission from ref 133. Copyright 2013 Macmillan
Publishers Ltd.: hetp:/ /www.nature.com/mtna/journal/v2/nl 1/ full/
mina201358ahtml,

taking advantage of the merging of nonwviral and wviral vector
technologies.

2.3.2. Dendrimers in Combined Nonviral Gene Delivery
and Radiotherapy. Since dendrimers on their own provide
efficient and safe nonviral vectors for the delivery of genes into
target cells,'” they have been also assayed for gene delivery
radiotherapy. In a preclinical study, the groups of Spitzweg and
Ogris' ™ used G2 oligoethylenimine (OEI)-grafted polypropy-
lenimine dendrimers (PPI) as novel and highly efficient
nonviral gene delivery vehicles for systemic NIS gene transfer
{G2-HD-OEI/NIS) in a syngeneic neuroblastoma mouse
model. Based on its dual function as reporter and gene
therapy, NIS was used for noninvasive imaging of the
biodistribution of the dendrimer conjugates by '*'l-scintig-
raphy, followed by assessment of the therapy response after
application of 'L Tumor-specific iodide accumulation was
shown to be sufficiently high for a significant delay of tumor
growth, as observed by an increased survival rate after
application of two cycles of NIS-dendrimer conjugates followed
by '*'I radiotherapy.

In a more recent contribution, ™ the radiosensitivity of
human uveal primary tumor, which is the most common
primary intraocular tumor, was efficiently improved in vitro,
when dendrimers were used as a vector to produce
coexpression gene therapy of TNFa and HSV-TK, followed
by exposure to '*I after transfection.

3. CONCLUSIONS AND FUTURE PERSPECTIVES

In order to improve the efficacy of internal radiotherapy as one
of the most commonly used cancer treatments, nuclear
medicine has recently turned the attention to new oncologic
strategies based on nanovectorization, often referred to as
radionanomedicine. The ultimate aim is to efficiently target and
retain radiation at the tumor site, avoiding side effects such as
toxicity and tumor resistance process. Thus, it is known that
nanosystems with long circulation times in the bloodstream can
get internalized and retained into tumors thanks to a leaky
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vasculature and an abnormal lymphatic drainage, This effect,
known as EPR, can be further assisted by the use of targeting
agents, The objective of radionanotherapy is the labeling of
nanosystems with radionuclides to improve the efficiency of the
treatment, while reducing the dose of radiolabeled materials in
vivo. Among the nanosystems described for this purpose,
dendrimers are especially appealing because of their multi-
valency, tunable size and physicochemical properties as a
function of the generation. Milestones in the development of
dendrimers for nanovectorized radiotherapy include their
functionalization with ligands for radiolabeling, targeting agents,
and stealth functional groups to potentially improve their
biodistribution, circulation times, and stability in vivo.

The active role of dendrimers as innovative radiopharma-
ceuticals is reviewed with a special focus on critical challenges
encountered in the advance of targeted radiotherapy. As
discussed, the radiolabeling of dendrimers with therapeutic
radionuclides has resulted in tumor regression and longer
survival, The biodistribution of dendritic conjugates can be
improved by PEGylation, intratumoral application, saturation
with cold metals, or by modulating their charge and molecular
weight. In addition, the multifunctionality of dendrimers makes
them excellent candidates for theranostics. For instance,
optimized delivery of boron compounds to tumor cells was
achieved by incorporating carborane cages within biodegrad-
able dendrimers, which proved useful as theranostic agents in a
combined use of BNCT, photothermotherapy, imaging, and
drug vectorization. The development of radiotherapeutic
dendrimers for image-guided radionuclide therapies is also a
work in progress. The multivalency and precise architecture of
dendrimers can be exploited for radiotherapy in combination
with moAbs, a strategy that pursues minor changes in
immunoreactivity. Finally, dendrimers have been investigated
in radiovirotherapy as coatings of adenoviral vectors for
effective liver detargeting and tumor retargeting, as well as
nonviral gene delivery vectors for NIS-targeted radionuclide
therapy of metastatic cancer.

Although issues associated with in vive properties and the
toxicity of dendrimer conjugates are challenges to be addressed
individually, as a whole there are considerable promise and
benefits on current applications of dendrimers for radio-
nanotherapy. A proper evaluation of dendrimer-based radio-
pharmaceuticals must be appreciated according to three criteria:
the choice of radionuclide, the vector used, and the modalities
of administration. Relatively recent results on dendrimer-based
radiopharmaceuticals in preclinical models do not permit such a
comparison yet. As discussed in this review, the physicochem-
ical properties of the radionuclide are crucial, but differences
between vectors {untargeted vs targeted dendrimer, different
dendrimer generations} are appreciated after intravenous
injections with the aim of qualifying the targeting rather than
the efficacy. In fact, for medical applications with radiophar-
maceuticals, loco-regional injection could be a preferred way,
where dendrimers play the role of confining agent at the
injection site, in order to reduce the associated radio toxicity on
healthy tissues or organs. Targeting will increase this confining
action as needed for alpha-emitter and Auger-emitter.
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General Introduction

Conclusions
Nuclear medicine, in order to efficiently target and retain radiation at the tumor site, avoiding

side effects such as toxicity and tumor resistance process, has recently turned the attention to new
oncologic strategies based on nanovectorization. The main objective of this innovative approach
is to label nanosystems with radionuclides for the improvement of the treatment efficacy, while
reducing the dose of radiolabeled materials in vivo. Among the nanosystems described for this
purpose, dendrimers are particularly attractive due to their multivalency, tunable size and
physicochemical properties as a function of the generation. Milestones in the development of
dendrimers for nanovectorized radiotherapy include their functionalization with ligands for
radiolabeling, targeting agents, and stealth functional groups to potentially improve their
biodistribution, circulation times, and stability in vivo. The active role of dendrimers as innovative
radiopharmaceuticals was reviewed with a special focus on critical challenges encountered in the
advance of targeted radiotherapy.

As discussed in this review, the radiolabeling of dendrimers with therapeutic radionuclides
resulted in tumor regression and longer survival. The biodistribution of dendritic conjugates could
be improved by PEGylation, intratumoral application, saturation with cold metals, or by
modulating their charge and molecular weight.

In addition, the multifunctionality of dendrimers makes them excellent candidates for
theranostics. For instance, optimized delivery of boron compounds to tumor cells was achieved by
incorporating carborane cages within biodegradable dendrimers, which proved useful as
theranostic agents in a combined use of BNCT, photothermotherapy, imaging, and drug
vectorization. The development of radiotherapeutic dendrimers for image-guided radionuclide

therapies is also a work in progress. The multivalency and precise architecture of dendrimers can
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be exploited for radiotherapy in combination with moAbs, a strategy that pursues minor changes
in immunoreactivity. Finally, dendrimers have been investigated in radiovirotherapy as coatings
of adenoviral vectors for effective liver detargeting and tumor retargeting, as well as nonviral gene
delivery vectors for NIS-targeted radionuclide therapy of metastatic cancer.

Although issues associated with in vivo properties and the toxicity of dendrimer conjugates
are challenges to be addressed individually, as a whole there are considerable promise and benefits
on current applications of dendrimers for radionanotherapy. A proper evaluation of dendrimer-
based radiopharmaceuticals must be appreciated according to three criteria: the choice of
radionuclide, the vector used, and the modalities of administration. Relatively recent results on
dendrimer-based radiopharmaceuticals in preclinical models do not permit such a comparison yet.

As discussed in this review, the physicochemical properties of the radionuclide are crucial,
but differences between vectors (untargeted vs targeted dendrimer, different dendrimer
generations) are appreciated after intravenous injections with the aim of qualifying the targeting
rather than the efficacy. In fact, for medical applications with radiopharmaceuticals, loco-regional
injection could be a preferred way, where dendrimers play the role of confining agent at the
injection site, in order to reduce the associated radio toxicity on healthy tissues or organs. Targeting

will increase this confining action as needed for alpha-emitter and Auger-emitter.
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PART 2. Strategies and Objectives

As previously discussed in the introduction, there is a strong need for innovative
regimens to improve the diagnosis and treatment of glioblastoma, one of the most deadly and
aggressive malignancies ever known.

Multimodal dendrimers were evaluated for the first time, after being dual labeled with
paramagnetic nuclei (Gd**) for MRI and the B emitter '3¥Re for radiotherapy, following a
minimally invasive stereotactic surgery, in a F98 rat glioma model. This animal model is
known to mimic the behavior of human glioblastoma. Because of its wide availability,
convenient half-life, and appropriate y energy, *"Tc was the radionuclide of choice for the
further investigation of the in vivo behavior and properties of the dendrimers, following
intravenous injection.

The dominant role of technetium compounds in diagnostic procedures, recommends
the B-emitting rhenium isotope ('*¥Re) for applications in nuclear-medical therapy, because
it is possible to adopt general approaches for '*8Re radiolabeling, from the established
technetium chemistry. Moreover, parallel in vivo experiments, carried out with *"Tc and
188Re, showed similar biodistribution with identical complex structures.”®

To synthesize dendrimers with a high in vivo stability, two strategies were
implemented. The first strategy aimed to create a synthetic route for a new family of
dendrimers, made of carbamate groups as building blocks, which would increase the stability
of the dendrimers to hydrolysis and enzymatic reactions. These dendrimers would be
synthesized using microwave assisted azide-alkyne cycloaddition (AAC), avoiding the use
of toxic catalyst and coupling agents. This would fasten up the synthesis process from days
to hours long. However, different challenges were faced during the generation growth of

these dendrimers, such as instability of the carbamate dendrimers to degradation during
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microwave assisted AAC reaction, slow conversion kinetics, solubility issues, along with
purification difficulties and low yield. For these reasons, the AAC-based carbamate
dendrimers were replaced by Gallic Acid Triethylene Glycol (GATG) dendrimers, as the
straightforward synthesis of the later ones allowed the planning of a second strategy.

Six macromolecular nanovectors were prepared, using G2, G3 and G4 GATG
dendrimers (abbreviated as 2[Gn] dendrimers, where n is the generation number), fully
conjugated either with bifunctional DTPA or DOTA derivatives, to evaluate their
pharmacokinetics, tissue perfusion and excretion. These nanovectors were radiolabeled with
either *™Tc or '%¥Re and paramagnetic nuclei (Gd**) agents with the objective of evaluating

their potential for radiotherapy and MRI of glioblastoma via locoregional therapy.
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Accelerated Synthesis of Carbamate Dendrimers

2.1. Modern strategies for the accelerated synthesis of dendrimers

Both divergent and convergent strategies involve an iterative sequence of reactions with
coupling and activation steps, which makes the synthesis of dendrimers tedious and time-
consuming. The field of dendrimer synthesis is progressing towards faster and simpler
synthetic methodologies to obtain dendrimers of high molecular weights without
compromising the large number of functional groups. The accelerated synthesis of dendrimers
pursues a higher branching and/or number of functional groups through faster and/or fewer
reaction steps.

The copper-catalyzed azide—alkyne cycloaddition reaction (CuAAC), commonly known
as “Click” reaction,'%%1% has become one of the most important reactions in synthetic organic
chemistry.'®” Huisgen dipolar cycloaddition of azides and alkynes'®® are amongst the highest
rated of cycloaddition reactions. A positive aspect of this reaction for biological purposes is
that the azide and alkyne functional groups are largely inert towards biological molecules and
aqueous environments. Dendrimers have been synthesized by CuAAC using both the divergent
and convergent growth approaches.

In an early report,'” the convergent method was utilized starting from AB2-monomers
in which the A-functionality was a chloromethyl group and the B2-functionalities were
acetylenes. After each CuAAC coupling, the chloride atom was easily replaced with an azide
moiety, activating it for the next coupling step (Figure 2.1). As a result, the dendrons contain
numerous 1,4-disubstituted 1,2,3-triazole linkages and in a final step, 4th generation dendrons
were coupled to a range of different core molecules. The major achievement of this work was
to demonstrate the utility of “Click” chemistry and the level of efficiency that could be achieved

during a traditionally difficult synthetic process.
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Figure 2.1 Convergent approach toward triazole dendrimers. a) CuSO4 (5 mol%), sodium ascorbate (10 mol%),
H,O/tBuOH (1:1); b) 1.5 eq. NaN;, CH; COCH3/H,O (4:1), 60 °C, 1-3 h. Adapted from ref. 17°

Subsequently, it was reported the divergent growth approach to Frechet-type dendrimers
using “Click” chemistry, resulting in either azide or acetylene terminated dendrimers.!”! To
date, copper stands out as the only metal for the reliable, facile, and 1,4-regiospecific catalysis
of the azide—alkyne cycloaddition. Since residues originating from copper catalysis are known
to create toxicity issues, the copper component may be a problem if traces remain under
physiological conditions. Copper contamination can be overcome by using copper-free
strategies.!’* Recently, Hawker and collaborators described the utilization of another Click
process, the thiol-ene reaction, for the divergent synthesis of poly(thioether) dendrimers.!”® The
synthesis was carried out under mild reaction conditions and without the use of a metal catalyst.
The demand of green and sustainable synthetic methods is a significant challenge in the
chemical field. This objective can be achieved through the use of aqueous synthetic protocols
and microwave technique, which has been reported to reduce the reaction time and increase the
product yield.!”* Microwave chemistry generally relies on the ability of the reaction mixture to
efficiently absorb microwave energy, taking the advantage of microwave dielectric heating
phenomena.!”

In traditional organic synthesis using reflux conditions the boiling point of the solvent

controls the reaction temperature. If a high reaction temperature is required in order for a
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reaction to proceed, a solvent with a high boiling point must therefore be selected, which may
be difficult to remove during work-up and purification. In contrast, using sealed vessel
microwave heating, the boiling point of the solvent is less important since the solvent can be
superheated above its regular boiling point under atmospheric conditions. This rapid increase
in the reaction temperature, to a level typically not attainable under reflux conditions, results
in a significant decrease of the reaction times, sometimes from days to minutes.

Several other parameters have been identified to accelerate the synthesis of
dendrimers.!”® The selection of building-blocks is crucial, since the composition, number and
nature of the functional groups dramatically affect the dendrimer structure. The monomers are
used in excess during the synthesis and commercially available molecules are therefore
preferred. Monomers that can be synthesized in a straightforward manner and on a large scale
should be considered.

In conventional strategies, two iterative steps, growth and activation, are necessary for
generating a new dendrimer generation. As a consequence, performing the growth without the
need of any activation step would yield dendrimers in half the number of reaction steps.

One-pot chemistry is another alternative to accelerate the dendrimer synthesis, since the
number of purification steps required can be severely decreased thus shortening the overall
reaction time.

The initial objective of our project was to create a novel synthetic strategy for the design
of a new family of carbamate dendrimers, more stable to hydrolysis and enzymatic reactions
in vivo, using microwave assisted AAC and avoiding toxic catalysts and coupling agents. This
method was previously proven to be successful by our group for the synthesis of dendrimers
containing alternative functionalities, shortening the synthesis reactions times from day to

hours long. Structurally, the carbamate functionality was chosen for its very good chemical and
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proteolytic stabilities. During the course of this work, two types of repeating units with
carbamate groups and one aliphatic core were successfully synthesized for the first time, as
building blocks for the preparation of carbamate dendrimers. Other two aromatic cores, whose
synthetic procedure was previously developed in our group, were tested in different
combinations of repeating units and solvents, in the effort to form stable carbamate dendrimers.

Various microwave assisted AAC conditions were tried, resulting in the synthesis of two
novel first generation carbamate dendrimers (G1cb4 and G1cb5), with 6 and 4 terminal groups

respectively (Figure 2.2). The synthesis was based on green chemistry conditions.
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Results and Discussion

Synthesis and characterization of novel building blocks for carbamate dendrimers
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Figure 2.3. Synthetic scheme for RU-1

The synthesis of the first repeating unit (RU-1) to form the interior of the carbamate
dendrimers was done according to the synthetic scheme, shown in Figure 2.3. (See EI for

further details on the synthesis and characterization).

Table 2.1 Stability tests of the RU-1 in various microwave assisted AAC conditions

Power Temp. Time

Solvent Result
(W) (°O) (h)
nBuOH 120 100 2 Stable
tBuOH 120 100 2 Stable
tBuOH:H,0 120 100 2 Stable
(2:1)

Butanone 300 100 2 Stable
Dioxan 80 100 2 Stable
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The RU-1 resulted stable in all the tested microwave assisted AAC conditions shown in
Table 2.1. In order to determine the optimal conditions for the coupling reaction of the RU-1
with the core of the carbamate dendrimers, several AAC conditions were tested with one

fragment of the core (2) (Figure 2.4).

I G N

Figure 2.4 Fragment of the core: 2

RU-1 (1.2 eq/ N3) was reacted with the core fragment 2 in a microwave tube fitted with
a magnetic stirrer, while using a variety of solvents under specific microwave irradiation
powers, ranging from 60-150 W (Table 2.2). The shut-off temperature was 100 °C in all cases.
Solvents tested were butanone: H20 (2:1), nBuOAc: butanone (3:1) and tBuOAc, respectively.
The progression of the AAC reactions was followed up by FT-IR for the disappearance of the
azide stretch band at 2100 cm. None of the 'H NMR spectra, following the MPLC
purifications of these reactions” products, corresponded to the pure product, but rather to its

decomposed version. The color of these end products was dark brown.
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Table 2.2 Results of the tests following the reactions of the RU-1 with core fragment 2, in

various microwave assisted AAC conditions

. Eq. Conc Power Temp Time
Reaction RU/N; Solvent (M) (W) (C) (h) Result
o IR 100%
Butanone:H20 o No color change
AAC 1 1.2 1 1 1
¢ (2:1) S0 00 o Unstable AAC
o Impure NMR
o IR 60%
nBuOAc:
o  Unchanged color
AAC2* 1.2 Butanone 1 120 100
o Stable AAC
(3:1)
o NMR OK
o IR50%
o No color change
AAC3 * 1.2 BuOAc 1 120 100
o Stable AAC
o NMR OK
o IR 100%
BuOH: H.0 o Dark brown
AAC4 1.2 1 120 100
(2:1) o Unstable AAC
o Impure NMR
o IR90%
BuOH: H.O o No color change
AACS 1.2 1 60 100
(2:1) o Stable AAC
o Impure NMR

*: Best conditions
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Figure 2.5 The synthetic scheme of the G1cb-1

Liko Flonja| Dendrimers as a powerful tool in theranostic applications. @OEe) 94




Accelerated Synthesis of Carbamate Dendrimers

However, in two cases, when the reaction progressed up to 60% in 2-6h, the '"H NMR
spectrum corresponded to the expected product, while no color change to brown was observed.
These conditions were found to be interesting to be tested for the first design of carbamate
dendrimers (Glcb-1), after making several modifications to increase the reaction kinetics
(Figure 2.5). These modifications included the increase of the microwave irradiation power to
300W and the change the solvents to either a mixture of ethyl acetate (EtOAc): acetone solvents
(1:1), or butanone, with an increasing concentration (from 1 to 2M). The shut-off temperature
of 100 °C was kept constant.

EtOAc: acetone (1:1) was substituted by butanone as a solvent, because of the higher
boiling point of the latter one. In this way the evaporation of the reaction solvent, observed
after 3h with ethyl acetate: acetone (1:1), would be avoided. Despite these efforts (Table 2.3),
the azide stretch band at 2100 cm™ did not completely disappear even after 7 hours, time when

the product resulted degraded.

Table 2.3 Results of various microwave assisted AAC conditions tested for the synthesis of

Glcb-1
Eq. Conc. Power Temp. Time

Reaction Solvent
RU/N; M) (W) (°C) (h)

EtOAc:
AACG6 1.05 1 300 100 3

Acetone (1:1)

AAC7 1.05 Butanone 2 300 100 7
AACS 1.2 Butanone 2 300 100 3.5

To avoid degradation, the dendrimer core (3) was substituted with another one (4) that
lacked the aromatic methyl groups and combined with RU-1 (Figure 2.6) in several AAC

conditions (Table 2.4) to synthesize the second design of carbamate dendrimers (Glcb-2). The
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temperature was kept constant (100 °C) in all cases. Butanone was substituted by tert-Butyl

acetate (fBuOAc), known as a high-boiling solvent with moderate polarity. The equivalence of

RU-1 was increased from 1.2 to 2, and the concentration of the solution was kept as 2 M. To

prevent the degradation risk, the microwave irradiation power was decreased from 300 to 80

W. Even though the profile of the AAC reaction was stable, after 4 hours the reaction product

suffered degradation.

Table 2.4 Results of various microwave assisted AAC conditions tested for the synthesis of

Glcb-2
Reaction v Solvent Cone rover feme Time Result
RUN, ™M W e ®

AACO9 2 BuOAc 2 80 100 4 o Degraded product
o AAC profile stable
o No color change
o AAC profile stable

AAC 10 2 BuOAc 1 80 100 4 o NMR good
o Glcb-2:not soluble
in tBuOAc
o IR 100%
o Light orange color

AAC 11 2 Dioxan 1 175 100 6 o AAC profile stable

o NMR good
Impure GPC

O

Liko Flonja| Dendrimers as a powerful tool in theranostic applications. (@IOSIO) 96



Accelerated Synthesis of Carbamate Dendrimers

o
N NN

N H

W &
T A

N
O/’/. RU-1
) o JJ

+ Glcb-2

benae

Figure 2.6 The synthetic scheme of the G1cb-2
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In another effort to optimize the conditions of AAC, the concentration of the reaction was
lowered from 2 to 1M. This dilution resulted successful for the progression of the reaction,
except that Glcb-2 was insoluble in fBuOAc. After 4 h the AAC reaction was not completed.
To aid with this newly detected insolubility issue, fBuOAc was substituted by 1,4-dioxan that
is a solvent with higher polarity. The concentration of the reaction was kept the same (1 M),
but the power of microwave irradiation was increased from 80 W to 175 W, with the aim of
improving the reaction kinetics. Following continuous FT-IR controls, the reaction was
completed in 6 hours. The 'H NMR spectrum corresponded to the expected product, but GPC
revealed structural defects of the Glcb-2 dendrimers, by the observation of another specie in
the chromatogram. The reason for these defects was doubted to be a possible intramolecular
reaction between the terminal chloride groups of the repeating unit and the core. To prevent
this undesired intramolecular reaction the RU-1 was modified by an elongation of its branches,
as shown in the Figure 2.7. The synthetic scheme of the second carbamate repeating unit (RU-

2) is given in Figure 2.8. (For further details on synthesis and characterization of RU-2 see EI).

Figure 2.7 Elongation of the carbamate repeating unit from RU-1 to RU-2
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Figure 2.8 Scheme depicting the steps for the synthesis of RU-2; 1. first step for the synthesis of product A; 2. second step for the synthesis of product B; 3. third step for the
combination of A and B to give RU-2-OH; 4. fourth step resulting in RU-2.
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The RU-2 resulted as stable in all the tested microwave assisted AAC conditions shown in

Table 2.5.

Table 2.5 Stability tests of the RU-2 in various microwave assisted AAC conditions

Power Temp. Time
Solvent Result
(W) {9 (h)
tBuOH:H,0 (3:1) 175 100 2 Stable
Dioxan 80 100 2 Stable

The core fragment 2 and RU-2 (2eq/ N3) were dissolved in a 3:1 mixture of tBuOH: H20
solution, in a microwave tube with a magnetic stirrer. The concentration of the final mixture
was 2 M. Microwave irradiation with power of 175 W and temperature of 100 ‘C were used.
The AAC reaction was completed after 3 hours with positive results.

For the accelerated synthesis of Glcb-3, core 3 and RU-2 were combined in the same
AAC conditions as above, except for the ratio of the solvent mixture, which was modified from
3:1 to 2:1 tBuOH:H2O0, increasing in this way both the boiling point and the polarity of the
reaction media. The reaction was stopped after 6 hours, as the product suffered degradation.

For the next synthesis (Glcb-4), core 4 and RU-2 were combined (Figure 2.10) in various
AAC conditions, as shown in Table 2.6. These conditions were chosen based on the results of
the previous AAC tests. Glcb-4 was successfully synthesized in both AAC 13 and AAC 14
conditions. Taking into consideration the faster reaction kinetics of AAC 13 versus that of AAC

14 (4 h faster), it was chosen as the best one (See EI for synthesis and characterization details).
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Table 2.6 Microwave assisted AAC conditions tested for the synthesis of G1cb-4

. Eq. Conc Power Temp Time
Reaction RU/N, Solvent ™) W) °C) (h) Result
o IR 100%
AAC 12 2 tBuOH:H,0 2 175 100 6 o Impure
(3:1) NMR
o IR 100%
AAC 13 2 tBuOH:H,0 1 150 100 6 o NMROK
3:1) o GPCOK
o IR 100%
AAC 14 2 Dioxan 1 80 100 10 o NMROK
o GPCOK
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Figure 2.9 Disappearance of the azide band during the coupling reaction
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The generation growth of Glcb-4 to G2cb-4 was done in two steps. Initially the terminal
“CI” groups of Glcb-4 were substituted with azide (N3) groups (Figure 2.11.), to allow the

coupling of RU-2 in the second step with microwave assisted AAC.

2 Eq/ Cl of NaN;
Glcb-4 (Cl) Glcb-4 (N5)
0.2 Eq/N; 15-crown-5

Figure 2.11. Scheme for the azide substitution reaction

Dendrimer Glcb-4 and NaN3 were added to a microwave tube with a magnetic stirrer and
dissolved in dry DMSO (0.5 M per Cl group). The mixture was stirred for 40 minutes at 80 °C
under microwave irradiation of 20 W (Table 2.7). The reaction was followed by 'H NMR with the
appearance of proton signals in the o position related to the azide groups (the multiplet between
3.25 and 3.5 ppm). The purification was done by aqueous workup (3x with EtOAc: Water) to
remove the excess NaN3, 15-Crown-5 and dimethyl sulfoxide (DMSO). The solution was dried

with Na2SOs and filtered to give a final reaction yield of 80%.

Table 2.7 Microwave assisted AAC conditions tested for the azide substitution reaction

Conc  Power Temp. Ti Pressure
Reaction Eq/N;  Solvent ime
M) W) (’C) (min) — (Bar)
Azide Substitution 2 DMSO 0.5 20 80 40 17
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For the generation growth to G2cb-4 (with structure as shown in Figure 2.12), Glcb-1 and
the RU-2 were added in a microwave tube, following the conditions of AAC 15, given in the Table

2.8.

Table 2.8 Microwave assisted AAC condition tested for the synthesis of G2cb-4

Eq. Conc Power Temp. Time
Reaction Solvent Result
/N3 ™M (W) (°C) (h)
o IR 100%
tBuOH:H>0O
AAC 15 2 3 1 150 100 6 o Dark Color
. o Impure NMR
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Figure 2.12 Structure of G2cb-4
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The dendrimer growth reaction was completed after 6 hours, resulting in a darker color and
an impure 'H NMR, which showed decomposition of the aromatic core. Taking into account this
important data, it was decided to modify the core to an aliphatic one. As a result, conditions (Table
2.9) for accelerated synthesis of aliphatic core 1 (Figure 2.13) were tested as follows.

The reaction was followed by 'H NMR with the appearance of proton signals in the o of the
azide groups (the multiplet between 3.3 and 3.4 ppm). (See EI for synthesis and characterization

details).

Table 2.9 Microwave assisted reaction conditions tested for the azide substitution reaction

Conc Power Temp. Time  Pressure
Reaction Eq/N3 Solvent
(M) (W) (‘0 (min) (Bar)
Azide Substitution 2 DMSO 0.5 20 80 40 17

NaN;
15Crown$

DMSO

R L W A S W T T T

Figure 2.13 The synthetic scheme of 1
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With the aim to synthesize Glcb-5 (Figure 2.14), core 1 and RU-1 were combined in the

AAC conditions shown in Table 2.7. The synthesis was completed successfully in 4 hours (See EI

I

O\SNH YO
Yt i i {1 "

for synthesis and characterization details).

Cl

Figure 2.14 The chemical structure of G1cb-5

To make possible the coupling reaction of the RU-1 with Glcb-5 for the generation growth
(G2cb-5) of the dendrimer, initially an azide substitution (Figure 2.15) of the terminal Cl groups

of Glcb-5 was done, as shown in Table 2.7-Azide substitution (See EI for details).

2 Eq/ Cl of NaN;
Glceb-5 (Cl) Glcb-5 (N5)
0.2 Eq/N; 15-crown-5

Figure 2.15 The synthetic scheme of the azide substitution of the G1lcb-5
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Table 2.10 Microwave assisted AAC conditions tested for the synthesis of Glcb-5 (AAC 16), the
azide substitution reaction of Glcb-5, the synthesis of G2cb-5 (AAC 17) and the synthesis of

G1lcb-6 (AAC 18).

Conc Power Temp. P
Reaction @ Eq/N3; Solvent Time Result
™M W) (0C) (Bar)
o IR 100%
o Light green
AAC 16 2 BuOAc 1 120 100 4h
o NMR: OK
o GPC: OK
Azide
2 DMSO 0.5 20 80 40 min 17
Substitution
o IR 100%
AAC 17 2 tBuOAc 1 120 100 45h o No color
o Impure NMR
tBuOH:
o IR 100%
AAC 18 2 H0 2 175 100 1.5h
o Brown color
(3:1)

Afterwards, G1cb-5-N3 and RU-1 were added in a microwave tube and AAC 17 test was run
for the generation growth (Table 2.10). Reaction was completed in 4.5 hours, but the end product
showed degradation and impurities. The newly formed G2cb-5 dendrimer (Figure 2.16) was not

soluble in tBuOAc, as well.
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Figure 2.16 Structure of G2cb-5

With the aim to synthesize G1cb-6 (Figure 2.17), core 1 and RU-2 were combined according

to the AAC conditions shown in Table 2.10 (AAC 18). The conversion was completed in 1.5 hours,

resulting in degradation of G1cb-6 dendrimer.
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Figure 2.17 Structure of G1cb-6
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Experimental Information

Materials and Instrumentation

2-[2-(2-Chloroethoxy)ethoxy]ethanol and NaN3 were purchased from Wako. Thionyl
chloride was purchased from Acros Organics. Hexaethylene glycol (97%), 15-crown-5 (15C5), 3-
chloropropylamine hydrochloride (98%), trimethylamine (TEA), N,N’-disuccinimidyl carbonate
(DSC), 2-butyne-1,4-diol (99%) (crystallized overnight in ethylacetate), phloroglucinol, 2,2-
(ethylenethoxy)bis(ethylamine), benzyltriethylammonium chloride (BTEAC) were purchased
from Sigma-Aldrich. Amberlite IR-120 and 10% Pd on charcoal was obtained from Fluka. The
two repeating units, functionalized with carbamate groups abbreviated as RU-1 and RU-2, 1,17-
dichloro-3,6,9,12,15-pentaoxaheptadecane and 3,6,9,12,15-pentaoxaheptadecane-1,17-diyl bis-
azide (1), were of synthetic grade as reported here. The core used for the reactions of carbamate
dendrimers, 2-[2-(2-azidoethoxy)ethoxy]ethanol (2), the azide-functionalized aromatic cores (3,
4), and 1-azido-2-[2-(2-chloroethoxy) ethoxy]ethane were prepared following previously reported
procedures by our group.'”!7® All other reagents were of analytical grade. All solvents were
HPLC grade, purchased from Sigma-Aldrich or Fisher Scientific and used without further
purification. Water was of Milli-Q grade.

Microwave assisted AAC was done with a Discover SP-Microwave Synthesizer by CEM.
Automated column chromatography was performed on a MPLC Teledyne ISCO CombiFlash RF
— 200 psi with a RediSepRf normal-phase 12 g silica column, and disposable RediSep Rf normal-
phase 4 g silica flash columns filled with silica gel 230-400 mesh from Teledyne ISCO were used
for the purifications of RU-1, RU-2, Glcb-4 and G1cb-5 dendrimers. The sample was injected on

solid form through a mix of silica and the crude product that was deposited into a solid cartridge.
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For the method a gradient of hexane/acetone was used from 100% hexane until 100% Acetone
during 15 minutes.

NMR spectra were recorded on a Varian Mercury 300 MHz and Varian Inova 500 MHz
spectrometers. Chemical shifts are reported in ppm (6 units) referenced to residual solvent peaks.
FT-IR spectra were recorded on a Bruker IFS-66v using neat samples (Csl window).

Polidispersity of dendrimers was analyzed by size exclusion chromatography (SEC) on an
Agilent 1100 series separation module using a PSS SDV pre-column (S5pm, 8x50 mm), a PSS SDV
Linear S column (Sum, 8x300 mm), a PSS SDV Lux Linear M column (Sum, 8x300 mm) with an
Agilent 1100 series refractive index (RI) detector. THF was used as eluent at ImL/min for azide

dendrimers, and filtered through 0.45 um before injection.

Warning on the use of azides'’®

Since the first reports on the CuAAC reaction by the groups of Meldal, and Fokin and
Sharpless in 2002, the appearance of NaN3 and organic azides in synthesis has exponentially
increased to the point of us forgetting a prevailing earlier azidophobia. Indeed, the success of
CuAAC lays on the extraordinary stability of azides towards H20, Oz, and the majority of organic
synthesis conditions. Nevertheless, one must take into consideration some general safety
precautions, because of the potential explosive nature of some azides under certain conditions.
Ionic azides such as NaN3 are relatively stable, but organic and heavy metal azides are thermally
decomposable and in part explosive classes of compounds. For organic azides to be workable or
non-explosive, the “Smith’s rules” must be followed: 1) the number of nitrogen atoms (NN) must

not exceed that of carbon (NC), and ii) (NC + NO)/NN > 3. All organic azides and dendrimers in
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this work follow these rules and have proven to be stable in our hands. NaN3 is toxic [LD50 oral
(rats) = 27 mg/Kg] and can be absorbed through the skin. It is not explosive except when heated
near its decomposition temperature (275 °C) and does not form explosive compounds when
dissolved in water. However, in reaction with Brgnsted acids, the highly toxic and potentially
explosive hydrazoic acid (HN3) is released (volatile liquid, Bp 37 °C). Besides its toxicity, the
danger associated with NaNs is its ability to form highly explosive azides (under pressure or shock)
when reacted with heavy metals such as Pb, Cu, Zn, Cd, or Ni. The same applies to HN3 vapors
into contact with heavy metals or their salts. Accordingly, NaN3 should never be flushed down the
drain to avoid incidents by reaction with Pb or Cu in drain lines. In addition, metal items used to
handle NaNs3, including spatulas should be avoided. Caution must be also taken to avoid
accumulation of heavy metal azides on the metal components of diverse laboratory equipment,
including rotary evaporators and freeze-dryers. It has been reported that NaN3 and polymer-bound
azide reagents form explosive di- and triazidomethane in contact with CH2Cl> and CHCls at rt,
respectively. Therefore, contact of NaN3 with these solvents must be avoided. NaN3 reacts also

vigorously with CSz, Brz, HNO3, and dimethyl sulfate.
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Synthesis and characterization of new compounds

RU-1. 2-butyne-1,4-diol (500 mg, 5.81 mmol) was added to a solution of DSC (3270 mg,
12.76 mmol) and Py (I mL) in MeCN (17.6 mL). The mixture was stirred at r.t. under Ar
atmosphere for 24 h. The resulting solution was purified by MPLC (acetone: hexane, 1:1) to obtain
product A (Figure 3.2) with 79% yield (1690 mg). Then, product A (500 mg, 1.36 mmol) was
mixed with 3-chloropropyl amine (706 mg, 5.43 mmol) and TEA (1.13 mL, 8.16 mmol) in DCM
(3 mL). The mixture was stirred at rt under Ar atmosphere for 7 h, followed by a purification with
an aqueous work up (ethyl acetate: water), giving RU-1 (67% yield). "H NMR (300 MHz, CDCl5)

Su: 4.7 (s, 4H), 3.60-3.56 (m, 4H), 3.37-3.30 (m, 4H), 2.02-1.92 (m, 4H). '3C NMR (100 MHz,

CDCl3) dc: 155.8, 81.2, 52.75, 42.3, 38.6, 32.4.
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The synthesis of RU-2 was done in a four step process. The first step was identical to that of
RU-1 synthesis, as described above. 2-butyne-1,4-diol (500 mg, 5.81 mmol) was added to a
solution of disuccinimidyl chloride (DSC) (3.27 g, 12.76 mmol) and pyridine (Py) (I mL) in
acetonitrile (MeCN) (17.6 mL). The mixture was stirred at rt under Ar atmosphere for 24h. The
resulting solution was purified by medium pressure liquid chromatography (MPLC) (acetone:
hexane, 1:1) to obtain product A (Figure 2.2) with 79% yield (1690 mg).

It was followed by the hydrogenation reaction of 2 (Figure 3.3) (680 mg, 3.7 mmol) with
palladium on activated charcoal (Pd/C) (10% of the weight of 2, 68 mg) in MeOH under hydrogen
gas pressure. This reaction was completed in 6 h and the purification was done by vacuum
filtration, resulting in 91% yield (product B, Figure 2.7/2).

For the third step, the product of the first reaction (A: 225 mg, 0.61 mmol) was mixed with
the product of the second step (B: 360 mg, 2.42 mmol) and TEA (0.337 mL, 2.42 mmol) in dry
MeCN (3.05 mL), at rt during 24 h. Purification was done by MPLC with acetone: hexane giving
as a result RU-OH-2 with 75% yield.

For the last synthetic step, thionyl chloride (SOCI2) was selected as a chlorinating agent
based on its easy removal by distillation. In addition, the volatility of HCI and SOz produced in
the chlorination process simplifies purifications. Treatment of RU-OH-2 (100 mg, 0.22 mmol)
with 2 eq. of SOClz per hydroxyl group (0.16 mL, 0.44 mmol), in the presence of catalytic amounts
of BTEAC (0.3 mol %) afforded RU-2 quantitatively after an aqueous workup to recover the
catalyst. The reaction was heated at 65°C in a three-necked round-bottom flask under Ar. SOCl2
was added dropwise from an addition funnel with pressure-equalization arm, and then the reaction

was stirred at 65°C for 3.5 h while maintaining a continuous positive Ar flow (to remove HCl
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generated during the process). After cooling at rt, the excess of SOCl2 was removed at reduced
pressure. The resulting crude product was suspended in phosphate buffer (50 mM, pH 7.0) and
extracted with a mixture EtOAc. The organic layer was washed with phosphate buffer (50 mM,
pH 7.0, 5x1.0 L), dried (Na2SO4), and concentrated to give RU-2 as a yellow gel (77 mg, 70%
yield). 'TH NMR (300 MHz, CDCI3) 8u: 5.9 (s, 2H), 4.63 (s, 4H), 3.69-3.48 (m, 20H), 3.32-3.27

(m, 4H). >C NMR (100 MHz, CDCls) c: 155.6, 81.2,71.8, 70.7, 70.4, 7.1, 42.8, 41.

A A J . J U ANVAY

1 (ppm)

S2.'H and '*C NMR spectra of RU-2

Gl1cb-4. RU-2 (111 mg, 0.23 mmol) and the core 3 (23.9 mg, 0.04 mmol) were dissolved
in a solution of fBuOH: H20 (0.06 mL) inside a microwave tube fitted with a magnetic stirrer. The
mixture was object of microwave irradiation with an irradiation power of 150 W and a shut-off
temperature of 100 °C. Purification was done by MPLC (hexane: acetone), giving as a result G1cb-

4 (14 mg, 18% yield). '"H NMR (500 MHz, CDCls) 8u: 6.1 (s, 3H), 5.28-5.24 (d, 9H), 5.61-5.59
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(t, 6H), 4.61-4.59 (t, 6H), 4.04-4.03 (t, 6H), 3.89-3.87 (t, 6H), 3.76-3.52 (t, 83H), 3.35-3.32 (t,
12H). '3C NMR (101 MHz, CDCls) 8c: 160.8, 156.4, 155.9, 142.5, 132.7, 94.7, 71.5, 71.4, 70.8,

70.7,70.6, 70.4, 70.3, 70.1, 70, 69.9, 69.8, 67.6, 57.5, 54, 48.8,42.9, 42.8, 41.1.
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Aliphatic Core (1). A mixture of hexaethylene glycol (150 mg, 0.53 mmol) and BTEAC
(0.8 mg, 1.6 x 10 mmol) was heated at 65 °C in a three-necked round-bottom flask under Ar
atmosphere. SOCl2 (0.08 mL, 2.12 mmol) was added dropwise from an addition funnel with
pressure-equalization arm, and then the reaction was stirred at 65°C for 3.5 h while maintaining a
continuous positive Ar flow (to remove HCI generated during the process). After cooling at rt, the
excess of SOCl2 was removed at reduced pressure. The resulting crude product was suspended in
phosphate buffer (50 mM, pH 7.0) and extracted with a mixture EtOAc. The organic layer was
washed with phosphate buffer (50 mM, pH 7.0, 5x1.0 L), dried (Na2SOs4), and concentrated to give
1,17-dichloro-3,6,9,12,15-pentaoxaheptadecane (146 mg, 86% yield) as a light yellow gel. 'H
NMR (300 MHz, CDCI3) ou: 4.7 (s, 4H), 3.74-3.69 (m, 4H), 3.67-3.65 (m, 16H), 3.61-3.58 (m,

4H).

3000
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S6. 'H NMR spectrum of the chlorinated core 1

The chlorination reaction step was followed by the azide substitution reaction. 1,17-dichloro-
3,6,9,12,15-pentaoxaheptadecane (146 mg, 0.53 mmol), NaN3 (137.8 mg, 2.12 mmol) and

catalytic amounts of 15-Crown-5 (70 mg, 0.318) and were added to a microwave tube with a
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magnetic stirrer and dissolved in dry DMSO (2.12 mL). The mixture was stirred for 40 minutes at
80 °C under microwave irradiation (20 W, airflow 20 with cooling). The purification was done by
aqueous workup (3x with EtOAc: Water) to remove the excess NaN3, 15-Crown-5 and DMSO.
The solution was dried with Na2SOs and filtered to give a reaction core 1 as light yellow gel (163.8

mg, 93% yield). '"H NMR (300 MHz, CDCls) 8n: 3.68-3.65 (m, 23H), 3.39-3.36 (t, 4H).

— J - 4 ,i‘ — —
s 4 i 3 0

S7. 'H NMR spectrum of the core 1

G1cb-5. RU-1 (150 mg, 0.43 mmol) and the core 1 (35 mg, 0.11 mmol) were dissolved in
BuOACc (0.28 mL) inside a microwave tube fitted with a magnetic stirrer. The mixture was object
of microwave irradiation with an irradiation power of 120 W and a shut-off temperature of 100 °C.
Purification was done by MPLC (hexane: acetone), giving as a result Glcb-5 as a light green gel
(92 mg, 84% yield). '"H NMR (500 MHz, CDCl3) 8u: 5.29-5.23 (d, 8H), 4.55 (s, 4H), 3.88-3.86 (t,
4H), 3.58-3.53 (m, 26H), 3.32-3.30 (t, 8H). '3C NMR (101 MHz, CDCI3) &c: 156.6, 156, 142.2,

132.5,70.7,70.6, 70, 62, 57.6, 57.4, 54.2, 48.8, 42.3, 42.2, 38.6, 38.5, 32.5, 32.4.
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G1cb-5-N3. Glcb-5 (92 mg, 0.098 mmol), NaN3 (51 mg, 0.78 mmol) and catalytic
amounts of 15-Crown-5 (17.3 mg, 0.08 mmol) and were added to a microwave tube with a
magnetic stirrer and dissolved in dry DMSO (0.784 mL). The mixture was stirred for 40 min at
80 °C under microwave irradiation (20 W, airflow 20 with cooling). The purification was done
by aqueous workup (3x with EtOAc: Water) to remove the excess NaN3, 15-Crown-5 and
DMSO. The solution was dried with Na2SOu and filtered to give G1cb-5-N3 as light yellow gel

(32 mg, 34% yield).

S8. 'H and '3C NMR spectra of Glcb-5
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Conclusions

During the course of this work two first generation carbamate dendrimers, with either one
aliphatic core (newly synthesized) or one aromatic core (synthesized following the procedures
previously determined in our group) were constructed using microwave assisted AAC reactions.
Two repeating units were newly synthesized as building blocks for these dendrimers, as well.
Different challenges were faced during the synthesis and generation growth, such as instability to
degradation during microwave assisted AAC reaction, slow conversion kinetics, solubility issues,
along with purification difficulties and low yield. Substitution of microwave assisted AAC with
one pot reactions done in thermal conditions might lead to better results in the future, for the
synthesis and generation growth of structurally similar carbamate dendrimers. However, the
continuation of these synthetic efforts, would need critical evaluation on the practicality and cost
for the prospective implementation of these carbamate dendrimers in pharmaceutical or industrial
settings.

Taking advantage of the previous experience of our group with dendrimer synthesis, this
class of dendrimers was substituted with another one, known as GATG dendrimers that
incorporated esters instead of carbamate groups. The synthesis of GATG dendrimers was done
avoiding the use of Cu, as a catalyst. Recently, our group had good results with the synthesis of a
similar family of GATG dendrimers, using microwave assisted AAC protocols, which would
facilitate the passage of these dendrimers, from the research field into the industrial/pharmaceutical

settings.
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2.2. GATG dendrimers for integrated radiotherapy and MRI of glioblastoma
Preamble

Glioblastoma is the most common malignant brain tumor.!” Despite continuous efforts to
treat and prolong the overall survival of glioblastoma patients, this cancer remains incurable.'®°
Palliative therapy includes surgical resection combined with radiotherapy and concomitant
chemotherapy.'8! The blood-brain barrier (BBB) is the main reason for the failure of conventional
systemic drug delivery to gliomas, preventing most chemotherapeutic agents from reaching the
brain tumor site in therapeutic doses.'®? The challenge in treating glioblastoma lies on the effective
delivery of therapeutic agents, not only to the tumor itself, but to diffuse infiltrative cells that are
not located in the tumor bed, ' avoiding systemic toxicity and healthy brain tissue damage.

Since primary brain tumors have a tendency to reappear after surgical resection within ca. 2
cm of the tumor margin, efforts have been made to prevent recurrence'®* by targeting internal
radiation intratumorally.!83'87 Localized radiotherapy is considered nowadays as a promising
treatment option for many unresectable solid cancerous tumors. Clinical studies have suggested a
benefit to fractionated stereotactic radiosurgery for reirradiation of recurrent glioblastoma.'88-1%
Stereotactic radiosurgery is the most precise method to target radiation, while avoiding high
systemic doses associated with debilitating toxicities.'!

Pressure-driven infusion through an intracranial catheter or syringe, also known as
convection-enhanced delivery (CED), has the advantage of delivering therapeutic agents along a
pressure gradient rather than by simple diffusion, which has shown promising results in animal
glioma models.!** 19219 A limitation of localized radiotherapy via CED is the short biological

half-lives of radionuclides that tend to disappear soon after the infusion finishes.'®” To improve
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brain retention of therapeutically active compounds following CED, lipid-based nanovectors, such

196, 198-200 1

as liposomes, and polymers®' have been studied with promising results for
chemotherapy.

However, the optimal liposomal system for radiotherapy was suggested to differ from what
is considered optimal for chemotherapeutic delivery.?®? One of the most important limitations of
conventional liposomes is the poor control of sustained drug release over prolonged periods.?” A
controlled release profile is especially critical in the case of radionuclide delivery, to avoid
radiotoxicity. In search of an stable and innovative internal radiotherapeutic regime, several
research groups have explored the use of polymers as carriers of radioisotopes,?**2% however the
lack of precisely defined molecular weights and the characteristic polydispersity of polymers
caused large pharmacokinetic variations within labeled materials. Moreover, major concerns in
radiotherapy with radio-nanopharmaceuticals include a limited control over isotope release
profiles, synthesis methods, carrier size and size distribution, and the number and localization of
functionalized pendants that unavoidably results in undefined and so, hardly reproducible
mixtures.

Thus, the choice of the nanovectors represents a crucial milestone for the success of internal
radiotherapy. In this context, we have turned our attention to dendrimers, especially appealing
globular macromolecules characterized by a controlled synthesis that suits well the preparation of
monodisperse nanovectors, with tunable size and precise number of peripheral groups.?’® The
exquisite control over the architecture of dendrimers provides a powerful tool towards innovative

radiopharmaceuticals with well-defined structures and tunable physicochemical properties and

function.?”” In addition, the inherent multivalency of dendrimers is envisioned to facilitate the
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controlled production of multifunctional nanovectors with synergistically integrated drugs and
probes. 13208

Our strategy to a multifunctional theranostic nanovector with improved brain retention
involved dendrimers combining '%®Re radioisotopes and paramagnetic Gd** for simultaneous
internal radiation and MRI of a F98 rat glioma model. There are not any previous works, in our
knowledge, investigating this strategy. The choice of !®%Re radionuclide was based on the
usefulness of '®Re-Nimotuzumab radioimmunotherapy in glioma patients.?”® In addition, in a
previous study from our group, '3Re-loaded lipid nanocapsules proved to be successful in
triggering remarkable survival responses in a rat orthotropic glioma model, following different
protocols involving CED and simple stereotactic delivery.'%*

Gd contrast-enhanced MRI is known to play a central clinical role in diagnosis,
characterization, surveillance and therapeutic monitoring of gliomas. As dendritic scaffold we
selected the GATG,?* 2! previously developed by our group for various biomedical applications,

210214 clustering of bacteria,!’

including ligand—receptor interactions,?!! 2'? drug and gene delivery,
or the preparation of inorganic nanoparticles and contrast agents for MR1.2!°2!7 Three generations
(Gn, with n= 2, 3, 4) of GATG dendrimers, incorporating 18 to 162 peripheral groups were
synthesized and fully functionalized with DTPA chelating groups. To directly asses the
macromolecular effect of the Gd-labeled dendrimers on the quality of MRI, their relaxivity
enhancement properties were compared with those of commercial Gd-DTPA (Magnevist®) at 7T.
While, all dendrimer generations revealed remarkably superior relaxivity relative to Gd-DTPA,

the third generation Gd-2[G3]-DTPA excelled them all and hence, it was selected to be

administered via CED in an F98 glioma rat model and investigate its brain retention by MRI. A
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complementary tissue distribution study was done to compare the brain retention properties of
188Re-perrhenate and 2[G3]-DTPA-(!%Re, Gd) in F98-rats injected via the same CED procedure.
Finally, in order to mimic the behavior of dendrimers in the bloodstream following their
brain clearance, 99mTc—radiolabeling of 2[G2]-DTPA, 2[G3]-DTPA and 2[G4]-DTPA dendrimers
was performed and their pharmacokinetics, throughout body distribution and clearance profiles,
studied after intravenous (iv) injection. We demonstrate that molecular weight and architecture of
dendrimers had an important role on their in vivo behavior and that the use of dendrimers prevented

the fast brain clearance of the radionuclide alone.

Abstract

A new oncologic strategy, based on the integration of nanovectorized radiotherapy and
locoregional delivery, was evaluated for the treatment and imaging of glioblastomas, the most
common and lethal type of primary brain tumors. Our focus was the synthesis of heterofunctional
dendrimers to facilitate personalized management of glioblastoma. GATG dendrimers, fully
functionalized with DTPA derivatives, were the nanovectors of choice to deliver the
radiotherapeutic '®Re and paramagnetic nuclei Gd**, with a minimally invasive stereotactic
injection, directly targeting the radiotherapeutic dose to the tumor site in a F98 rat glioma model.
Intravenous injection was used to further investigate the pharmacokinetics, throughout body
distribution and clearance profiles of these dendrimers. Molecular weight and architecture had an
important role on the in vivo behavior of the dendrimers. Their use as nanovectors prevented the

fast brain clearance of the radionuclide alone, and prolonged the confinement of the internal
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radiation at the tumor site. The easy procedure for the dual labeling of these dendrimers opens the

perspective of multimodality in therapy and imaging.

2.2.1. Materials and methods
Materials

Gadolinium (IIT) chloride hexahydrate, diethylenetriaminepentaacetic acid gadolinium (III)
dihydrogen  salt hydrate, tin (I) chloride dihydrate, phloroglucinol, 2,2-
(ethylenethoxy)bis(ethylamine) and triphenyl phosphine were provided by Sigma-Aldrich. p-
SCN-Bn-DTPA was purchased from Macrocyclics. Ketamine (100 mg/mL) was provided from
Vétoquinol and xylazine (20 mg/mL) from Bayer. GATG dendrimer repeating unit was prepared
following known procedures.!” All solvents were of HPLC grade and purchased from Sigma-
Aldrich or Fisher Scientific and used without further purification. All reagents were of analytical
grade. Dulbecco’s Phosphate Buffered Saline- 0.0095M (PO4) without Ca and Mg (DPBS)
BioWhittaker® was purchased from Lonza as sterile and filtered. Deionized water was obtained
from a Milli-Q plus system (Millipore). '%Re as carrier-free Na['%¥ReO47] in physiological solution
was obtained by saline elution of '8¥W/!%Re generator (PRIMEX, IBS-CHU, and University of
Angers, France). ™ Tc was kindly provided as carrier-free Na[**™TcO47] from the Department of

Radiopharmacy, CHU- Angers, France.
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Instrumentation

Ultrafiltration was performed on Millipore® stirred cells using Ultracel® regenerated
cellulose membranes discs of Mw cutoff 3000 Da (YM3) for 2[G2]-DTPA, and 5000 (YM)5) for
2[G3]-DTPA and 2[G4]-DTPA. Size exclusion chromatography (SEC) was performed on an
Agilent 1100 series separation module using a PSS Suprema pre-column (Spym 8 x 50 mm) and a
PSS Suprema Lux column (Sum 8x300 mm) with an UV detector. A 10 mM PB pH 7.4, 150 mM
LiCl solution was used as eluent at 1 mL/min. Solutions of dendrimers (1 mg/mL were filtered
through 0.45 pm before injection.

NMR spectra were recorded on Varian Mercury 300 MHz and Varian Inova 750 MHz
spectrometers. Chemical shifts are reported in ppm (6 units) referenced to residual solvent peaks.
FT-IR spectra were recorded on a Bruker IFS-66v using KBr pellets or neat samples (CsI window).

Dendrimer hydrodynamic diameters and {-potentials were measured by dynamic light
scattering (DLS) and laser Doppler micro-electrophoresis on a Nano-S Zetasizer (Malvern
Instrument Ltd) at 25 °C. DLS of 2[Gn]-DTPA dendrimers was performed by dissolving the
samples in 10 mM PB pH 7.4, 150 mM LiCl (1 mg/mL). The {-potentials of 2[Gn]-DTPA and Gd-
2[Gn]-DTPA were measured by dissolving the samples (1 mg/mL) in 1M PBS pH 7.4, without
previous filtering.

MRI was performed with a Bruker Avance DRX 300 equipped with a magnet of 7T at the
Primex platform IBS-CHU, University of Angers, France. When possible, experiments were done

in triplicate. Mean values and standard deviations are reported unless otherwise stated.
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Characterization of starting dendrimers

Three generations of GATG dendrimers 2[Gn]-N3 (n = 2, 3, 4), incorporating a divalent
2,2’-(ethylenedioxy)bis(ethylamine) core were synthesized through modification of a previously
published route.!”8: 211-212

2[G2]-N3. '"H NMR (300 MHz, CDCI3) 8u: 7.10-7.09 (m, 16H), 7.03-7.01 (s, 8H), 4.20-
4.14 (m, 48H), 3.85-3.59 (m, 216H), 3.39-3.34 (m, 36H). IR (CH3Cl3, ICs) vmax: 3302, 2925, 2871,
2106, 1652, 1121 cm’..

2[G3]-Ns. 'H NMR (300 MHz, CDCl3) 8u: 7.13-7.09 (m, 52H), 4.19-4.15 (m, 156H),
3.81-3.60 (m, 684H), 3.39-3.36 (m, 108H). IR (neat, ICs) vmax: 3295, 2926, 2871, 2106, 1652,
1121 cm’™..

2[G4]-N3. 'H NMR (300 MHz, CD3CN) 8n: 7.13-7.14 (m, 160H), 4.13-4.07 (m, 456H),
3.77-3.52 (m, 2223H), 3.38-3.35 (m, 301H). IR (KBr) vmax: 3294, 2927, 2871, 2105, 1652, 1119

cml.

iy

S10. 'H NMR spectrum of 2[G2]-N;
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S11. 'H NMR spectrum of 2[G3]-N3

1900

S12. 'H NMR spectrum of 2[G4]-N;

Synthesis and characterization of new compounds

2[G2]-DTPA. Ph3P (32 mg, 0.12 mmol) was added to a solution of 2[G2]-N3 (27 mg, 5
pmol) in MeOH/CHCI3/H20 5:5:1 (1.1 mL; 0.1 M/N3). The mixture was stirred at rt under Ar until
complete reduction of the terminal azides (16 h, as followed by IR). Then, 18-fold molar excess
of S-2-(4-isothiocyanatobenzyl)-diethylenetriamine pentaacetic acid (65 mg, 0.10 mmol, p-SCN-
Bn-DTPA) was added to the mixture. The reaction mixture was heated at 40 °C and the pH adjusted
to 9.0 with 2.2 mL of 10 mM PB pH 9/150 mM LiCl solution. After 24 h of stirring at 40 °C,
acetone (1.1 mL) was added to homogenize the mixture. A second portion of p-SCN-Bn-DTPA

(65 mg, 0.10 mmol) was added and stirring continued at 40 °C for another 24 h, while keeping the
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pH 9. The resulting solution was purified by ultrafiltration [YM3, 10 mM PB pH 9, 150 mM LiCl
(5%x30 mL), followed by milliQ water (2 x 30 mL)] and lyophilized to obtain 2[G2]-DTPA as a
pale yellow powder (97% yield). '"H NMR (750 MHz, D20) 8u: 7.59-6.97 (m, 88H), 4.15 (br s,
48H), 3.91-2.31 (m, 548H). 3*C NMR (101 MHz, D20) 8c: 206.0 185.6, 179.8, 179.5, 178.0, 177.0,
171.3, 168.5, 151.7, 151.0, 139.6, 136.6, 136.2, 135.6, 130.0, 129.0, 126.8, 125.4, 124.3, 106.1,
72.1, 69.9, 69.6, 69.1, 68.9, 68.6, 68.2, 66.4, 62.00, 57.5, 55.1, 54.0, 52.2, 49.0, 43.9, 39.7, 39.0,
32.2. IR Vmax: 3266, 1586, 1404, 1100 cm™ .

2[G3]-DTPA. PhsP (68 mg, 0.26 mmol) was added to a solution of 2[G3]-N3 (60 mg, 4
pumol) in MeOH/CHCIl3/H20 5:5:1 (2 mL; 0.1 M/N3). The mixture was stirred at r.t. under Ar
atmosphere until complete reduction of the terminal azides (36 h, reaction followed up by FT-IR).
Then, 54-fold molar excess of p-SCN-Bn-DTPA (136.5 mg, 0.21 mmol) was added to the mixture.
The temperature was changed to 40 °C and the pH was adjusted to 9 with 5.4 mL of a 10 mM PB
pH 9/ 150 mM LiCl solution. After 24 h of stirring at 40 °C, acetone (2 mL) was added to
homogenize the mixture. A second portion of p-SCN-Bn-DTPA (136.5 mg, 0.21 mmol) was added
and stirring continued at 40 °C for another 24 h, while keeping the pH 9. The resulting solution
was purified by ultrafiltration [YMS5, 10 mM PB pH 9/150 mM LiCl (5x30 mL) followed by milliQ
water (2 x 30 mL)] and lyophilized to obtain 2[G3]-DTPA as a light yellowish powder (98% yield).
'"H NMR (750 MHz, D20) 8u: 7.34-7.02 (m, 268H), 4.12 (s, 156H), 3.93-2.40 (m, 1680H). 1*C
NMR (101 MHz, D20 ) &c: 179.5, 178.5, 168.4, 151.7, 139.6, 135.3, 130.1, 128.93, 125.4, 106.1,
72.1,70.1, 69.9, 69.6, 69.1, 68.6, 68.3, 61.9, 57.8, 55.5, 51.8, 49.4, 43.9, 39.6, 39.1, 32.4. IR v

max: 3310, 1583, 1513, 1396, 1323, 1098, 915 cm ™.
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2[G4]-DTPA. Ph3P (55 mg, 0.21 mmol) was added to a solution of 2[G4]-N3 (50 mg, 1
umol) in MeOH/CHCI3/H20 5:5:1 (1.7 mL; 0.1 M/N3). The mixture was stirred at r.t. under Ar
atmosphere until complete reduction of the terminal azides (48 h, reaction followed up by FT-IR).
Then, it was reacted with a 162-fold molar excess of p-SCN-Bn-DTPA (110.5 mg, 0.17 mmol) at
40 °C and the pH was adjusted to 9 with 4.3 mL of a 10 mM PB pH 9/ 150 mM LiCl solution.
After 24 h of stirring at 40 °C, acetone (1.7 mL) was added to homogenize the mixture. A second
portion of p-SCN-Bn-DTPA (110.5 mg, 0.17 mmol) was added and stirring continued at 40 °C for
another 24 h, while keeping the pH 9. The resulting solution was purified by ultrafiltration [YMS5,
10 mM PB pH 9/150 mM LiCl (5x30 mL) followed by milliQ water (2 x 30 mL)] and lyophilized
to obtain 2[G4]-DTPA (123 mg, 97%) as a light yellowish powder. 'H NMR (750 MHz, D20) 8:
7.43-7.00 (m, 774H), 4.15 (s, 468H), 3.92-2.41 (m, 5196H). *C NMR (101 MHz, D20 ) &c: 180.7,
180.2, 180.1, 179.6, 168.3, 151.7, 139.6, 136.5, 129.8, 129.4, 129, 125.1, 123.2, 120.4, 106.1, 72.3,
72.1, 69.9, 69.5, 69.4, 68.9, 68.3, 61.9, 59.2, 58.6, 55.1, 52.8, 50.8, 47.1, 43.5, 39.9, 39.6, 39.2,

32.5. IR v max: 3365, 2922, 2477, 1578, 1513, 1406, 1327, 1096 cm ™.
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NMR spectra
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S13. '"H NMR spectrum of 2[G2]-DTPA (Dfilter 50 ms)
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S14. 3C NMR spectrum of 2[G2]-DTPA
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S15. 'H NMR spectrum of 2[G3]-DTPA (Dfilter 200 ms)
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S16. *C NMR spectrum of 2[G3]-DTPA
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S17. 'H NMR spectrum of 2[G4]-DTPA
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S21.IR spec;rétﬂV;fYZ[.(};l]—DTI.’/;
Technetium radiolabeling

2[G2]-DTPA, 2[G3]-DTPA and 2[G4]-DTPA (5 mg; 0.385, 0.126, 0.041 pmol
respectively) were diluted in 0.9 mL of saline solution (0.9% NaCl). Then 0.1 mL of SnCl2.2H20
(7.5 mg/mL) solution was added along with 105 MBq of sodium pertechnetate (NaTcO4) in 1 mL
0.9% saline solution (as eluted from the *Mo/ *™Tc-generator). The pH of the reaction was
maintained at 5.5-6 with 0.1 N NaOH or 0.1 N HCI, as necessary. The resulting mixture was let
stirring for 1h at rt. *™Tc-2[Gn]-DTPA dendrimers were purified with a Sephadex G-25 M PD10
column (GE Healthcare Bio- Sciences AB), followed by elution with PBS (10X). The PD10
column was saturated with 70 mL of PBS (10X), before the filtration. Then the mixture from the
reactions was filtrated and collected in tubes. Each tube was counted in the gamma counter to
determine the elution profile of *™Tc-2[Gn]-DTPA dendrimers. The radiochemical purity of the

final solutions was confirmed by ascending instant thin-layer chromatography (ITLC) reading with
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a Cyclone Phosphor Imaging System (Packard Instruments) and measuring the content activity of
the ITLC silica gel-coated aluminum sheets with a gamma counter (Packard Auto-Gamma 5000
series). The ITLC strips were developed in acetone. Free pertechnetate traveled to the solvent front
and the radiolabeled dendrimers remained in the baseline (Rf= 0). Free **™TcOs was estimated

after dividing the ITLC sheet into two equal halves and checking radioactivity in each segment.

CPM 99mTc-[2Gn]-DTPA (rt, 1h)
1600000000

1400000000 1

1200000000
1000000000 -
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$22. Elution profile detected by the gamma counter following the radiolabeling reaction of 2[Gn]-DTPA dendrimers
with pertechnetate in rt.
In vivo study of **™Tc-2[Gn]-DTPA dendrimers following iv injection
In total 36 healthy, 8-10 weeks old, female Wistar rats, weighting 250-300 g were selected
for this study. The animals were divided into three groups injected with *™Tc-2[G2]-DTPA,
9mTc-2[G3]-DTPA and **™Tc-2[G4]-DTPA (n=12 per each group). Each rat received a dose of
3.7 MBq of the radiolabeled *™Tc-2[Gn]-DTPA dendrimers, by separate iv injection through the
tail vein. Animals were put in individual metabolic cages directly after injection, to obtain urine

and feces. The rats were humanely sacrificed at 1, 6, 24 and 48 hours after the injection (n=3 per

each time interval). The blood was collected by tail vein. Subsequently different organs like liver,
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kidney, spleen, pancreas, small intestines, large intestines, bladder, ovaries, heart, lungs, stomach,

muscle (abdominal wall), skin, bones, brain, and carcass were dissected, washed and weighted.
The content activity of urine, feces and each organ was determined using a gamma counter

(Packard Auto-Gamma 5,000 series). The results were expressed as percentage of injected activity

(IA) per organ (%IA).

b= p"

S23. Rat in a metabolic cage

The blood pharmacokinetics study was performed in adult, healthy, female Wistar rats
weighing 250-350 g. Animals were divided in three groups (n=3), for all the three highest
dendrimer generations. Animals were injected via the tail vein with 3.7 MBq of *™Tc-2[Gn]-
DTPA in 0.2 mL saline. The blood was withdrawn through the tail vein at 0.5, 1, 2, 6, 24, 48 hours
after injection. The weight of the blood withdrawn at each sampling point was recorded and the
radioactivity measured using a using a gamma counter (Packard Auto-Gamma 5,000 series). The

activity present in total blood was calculated by considering 7.3% of total body weight as total
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blood weight.?!* Pharmacokinetic parameters, such as ti2(a) and ti2(B), were calculated using a
two-compartmental model for analysis of pharmacokinetics data via PK solver 2.0, where
concentration (C) is the mean % IA found in the total blood of the healthy rats at the specified time
interval.2!* In this way, a comparison of the distribution and clearance properties of *™Tc-2[G2]-

DTPA, *™Tc-2[G3]-DTPA and **™Tc-2[G4]-DTPA dendrimers was done.

Gadolinium labeling

5 mg of 2[Gn]-DTPA dendrimers (0.385 umol 2[G2]-DTPA, 0.126 umol 2[G3]-DTPA,
0.041 pmol 2[G4]-DTPA dendrimers) containing 6.933 umol, 6.797 pmol and 6.664 umol DTPA
groups respectively, were mixed with 5.547, 5.438, and 5.331 pmol of GdCl3.6H20 (for 2[G3]-
DTPA, 2[G3]-DTPA and 2[G4]-DTPA correspondingly) in deionized water for 24 h, at rt (pH 6
arranged with 0.1 M HCl or 0.1 M NaOH solution as necessary). The excess gadolinium in each
preparation was removed by centrifugation in a 320R Hettich centrifuge, using Amicon Ultra-4
centrifugal filters (Ultracel®) with a regenerated cellulose membrane Mw cutoff 3000 Da (Merck
Millipore®), while simultaneously changing the buffer to 1X PBS. The gadolinium content in the
dendrimers was determined by inductively coupled plasma-mass spectroscopy (ICP-MS) analysis
at Pharmacology and Toxicology Laboratory, CHU Angers, France. In addition, the filtrate after

centrifugation was checked for free Gd** ions by ICP-MS, too.
Molar relaxivity measurements of Gd-2[Gn]-DTPA dendrimers

Stock solutions of the Gd-2[Gn]-DTPA dendrimers (1 mM in Gd), were diluted to

concentrations of 0.1, 0.25, and 0.50 mM in 1X PBS (300 pL). Solutions of Gd-DTPA (Sigma
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Aldrich) were prepared in 1X PBS (300 pL) at the same concentration range and used as a
reference standard. Relaxivity measurements were obtained at ~25°C using a Bruker Biospec
70/20 system, operating at 7 Tesla. For the 77 map, a series of variable repetition times (7r) single
slice fast spin echo images of all the solutions were acquired at the same time with an echo time
(Te) of 7 ms, and 1 average. The total scan time was 18 min and 14 sec. 77 map parameters were
as follows: Matrix (Mtx): 256 x 256; 1 axial slice with 2 mm thickness 6 repetition times: Tr =
200; 400; 800; 1500; 3000; 5500 ms; Te= 7 ms; FOV= 35 mm x 35 mm. The 7 values were

calculated from the mean signal in the region of interest (ROI) for each repetition time, adjusted

to the equation: S = So x (1 — e_%).

The 7> maps were calculated from multi spin echo images with a Tk of 2 s. 25 echo images
were acquired with a Tk of 8.02 ms, which was the interval time between echo images acquisitions,
too. T2- map parameters were as follows: 1 axial slice of 2 mm thickness; Tk = 3200 ms; Tz =8.02
ms (25 echo times with interval of 8.02 ms in between), 1 average. Field of view (FOV): 35 x 35

mm; Mtx: 256 x 256; The 7> values were calculated from mean signal in the ROI for each echo

TE
image, adjusted according to the equation: S = So x e T2. The software used for the calculations

was Paravision 6.0 (Bruker Software).
The molar relaxivities, r; and r2, were obtained from the slope of the inverse of longitudinal
relaxation time (1/77), or of the inverse of transverse relaxation time (1/72) vs. [Gd] plots,

determined from region of interest (ROI) measurements.
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Ethic statement
This study was carried out in strict accordance with the French Minister of Agriculture and
the European Communities Council Directive of 24 November 1986 (86/609/EEC). The protocol
was approved by the Committee on the Ethics of Animal Experiments of the “Pays de la Loire”
(Permit Number: CEEA.2009.6). All surgery was performed under ketamine/xylazine anesthesia,

and all efforts were made to minimize suffering.

Preparation of the glioma animal model

Tumor cells: F98 American Type Culture Collection (ATCC), Catalog n°® CRL-2397, a rat
gliosarcoma cell line, was maintained in Dulbecco’s modified Eagle’s medium (DMEM,
BioWhittaker, Verviers, Belgium) containing 10% fetal calf serum (FCS) (BioWhittaker, Verviers,
Belgium) and 1% antibiotic and antimycotic solution (Sigma, St Quentin Fallavier, France) in a
humidified incubator gassed with 5% CO2 (37°C) until reaching 80-90% confluence. The number
of F98 passages at the time of use for the experiments was between P16-P18.

Animals: All the experiments with F98 glioma cell animal model were done with 9 weeks
old female syngeneic Fischer rats, weighting 150-180 g, obtained from Charles River. The
biodistribution study after intravenous injection of the 2[Gn]-DTPA dendrimers radiolabeled with
technetium was performed on 8-10 weeks old healthy female Wistar rats, weighting 250-300 g,
obtained from the animal house of the Angers University Hospital. The animals were kept in
polycarbonate cages in a room with controlled temperature (20-22 °C), humidity (50-70%), and
light (12- hour light/dark cycles). Room air was renewed at the rate of 10 vol. / hour. Tap water

and food were provided ad libitum. For biodistribution studies urine and feces were separately
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collected in individual metabolic cages, provided from the animal house of the Angers University
Hospital. The experiments were conducted in line with the French Minister of Agriculture and the
European Communities Council Directive of 24 November 1986 (86/609/EEC).

Intracerebral tumor implantation: FO8 tumor cells for intracerebral implantation were
trypsinized, counted, and checked for viability by trypan blue exclusion. Cells were washed twice
with DMEM, (BioWhittaker, Verviers, Belgium) without FCS or antibiotics, and a final
suspension of 1x10° cells/mL in DMEM was obtained. Animals were anesthetized with an
intraperitoneal injection of 1 mL/kg of a solution containing 2/3 of ketamine (100 mg/mL) and 1/3
xylazine (20 mg/mL). Using a stereotactic head frame and a 10pL Hamilton syringe 10pL of 1x103
F98 cells were injected into the rat's right striatum. The coordinates used for the intracerebral
injection were 0.8 mm posterior to the bregma, 2.5 mm lateral to the sagittal suture (right
hemisphere), and 5 mm below the dura.

CED procedure: The animals were anesthetized with an intraperitoneal injection of 0.75
— 1.5mL/kg of a solution containing 2/3 of ketamine (100 mg/mL; Clorketam®, Vétoquinol, Lure,
France) and 1/3 xylazine (20 mg/mL; Rompun®, Bayer, Puteaux, France). For the CED injection,
10uL were injected into the rat striatum using a 10uL syringe (Hamilton® glass syringe 700 series
RN) with a 32-G needle (Hamilton®), connected to an osmotic pump PHD 2000 infusion (Harvard
Apparatus) at a flow of 0.5uL/min for 20 min. For this purpose, rats were immobilized in a
stereotactic head frame (Lab Standard Stereotactic; Stoelting, Chicago, IL). Coordinates were 1
mm posterior to the bregma, 3 mm lateral to the sagittal suture, and 5 mm below the dura.
Following the injection, the needle was left in place for an additional 5 minutes to avoid expulsion

of the injected solution from the brain during the removal of the syringe.
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CED procedure of Gd-2[G3]-DTPA dendrimers
The stereotactic injections of 2[G3]-DTPA-Gd dendrimers were performed with a 10uL
Hamilton® syringe that had a 32-G needle, using an osmotic pump PHD 2000 infusion (Harvard
Apparatus, Les Ulis, France), by controlling the flow rate at 0.5 mL-min™'. Animals were at day
12 post F98 cells implantation. The coordinates used for these injections were the same as the ones

for the implantation of F98 tumor cells.

S24. CED procedure

MRI with Gd-2[G3]-DTPA dendrimers in F98 glioma rats, following CED
For imaging, the animal was positioned supine, with face snugly inserted into a nose cone,
centered within a transmitter 86 mm diameter volume coil and receiver 2x2 phase array surface
coil. The respiration sensor was placed under the thorax and the temperature of the crib was
regulated to 38°C. The anesthesia gas was adjusted between 1.5-2.5% isoflurane and an oxygen
flow of 0.5 mL/min, to maintain a respiration rate of ~ 30 bpm during the acquisition of all images.

3 rats bearing F98 glioma tumor were explored by MRI at 24 hours post-CED of Gd-2[G3]-DTPA

. . . . . I olle)
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dendrimers (1 mM with respect to Gd) to investigate their brain retention and volume of
distribution. Animals were at day 12 post-F98 cells implantation. The presence of Gd-dendrimers
in fitted 77- maps was observed as darker intensity, due to the shorter 77 relaxation times present.
Region of Interests (ROI) that encircled this entire darker intensity were placed with the aid of a
cursor and graphic display device on an axial image. ROIs were drawn to measure the volume of
distribution (Vad) of Gd-2[G3]-DTPA dendrimers at the injection site. The in vivo Va of the Gd-
2[Gn]-DTPA (mm?) in the MRI was estimated from the product of the slice thickness (mm) and
the sum of the areas (mm?) from the ROI per slice that contained the Gd-2[Gn]-DTPA dendrimers.
All MRI experiments were conducted with a Bruker Biospec 70/20 system operating at 7 Tesla
using a transmitter 86 mm diameter volume coil and receiver 2x2 phase array surface coil. For 77
weighted images flash sequence was used. Tk = 122.5 ms, mean echo time (MET): 3.8 ms, 4
averages, FOV: 3 x 3 cm, Mtx: 256 x 256, Flip-angle: 60°, 11 slices with 1 mm thickness. 77 map
parameters: Mtx: 128 x 128, 3 slices with 1 mm thickness, 4 repetition times: TR= 300, 800, 1300,

6000 ms, 7TE =21.7 ms; FOV: 3 x 3 cm.

S25. F98 glioma rat ready to be put in the MRI system.
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Dual labeling with radioactive 188-rhenium and gadolinium.

The preparation of dual labeled ['*®Re, Gd]-2[G3]-DTPA dendrimers was realized in a one
pot reaction, consisting of two steps. Firstly, 1 mg 2[G3]-DTPA dendrimers was labeled with Gd*,
as described above, followed by the radiolabeling with 188Re. Initially, 0.1 mL SnCl2.2H20
solution (70 mg/mL SnCl2.2H20 in 0.1M HCI) was mixed with the above solution of Gd-2[G3]-
DTPA dendrimers (0.8 mL), followed by the addition of 200 MBq of '38Re-perrhenate ("**ReOs;
in 0.1 mL saline solution). '®8Re as carrier-free Na[!®ReQs] in physiological solution was
obtained by saline elution of 188yy/188Re generator (PRIMEX, IBS-CHU, and University of Angers,
France). The reaction pH was arranged to ~5 with 0.1 M NaOH and 0.1 M HCI, as necessary. The
reaction was heated at 90 °C and was followed by radio-ITLC at 15, 30, 45, and 90 min time
intervals. The radio-ITLC strips were developed in acetone. Permeate traveled to the solvent front
and the '8 Re complexed in the dendrimers remained in the baseline (Rf=0). Purification was done
by centrifugation with Amicon 3K, while changing the buffer to PBS, followed by filtration
through 0.8 um sterile filters. The ITLC strips were cut in half and counted by a Gamma counter
(Packard Auto-Gamma 5,000 series) to determine the radiochemical purity. The radiolabeling
yield, as a measure of percent incorporation of the radionuclide during the synthesis procedure,

was determined with an Activitymeter.

Experimental conditions for the tissue distribution study following the CED of dual
labeled dendrimers.
A tissue distribution study was carried out on 12 female Fischer rats 20 days following the

F98 glioma cells implantation. The tumor development was monitored by 7:W MRI. T>W MRI
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parameters: RARE Factor =4, FOV: 3 x 3 cm, Mtx: 256 x 256, 11 slices with 1 mm thickness, TR
= 3200 ms, TE =21.3 ms and 60 ms (2 echo time), 1 avg.

Animals were put in individual metabolic cages, in order to collect urine and feces and they
were divided into two groups: one injected with 3.7 MBq of '3¥ReQ4" solution (n=6), and the other
with 3.7 MBq of [Gd+!%8Re]-2[G3]-DTPA dendrimers (n=6). In both groups, the animals were
sacrificed at post-injection interval times of 24 hours (n=3) and 96 hours (n=3). The organs were
removed, washed, and weighed (blood, liver, kidney, spleen, pancreas, small intestines, large
intestines, bladder, ovaries, heart, lungs, stomach, muscle (abdominal wall), skin, bones, left
hemisphere of the brain, right hemisphere of the brain, and carcass). The content activity of urine,
feces and each organ was determined using a gamma counter (Packard Auto-Gamma 5,000 series).
The results were expressed as percentage of injected activity (IA) per organ (%IA).

Statistical analysis: Results are expressed as mean + standard deviation (SD). Statistical
analysis was performed using the One Way Anova or Two Paired t test. Data was considered to

be significant when p < 0.05.
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PREAMBLE
During the course of this work, 2[Gn]-DOTA dendrimers (n=2, 3, 4) were synthesized and
characterized, in addition to 2[Gn]-DTPA dendrimers. These dendrimers were designed with the
objective of dual labeling with Gd for MRI and radiotherapeutic radionuclides, such as *°Y or
177Lu. However, this line of work is to be completed in a near future.
In the present work, 2[Gn]-DOTA dendrimers were labeled with Gd and their relaxivity
properties were compared with those of Gd-2[Gn]-DTPA dendrimers in 7T MRI, as described

below.
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2.2.2. Results and Discussion

Three generations of GATG dendrimers (Figure 1a) incorporating a divalent core and 18 to
162 terminal azide groups, 2[Gn]-N3 (n = 2, 3, 4) 7" 212 were fully functionalized with DTPA
ligands in a one pot reaction consisting of azide reduction with triphenylphosphine (PhsP) followed
by thiourea coupling with an activated isothiocyanate DTPA derivative (p-SCN-Bn-DTPA). The
resulting dendrimers possess 18 terminal DTPA ligands for 2[G2]-DTPA, 54 terminal DTPA
ligands for 2[G3]-DTPA and 162 terminal DTPA ligands for 2[G4]-DTPA. Possession of a short
and rigid isothiocyanatobenzyl linker is a positive feature of the incorporated DTPA ligands and a
factor that contributes to the high relaxivity, among many others. As reported previously,* fast
internal rotation of high molecular weight agents prohibits achievement of high relaxivity even
though the rotation of the entire molecule is reasonably slow. This short and rigid linker has been

reported to limit the rotation of the small Gd chelates, which is characterized as internal rotation.
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Figure 2.18. Functionalization of GATG dendrimers with DTPA ligands. (a) Chemical structure of 2[Gn]-N3
dendrimers. (b) One-pot DTPA functionalization reaction. (c, d) '"H NMR and IR confirming complete reduction of
azide groups. (e, f) GPC and DLS of 2[Gn]-DTPA dendrimers with concentration of 1 mg/mL in 10 mM PB pH 7.4/

150 mM LiCl.

The completion of the first step was easily monitored by IR spectroscopy thanks to the

disappearance of the intense characteristic azide signal at ca 2100 cm™! (Figure 1c and 1d). The
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procedure for the second step was modified from an established procedure in literature.?!3-21¢

Ultrafiltration was the chosen method of purification to remove salts and small molecules, until
gel permeation chromatography (GPC) showed a sole peak, confirming the purity of 2[Gn]-DTPA
dendrimers. As seen in Figure le, dendrimers display monodisperse distributions and the expected
increase in size with generation. In addition, they showed complete aqueous solubility and no sign
of aggregation as revealed by dynamic light scattering (DLS, Figure 1f), with mean hydrodynamic
diameters of 5.2 nm (2[G2]-DTPA), 8.9 nm (2[G3]-DTPA) and 11.7 nm (2[G4]-DTPA). Fully
experimental details and characterization are described in the EI.

Afterwards, the solution was lyophilized to afford 2[Gn]-DTPA (n =2, 3, 4) as a white solid
in excellent yields (97-98%). Relative NMR integration was used to calculate the degree of
conjugation of DTPA ligands to the dendrimers, by determining the ratio of hydrogens that
corresponded to one isolated signal, named as signal “a” versus the signal of the aromatic part of

the 2[Gn]-DTPA dendrimers (Figure 2.19).
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Figure 2.19 Degree of Conjugation of DTPA ligands to 2[Gn] dendrimers.

Technetium (**™Tc) was the radionuclide of choice for the investigation of the in vivo
properties of the dendrimers, because of its wide availability, convenient half-life, and appropriate
vy energy. The dominant role of technetium compounds in diagnostic procedures, strongly
recommends the B-emitting rhenium isotope (®¥Re) for applications in nuclear-medical therapy,
because it is possible to adopt general approaches from the established technetium chemistry for
188Re radiolabeling. Moreover, '3 Re shows similar in vitro and in vivo behavior to that of *™Tc,
if labeled to the same nanovector.

Dendrimers were radiolabeled with *™Tc with a yield of ~98% and excellent radiochemical
purity. 95-98% of the radioactivity was retained after 24 h in PBS, at room temperature (rt),

demonstrating the high stability of the radiolabeled dendrimers (for the *™Tc radiolabeling
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procedure check EI). ™ Tc radiolabeling proved successful in assessing the biodistribution and
clearance of the radiolabeled dendrimers once in the bloodstream. An iv dose of 3.7 MBq *™Tc-
2[G2]-DTPA (group 1), PmTc2[G3]-DTPA (group 2), and PmTc2[G4]-DTPA (group 3) was
given to healthy female Wistar rats (n=3 per group). Blood samples were collected at various time
intervals post-injection. Results are shown in Figure 2.20.

The *™Tc-2[Gn]-DTPA dendrimers were removed rapidly from circulation irrespective of
G. The distribution phase half-life ti.2 (o) was shorter for *™Tc-2[G3]-DTPA dendrimers (12 min),
followed by PmTc2[G4]-DTPA dendrimers (13 min) and *™Tc- 2[G2]-DTPA- dendrimers (18
min). The clear-phase half-life ti2 (B) was shorter for ™Tc-2[G3]-DTPA (131 min), followed by
99mTc-2[G4]-DTPA (134 min) and *™Tc-2[G2]-DTPA dendrimers (198 min). In fact, despite their
larger size, 99mTc-2[G4]-DTPA dendrimers were distributed and cleared out similarly to *™Tc-
2[G3]-DTPA. *™Tc-2[G3]-DTPA had a faster distribution and clearance to that of *™Tc-2[G2]-
DTPA. These findings are compatible with literature.?!%- 217218

The major elimination route of the three generations of ®™Tc-2[Gn]-DTPA dendrimers was
through urine. An increased accumulation in the liver with concomitant decreased uptake in the
kidney was seen with increasing dendrimer generation. In line with this, an increased accumulation
of the dendrimers in the feces was observed with the increase of the liver excretion. In the case of
9mTc- 2[G2]-DTPA (approx. 13 kDa) a higher kidney accumulation was present, if compared to
9mTc-2[G3]-DTPA. (approx. 40 kDa) and **™Tc-2[G4]-DTPA (approx. 120 kDa). This could be
attributed to the exponential increase in the molecular weight of the higher dendrimer generations,
since it is known that the molecular structure and the molecular dimensions of a dendrimer are

important factors in how dendrimers distribute in the body.

Liko Flonja| Dendrimers as a powerful tool in theranostic applications. (SIOEIe] 156



GATG Dendrimers for Integrated Radiotherapy and MRI of Glioblastoma

As a rule of thumb, the medically applied macromolecule should have a molecular weight
larger than 20 kDa to act as a blood pool agent that stays in circulation for a prolonged period.
Besides excretion via the liver, dendritic polyanions with molecular weights or hydrodynamic
diameters below the renal threshold (approx. 40kDa) are generally excreted via the kidneys within
a few hours.'®> 2! No activity was detected in the stomach, showing the in vivo stability of the
9mTc-2[Gn]-DTPA dendrimers. These dendrimers did not specifically accumulate in any organs,
demonstrating no toxicity risks. Since this study was done in healthy rats, the fact that no activity

was found in the brain makes clear that these dendrimers cannot surpass an intact BBB.
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Figure 2.20 (a) Biodistribution analyses (n=3/group). (b) /n vivo blood clearance in adult female Wistar rats, injected via the
tail vein with 3.7 Mbq of *"Tc-2[Gn]-DTPA in 0,2 mL saline.
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After gathering knowledge on the biodistribution and pharmacokinetics of these dendrimers
as nanovectors, the next step was to evaluate their MRI properties and to exploit their brain
retention by MRI, following their stereotactic injection in F98 glioma tumor bearing rats. F98
glioma tumor model closely resembles to human glioblastoma. With this aim, Gd complexes of
2[Gn]-DTPA dendrimers (Gd-2[Gn]-DTPA) were prepared with labeling yields ranging from 89
to 98%, as determined by ICP-MS (for Gd labeling procedure, check EI).

In MRI, the image intensity of a parametric image is known to be proportional to the
longitudinal (77) and transverse (72) relaxation times and it can give a quick view of how these
values differ across an image. 77 and 72 maps are quantitative images of 77 and T2 relaxation times,
respectively. A Gd complex induces an increase of both the longitudinal and transverse relaxation
rates, (Ri=1/T: and R2=1/T>) of the solvent nuclei. The plot of the observed relaxation rates versus
the concentration of the paramagnetic species (Gd) gives a straight line and its slope defines the
relaxivity, 712 (in units of mM's™!).

Longitudinal (r1) and transverse (r2) relaxivities were determined accordingly, for all
generations of Gd-2[Gn]-DTPA dendrimers by concentration dependent measurements of the
relaxation times (77,2) at 7T magnetic field strength, which gave good linear fits (R> > 0.99).
Plotting the (1/T1,2 sample-1/T12 PBS) values of conjugated dendrimers with corresponding Gd
concentrations provided the relaxivity of the each sample in vitro (Table 2.8). The plots of Ri
versus [Gd] and R vs. [Gd] for the Gd-2[Gn]-DTPA dendrimers and the gold standard Gd-DTPA

(both ranging from 0.03 to 1 mM) are depicted in Figure 2.21 c.
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It is well known that small size and fast tumbling molecules like Gd-DTPA show a modest
decrease in r1 in higher fields, while slow tumbling molecules, like dendrimers, have high
relaxivity that peaks between 0.5-1 T and then show a sharp drop in r1 with increasing field
strength.?2222 The 2 has been reported to be static or increases with higher magnetic field strength,
resulting in larger r2/r1 ratios. Furthermore, molecular relaxivity is defined as the product of the
number of the grafted Gd ions on the multimeric molecule per unit of ionic relaxivity. This
provides molecules with larger molecular volume, but it is an efficient way to locally increase the
metal concentration.

The ion rirelaxivity of 2[G3]-DTPA-Gd is more than 2 times higher than the 1 of Gd-DTPA
and higher than the r1 of 2[G2]-DTPA-Gd and 2[G4]-DTPA-Gd at 7T (Table 2.8).

The effect of the dendrimers, in increasing r2 at 7T is clear. Gd-2[G2]-DTPA-, Gd-2[G3]-
DTPA and Gd-2[G4]-DTPA have an r2respectively more than 8, 12 and 11 times higher than that

of Gd-DTPA (Table 2.11).

Table 2.11. Relaxivities of macromolecular CAs compared with Gd-DTPA in 7T.

Molecular r»  Molecular ri

Compound r/Gd (mM s ™" r1/Gd (mM Is7h)* mM-'s ) (mM-'s) ralri*
Gd-2[G2]-DTPA 24.5 6.2 318.5 80.6 4.0
Gd-2[G3]-DTPA 41.8 7 17974 301 6.0
Gd-2[G4]-DTPA 39.5 6.5 5135 845 6.1

Gd-DTPA 3.4 3.2 3.4 3.2 1.1

* Jonic relaxivity per Gd
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All the dendrimer generations after the labeling with Gd (Gd-2[G2]-DTPA (n=2), Gd-2[G3]-
DTPA (n=3) and Gd-2[G4]-DTPA (n=2)) were stereotactically injected in F98 glioma rats. As
shown in the Figure 2.21 ¢ MRI scans were done at 0.5h post-CED. The presence of the Gd-2[Gn]-
DTPA dendrimers is shown as hypo-intensity in the 77 maps and higher-intensity in the 7:W
images.

Since for an efficient radiotherapy and follow-up MRI, nanovectors must combine efficient
clearance profiles with sufficient retention of radiotherapeutic nuclides and paramagnetic nuclei at
the tumor site, we decided to quantify the brain retention and clearance rate of the dendrimers
following CED. With this aim we dual labeled the 2[G3]-DTPA dendrimers with Gd and 188Re
and performed a tissue distribution study in rats bearing F98 glioma tumors, at day 20 following
stereotactic tumor implantation ('%®Re: 3.7 MBq + Gd: 1mM/ 10uL injection). The tissue
distribution of these dendrimers was compared in parallel with that of the free radionuclide ('%®Re
perrhenate: 3.7 MBq/ 10uL injection) following identical experimental conditions. In this way, it
was made possible to know the exact brain confinement properties of dendrimers as nanovectors.
The preparation of dual labeled ['®Re, Gd]-2[G3]-DTPA dendrimers was realized in a one pot
reaction with a radiolabeling yield of around 62%, and radiochemical purity exceeding 95% as
determined by radio-ITLC The radiolabeling process was finalized in 30 minutes. 97% of the
radiolabeling was retained after 24 h in PBS at rt, demonstrating the high stability of ('*®Re, Gd)-
2[G3]-DTPA dendrimers (more information on the conditions of the dual labeling process

available on the EI).
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Figure 2.21. Evaluation of 2[Gn]-DTPA dendrimers by MRI following Gd labeling. (a) Schematic including CED of Gd-2[G3]-DTPA dendrimers in F98
glioma tumor bearing rats. An extensive invasion of normal brain with islands of F98 tumor cells at varying distances from the tumor mass is observed. (b) R;
and R; plots for Gd-2[G2]-DTPA (pink), Gd-2[G3]-DTPA (orange), Gd-2[G4]-DTPA (black), and Gd-DTPA (blue); (c) 7;W and T; maps of the F98 glioma rats
0.5h post-CED (7T MRI). Orange circles indicate the presence of 2[Gn]-DTPA-Gd.
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The tissue distribution study was carried out on 12 female Fischer rats 20 days following the
F98 glioma cells implantation. Rats were humanly sacrificed at days 21 and 24 after F98 tumor
cell implantation (for more details on this procedure see EI). The levels of radionuclide brain
retention and organ distribution were evaluated along with the '3¥Re elimination in feces and urine
over 24 (Figure 2.22 a) and 96 h (Figure 2.22 b) following CED, in four groups of animals (n=3).
While it has been largely described that '®®Re-perrhenate is rapidly excreted via the urinary bladder
following intravenous injection,?** little was known about the elimination of such a solution
following brain administration.

Gratifyingly, a significant difference between a CED infusion of '3¥Re-perrhenate and of
('8¥Re, Gd)-2[G3]-DTPA dendrimers was observed. While almost all of the injected activity (IA)
of '®8Re was eliminated via urine within 24h following CED of '®®Re-perrhenate, only 14% IA of
188Re was found in urine for (!%*Re, Gd)-2[G3]-DTPA dendrimers at the same time. Interestingly,
75% 1A of (1*®Re, Gd)-2[G3]-DTPA was retained at the injection site in the right brain hemisphere,
not surpassing to the left brain hemisphere, as previously anticipated by 77 maps. After 96 h, with
88% IA of the '®8Re radioactivity of ('*®Re, Gd)-2[G3]-DTPA found in urine, still 8.6% IA resided
at the injection site in the right brain hemisphere and no activity was detected in the left brain

hemisphere.
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Figure 2.22. Brain retention and clearance of 2[Gn]-DTPA dendrimers following dual labeling with Gd and '®Re.
Tissue distribution comparison between '®3Re-perrhenate (3.7 MBq) and of ['#¥Re, Gd]-2[G3]-DTPA dendrimers
(3.7 MBq) (a) 24 hours (b) and 96 hours following their CED in F98-glioma rats (n=3).
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Conclusions

In summary, we synthesized four generations of GATG dendrimers fully functionalized with
DTPA ligands. Benefitting from the high-density functional groups on the surface of the
dendrimer, a large number of DTPA ligands (ranging from 18 to 162 DTPA ligands/dendrimer
from 2[G2]-DTPA to 2[G4]-DTPA) was available to be labeled with *™Tc, Gd and '®Re. These
dendrimers were radiolabeled with **™Tc to determine and compare the in vivo properties of
different generations, such as throughout body distribution, pharmacokinetics, clearance profiles
and possible organ toxicity.

Molecular weight and architecture had an important role on the in vivo behavior of these
dendrimers. With the increase in generation size, an increase in liver uptake with concomitant
decrease in kidney uptake was observed. The third generation of dendrimers resulted as the best
one for faster throughout body distribution and clearance. The MRI imaging properties of these
Gd-labeled dendrimers, were evaluated at 7T and compared with those of the commercial Gd-
DTPA. All the generations of dendrimers, with the third one being the best, had a higher r1 and r2
relaxivity in comparison with this gold standard. 77 maps confirmed the retention of the 2[G3]-
DTPA-Gd dendrimers at the injection site, up to 24h post-CED.

The use of dual labeled dendrimers with '*¥Re and Gd** was evaluated following CED in an
F98 glioma model and compared with '38Re-perrhenate. The use of dendrimers avoided the fast
brain clearance of the radionuclide alone, and prolonged the confinement of the internal radiation
at the tumor site. No radioactivity was found at the other brain hemisphere, showing that the

dendrimers were confined at the injection site, before their unavoidable brain clearance.
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For an efficient locoregional radiotherapy, the brain retention of these dendrimers needs to
be improved, since at 96h post-CED approx. 8.6 % IA was counted at the injection site in the right
brain hemisphere. Our ongoing research represents one of the first efforts in the field, to integrate
multimodal dendrimers in nanovectorized radiotherapy and imaging of glioblastomas, following

CED.
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2.3. Complementary results
2.3.1. Materials and methods
Materials
Gadolinium (IIT) chloride hexahydrate, diethylenetriaminepentaacetic acid gadolinium (I1I)
dihydrogen salt hydrate, 2,2-(ethylenethoxy)bis(ethylamine) (98%) and triphenyl phosphine
(freshly crystallized from ethanol to remove triphenylphosphine oxide) were provided from
Sigma-Aldrich. P-NCS-benzyl-DOTA-GA was ordered from CheMatech. Dendrimer’s repeating
unit (R.U.) 3,4,5-Tri-{2-[2-(2-azidoethoxy)ethoxy]ethyl }benzoic acid was prepared as described
in reference '7®. All solvents were of HPLC grade and purchased from Sigma-Aldrich or Fisher
Scientific and used without further purification. All reagents were of analytical grade. Dulbecco’s
Phosphate Buffered Saline- 0.0095 M (POs) without Ca and Mg (DPBS) BioWhittaker® was
purchased from Lonza as sterile and filtered. Deionized water was obtained from a Milli-Q plus

system (Millipore).

Instrumentation

Automated column chromatography was performed on a MPLC Teledyne ISCO
CombiFlash RF — 200 psi with a RediSepRf normal-phase 12 g silica column and with home-made
RediSepRf reused columns, filled with basic aluminum oxide 70-230 mesh from Merck in the
case of 2[G2]-N3 dendrimers. Ultrafiltration was performed on Millipore® stirred cells using
Ultracel® regenerated cellulose membranes discs Mw cutoff 3000 Da (YM3) for 2[G3]-N3 and
Mw cutoff 5000 (YM5) for 2[G4]-N3 dendrimers. YM3 membrane was used for 2[G2]-DOTA
dendrimers and YMS5 membrane for 2[G3]-DOTA and 2[G4]-DOTA dendrimers. Molecular

weight distributions of dendrimers were determined by size exclusion chromatography (SEC) on
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an Agilent 1100 series separation module using a PSS SDV pre-column (Sum, 8x50 mm), a PSS
SDV Linear S column (Sum, 8x300 mm), a PSS SDV Lux Linear M column (Sum, 8x300 mm)
with an Agilent 1100 series refractive index (RI) detector. THF was used as eluent at 1mL/min for
azide dendrimers, and filtered through 0.45 pm before injection. In the case of 2[Gn]-DOTA, 10
mM PB pH 7.4/ 150 mM LiCl was used as eluent at 1 mL/min with 1 mg/mL concentration and
filtered through 0.45 um before injection.

NMR spectra were recorded on a Varian Mercury 300 MHz and Varian Inova 750 MHz
spectrometers. Chemical shifts are reported in ppm (6 units) referenced to residual solvent peaks.
FT-IR spectra were recorded on a Bruker IFS-66v using neat samples (Csl window).

Dendrimer hydrodynamic diameters were measured by dynamic light scattering (DLS).
Laser Doppler micro-electrophoresis on a Nano-S Zetasizer (Malvern Instrument Ltd) at 25°C.
DLS of 2[Gn]-DOTA dendrimers was performed by dissolving the samples in 10 mM PB pH
7.4/150 mM LiCl (1 mg/mL). Gd-labeled 2[Gn]-DOTA (Gd-2[Gn]-DOTA) dendrimers were
purified by centrifugation in a 320R Hettich centrifuge, using Amicon Ultra-4 centrifugal filters
Ultracel® with a regenerated cellulose membrane Mw cutoff 3000 Da, provided from Merck
Millipore®.

Gadolinium loading of the dendrimers was assessed by ICP-MS analysis at Pharmacology
and Toxicology Laboratory, CHU Angers, France. MRI was performed with a Bruker Avance
DRX 300 equipped with a magnet of 7T at the Primex platform IBS-CHU, University of Angers,
France. When possible, experiments were done in triplicate. Mean values and standard deviations

are reported unless otherwise stated.
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Synthesis and characterization of 2[Gn]-DOTA dendrimers

2[G2]-DOTA: PhsP (43 mg, 0.16 mmol) was added to a solution of 2[G2]-N3 (36 mg, 7
umol) in MeOH/ CHCI3/ H20 5:5:1 (1.45 mL; 0.1 M per N3). The mixture was stirred at rt under
Ar until complete reduction of the terminal azides (16 h, as followed by FT-IR). Afterwards, it was
reacted with an 18-fold molar excess of 2,2',2"-(10-(1-carboxy-4-((4-
isothiocyanatobenzyl)amino)-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic
acid (p-NCS-Bz-DOTA-GA) (81 mg, 0.13 mmol) at 40 °C. The reaction mixture was heated at
40°C and the pH adjusted to 9.0 with 2.2 mL of 10 mM PB pH 9/150 mM LiCl solution. After 24h
of stirring at 40 °C, acetone (1.1 mL) was added to homogenize the mixture. Another additional
equal amount of p-NCS-Bz-DOTA-GA was added to the mixture after 24 h as a solid, and the pH
was maintained as before for another 24 h. The resulting solution was purified by ultrafiltration
[YM3, 10 mM PB pH 9/150 mM LiCl (5%x30 mL) followed by milliQ water (2 x 30 mL)] and
lyophilized o obtain 2[G2]-DOTA (108 mg, 95%) as a white powder. '"H NMR (750 MHz, D20)
ou: 7.23 (d, ] = 56.6 Hz, 72H), 7.05 (d, ] = 10.4 Hz, 16H), 4.32 (d, ] = 70.6 Hz, 46H), 4.05 (d, J =
68.5 Hz, 57H), 3.94 — 2.11 (m, 817H), 1.89 (d, J = 98.0 Hz, 36H). *C NMR (101 MHz, D20 ) &c:
179.7,177.7, 175.3, 171.4, 168.3, 168, 151.7, 139.6, 136.3, 129, 128.2, 125.1, 106.1, 72.1, 70.1,
69.9, 69.6, 69.1, 68.6, 68.3, 66.6, 62.4, 57.6, 56.5, 50.6, 45.9, 43.9, 42.5, 39.8, 34. IR v max: 3266,
1584, 1514, 1408, 1329, 1101 cm .

2[G3]-DOTA: Ph3P (45 mg, 0.17 mmol) was added to a solution of 2[G3]-N3 (40 mg, 2.5
umol) in MeOH/ CHCI3/ H20 5:5:1 (1.5 mL; 0.1 M per N3). The mixture was stirred at rt under
Ar until complete reduction of the terminal azides (36 h, as followed by FT-IR). Afterwards, it

was reacted with a 54-fold molar excess of p-NCS-Bz-DOTA-GA (95.9 mg, 0.154 mmol). The
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reaction mixture was heated at 40 °C and the pH adjusted to 9.0 with 4 mL of 10 mM PB pH 9/150
mM LiCl solution. After 24 h of stirring at 40 °C, acetone (1.5 mL) was added to homogenize the
mixture. Another additional equal amount of p-NCS-Bz-DOTA-GA was added to the mixture after
24 h as a solid, and the pH was maintained as before for another 24 h. The resulting preparation
was purified by ultrafiltration (YMS, 10 mM PB pH 9/150 mM LiCl (5x30 mL) followed by milliQ
water (2 x 30 mL)] and lyophilized to obtain 2[G3]-DOTA (118 mg, 97%) as a white powder. 'H
NMR (750 MHz, D20) 8u: 7.42 —7.02 (m, 268H), 4.42 — 1.71 (m, 2735H). '*C NMR (101 MHz,
D20 ) oc: 179.7,176.2, 175.1, 168.3, 151.7, 139.6, 137.6, 137.3, 136.3, 129, 128.2, 126.7, 125.1,
106, 72.1, 69.9, 69.6, 69.1, 68.6, 68.3, 66.5, 63.1, 56.4, 50.4, 46, 43.9, 42.5, 39.6, 39, 33.3. IR v
max: 3278, 1583, 1328, 1091 cm™ ..

2[G4]-DOTA: Ph3P (44 mg, 0.17 mmol) was added to a solution of 2[G4]-N3 (40 mg, 0.8
pmol) in MeOH/ CHCI3/ H20 5:5:1 (1.3 mL; 0.1 M per N3). The mixture was stirred at rt under
Ar until complete reduction of the terminal azides (48 h, as followed by FT-IR). Afterwards, it was
reacted with a 162-fold molar excess of p-NCS-Bz-DOTA-GA (84 mg, 0.135 mmol) at 40°C. The
reaction mixture was heated at 40°C and the pH adjusted to 9.0 with 3.5 mL of 10 mM PB pH
9/150 mM LiCl solution. After 24 h of stirring at 40 °C, acetone (1.3 mL) was added to homogenize
the mixture. Another additional equal amount of p-NCS-Bz-DOTA-GA was added to the mixture
after 24 h as a solid, and the pH was maintained as before for another 24 h. The resulting
preparation was purified by ultrafiltration (YMS5, 10 mM PB pH 9/150 mM LiCl (5x30 mL)
followed by milliQ water (2 x 30 mL)] and lyophilized to obtain 2[G4]-DOTA (120 mg, 99%) as
a white powder. 'TH NMR (750 MHz, D20) 8u: 7.17 (t, J = 63.4 Hz, 1024H), 4.41 — 1.61 (m,

8699H). '*C NMR (101 MHz, D20 ) c: 170, 175.8, 168.1, 151.7, 139.6, 133.5, 128.9, 127.8,
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124.5,106.1,72.3,69.6, 69.1, 63.7, 58.8, 58.2, 51,47, 46.1,43.1,42.7, 39.6, 34.3. IR v max: 2853,
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Characterization of 2[Gn]-DOTA dendrimers
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To determine 'H-'*C connectivity, 2D Heteronuclear Multiple-Quantum Correlation (*C-
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'"H HMQC) experiments were done respectively. 2D NMR Correlation Spectroscopy (‘H- 'H
COSY) was run to evaluate which signals arose from neighboring protons, and Distortionless
Enhancement of Polarization Transfer (DEPT) '*C NMR spectra was acquired to deduct the
number of H attached to C. An example of the '3C NMR spectra characterization of 2[G2]-

DOTA/DTPA dendrimers is given in the Figure 2.23-2.25.

2[G2]-DOTA/DTPA

) Hofo 0 OH
5 : S N HN
= ¢,
-~ " ~—/ s
Y ) LO OJ\OH HN-¢’

-
~ ¥ .
Yy 2 oY | t ’ " . HO. o,)%
1 /.J—\h!:\"l ~ont
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) ) =
& & DAl

Either DOTA or DTPA ligands attached

Figure 2.23. Chemical structure of 2[G2]-DOTA/DTPA
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Figure 2.25 NMR interpretation of 2[G2]-DOTA structures.

Degree of Conjugation of DOTA derivatives to 2[Gn] dendrimers

Relative NMR integration was used to determine the ratio of hydrogens that correspond to
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the signal, making it possible to calculate the degree of conjugation of DTPA and DOTA ligands

to the dendrimers. Further information is given in the Table 2.12.

Table 2.12 Relative NMR integration data to measure the % DC of chelates to 2[Gn]-DTPA/DOTA

dendrimers
1H NMR integration
Dendrimers Exp.#of H Exp.#of H To;a(l)él‘ Il;eo. DC %
2[Gn]-DTPA a b Theo. (a+b)
2[G2]-DTPA 87.76 48 136 100
2[G3]-DTPA 268 150 424 98.6
2[G4]-DTPA 807.59 474.48 1282 100
2[Gn]-DOTA c d Theo. (c+d)
2[G2]-DOTA 72 16.34 88 100
2[G3]-DOTA 202.57 48 268 94
aGmpota  2[G4]-DOTA 715.78 95.84 808 99.6

Size, molecular weight and the number of chelates are all important parameters to consider when

designing the macromolecular MRI CA (Table 2.13).

Table 2.13 Characterization of 2[Gn]-DTPA and 2[Gn]-DOTA dendrimers

Abbreviation Number of peripheral functional groups MW Diameter +
(g/mol) SD (nm)

2[G2]-DTPA 18 12981 5.15+£0.04

2[G3]-DTPA 54 39723 8.94+0.15

2[G4]-DTPA 162 121556 11.72£0.19
2[G2]-DOTA 18 15721.62 54 +0.01

2[G3]-DOTA 54 48280.474 8.94 +£0.03

2[G4]-DOTA 162 148414.338 1296 £0.16

: Based on calculated Molecular Weight.
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2.3.2. Results and discussion
Comparison of relaxivity properties between Gd-2[Gn]-DTPA and Gd-2[Gn]-DOTA
dendrimers

Longitudinal and transverse relaxivities were determined for all generations of the Gd-
2[Gn]-DTPA and Gd-2[Gn]-DOTA dendrimers by concentration dependent measurements of the
relaxation times, which gave good linear fits (R? > 0.99). Plotting the (1/T sample-1/T PBS) values
of conjugated dendrimers with corresponding Gd concentrations provided the relaxivity of the
each sample. Stock solutions of the Gd-2[Gn]-DTPA and Gd-2[Gn]-DOTA dendrimers (1 mM in
Gd), were diluted to concentrations of 0.1, 0.25, and 0.50 mM in 1X PBS (300 puL) respectively.
Solutions of Gd-DTPA (Sigma Aldrich) were prepared in 1X PBS (300 pL) at the same
concentration range and used as a reference standard. Relaxivity measurements were obtained at
~25°C using a Bruker Biospec 70/20 system, operating at 7 Tesla. For the 77 map, a series of
variable repetition times (7r) single slice fast spin echo images of all the solutions were acquired
at the same time with an echo time (7k) of 7 ms, and 1 average. The total scan time was 18 min
and 14 sec. T1 map parameters were as follows: Mtx: 256 x 256; 1 axial slice with 2 mm thickness
6 repetition times: TR = 200; 400; 800; 1500; 3000; 5500 ms; TE = 7 ms; FOV= 35 mm x 35 mm.

The T values were calculated from the mean signal in the ROI for each repetition time, adjusted

to the equation: S = So x (1 — e_%).

The T> maps were calculated from multi spin echo images with a TR of 2 s. 25 echo images
were acquired with a TE of 8.02 ms, which was the interval time between echo images acquisitions,
too. T2- map parameters were as follows: 1 axial slice of 2 mm thickness; TR = 3200 ms; TE =8.02

ms (25 echo times with interval of 8.02 ms in between), 1 average. Field of view (FOV): 35 x 35
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mm; Mtx: 256 x 256; The T> values were calculated from mean signal in the ROI for each echo

TE
image, adjusted according to the equation: S = So x e T2. The software used for the calculations

was Paravision 6.0 (Bruker Software).

The molar relaxivities, r; and r2, were obtained from the slope of the inverse of longitudinal
relaxation time (1/77), or of the inverse of transverse relaxation time (1/72) vs. [Gd] plots,
determined from ROI measurements. A plot of R; versus [Gd] for the Gd-2[Gn]-DTPA, Gd-
2[Gn]-DOTA conjugates and Gd-DTPA (ranging from 0.03 to 0.5 mM) is shown in Figure 2.26.a.
Similarly, the plot of Rz vs. [Gd] for the Gd-2[Gn]-DTPA, Gd-2[Gn]-DOTA conjugates and Gd-

DTPA, is depicted in Figure 2.26 b.

a) s b Bl b R S S o
e v
y=6.1519x + 00557, R*= 0.9978 Y —>-4032x-0.013, R*=0.9922
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i T = 2[G3]-DOTA-Gd
=~ ° —E : 2[G4]-DOTA-Gd
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a ,__._;_-_'-.'::-"-""" « 2[G3]-DTPA-Gd

g B .,J sab®* ‘ _______________ R *2[G4]-DTPA-Gd
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Figure 2.26. a) R, plots for Gd-2[G2]-DOTA (violet), Gd-2[G3]-DOTA (red), Gd-2[G4]-DOTA (green), Gd-2[G2]-
DTPA (pink), Gd-2[G3]-DTPA (orange), Gd-2[G4]-DTPA (black), and Gd-DTPA (blue); b) R; plots for Gd-2[G2]-
DOTA (violet), Gd-2[G3]-DOTA (red), Gd-2[G4]-DOTA (green), Gd-2[G2]-DTPA (pink), Gd-2[G3]-DTPA
(orange), Gd-2[G4]-DTPA (black), and Gd-DTPA (blue).

The data shown in Table 2.14, indicates that the ionic r; relaxivity of the Gd-2[G3]-DOTA (11.1
mM !-s7!) is slightly higher than that of Gd-2[G2]-DOTA (10.7 mM !-s™!), and more than three
times higher than that of the Gd-DTPA (3.2 mM!-s™!). The r; ionic relaxivity of the Gd-2[G4]-
DOTA (7.3 mM !-s7!) is lower than that of the other two above mentioned dendrimer conjugates,
but comparable with the r; of Gd-2[G3]-DTPA (7 mM '-s™!), which is slightly higher than the r;
of Gd-2[G2]-DTPA (6.2 mM '-s™ 1), and Gd-2[G4]-DTPA (6.5 mM !-s™ ). On the other hand, the
molecular relaxivity shows an increased trend from the second to the fourth generations, given the
exponential increase in the number of DTPA or DOTA ligands per generation. The r2 relaxivity of
Gd-2[Gn]-DOTA is comparable for each generation, and ~ 11 times higher than that of Gd-DTPA.

The r2 relaxivity of Gd-2[G3]-DTPA is comparable with that of Gd-2[G4]-DTPA, but ~2 times

higher than that of Gd-2[G4]-DTPA.
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Table 2.14 Relaxivities of macromolecular CAs compared with Gd-DTPA in 7T.

Molecular Molecular

Compound r2/Gd mM's)*  r1/Gd (mM )" r r Ton r2/ry
mM s (mM s
Gd-2[G2]-DOTA 32.9 10.7 457.31 148.73 3.1
Gd-2[G3]-DOTA 38.3 11.1 1600.94 463.98 3.5
Gd-2[G4]-DOTA 35.9 7.3 4379.8 890.6 4.9
Gd-2[G2]-DTPA 24.5 6.2 318.5 80.6 4.0
Gd-2[G3]-DTPA 41.8 7 1797.4 301 6.0
Gd-2[G4]-DTPA 39.5 6.5 5135 845 6.1
Gd-DTPA 34 3.2 34 3.2 1.1

* 1onic relaxivity per Gd
2.4. Conclusions

Three highest generations of GATG dendrimers were synthesized and fully conjugated to
either DTPA or DOTA ligands. The relaxivity properties of both 2[Gn]-DOTA and 2[Gn]-DTPA
dendrimers were compared with those of commercial Gd-DTPA at 7T, following their labeling
with Gd. The Gd labeling was achieved with high efficiency and stability. All the dendrimer
generations had a higher ri and r2 relaxivity than the commercial Gd-DTPA. The ionic relaxivity
of water per Gd ion of Gd-2[G3]-DOTA dendrimers was the highest, followed by Gd-2[G2]-
DOTA, Gd-2[G4]-DOTA, Gd-2[G3]-DTPA, Gd-2[G4]-DTPA, Gd-2[G2]-DTPA and Gd-DTPA.

Possession of a short and rigid isothiocyanatobenzyl linker is a positive feature of the
incorporated DTPA and DOTA conjugates and also a factor that contributes to the high relaxivity
among many others. This short and rigid linker limits the rotation of the small Gd chelates, which
is characterized as internal rotation. As reported previously,** fast internal rotation of high

molecular weight agents prohibits achievement of high relaxivity even though the rotation of the
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entire molecule is reasonably slow.

Furthermore, the macrocyclic DOTA ligand has a higher rigidity than the open chained
DTPA, providing even a slower internal rotation for the 2[Gn]-DOTA dendrimers and leading to
a higher r1, in comparison with their 2[Gn]-DTPA twins. The r1 of Gd-2[G4]-DOTA dendrimers
was comparable with that of Gd-2[G2]-DOTA dendrimers. For the Gd-2[G4]-DTPA dendrimers
their r1 was less than Gd-2[G3]-DTPA but more than Gd-2[G2]-DTPA dendrimers. The reason for
this phenomenon might be the back-folding of the dendritic arms for the fourth generation.

Macromolecules like dendrimers are described to have a decreasing r1 and increasing r2 with
increasing magnetic field strength. This tendency might be observed in the case of GATG
dendrimers as well, with Gd-2[G3]-DTPA and Gd-2[G3]-DOTA having the highest ri, followed
by Gd-2[G4]-DTPA, Gd-2[G4]-DOTA, Gd-2[G2]-DOTA, Gd-2[G2]-DTPA and lastly Gd-DTPA.
Similarly to the results achieved for ri, the third generation of dendrimers was better than the other
two to increase the r2.

It is known that the higher relaxivity and stability of Gd-DOTA makes it applicable as an
alternative to Gd-DTPA for MRI.??* Similarly Gd-2[Gn]-DOTA dendrimers showed a slightly
higher relaxivity in comparison with Gd-2[Gn]-DTPA dendrimers. On the other hand, in a

225

previous study,”” no significant differences in enhancement of the brain image of rats were

observed between Gd-DTPA and Gd-DOTA.
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PART 3. General Conclusions

For the treatment of tumors current therapies involve the combination of external beam
radiation and chemotherapies, which do not discriminate between healthy and tumor tissues. As a
result, great efforts are being realized to synergistically integrate on nanosystems, technologies
such as internal radiotherapy (delivery of radioisotopes to the site of action), diagnostic agents (for
MRI or PET), and targeting. Localized internal radiotherapy is known to be the most promising
treatment alternative for unresectable solid tumors. Recent innovative oncologic strategies have
involved the nanovectorization approach, to efficiently target and retain radiation at the tumor site,
avoiding side effects such as toxicity and tumor resistance. Selected nanovectors are labeled with
radionuclides for the improvement of the treatment efficacy, while reducing the dose of
radiolabeled materials in vivo.

Among several nanovectors that may be used for this purpose, dendrimers are seen as a
powerful platform, due to their multivalency, tunable size and physicochemical properties as a
function of the generation. Dendrimers are branched macromolecules prepared in a stepwise
fashion, that oppositely to classical polymers are monodisperse and globular. The number of
terminal groups on the periphery of dendrimers can be accurately controlled, which allows their
selective decoration with targeting ligands, drugs, diagnostic and therapeutic agents. In addition,
the possibility to prepare dendrimers with different sizes (generations) and to modulate their
hydrodynamic radii, solubility, and distribution by PEGylation, renders dendrimers attractive
scaffolds for the treatment and diagnosis of tumors.

Milestones in the development of dendrimers for nanovectorized radiotherapy include their

functionalization with ligands for radiolabeling, targeting agents, and stealth functional groups to
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potentially improve their biodistribution, circulation times, and stability in vivo. Radiolabeling of
dendrimers with therapeutic radionuclides has previously resulted in tumor regression and longer
survival, as described in our review. The biodistribution of dendritic conjugates could be improved
by PEGylation, intratumoral application, saturation with cold metals, or by modulating their charge
and molecular weight. In addition, the multifunctionality of dendrimers makes them excellent
candidates for theranostics.

The development of radiotherapeutic dendrimers for use in image-guided radionuclide
therapies; in combination with moAbs, with only minor changes in immunoreactivity; in
radiovirotherapy as coatings of adenoviral vectors for effective liver detargeting and tumor
retargeting, as well as nonviral gene delivery vectors for NIS-targeted radionuclide therapy of
metastatic cancer, has attracted the attention of many researchers in the field. Although issues
associated with in vivo properties and the toxicity of dendrimer conjugates are challenges to be
addressed individually, as a whole there are considerable promise and benefits on current
applications of dendrimers for radionanotherapy.

A proper evaluation of dendrimer-based radiopharmaceuticals must be done according to
three criteria: the choice of radionuclide, the vector used, and the modalities of administration.
Relatively recent results on dendrimer-based radiopharmaceuticals in preclinical models do not
permit such a comparison yet. The physicochemical properties of the radionuclide are crucial, but
differences between vectors (untargeted vs targeted dendrimer, different dendrimer generations)
have been investigated after intravenous injections with the aim of qualifying the targeting rather

than the efficacy. In fact, for medical applications with radiopharmaceuticals, locoregional
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injection could be a preferred way, where dendrimers play the role of confining agent at the
injection site, in order to reduce the associated radio toxicity on healthy tissues or organs.

Considering these observations two strategies were applied during the course of this work.

The initial synthetic strategy consisted in the design of dendrimers containing carbamate
groups. The carbamate group was chosen to increase the plasma half-life of dendrimers due to
their higher physical and proteolytic stability. Two types of first generation carbamate dendrimers
were synthesized by azide-alkyne cycloaddition, avoiding the use of toxic catalyst and coupling
agents. However, the synthetic yield of these products was low. For the synthesis and
characterization of the second generation of these dendrimers, there were researched all the
possible combinations of synthesis conditions available for now, such as synthesising two types
of aromatic cores and a new aliphatic core for the carbamate dendrimers and combining each one
of them with two kinds of repeating units that were synthesised with different physico-chemical
characteristics. At the same time the AAC click conditions were changed and experimented in
different microwave parameters (Power, Temperature, Time). After careful analysis of the results,
it was decided that these systems were not stable to degradation in the microwave conditions
applied for the AAC reactions.

Afterwards, it started the synthesis of another family of dendrimers. The synthesis of GATG
dendrimers was done in thermal conditions, avoiding the use of toxic coupling agents and catalysts.
By a synergistic combination of highly efficient reactions (amide formation and azide reduction),
and efficient purifications (automated MPLC or ultrafiltration, depending on the generation), four
generations (2[G1]-2[G4]) of GATG dendrimers, bearing azides in the periphery were synthesized

with very good yields. The peripheral azides exponentially grew with each generation, starting
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from 6 for the first generation (2[G1]) to 162 for the fourth generation (2[G4]). The increased
number of terminal groups compared do GATG dendrons is expected to grant the resulting
structures, increased affinities in multivalent recognition processes of biomedical interest. 2[G2]
to 2[G4] of GATG dendrimers were fully functionalized with ligands of biomedical interest, such
as DTPA and DOTA. A new method “One Pot” was developed for easy and efficient conjugation
of the ligands to the peripheral groups of the dendrimers. Benefitting from the high-density
functional groups on the surface of the dendrimer, a large number of either DTPA or DOTA
ligands (ranging from 18 to 162 DTPA/DOTA ligands/dendrimer from 2[G2] - 2[G4] dendrimers)
was available to be labeled with ®™Tc, Gd and '®Re.

For the characterization of GATG azide dendrimers 'H NMR, 'C NMR, and FTIR spectra
were acquired. The purity of all azide dendrimers was confirmed by GPC through the examination
of their elution profiles in THF. The hydrodynamic radius of hydrochloride amino dendrimers was
determined experimentally in aqueous solution at 25°C by DLS.

For the characterization of 2[Gn]-DTPA/DOTA dendrimers, 'H NMR, '*C NMR, and FTIR
spectra were acquired. DLS was used to determine the hydrodynamic radius of all Gn-GATG-
Ligand dendrimers in buffer solution (pH 7.4) at 25°C. The purity of all 2[Gn]-DTPA/DOTA
dendrimers was confirmed by GPC, through the examination of their elution profiles in a buffer
solution (pH 7.4). "H NMR and IR spectroscopy were most useful techniques for monitoring the
couplings and activation steps during the preparation of dendrimers, ensuring that the reactions
went to completion.

A simple and efficient synthetic method was reported herein for the construction of GATG

dendrimers avoiding the use of toxic coupling agents and catalysts, with very good yields and a
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fast-forward “One Pot” coupling procedure for the DTPA and DOTA ligands, with efficient
purification through ultrafiltration, resulting in fully functionalized 2[Gn]-DTPA/DOTA
dendrimers, with very good yields.

2[Gn]-DTPA dendrimers were radiolabeled with °**™Tc to determine and compare the in vivo
properties of different generations, such as throughout body distribution, pharmacokinetics,
clearance profiles and possible organ toxicity. Molecular weight and architecture had an important
role on the in vivo behavior of these dendrimers. With the increase in generation size, an increase
in liver uptake with concomitant decrease in kidney uptake was observed. The third generation of
dendrimers resulted as the best one for faster throughout body distribution and clearance.

The MRI imaging properties of these Gd-dendrimers, were evaluated at 7T and compared
with those of the commercial Gd-DTPA. All the generations of dendrimers, with the third one
being the best, had a higher r1 and r2 relaxivity in comparison with Gd-DTPA. Possession of a
short and rigid isothiocyanatobenzyl linker is a positive feature of the incorporated DTPA and
DOTA conjugates and also a factor that contributed to the high relaxivity among many others. As
expected, due to the higher rigidity of the conjugated macrocyclic ligand, Gd-2[Gn]-DOTA
dendrimers had slightly better relaxivity properties in comparison with Gd-2[Gn]-DTPA ones. The
ionic relaxivity of water per Gd ion of Gd-2[G3]-DOTA dendrimers was the highest, followed by
Gd-2[G2]-DOTA, Gd-2[G4]-DOTA, Gd-2[G3]-DTPA, Gd-2[G4]-DTPA, Gd-2[G2]-DTPA and
Gd-DTPA. The r1 of Gd-2[G4]-DOTA dendrimers was comparable with that of Gd-2[G2]-DOTA
dendrimers. For the Gd-2[G4]-DTPA dendrimers their r1 was less than Gd-2[G3]-DTPA but more
than Gd-2[G2]-DTPA dendrimers. The reason for this might be the back-folding of the dendritic

arms for the fourth generation.
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General Conclusions

Macromolecules like dendrimers are known to have a decreasing r1 and increasing r2 with
increasing magnetic field strength. In the case of GATG dendrimers, Gd-2[G3]-DTPA and Gd-
2[G3]-DOTA had the highest r2, followed by Gd-2[G4]-DTPA, Gd-2[G4]-DOTA, Gd-2[G2]-
DOTA, Gd-2[G2]-DTPA and lastly Gd-DTPA. Similarly to the results achieved for r1, the third
generation of dendrimers was better than the other two to increase the r2. The molecular relaxivity
of these dendrimers increased with the increase in generation size in both DTPA and DOTA
conjugated 2[Gn] dendrimers.

Since in the biodistribution study following iv injection, the third generation of **™Tc-
2[Gn]-DTPA dendrimers was the one that had the fastest throughout body distribution and
clearance, and it was also the more suitable generation in improving the ionic relaxivity in 7T MRI,
it was chosen for further evaluation. 2[G3]-DTPA dendrimers were injected stereotactically via
CED in F98 glioma rats, following Gd labeling and their brain retention was investigated with
MRI. 71 maps confirmed the retention of the Gd-2[G3]-DTPA dendrimers at the injection site, up
to 24 h post-CED.

The brain retention of '*®Re and Gd** dual labeled 2[G3]-DTPA dendrimers was quantified
in a tissue distribution study, done following their CED in an F98 glioma rats and compared with
188Re-perrhenate injected using the same procedure. The use of dendrimers avoided the fast brain
clearance of the radionuclide alone, and prolonged the confinement of the internal radiation at the
tumor site. No radioactivity was found at the other brain hemisphere, showing that the dendrimers
were confined at the injection site, before their unavoidable brain clearance. For an efficient
locoregional radiotherapy, the brain retention of these dendrimers needs to be improved, since at

96 h post-CED approx. 8.6 % IA was counted at the injection site in the right brain hemisphere.
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General Conclusions

Our ongoing research represents one of the first efforts in the field, to integrate multimodal

dendrimers in nanovectorized radiotherapy and imaging of glioblastomas, following CED.
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Potentiel des dendrimeres comme outil d'applications théranostiques

Dendrimers as a powerful tool in theranostic applications

Résumé

Une nouvelle stratégie oncologique, basée sur
l'intégration de la radiothérapie nanovectorisée et
'administration loco-régionale, a été évaluéee pour le
traitement et 'imagerie du glioblastome, le type le plus
commun des tumeurs cérébrales primaires. Les
dendrimeres Gallic Acid-Triethylene Glycol (GATG) sont
des nanovecteurs de choix pour délivrer simultanément
lagent thérapeutique (le radioisotope '88Re par son
rayonnement béta a été retenu) et I'agent diagnostique
(le gadolinium est un agent paramagnétique utilisé en
Imagerie par Résonance Magnétique (IRM)). Leur
évaluation a été réalisée par administration loco-
régionale par stéréotaxie sur un modéle de rat F 98. Les
données pharmaco-cinétiques ont été également
obtenues aprés injection intraveineuse permettant
d’apprécier les propriétés des différents dendriméres
synthétisés. Leur apport en terme de confinement au site
d’injection représente un avantage majeur de ce
nouveau type de radiopharmaceutiques.

Mots clés

GATG, dendriméres, radiothérapie interne, MRI,
glioblastoma, '8Re, Gd3+, #MmTc.

Abstract

A new oncologic strategy, based on the integration
of nanovectorized radiotherapy and locoregional
delivery, was evaluated for the treatment and
imaging of glioblastomas, the most common and
lethal type of primary brain tumors. Gallic acid-
triethylene glycol (GATG) dendrimers were the
nanovectors of choice to deliver the radiotherapeutic
88Re and paramagnetic nuclei Gd3*, with a minimally
invasive stereotactic injection, directly depositing the
radiotherapeutic dose to the tumor site in a F98 rat
glioma model. Intravenous injection was used to
further investigate the pharmacokinetics, throughout
body distribution and clearance profiles of these
dendrimers. Molecular weight and architecture had
an important role on the in vivo behavior of the
dendrimers. Their use as nanovectors prevented the
fast brain clearance of the radionuclide alone, and
prolonged the confinement of the internal radiation at
the tumor site.

Key words

GATG, dendrimer, internal radiotherapy, MR,
glioblastoma, '8Re, Gd®+, ¥mTc.
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