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Abstract

Radioactive metals possess various chemical and physical properties (e.g., half-life,
radioactive decay), making them aptly suited for the diagnosis and treatment
(theranostics) of cancer. Securing the radiometal in a drug complex for safe delivery into
the tumor site is crucial for the successful clinical application of these radioactive drugs
called radiopharmaceuticals. A fundamental component of a radiopharmaceutical is the
chelate, a ligand that tightly binds the radiometal forming a stable radioactive complex,
which is then covalently attached to a disease targeting molecule such as a peptide or an
antibody through a linker. In the past two decades, intense research efforts have
expanded the production of radiometals suitable for radiopharmaceutical applications
such as titanium-45 (*°Ti) and actinium-225 (?°Ac), among many others. To this end, some
of these radiometals have shown excellent preclinical and clinical results. However, the
stable chelation in vivo of these radiometals remains a challenge resulting in the need to

develop novel chelates tailored to the properties of each radioisotope.

This work focuses on developing novel acyclic chelates for the stable chelation of the
cutting-edge first-row transition metals scandium-44/47 (“#4’Sc) and “Ti, the
radiolanthanides lanthanum-135 ('®La) and terbium-155/161 ('*®®'Tb), and the
radioactinides ??°Ac and thorium-227 (?2’Th). For this purpose, we exploited the oxophylic
1,2-hydroxypyridinone (1,2-HOPO) moiety through a pentaamine backbone on a
decadentate chelate (HOPO-0O1o) for the larger radiometals and on a tripodal backbone
for a hexadentate chelate (HOPO-0Og-C4) along with its catechol amide version (CAM-Oe-
C4) for the smaller radiometals. These three chelates were synthesized, their coordination
chemistry was characterized using the corresponding non-radioactive complexes, and
they were evaluated in radiolabeling studies to determine their potential for incorporation
into radiopharmaceuticals. HOPO-O1 was found to be an excellent candidate for ''Tb
and 22’Th with high in vitro stability. A simpler version of HOPO-O1o, HOPO-Os, was used
for incorporation into a radiopharmaceutical for which a novel tetrazine-containing
bifunctional chelate analogue (HOPO-Og-Me-Tz) was prepared and evaluated in a
preclinical animal study with encouraging results for zirconium-89 (3Zr), a possible
imaging pair for 2’Th. Moreover, HOPO-Os-C4 showed excellent affinity for 4’Sc and

promising complex stability in vivo.
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Chapter 1.

Introduction

1.1. Background

Targeted radionuclide therapy (TRT) has emerged as a highly promising
alternative to traditional cancer therapies (e.g., chemotherapy or biologically targeted
therapy) due to its ability to non-invasively treat disease by selectively depositing a
radiation payload to the damaged cells while sparing the nearby healthy tissue. The
specificity of TRT results in very little off-target toxicity and fewer side effects, significantly
increasing the quality of life of patients during and after treatment.” The cytotoxic radiation
is delivered to the tumor site by radioactive nuclides incorporated in a drug complex known
as a radiopharmaceutical. The decay properties of the isotope will determine its use.
Therapeutic radionuclides are those that decay via the emission of alpha (a) or beta ()
particles or Meitner-Auger electrons (MAEs). In contrast, radioisotopes used for nuclear

imaging emit photons (gamma (y-rays)) either directly or indirectly.

The synchrony of therapy and imaging is key to the successful application of
nuclear medicine. Indeed, one clear advantage of TRT is the possibility to assess the
therapeutic efficacy and monitor the disease progression using nuclear imaging tools.
Single photon emission computed tomography (SPECT) and positron emission
tomography (PET) are the most common imaging modalities. The main difference
between SPECT and PET is the type of radionuclides used. While SPECT imaging
requires the use of a y-emitting radionuclide (e.g., technetium-99m (**"Tc), indium-111
(""In)), PET scans are based on the coincidence detection of 511 keV photons produced
during positron (%) annihilation, which are emitted by radionuclides such as fluorine-18
("8F) or gallium-68 (%8Ga) to create a 3D image.?® SPECT imaging has been traditionally
used more extensively than PET due to its availability and lower cost. However, current
trends in nuclear imaging are moving towards the use of PET because of its higher
resolution and sensitivity. SPECT and PET scans are usually performed along with CT

scans (3D x-rays) to obtain a more detailed biological representation.



1.1.1. Radiopharmaceutical design

How a radionuclide is incorporated into a drug complex depends on the nature of
the radionuclide. Generally, ‘organic’ or non-metallic isotopes (e.g., '®F, iodine-131 (*3'),
carbon-11 (''C)) can be incorporated via covalent bond linkages, while ‘inorganic’ or
metallic radioisotopes (e.g., ®Ga, '""In) can be attached to a disease delivery vehicle via
coordinate bonds through a chelating ligand. Often, the preparation of organic
radiopharmaceuticals can involve a complex and lengthy radiosynthesis which requires
the production of large amounts of radioactivity to compensate for the short half-life.
Metallic radionuclides (aka radiometals) have emerged as excellent candidates to expand
the nuclear toolbox as they are extremely flexible in terms of radiological half-life, decay
emissions, and chemical properties making them amenable for incorporation into
radiopharmaceuticals for imaging and therapy. Consequently, the vast majority of

emerging radionuclides being investigated for TRT are radiometals.

1.1.1.1. The bifunctional chelate (BFC) strategy

The most common approach to building an inorganic radiopharmaceutical is the
bifunctional chelate (BFC) strategy (Figure 1.1). The purpose of this design is to use a
chelate that can both sequester the radiometal and offer a conjugation point for the
incorporation of a disease-targeting moiety (e.g., antibody, peptide). Employing this
strategy, a typical radiopharmaceutical will have four components: (i) a radiometal with
physical properties relevant for medical applications (type of decay and half-life), (ii) a
chelate for metal binding and functionalization, (iii) a targeting vector that ensures drug
accumulation in damaged cells, and (iv) a linker to connect the chelate and targeting
vector. An advantage of this strategy is the possibility to tune each component individually
to optimize the radiopharmaceutical performance.>? Despite the apparent simplicity of this
strategy, many considerations must be accounted for when designing a
radiopharmaceutical. Some of the most important are the availability and accessibility of
the radionuclide, matching of the physical and biological half-life of the radionuclide and
targeting vector, the influence that the linker can have in the biodistribution of the drug
complex (e.g., lipophilicity), and selectivity of the targeting vector for receptors that are
overexpressed in cancer cells with minimal expression in neighbouring healthy cells. In
this thesis, we are focusing on the basic component of this strategy, the bifunctional

chelate. In general, the ideal BFC will have the following properties: fast complexation (<1



h) at low temperatures (<40 °C) and mild conditions (buffered solutions compatible with
biological systems), thermodynamic stability and kinetic inertness to avoid demetallation
in vivo and high selectivity for the desired radiometal to reduce the binding competition of

metal impurities present in solution.

BFC design

When a new chelate is developed, it is essential to know the chemical properties
of the desired radiometal including oxidation state, hard-soft acid-base (HSAB) character,
preferred coordination number(s), redox chemistry, or the affinity to bind endogenous
proteins to rationally design a BFC that will have all the ideal properties for
radiopharmaceutical elaboration. However, this knowledge is not always available
especially for radiometals that do not have stable isotopes (e.g., actinium-225 (*°Ac)). In
these cases a surrogate metal is chosen that has similar chemical properties (e.g., La®**
for Ac®*) for which comparisons can be drawn. Once this information is gathered, the next
question is the choice of a macrocyclic or an acyclic chelate. Historically, macrocycles are
more kinetically inert than acyclic chelates even if their thermodynamic stabilities are
comparable. Macrocycles also benefit from a lower entropic loss upon metal coordination
compared to acyclics, due to the so-called macrocyclic effect. In contrast, acyclics tend to
have faster coordination kinetics. However, with the recent enormous effort on developing
highly efficient chelates, both macrocyclic and acyclic chelates have demonstrated
excellent radiolabeling properties with a variety of radiometals, for example, the
macrocycle Homacropa with ??Ac or the acyclic Me-3,2-HOPO with thorium-227 (?'Th)
which can both label the corresponding isotopes at room temperature in 30 min. Lastly, it
is important to design a synthetic route for the BFC that is relatively simple and modular
to incorporate various bifunctional handles (e.g., p-SCN-benzyl, maleimide group) for
conjugation to different targeting vectors. To reduce the synthetic workload and optimize
time and resources, it is common to design a route for the BFC but first synthesize the
simpler version without the bifunctional handle. If preliminary radiolabeling results are

promising, then attaching the bifunctional handle should be straightforward.

BFC evaluation

Once the chelate or the BFC is synthesized, preliminary radiolabeling screening is
used to determine the suitability for use with the radiometal(s) of interest: binding affinity

to the radiometals and conditions required to achieve high yields. If the radiometal-chelate



complex fulfills the requirements of a BFC (vida supra) including high yields at low
concentrations then the complex can be further characterized using the non-radioactive
metal (or surrogate) through the standard inorganic chemistry characterization techniques
including NMR, MS, UV-vis, etc. Structural information of the complex in solution can be
obtained by NMR spectroscopy or in the solid state by X-ray crystallography.
Thermodynamic stability constants or formation constants (Ku.) and pM values (-log
[M]iee) — independent of the ligand protonation constants — are usually determined by
potentiometry or spectrometric titrations and are useful values to compare the binding
affinity of the same or different chelates with multiple metals. The kinetic inertness can be
measured through acid dissociation constants or through competition assays with other
metals that can compete in vivo with the radiometal of interest (e.g., Ca?*, Fe®").8 It is
important to note that all these characterization data are obtained in the metal
concentration range of 0.01-1 mM which is a few orders of magnitude higher than the
radiometal concentration in the radiolabeling experiments which is typically in the pM to
nM range. Thus, all this information is not directly relatable to the experimental

radiochemistry data although it is extremely helpful in the design of future chelates.

Before conducting in vivo studies as an ultimate test of the radiometal-chelate
complex stability, the complex is usually incubated in vitro in a mixture of biologically
relevant mixtures such as human serum or blood serum and monitored over time via
standard radioactive techniques (radio-thin layer chromatography (TLC) or radio-HPLC)
to determine the amount of intact complex. This assay is a more pertinent way to estimate
the stability and kinetic inertness of the radiometal complex in vivo. Failure to remain >80%

intact over a reasonable time frame (~1 half-life) can indicate a low in vivo performance.

linker \ '/ targeting vector
radiometal \ bifunctional chelate

Figure 1.1. Depiction of the bifunctional chelate (BFC) strategy used for the
radiopharmaceutical design.

Besides the BFC strategy, other radionuclide delivery approaches that have been

investigated include unconjugated radionuclide compounds (e.g., radium-223



[***Ra]RaCl,), nanoconstructs, and microspheres (e.g., yttrium-90 (*°Y-microspheres)). *-
" However, in this introduction we only describe the radiopharmaceuticals designed via

the BFC model. For further information, the reader is redirected to the following reviews."'2

1.1.2. Radiotheranostics

Theranostics (aka theragnostics) is an emerging medical technique that couples
imaging and therapy of disease. Radiotheranostics is the term used in nuclear medicine
that describes the use of one or two radiopharmaceuticals for theranostic purposes,
typically one radiopharmaceutical which emits particulate radiation for therapy, and a
second drug which emits photons for imaging/diagnosis (Figure 1.2). The success of
radiotheranostics lies on the identical or very similar chemical and biological properties
(i.e., biodistribution, pharmacokinetics, etc.) of the radiopharmaceutical pair in use.
Choosing the wrong theranostic pair can lead to the use of inappropriate therapeutic
strategies ultimately leading to detrimental effects in treatment accuracy.’®'> Theranostic
pairs can generally be divided into three categories: (i) same-element isotope pairs, (ii)
different-element pairs, and (iii) different-radiopharmaceutical pairs.' In an ideal situation,
a same-element theranostic pair would be chosen due to the intrinsically identical
chemical properties of the two radioisotopes with the only difference being the number of

neutrons, for example, '2*I/"3'l, or yttrium-86 and yttrium-90 (86Y/0Y).16-18



ISIep 1 - Pre-therapy imaging

SPECT

LET = 0.2 keV keV/pm
0.5-12 mm

LET = 4-26 keV/pum
LET = 50-230 keV/pum <10 pm

50-100 pm

Step 3 - Post-therapy imaging

Figure 1.2. Depiction of a typical radiotheranostic treatment process.

Step 1 — the patient is administered a *-emitting radiopharmaceutical for PET or SPECT imaging,
respectively. Acquired images can be used to diagnose and stage disease and predict response to
therapy. Representative PET/CT scan shows widely spread metastatic disease indicated by
accumulation of radioactivity (black regions) throughout the skeletal structure, and normal excretion
of radiotracer through the kidneys. Step 2 — the patient is administered one or more cycles of a
radiopharmaceutical that emits particulate radiation (a, -, or Meitner-Auger electrons) that can
cause DNA damage and cell death. Step 3 — the patient is administered with the same imaging
radiopharmaceutical as in step 1, and the response to therapy is visualized through image
acquisition. Representative PET/CT scan shows the image of the same patient after treatment;
metastatic disease is gone, and only normal renal excretion of the radiotracer remains. In all steps,
following administration, the radiopharmaceutical circulates the body and primarily accumulates at
the diseased cells (e.g., a targeting vector covalently attached to the radiation payload binds to
over expressed surface receptors on diseased cells). Representative PET/CT images were
originally published in JNM: Kratochwil, C., et al. J. Nucl. Med. 2018:59:795-802 ©SNMMI



The different radioisotopes are bound to the same delivery system and the
resulting radiopharmaceuticals are generally accepted to have the same biological
behaviours. Unfortunately, there are very few elements that have a therapeutic
radioisotope and an imaging analogue with decay characteristics relevant to nuclear
medicine. Different-element pairs labeled to the same drug complex are the preferred
choice when the same-element isotope pair is not possible. In this case, the therapeutic
and imaging isotope must have very similar chemical properties. The evaluation of the
suitability of this type of theranostic pair is not straightforward and often chemically similar
isotopes are assumed to have similar biological properties when this is usually not the
case. Most of the theranostic pairs in current clinical use are different-element pairs which
are chosen based on their complimentary decay properties and ease of access and
availability rather than their chemical similarities and characteristics. The most remarkable
pair is ®8Ga and lutetium-177 ([%8Ga]Ga-DOTATOC/['"Lu]Lu-DOTATOC) (1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)-Tyr*-octreotide (TOC)) used for
PET imaging and TRT, respectively.’®2° The last and most complex group is the different-
radiopharmaceutical pairs. A wide range of options arises from the combination of
different-element isotopes and different radiopharmaceuticals (e.g., [**"Tc]Tc-HYNIC-
TOC (hydrazinonicotinic acid (HYNIC)) and ['®F]-FDG (fluorodeoxyglucose)).?! The
assessment of each pair is highly challenging and thus will not be taken into account here.

Only the same- and different-element isotope pairs will be discussed here.

1.1.3. General considerations of radiotheranostics

1.1.3.1. Radiobiology

Radiobiology studies the biological response of cells to ionizing radiation and the
resulting cellular consequences.?? DNA is the main target of radiation-induced damage.
The incident radiation produces a variety of direct DNA lesions including single-strand and
double-strand breaks (SSBs, DSBs) or base pair modifications and indirect mechanisms
such as water dissociation leading to the production of reactive oxygen species (ROS) or
hydroxyl radicals. These clusters of DNA damage activate a large number of cellular
pathways (apoptosis, cell-cycle arrest, etc.) ultimately leading to cell death. Although the
cell has mechanisms to repair small lesions such as SSBs, the accumulation of many
unrepaired lesions or a few highly cytotoxic events (namely DSBs) is lethal. The biological

response of cells is dependent on many factors including the total dose, absorbed rate,



type of tissue, volume of the irradiated area or the linear energy transfer (LET), which
measures the energy released by radiation per unit of length (keV/um). At equal absorbed

doses, radiation with high LET is more cytotoxic than low LET.?2-25

The DNA-centered approach has changed over the years with the discovery of
alternative radiation-induced biological effects that cannot be explained by this simplistic
view. The new paradigms include extra-nuclear targets (cell membrane and mitochondria)
and non-targeted effects, also known as the radiation-induced bystander effect (RIBE)%.
The RIBE is the production of signals from irradiated cells which induce responses to non-
irradiated cells in the vicinity. A complete understanding of the RIBE effect can significantly
impact the design of novel TRTs by incorporating a non-targeted effect model in dose
assessment. Detailed descriptions of these effects are out of the scope of this introduction

and the reader is directed to the following articles.??2326

1.1.3.2. Dosimetry

Radiation dosimetry is the measurement of the absorbed dose delivered by
ionizing radiation to healthy and damaged tissue.?® Dosimetry studies are highly important
because they provide an understanding of the effects and efficacy of various radiation
treatments and are essential for the determination of the correlation between treatment
doses and patient response. Dosimetry calculations are currently obtained by analyzing
quantitative PET and SPECT images of the radiopharmaceuticals after injection. This
approach only provides information at a macroscopic scale (organs and large tumors) and
dosimetry calculations at a microscopic level still remain a challenge."* Profound
research efforts are currently aimed at developing novel methodologies for the accurate
quantification of absorbed dose. These findings will have a large implication in the clinical
implementation of novel radiopharmaceuticals for TRT. In this context, radiotheranostics
are believed to be the future of nuclear medicine by establishing the basis of personalized
precise treatment. Detailed information on the dosimetry of radiotheranostics can be found

elsewhere.®

The development and clinical investigations of novel radiopharmaceuticals is a
rapidly evolving research field. Besides the widely used FDA-approved drugs, the recent
incorporation of a novel radionuclide-based therapy, lutetium-177 ['7’Lu]Lu-DOTATATE
((Tyrs-Thr®)-octreotate (TATE)) (Lutathera®),?” is an important milestone in TRT that is

encouraging further development of radiotracers based on rare medical isotopes. We



envision that the clinical implementation of these emerging drugs will have an enormous
impact on cancer treatment in the coming years. In this review, we have selected some of
the most prominent radioisotopes that we believe will be part of an increasing catalogue

of available radiopharmaceuticals.

This introduction chapter presents some of the most promising and emerging
radionuclides for TRT for cancer treatment. The radioisotopes are classified according to
their type of emission (a, f~ and MAE) and each section includes a brief description of the
type of therapeutic particle followed by the chemistry, production, and biological studies
of the corresponding radionuclide. This introduction chapter intends to give an overview
of the cutting-edge radionuclides which the authors believe have immense potential for
clinical TRT applications. We also present a discussion of the possible theranostic pairs
of each radionuclide and the advantages and disadvantages of each. The commonly used
therapeutic radionuclides are not described here and the reader is referred to other

reviews on the topic."#%

1.2. a-particle-emitters

An alpha (a) particle is a nucleus of helium-4 (*He)?* consisting of two protons and
two neutrons. Due to the high positive charge and heavy mass, alpha particles are a
source of highly powerful ionizing radiation (LET 50-230 keV/um) (Figure 1.2).22 Their
high energy (5-9 MeV) and short tissue range (50-100 ym, <10 cell diameters) make a
particles very suitable for the treatment of small metastatic tumors or circulating malignant
cells (blood or bone marrow). In addition to their highly toxic intrinsic nature, some of the
most up-and-coming a-emitters (*°Ac or 22’Th) decay via the emission of multiple a

particles which drastically increases the potency of such radioligands.

Although it has been clinically demonstrated that alpha particles are extremely
powerful tools for tumor eradication, a few challenges must be addressed before targeted
alpha therapies (TATs) can be translated into the clinic: (i) the fate of the daughter isotope
after an a decay, particularly for multiple a-emitting radionuclides, is a general concern
surrounding TAT. Each a emission has an associated recoil energy of about 100-200 keV
that will break coordination bonds (~5 eV) causing the detachment of daughter isotope
from chelate thus resulting in the “free” circulation of potentially radiotoxic radionuclides

that might cause undesired harm. For example, in the case of ?2°Ac with four a-particle



emissions, the longest-lived daughter isotope bismuth-213 (3'3Bi, t12 = 46.6 min) is known
to accumulate in kidneys when circulating “freely”. Cell internalization of the
radiopharmaceutical may be a way to overcome the recoiling daughter issue although
there is yet no solid evidence of the daughter radionuclides’ retention inside cells;?>? (ii)
radiation dosimetry is another impediment to the development of TAT. High LET, short-
range and complex decay schemes with multiple a emissions make the dosimetry
methods of a-emitters highly demanding.?52%3° A promising tool for TAT dosimetry is the
a-camera developed by Back et al.3! This revolutionary bioimaging technique provides
quantitative data to detect a-particles in tissues ex vivo on a near-cellular scale. Despite
the difficulties associated with the clinical implementation of alpha-emitters, there are
currently already three FDA approved a-particle emitting agents. A non-targeted drug
used to treat skeletal metastases, [*®Ra]RaCl, (Xofigo®), and two targeted '’Lu
radiopharmaceuticals, ['’Lu]Lu-DOTATATE to treat neuroendocrine tumours and

['"Lu]Lu-PSMA-617 (Pluvicto®) for metastatic prostate cancer.?”*?

Despite the aforementioned issues which are currently being addressed by many
research groups, a-emitters are of high interest due to their increased potency compared
to the commonly used B-emitters. There are some clinical reports where an excellent
response to a-therapy has been observed in patients that were resistant to B- therapy.*-
% The immense potential of a-emitters as therapeutic agents in nuclear medicine is
undeniable; this promising group of radiopharmaceuticals is expected to become part of
routine hospital treatments. The most prominent and emerging alpha-emitting isotopes will
be presented next (summarized in Table 1.1); other clinically relevant a-emitters have not

been described here but can be found elsewhere (e.g., astatine-211 (?''At) or 2'2Bi).4¢-3
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Table 1.1 a-emitting radionuclides discussed in this chapter with relevant physical decay data, chelates of interest, targeting
vectors employed in previous biological studies, and previously used or proposed (blue) theranostic pairs.

Isotope  Half-life  Decay Eavg Chelates Targeting vectors Theranostic Pair
(keV) used/proposed
mAb Peptides Small molecules
149Th 41h a(17%) 4000 CHX-A"-DTPA  rituximab® 149Tb (SPECT)%®
DOTA PSMA-61738 152Tp (17.5 h, PET)*142
cm(93940 155Th (5.32 d, SPECT)*
212Pph 10.6 h B 100 DOTA aMSH# PSMA-targeting®  203Pb (51.9 h, SPECT)#
a(36%)2 63008 TATE*
TCMC trastuzumab*®4° PSMA-61750
NG00150
PSMA-targeting*®
CA01247
Crypt®!
Cyclen-4py®2
25A¢ 10.0d a 5800 DOTA lintuzumab?® Substance-P*#  PSMA-6173357 68Ga (67.7 min, PET)%
TOCs556 "n (2.80 d, SPECT)%®
H2macropa trastuzumab® RPS-070% '32La (4.59 h, PET)
Hobispa? &0 133La (3.91 h, PET)
crown aMSH®! 1%4Ce (3.16 d, PET)
Hipy4dpa trastuzumab®? 26A\c (29.4 h, SPECT)
21Th 18.7d a 6000 DOTA trastuzumab®® 87r (78.4 h, PET)
(Me-3,2-HOPO)s  Mesothelin- 134Ce (3.16 d, PET)
targeting®
PSMA-targeting®

Branching ratios in parentheses if not 100%. 2Decay daughter
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1.2.1. Terbium-149

Terbium is a unique element with four clinically relevant isotopes ('“°Tb, '%Tb,
1%5Tp, '1Tb) with nuclear properties suitable for all types of imaging and therapeutic
applications. Terbium-149 ('*°Tb) is a low-branching alpha-emitting radionuclide with a
half-life of 4.1 h (E(a) = 4.0 MeV, branching ratio (BR) = 17%)" (Figure 1.3).

H“9Th EC Gd EC WEY EC 1498 m
4.1h 83% 9d 93d stable
a l 4.0 MeV

%SEu EC 1458m EC 145pm EC 1Nd
59d 340 d 17y stable

Figure 1.3. '°Tb decay scheme

1.2.1.1. Production of "Tb

Obtention of high specific activity *°Tb has proven to be challenging. In general,
the production of all terbium radionuclides with interest in nuclear medicine is not easily
accessible and is dependant on mass separation facilities. There are currently only a few
facilities with the capability to produce '“°Tb: ISOLDE facility at CERN (Geneva,
Switzerland) is among the most active research centers. To date, the most efficient
production route is the proton-induced spallation of tantalum targets on a zinc-covered

gold foil via a "™Ta(p,x)"°Tb nuclear reaction followed by online mass separation.3é4°

Alternative methods were previously described using light particle-induced (p or
34He) reactions on '2Gd or heavy ion induced nuclear reactions by direct or indirect
methods such as "'Pr(2C, 4n)"Tb or “2Nd('?C, 5n)'4°Dy-"14°Tb.5¢6” However, the easy
availability of tantalum and the obtention of highly pure '°Tb using an online mass
separation technology have made this methodology the preferred pathway to obtain small
amounts of clinical-grade **Tb. The large-scale production of this rare isotope is currently

being developed.

'Physical-decay data (half-life, energies, intensities, branching ratios) for all radioisotopes were
obtained from the National Nuclear Data Center (nndc.bnl.gov) unless otherwise noted.
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1.2.1.2. Chemistry of terbium

Terbium has only one naturally occurring stable isotope ('*°Tb). It is commonly
found in the 3+ oxidation state with an ionic radius of 1.04 A in coordination number (CN)
= 8 and as a lanthanide member, it has a high binding affinity for oxygen donor ligands. In
the context of nuclear medicine, Tb® is chemically very similar to *Y?* (1.16 A in CN = 8)
and "7Lu®>* (1.12 Ain CN = 8).%¢

1.2.1.3. Chelates of interest

DOTA (N4Og4; Table 1.2) forms highly stable complexes with Tb (log Km. = 23.5-
28.6) and it is the preferred choice for terbium chelation; however, radiolabeling reactions
require high temperature (95 °C) which is incompatible with temperature-sensitive
biomolecules.*'®® On the other hand, diethylenetriaminepentaacetic acid (DTPA, N3Os,
Table 1.3) forms equally robust complexes (log Ku. = 23) and its derivative 2,2'-((2-
(((1S,2S)2bis(carboxymethyl)amino)cyclohexyl)-(carboxymethyl)amino)ethyl)-
azanediyl)diacetic acid) (CHX-A"-DTPA) (N3Os, Table 1.3) has been used in heat-
sensitive reactions as it can achieve quantitative radiolabeling at room temperature.** With
the successful Tb chelation using commercially available chelates, the development of
terbium tailored chelates has not been needed urgently, while research efforts have

prioritized the scale-up of isotope production.

1.2.1.4. Biological studies with "*°Tb

The low availability of '°Tb has resulted in a limited number of studies on the
therapeutic efficacy of "°Tb radiopharmaceuticals (Table 1.1). ["°Tb]Tb-CHX-A"-DTPA-
rituximab was the first radiotracer of this isotope investigated in a preclinical study in
animal models.*” Additionally, encouraging results have been obtained with the prostate-
specific membrane antigen (PSMA) PSMA-617 and cm09 (Table 1.4), a low molecular-
weight DOTA-folate conjugate with an albumin binding entity to enhance blood circulation
time.3®4° Tumor growth delay and increased survival times with no signs of acute toxicity

were observed in treated mice in both studies.
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Table 1.2. Selected macrocyclic chelates discussed in this chapter.
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Potential (radio)metal coordinating atoms highlighted in blue. R (red) represents atom position for conjugation to
targeting vectors or integration of a linker to create a bifunctional chelate (BFC).
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1.2.1.5. "9Tb theranostic pairs

49Tph stands as a therapeutic isotope itself with the emission of y rays (E(y) = 165
and 359 keV, | = 26 and 29%) with energies suitable for SPECT imaging, respectively.
The suitability of in vivo tumor localization with "°Tb radiotracers in tumor xenografts has
been demonstrated in two different studies.®° Although the quality of the images was
very high, it has been noted that the required dose for in-human visualization is not known

yet and further investigations are needed to translate the imaging possibilities into clinics.”

Figure 1.4. (A) PET image of Derenzo Phantoms (~ 1.9 MBq of '%?Tb). (B) SPECT
images of Derenzo Phantoms (~ 0.6 MBq of '*°Tb). (C) SPECT images
of Derenzo Phantoms (~ 50 MBq of '6'Th).

Adapted from Miller C, Zhernosekov K, Késter U, et al. A unique matched quadruplet of terbium

radioisotopes for PET and SPECT and for a-andg- radionuclide therapy: an in vivo proof-of-

concept study with a new receptor-targeted folate derivative. J Nucl Med. 2012;53:1951-9.40

In addition, there are two more terbium isotopes with decay properties suitable for
imaging, '2Tb (t12=17.5 h, E(B*avg) = 1.14 MeV, | = 20%) for PET and "°Tb (t1.= 5.32 d,
E(y) = 86.5 and 105.3 keV, | = 32 and 25%) for SPECT. The feasibility of '52Tb and '>°Tb
was first demonstrated in phantom studies by Mdiller et al. (Figure 1.4).%° Despite the lower
resolution, ®?Tb has already been tested as the imaging surrogate of '*°Tb in two different
in-human studies using DOTATOC and PSMA-617 in substitution of the routine imaging
isotope ®#Ga (t12 = 67.7 min, E(B*avg) = 829.5 keV, | = 89%).4'42 The use of "*2Tb has a
clear advantage over ®Ga due to its longer half-life which would allow for imaging at late
time points. Regarding the imaging potential of '52Tb, there is currently only one study on
its use as the diagnostic pair for '"’Lu instead of the imaging radionuclide ""'In (t1,>, =2.80
d, E(y) = 171.3 and 245.3 keV, | = 91 and 94%), which can be radiolabeled to the same
chelates as ""’Lu but has very different chemical behaviour and pharmacokinetics to radio-

lanthanides.*?
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1.2.2. Lead-212

Even though lead-212 (?'2Pb) is a pure beta emitter (t12= 10.6 h, E(Bav) = 100
keV, intensity (I) = 100%), it is commonly investigated in alpha therapy as it can be used
as an a particle generator through its decay daughter 2'?Bi (t12 = 60.5 min, E(a) = 6.3 MeV,
36%) and the very short-lived polonium-212 (>'?Po, ti»= 0.51 s, E(a) = 7.4 MeV) (Figure
1.5). One of the benefits of 2'?Pb labeled radiopharmaceuticals is extending the short half-

life of 2'?Bi which allows increased sample preparation time.

IIZPb B 212Bi B 211P°
10.6 h

60.5 min| 64% 0.51s

l 6.3 MeV a [ 7.4 MeV

2001-1 p mepb
3.05 min stable

Figure 1.5. 2'2Pb decay scheme

1.2.2.1. Production of 2'2Pb

212Pp is obtained with high yields from a ??*Ra generator that can be used for on-
site production of clinical grade 2'?Pb and 2'?Bi. The production and separation methods
for the obtention of highly pure 2'2Pb and 2'?Bi have been well described before.”" In brief,
224Ra is obtained by eluting with 1 M HCI a generator column containing actinide resin with
immobilized ?26Th. Then a solution of ?**Ra in equilibrium with its progeny in 0.1M HCIl and
0.5 M NH4OAc is used for radiolabeling.”

1.2.2.2. Chemistry of lead

208Pp s the most abundant natural lead isotope (52.4%). Pb exists in two different
oxidation states, 2+ and 4+, although Pb?* is more stable. Pb?* is classified as an
intermediate/soft Lewis acid according to the hard-soft acid-base (HSAB) theory and thus
can form stable complexes with a variety of compounds bearing N, S or P atoms. Lead
compounds are found in a vast variety of coordination numbers (1-12) and geometries
and it has a large ionic radius that ranges from 1.19-1.49 A (CN 6-12).5873
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Table 1.3. Selected acyclic chelates discussed in this chapter.
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Potential (radio)metal coordinating atoms highlighted in blue. R (red) represents atom position for conjugation to
targeting vectors or integration of the linker to create a bifunctional chelate (BFC).
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1.2.2.3. Chelates of interest

Chelation of the 2'2Pb radioisotope has been explored with mainly two chelates,
the multi-purpose macrocycle DOTA and the Pb?* specifically designed 2-(4-
isothiocyanatobenzyl-1,4,7,10-tetraaza-1,4,7,10-tetra-(2-carbamonylmetyl)-
cyclododecane (TCMC, NsO4; Table 1.2).5%7* Even though Pb-DOTA complexes are
stable at biological pH, this macrocyclic ligand is only able to retain about 65% of the
progeny isotope generating off-target toxicity that can be fatal in vivo.” Moreover, DOTA
is susceptible to acidic conditions which can result in the acid-catalyzed dissociation of
Pb?* after cell internalization or during metabolic processing of proteins. These low
concentrations of “free” lead have been demonstrated to be transported by red blood cells
to the bone causing bone marrow toxicity.”®’”. TCMC, a DOTA derivative bearing four
amide pendant arms, has to date been the most effective lead chelate.”""® 2'2Pp
radiolabeling of TCMC can be easily achieved in a short time at mild temperatures (30
min, 37 °C).%° The coordination of the lead ion in the Pb-TCMC complex is very favourable
and results in a full encapsulation of the metal ion in an eight-coordinate complex which
enhances the stability of the complex and lowers the acidic lability of the metal ion.
Unfortunately, the destabilization of the decay daughter from the TCMC complex remains
a challenge.*® The Ramogida group has recently reported the development of a cryptand
BFC (Crpyt, N2O4) with similar radiolabeling affinity to TCMC and an evaluation of the
effect of the macrocyclic ring size on 2'?Pb complexes.?'%2 Among the studied structures,
two pyridyl-based macrocycles (Crown-4py, NgsO2 and Cyclen-4py, Ng) showed higher

specific activities to the TCMC analog complexes.

1.2.2.4. Biological studies with ?'2Pb

212Pp mAb (monoclonal antibody)-conjugates have been investigated extensively
for radioimmunotherapy despite the seemingly incompatible physical half-life of the
isotope and biological half-life of the targeting vector (typically 3-4 weeks for mAbs).4879.80
Among them, [>'2Pb]Pb-TCMC conjugated to trastuzumab (tzmb, Herceptin®), which
targets the human epidermal growth factor receptor 2 (HER2) overexpressed in many

breast cancers, has shown the most promising therapeutic results.*84°81

With a better matching biological and physical half-life, 2'?Pb radiopharmaceuticals
have also been investigated for peptide receptor radionuclide therapy (PRRT) (the

biological half-life of radiolabeled peptides is generally on the order of hours to days).8
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Multiple targeting vectors such as derivatives of the melanocyte-stimulating hormone
(MSH; Table 1.4) or TATE (Table 1.4) have been conjugated to a [*'?Pb]Pb-DOTA
construct for preclinical studies.*+4°8#8 The encouraging preclinical data of ['?Pb]Pb-
DOTAMTATE (DOTAM = TCMC) supported the initiation of a phase | clinical trial
(NCT03466216).

212Pp-labeled TCMC and DOTA have also been investigated in the context of
PSMA ligands.*647:50 While both radiopharmaceuticals seem to have similar biodistribution
profiles and tumor uptake, a 2.5-fold decrease in kidney uptake was observed for
[?"?Pb]Pb-TCMC-PSMA compared to [*'?Pb]Pb-DOTA-PSMA. High stability of the
radiotracers in vivo was determined by the absence of detectable 2'*Bi activity outside of

the tumor region after 24 h.°

1.2.2.4. 293pb theranostic pairs

23Pp (t12 = 51.9 h, E(y) = 279.1 keV, | = 81%) is a gamma-emitting radioisotope
and the ideal theranostic pair for 2'2Pb suitable for SPECT imaging. Besides, ?°Pb is a
very unique theranostic match because of its readily commercial cyclotron production and
long half-life that accounts for four half-lives of 2'?Pb.8® Garmestani et al. performed
pioneering work on the purification of 2°Pb and in vitro and in vivo evaluation of 2°°Pb
radioimmunoconjugates with [2°*Pb]Pb-C-DOTA-trastuzumab.® The similar biochemical
behaviour of 2°3Pb and ?'?Pb labeled peptides and small molecules has been examined in
preclinical studies with animal models.*68 Strikingly, the clinical potential of [?®*Pb]Pb-
TCMC-PSMA image-based dosimetry in patients has recently been evaluated in two
patients with metastatic castration-resistant prostate cancer (mCRPC).*” This report
highlights the importance of being cautious when extrapolating dosimetry studies from
203pp to 2'2Pb due to the inherent different decay properties. Therapeutic studies with the

212Pp analogue are warranted.
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Table 1.4. Selected targeting vectors discussed in this chapter.
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1.2.3. Actinium-225

225A¢ (t12 = 10.0 d, E(a) = 5.8 MeV), with four powerful alpha particle emissions, is
among the most promising isotopes for TAT. The decay chain of ??’Ac generates a
cascade of six progeny isotopes with a total emission of four a and three B~ particles
(Figure 1.6). The predominant decay path includes the two short-lived isotopes 22'Fr (ti/2
= 4.80 min, E(a) = 6.3 MeV) and 2"7At (t1. = 32.3 ms, E(a) = 7.1 MeV) followed by 2'3Bi
(t12 = 45.6 min, E(a) = 5.8 MeV, BR = 2%), which has been evaluated as a therapeutic
isotope itself. However, there is a growing preference to use the longer-lived parent
isotope 225Ac for the optimal distribution and therapeutic efficiency of the tracer in larger

tumors.

a l 5.8 MeV
Z2lFr l{' ZZIRE
L .

4.80 min | <0.1% 28s
| Ne—
a l 6.3 MeV a 1 6.8 MeV
)  EE—
2A7A¢ B 27Rp
e - —
32.3ms | <0.1% | 0.54 ms

i

a 1 7.1 MeV a | 77Mev

213Bi B 213P°
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Figure 1.6. 22Ac decay scheme

1.2.3.1. Production of 225Ac

The global #?°Ac supply comes from stockpiles of 22°Th (t12 = 7340 y), a daughter
nuclide from 23U that was produced via neutron irradiation of 22Th as a component of the
U.S. molten salt breeder reactor program for nuclear weapons development.®” There are
currently three main worldwide sources of 22°Th that provide clinical-grade ??°Ac: Oak
Ridge National Laboratory (U.S.), Institute for Transuranium Elements (Germany) and
Leipunskii Institute for Physics and Power Engineering (Russia). The standard procedure

to separate carrier-free 22°Ac is achieved via a four-step chemical process consisting of
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anion and cation exchange chromatography in concentrated HNO3 8:8° The current annual
worldwide production of 22°Ac is estimated to be ~63 GBq® which is sufficient for research
and initial pre-clinical evaluations yet not enough to perform large clinical trials or to
incorporate ?*°Ac radiopharmaceuticals in routine treatments. Thus, much effort has been
put towards the development of novel methods to produce ??°Ac at a large scale and
reduced costs. Most of the production alternatives involve target irradiation of its parent
nuclide ?2Ra. Among the various routes proposed,®!*? the proton irradiation of °Ra in a
cyclotron via the reaction ?2Ra[p,2n] shows potential; however, the use of ?2°Ra targets is
complex due to the low availability and the safety hazards associated with this isotope.8®
Spallation of 2%2Th with high energetic protons has also been suggested to obtain
significant amounts of pure ?%Ac 28619 For more details on the production of ?%Ac,

readers are directed to the review by Radchenko et al.?®

1.2.3.2. Chemistry of actinium

Little is known about the coordination chemistry of actinium as this element has no
stable isotopes. It is a low polarizable ion classified as a “hard’/intermediate acid according
to HSAB theory which is likely to form stable complexes with hard bases, such as O or N
atoms.% 2Ac has a very large ionic radius of 1.12 A (CN = 6) and will, therefore prefer
large coordination numbers (CN > 8).668% Ac is found almost exclusively as Ac®"'.
Characterization of Ac®* complexes is extremely challenging due to the electronic
configuration of the ion (5f°%6d°), which makes the isotope silent to the most common
spectroscopic techniques (UV-vis, EPR, etc.), and the low branching ratios of the y
emissions of 22Ac and ??’Ac and their daughters, which result in poorly resolved gamma

spectroscopy spectra.®®

Lanthanum (La®') is commonly used as an Ac surrogate metal to perform
coordination chemistry studies due to its similar chemical properties. However, this
methodology has some limitations and the fundamentals of Ac chemistry remain virtually
unexplored to date.®* The exceptionally promising results of 2?°Ac radiopharmaceuticals
for TAT have motivated researchers to explore new technologies to elucidate many
aspects of actinium coordination chemistry. In 2016, Ferrier et al. characterized for the
first time the Ac-aquo ion using XAFS revealing that the Ac®*ion is coordinated to 10.9 +
0.5 water molecules with an Ac-Owxo distance of 2.63(1) A.% Aldrich et al. recently

reported the development of a 22Ac generator, a short-lived actinium isotope (**Ac, ti2 =

22



6.15 h) with intense and well-defined gamma emissions suited for y spectroscopy offering

a new perspective to the characterization of Ac complexes and their chemical behaviour.%”

1.2.3.3. Chelates of interest

Predicting the chemical structure of a ligand that can form stable Ac** complexes
in vitro and in vivo is extremely challenging when considering the current poor
understanding of actinium chemical behaviour. Initial complexation studies involved the
evaluation of both the common acyclic ethylenediaminetetraacetic acid (EDTA, N20a),
DTPA and cyclic ligands (1,4,7,10,13-pentaazacyclopentadecane-N,N',N" ,N"" /N""-
pentaacetic acid (PEPA, NsOs), 1,4,8,11-tetra-azacyclotetradecane- 1,4,8,11-tetraacetic
acid (TETA, N4O4), DOTA.%° The only one that showed quantitative labeling and stability
in vivo was DOTA'00.101 yet, the stability of [??°Ac]Ac-DOTA has been questioned several
times thereafter.%®'°2 Moreover, DOTA has suboptimal ??°Ac labeling conditions requiring

high temperatures (95 °C), long reaction times and low specificity for the Ac®* ion.3?

The inefficiency of [*?°Ac]Ac-DOTA has led to the development of novel high-
denticity ligands. One of the most promising ??°Ac chelates is the macrocycle N,N'-bis[(6-
carboxy-2-pyridyl)methyl]- 1,7-diaza-18-crown-6 (Homacropa, N4Os; Table 1.2)
investigated by Thiele et al.>® This 18-membered macrocyclic ligand can radiolabel 2°Ac
at sub-micromolar concentrations in 5 min at RT and remains intact after 7 days when
challenged with an excess of La®* ions or in human serum. Inspired by the performance
of this macrocycle, Yang et al. recently reported the synthesis and evaluation of a crown
chelate (2,2',2",2"-(1,10-dioxa-4,7,13,16-tetraazacyclooctadecane-4,7,13,16-tetrayl)-
tetraacetic acid) consisting of a macrocycle with four nitrogen and two oxygen donor atoms
and four carboxylic acid pendant arms (crown, N4Og; Table 1.2).5" In radiolabeling studies,

the crown chelate binds #°Ac quantitatively at RT in less than 10 min.

Two acyclic ligands, 6,6’-({9-hydroxy-1,5-bis(methoxycarbonyl)-2,4-di(pyridin-2-
yl)-3,7-diazabicyclo[3.3.1]nonane-3,7-diyl}bis(-methylene))dipicolinic  acid  (H:bispa?,
NeO.; Table 1.3) and Haspy4dpa (N;O4; Table 1.3) have recently been investigated as
efficient 22°Ac chelators. Hzbispa?,?° an octadentate bispidine chelate bearing two picolinic
acid pendant arms, was successfully radiolabeled by ?*°Ac at RT under 30 min giving
radiochemical yields (RCYs) of 94% at a ligand concentration of 10° M, and [?*°Ac]Ac-
bispa? showed improved stability over the [*?2°Ac]Ac-DOTA complex in human serum and

La®*" competition studies. Hspy4pa,®® an undecadentate chelate with a partially
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preorganized cavity consisting of four picolinate arms and a pyridyl cap, similarly
complexes ??°Ac in less than 30 min at RT with ~97% RCY and is stable in serum over 9
days. Additionally, the evaluation of a small library of polydentate picolinic acid acyclic
chelates revealed high RCY for 2%Ac radiolabeling with a N,N’-bis(6-carboxy-2-
pyridylmethyl)-ethylenediamine-N,N'-diacetic = acid (Hsoctapa) chiral derivative,
HsCHXoctapa (CHX = cyclohexyl) (N4O4; Table 1.3)."%

1.2.3.4. Biological studies with ??°Ac

The unprecedented clinical results of ?°Ac radiopharmaceuticals have led to a
surge in interest in 22°Ac TAT 335957104 However, the clinical development of such drugs is
being hampered by the low availability, high cost of the isotope, and lack of suitable
chelates. Although the radiolabeling properties of DOTA are not optimal for 2%Ac
chelation, [?°Ac]Ac-DOTA complexes have so far been the most exploited bioconjugates

in preclinical studies and the only ones evaluated in a clinical setup.

Radioimmunotherapy is the preferred TAT type for a long-lived isotope like 22°Ac
because of their matching biological and physical half-lives. Several mAbs have been
tested in preclinical studies against a variety of cancer cell lines such as E4G10 targeting
the vascular endothelial growth factor (VEGF) in colon cancer xenograft models,'%® 3F8
an 1gG3 antibody for neuroblastoma treatment,'* anti-CD33 for acute myeloid leukemia
(AML),53197 the well-known anti-HER2/neu Trastuzumab for breast cancer therapy.%®:62.108
Among them, Hum195 (Lintuzumab), an anti-CD33 antibody for AML, has shown the
highest performance and the promising results have supported the development of a solid

clinical plan for 2?°Ac-lintuzumab. '’

The interest in [22°Ac]Ac-DOTA constructs conjugated to small peptides grew after
the successful clinical studies of 2"*Bi bioconjugates in PRRT. The longer half-life and
higher potency of the parent isotope ?>°Ac can overcome the challenges associated with
using the short-lived radionuclide 2'*Bi. Compared to mAbs, small peptides have faster
circulation and clearance times which can be advantageous for 22Ac therapy, particularly
if the radiopharmaceutical is internalized to prevent the free circulation of recoiling
daughters. [?2Ac]Ac-Substance P (Table 1.4) for therapy of glioblastoma and [*?°Ac]Ac-
DOTATOC for treatment of NETs are two of the most promising candidates for PRRT that

have been investigated in patients in dose-escalation studies.?*%¢
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Remarkably, [?®Ac]Ac-PSMA-617 has had the most significant impact on the
development of 22°Ac radiopharmaceuticals for clinical implementation in TAT. The clinical
potential of the PSMA-617 ligand was first evaluated with '"Lu and based on the
demonstrated superior activity of alpha emitters over beta emitters. In 2016, the first
clinical experience with [?2°Ac]Ac-PSMA-617 was reported in two patients with late-stage
MCRPC. These unprecedented clinical results motivated further development of this
radiotracer which has to date been evaluated in a large number of patients with mCRPC
(Figure 1.7).57104109 Despite the enduring responses, xerostomia is a concern for
[?*Ac]Ac-PSMA-617 therapy and it is the main reason for treatment discontinuation, which
highlights the need to optimize the treatment regimen for better therapies with lower side

effects.

July 2017 Sep 2017 Nov 2017 Jan 2018 May 2018

PSA =782 ng/ml PSA =71 ng/ml PSA 0.64 ng/ml PSA = 0.07 ng/ml PSA = 0.04 ng/ml

Figure 1.7. A treatment-naive patient who presented with extensive bone metastasis
at primary diagnosis achieved complete remission after three cycles
of [2°Ac]Ac-PSMA-617 with de-escalating activities of 8/7/6 MBq.
PET/CT scans were obtained with [$3Ga]Ga-PSMA-11.

Adapted from M. Sathekge, F. Bruchertseifer, O. Knoesen, F. Reyneke, I. Lawal, T. Lengana, C.

Davis, J. Mahapane, C. Corbett, M. Vorster and A. Morgenstern, Eur. J. Nucl. Med. Mol. Imaging,

2019, 46, 129-138. Licensed under CC BY 4.0

1.2.3.5.225Ac theranostic pairs

Two daughter isotopes of 225Ac emit gamma rays with energy suitable for SPECT
imaging, #'Fr (E(y) = 218 keV) and 2"*Bi (E(y) = 440 keV).""® While there is a limited
number of studies on patient imaging with 23Bi,** there are currently no reports on imaging
in humans with the decay daughters of ??°Ac. It is worth noting the first investigation on
the feasibility of simultaneous quantitative imaging 22'Fr and 2'Bi in vivo using a VECTor

microSPECT/PET/CT system.'® However, this imaging modality may be limited to
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preclinical in vivo models because the small amount of ?2°Ac injected in a patient would
require very long acquisition times to obtain quantitative data. Cerenkov luminescence
imaging (CLI) has also been proposed as an alternative technique to perform in vivo

visualization with 2°Ac radiopharmaceuticals."’

To date, clinical imaging of 2°Ac therapy relies on the widely used positron emitter
%Ga although significant progress has been made on the use of the imaging surrogate
7Lu (t12 = 6.64 d, E(B* avg) = 133.6 keV, | = 100%).5"1%° An issue with this isotope is the
enormous difference in injected activity of the '"’Lu analogue (7.4 GBg/cycle)?” which can
be up to 1000 times higher than that of ??5Ac (safe at 100 kBqg/kg);'® the effect that this
can have in the biodistribution and the data accuracy is not yet well understood.® In 2020,
cerium-134 (34Ce, t12 = 3.16 d, electron capture (EC) (100%)), an in vivo generator of the
PET imaging isotope lanthanum-134 ('*4La, ti, = 6.45 min, E(B*avg) = 1217 keV, | = 64%)
was proven to be an excellent imaging pair in its lower oxidation state.’'?> Other La isotopes
of interest recently produced include the two positron emitters lanthanum-132 (t12 = 4.59
h, E(B*avg) = 1.29 MeV, | = 42%, E(y) = 464.5 keV, | = 76 %) or lanthanum-133 (t1> = 3.91
h, E(B*avg) = 462 keV, | = 7.2%, E(y) = 278.8 keV, | = 3%). "*3La would be the preferred
isotope with lower positron energies and less energetic and abundant concomitant y

rayS.113'114

Furthermore, we propose ??°Ac (t12 = 29.4 h, B (83%), EC (17%)) is an unexplored
medically-relevant radioisotope with two SPECT-compatible gamma rays (E(y) = 230 keV,
I =27%; E(y) = 158 keV, | = 17.5%), which presents the possibility for chemically-matched
Ac-radiopharmaceuticals; isotope production is possible via ISOL (isotope separation on-

line) techniques. %3110

1.2.4. Thorium-227

22TTh (t12 = 18.7 d, E(a) = 6.0 MeV) is the parent nuclide of ?2°Ra — the first-in-class
alpha-emitting radiopharmaceutical — which decays via the emission of five a particles with
a total energy of ~ 33 MeV and two B particles (Figure 1.8). This radionuclide is of high
interest due to the powerful long decay chain which could be greatly beneficial for the

treatment of small metastatic tumors.
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Figure 1.8. 2’Th decay scheme

1.2.4.1. Production of 22’Th

227Th is produced from the B~ decay (98.6%) of its parent isotope ?2’Ac (21.8 years);
the two are commonly separated using ion-exchange or extraction chromatography.''®
227Ac is accessible via legacy material of 22'Pa stockpiles, a decay product of 23°U. An f-
element selective extraction chromatographic material TRU-resin is used to isolate ?>’Ac

in 1M HCI."® Alternatively, large scale production of 22’Th can be achieved by irradiation

of 226Ra with thermal neutrons via ??Ra(n,y)??’Ra—2%"Ac.'15117.118

1.2.4.2 Chemistry of thorium

Despite being the most abundant radioactive element in nature, thorium chemistry
remains quite unexplored. It is mostly found in the 4+ state however 3+, 2+, and 1+ are
also available. Th** is a strong Lewis acid with a high binding affinity for oxygen donor
atoms and commonly forms octa- and nonacoordinate compounds.''® The ionic radii of
such Th* compounds are 1.05-1.09 A.%8 Just like actinium, the absence of non-radioactive

isotopes is a big challenge for the development of 22/ Th tailored chelates.
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1.2.4.3. Chelates of interest

The multipurpose macrocycle DOTA is known to form stable complexes with Th**;
however, like in many other cases (*?°Ac or 2'?Pb), radiolabeling with ??Th occurs in
suboptimal conditions (>60 °C) incompatible with radioimmunoconjugates. Two-step
radiolabelling procedures requiring first forming the 22’ Th-BFC complex and then coupling
the targeting vector are inefficient. This process was recently improved by Ramdahl et al.
with the development of an alternative chelate for fast (30 min) one-step reaction
radiolabeling at RT.”? The specifically designed chelate is an octadentate acyclic
molecule with four hydroxypyridinone moieties attached to a branched symmetric
polyamine scaffold with a carboxylic group for the conjugation of various biomolecules Me-
3,2-HOPO Og; Table 1.3). The high affinity of this ligand for large tetravalent metal ions
has been demonstrated in thermodynamic and kinetic studies in conjunction with
spectroscopic techniques.'?' Chapter 2 and chapter 4 present my work on the
development and evaluation of 2’Th chelates with similar specific activities to that of Me-
3,2-HOPO.

1.2.4.4. Biological studies with ?2’Th

The long half-life of 2?’Th makes this isotope very suitable for targeted
radioimmunotherapy (RIT) to treat various cancer types such as lymphomas, breast, and
ovarian cancers.®®'22-12¢ The DOTA conjugates [??’Th]Th-rituximab and [??"Th]Th-
trastuzumab have been the focus of most in vitro and in vivo studies before the
development of Me-3,2-HOPQ.%3124-126 The successful complexation of 2’Th to Me-3,2-
HOPO chelate opened the door to exploring other targeting vectors such as mAb targeting
CD70 against B cell lymphoma, and CD33 to treat AML.'%'2” Among the most relevant
preclinical data, [*?’Th]Th-mesothelin and a PSMA-targeting antibody conjugate,
[?"Th]Th-PSMA, have shown excellent antitumor potency against lung and patient-
derived prostate cancer xenograft models in mice.54% The positive results reported have
supported the initiation of two clinical trials NCT03507452 and NCT03724747,
respectively. A more detailed analysis of all the 2’ Th based radiopharmaceuticals can be

found elsewhere.'?

1.2.4.5. ?27Th theranostic pairs

Zirconium-89 (8%Zr, ti,= 78.4 h, E(B*avg) = 396 keV, | = 23%) and *8Ga have been

evaluated as theranostic pairs to 22’Th. However, the '3*Ce** and '**La in situ imaging pair
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was proposed as a more suitable theranostic pair better matching its electronics and
size."212° We believe this novel imaging pair along with its lower oxidation state for 22°Ac

will play a key role in the future development of a-emitting theranostic pairs.

1.3. B -particle-emitters

A B particle is an electron emitted from the nucleus of a radioactive atom during
decay. 3~ particles have intermediate energies (0.1-2.3 MeV) and long tissue ranges (0.5
- 12 mm) resulting in the lowest LET (0.2 keV/um) of all therapeutic particles (Figure 1.2).22
B-emitters are the most investigated and commonly used radionuclides for internal
radiotherapy.' The intrinsic properties of B~ particles make them very appropriate for the
treatment of mid- to large size tumors. Due to their long path-length, the cytotoxicity of
beta particles is strictly related to the crossfire effect. This effect occurs when the
irradiation reaches cells that are not directly targeted by the radiopharmaceutical.
However, crossfire irradiation can result in undesired damage to healthy cells if the
targeted cell cluster is too small. Additionally, the bystander effect must also be accounted

for (see 1.3.1).22

Low LET radiation faces another challenge. The low energy deposited per cell
produces few and scattered irradiation events which lead to partial DNA damage, such as
single-strand DNA breaks or modifications on the base pairs, and each of them can be
easily repaired. The sub-lethal damage caused by such particles requires extremely high
doses of radiopharmaceutical to have a therapeutic effect on patients. Typically, B-therapy
consists of various cycles of high activity doses with up to several GBq/cycle,'**'3! which
is approximately 100-fold larger than the experimental doses used for a-emitters
presented in the previous section (typically 1-100 MBg/cycle)®” except for 2'*Bi (up to 3
GBaq/cycle).'®

Biodistribution and dosimetry studies are more accessible for [-emitters
compared to a-emitters. Most of the beta-emitters used in nuclear medicine have either a
diagnostic pair from the same element (copper-64/67 (°*Cu/®’Cu)) or the therapeutic
isotope itself co-emits imageable y-rays (e.g., '"’Lu) or B* (e.g., ®*Cu) that allows for the
obtention of good quality images for dose quantification and localization. Additionally,
these B-emitting radionuclides have simpler decay schemes with only one B particle

emission per atom and very low recoil energies (~10 eV) associated with the daughter
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nuclide minimizing the likelihood of a nuclide-loss event. In the case of radiometal release,

the range of the recoil energy is only a few interatomic spaces and can be neglected.?*

3 (t12 = 8.02 d, E(Bavg) = 191.6 keV, | = 89.6%) is the more frequently used B
emitter with two commercially available drugs, [**']]Nal for thyroid cancer and ["*'I]meta-
iodobenzyl-guanidine (mIBG) for adrenergic receptor-positive tumors. Other popular 3--
emitting radionuclides include the high-energy B-emitter yttrium-90 (*°Y, t12=64.0 h, E(B
ag) = 934 keV, | = 100%) and "’Lu.® In the following section, we will describe four
emerging [B-emitters which hold great promise for the future of therapeutic
radiopharmaceuticals (summarized in Table 1.5), some of them have made their way into

clinical trials while others are still in the development phase.
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Table 1.5. B°- emitting radionuclides discussed in this chapter with relevant physical decay data, chelates of interest, targeting
vectors employed in previous biological studies, and previously used or proposed theranostic pairs.

Isotope  Half-life Decay Eaqg(keV) Chelates Targeting vectors Theranostic Pair
used/proposed
mAb Peptides ~ Small molecules

41Sc 3.35d B 162.0 DOTA cm1013 #Sc (3.97 h, PET)"3
EGTA™
AAZTA c(RGDfK)135

67Cu 61.8 h B 141 DOTA Anti-IGSF4136 84Cu (12.7 h, PET)%7
cyclam -c(-RGDfK),4'38
NOTA panitumumab3®
MANQTA'40
Sar TATE™!

161Th 6.9d B 154 DOTA cm(940.142 161Th (SPECT)4069

IC 5.12/0.9° PSMA-617%¢ 152Th (17.5 h, PET)*42

185Th (5.32 d, SPECT)®

akeV/decay for MAEs emitted following internal conversion (IC); PMAEs/decay
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1.3.1. Scandium-47

Scandium-47 (*’Sc, t12.=3.35 d) is a pure low-energy B~ particle emitter (E(Bavg) =
162.0 keV, | = 100%). The short half-life of this isotope makes it attractive for its clinical

use as a substituent for the longer-lived "’Lu in PRRT.

1.3.1.1. Production of 47Sc

Numerous pathways have been studied for the production of 4’Sc via nuclear
reactors or accelerators;'**'%" however, the current availability of 4’Sc is limited. High
activities of ’Sc can be obtained in a nuclear reactor by fast neutron irradiation of enriched
4TiO2 or "TiO, targets via a #’Ti(n,p)*’Sc reaction.'® Alternatively, ’Sc can be indirectly
produced by thermal neutron irradiation of enriched calcium-46 (*¢Ca) targets via a
46Ca(n,y)*’Ca—*"Sc reaction.'® After two consecutive chromatographic columns, highly
pure #’Sc is obtained in a mixture of CH3COONH,4 and HCI solution at pH 4.5. This method
is more advantageous because it uses more accessible thermal neutrons and a #’Ca/4’Sc
generator to supply 4’Sc activity (*’Ca, ti2 = 4.53 d). On the other hand, highly enriched

46Ca is currently only available at 30% enrichment which makes the target very costly.®

1.3.1.2. Chemistry of scandium

Scandium has been traditionally classified as a rare-earth element along with the
lanthanides and yttrium, and thus it exhibits similar chemical properties to them. #°Sc is
the only naturally stable scandium isotope. The trivalent oxidation state, Sc*', is the most
common form and preferably forms hexadentate complexes with an ionic radius of 0.745
A although three to nine coordination numbers have been reported.®®'%° Like other M3*
ions, Sc* forms stable complexes with some of the most common O-donor multidentate
ligands. For example, the Sc complexes with polyamino-carboxylic acid ligands EDTA (an
eight-coordinated complex [Sc(EDTA)(H20).] x 3H.0) and DTPA ([Sc(DTPA)]* x 4 H.0)
have been known for a long time.'%%-'%2 These octadentate complexes reflect the tendency

of Sc3* to adopt coordination spheres between first-row transition metals and lanthanides.

1.3.1.3. Chelates of interest

Based on the reported stability of the aforementioned organometallic complexes
and the chemical similarity to Y3* and Lu®*, the widely used macrocycles DOTA and DTPA

and their bifunctional chelates were a good starting point, with log Ku. = 27.43 (DTPA)
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and 30.79 (DOTA)."? Despite the formation of highly stable complexes, the kinetics of Sc
complexation with DOTA is slow at RT and requires high temperatures (70-90 °C) to occur
in a short time.™2'4 Acyclic ligands are very suitable alternatives to DOTA with
comparable stability constants and higher rate constants. The evaluation of various acyclic
polyamino-polycarboxylate ligands revealed that 1,2-bis(o-aminophenoxy)ethane-
N,N,N’,N’-tetraacetic acid (BAPTA, Nx0.), ethylene glycol-bis(2-aminoethylether)-
N,N,N’,N’-tetraacetic acid (EGTA, N:Os; Table 1.3) and ftriethylenetetra- amine-
N,N’,N”,N’-hexaacetic acid (TTHA, N2Os) quantitatively label scandium at mild
temperatures in less than 10 min; however, only Sc-EGTA is stable in PBS buffer."** 1,4-
bis(carboxymethyl)-6-[bis(carboxymethyl)]Jamino-6-methylperhydro-1,4-diazepine

(AAZTA, N3O4; Table 1.2), a readily available mesocyclic chelate used in the preparation
of 8Ga conjugates,' was reported to radiolabel 4Sc very efficiently forming a highly
thermodynamically stable and kinetically inert complex, [**Sc][Sc(AAZTA)]."%¢ X-ray
analysis of single crystals revealed that the Sc3* forms an octadentate complex with the
seven donor atoms of the ligand and an oxygen atom of a water molecule.'* Seeking to
develop a more lipophilic complex for improved tumor accumulation, Vaughn et al. very
recently studied a small library of triaza-macrocycle-based picolinate-functionalized
chelators that exhibit excellent chelation properties for Sc**; Hsmpatcn (N4Os; Table 1.2)
was identified as the leading structure.’” Another efficient macrocyclic chelate with a
larger backbone size is py-macrodipa (N4O2; Table 1.2) with high specific activities and
excellent serum stability. 3,4,3-(1,2-HOPO) (1,2-hydroxypyridinone, Og; Table 1.3), a
highly efficient chelate for 8Zr radiolabeling, was very recently evaluated as a suitable

scaffold for Sc-radiopharmaceuticals. '8

1.3.1.4. Biological studies with 4’Sc

The lack of a reliable supply is the limiting factor for the preclinical evaluation of
47Sc radiopharmaceuticals. There is only one preclinical pilot study in the literature that
examines its therapeutic potential.’™* Mdller et al. developed the [*'Sc]Sc-cm10 (Table
1.4) radiotracer, with the same functionalities as cm09 but lacking the tetrazine moiety in
the linker, that showed similar therapeutic effects to those of ['7"Lu]Lu-cm09 and ['®'Tb]Tb-

cmQ09.142
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1.3.1.5. 47Sc theranostic pairs

4’Sc could stand alone as a theranostic radioisotope with the emission of an
imageable y-ray (E(y) = 159.3 keV, | = 68%). However, the same-element PET imaging
radionuclide **Sc (ti2 = 3.97 h, E(B*avg) = 632 keV, | = 94%) is a more suitable candidate.
44Sc PET imaging agents are of interest in nuclear medicine as they can be a longer-lived
imaging surrogate of other commonly used trivalent cations such as ®8Ga. Strikingly, the
promising potential of the 447Sc matching pair has been demonstrated for the first time in

a preclinical setup with the small drug complex [*47Sc]Sc-DOTA-cm10."33

1.3.2. Copper-67

57Cu (t12 = 61.8 h) is the longest-lived isotope of all medically relevant copper
radionuclides. ’Cu decays via the emission of one beta particle (E(Bavg) = 141 keV, | =
100%) to stable 67Zn.

1.3.2.1. Production of ¢’Cu

The challenges associated with producing a reliable and large quantity of high
specific activity ’Cu are well known.'® The most commonly used procedures to obtain
small amounts of medical-grade %’Cu are by high energy proton irradiation of zinc targets
via a %8Zn(p,2p)®¥”Cu or "°Zn(p,a)”Cu reaction in a cyclotron or by bombardment with fast
neutrons through a ¢Zn(n,p)®”Cu nuclear reaction in high flux reactors.'®%-1%3 Other
currently investigated methods include nuclear reactions induced by alpha particles, via
54Ni(a,p)®’Cu, or deuterons, via ®8Zn(d,2pn)®’Cu.'%4-16¢ 6’Cy production via the (p, 2p)
reaction has gained more interest due to the possibility to use a cyclotron, which is more
accessible than a nuclear reactor. This reaction requires the use of enriched Zn to
increase the yield and specific activity of Cu. To make this pathway economically
feasible, the recovery of the expensive target material is necessary. The major drawback
of this reaction is the simultaneous production of 4Cu which is extremely challenging to
isolate and remains in the solution for several days.'®'%” Several methods have been
reported for the radiochemical separation of Cu from Zn target material and coproduced
Ga.'®™ Among them, ion exchange extraction chromatography is becoming the most

popular method due to its simplicity and reliability.616°
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1.3.2.2. Chemistry of copper

Copper is an essential trace metal for all living systems and it plays a key role in
the active sites of enzymes involved in a wide range of biochemical processes such as O;
transport electron transfer.'”%'"" Copper has very rich coordination chemistry and can be
found in nature in its metallic form (Cu®) or as a monovalent (Cu'*) or divalent (Cu?*) cation.
The monovalent ion has a d'° electron configuration and is classified as a soft metal ion
that interacts strongly with ligands bearing soft donor atoms (e.g., thiols). Cu'™ complexes
can adopt linear, trigonal planar or tetrahedral geometries. In contrast, Cu?* is a d® ion with
a borderline acid character that preferentially forms stable complexes with borderline
bases such as amines. Cu?* can form coordination compounds with four to six ligands,
square planar and octahedral with Jahn-Teller distortion are the usual geometries.'”? The
ionic radius of copper can range from 0.6 A in Cu' (CN =4) to 0.76 A in Cu?* (CN = 6).%8

1.3.2.3. Chelates of interest

Cu?* is the prevalent cation for the development of radiopharmaceuticals. The
formation of highly inert copper complexes is extremely important to avoid in vivo reduction
of Cu?* to Cu*" which can be transchelated by copper-binding proteins (e.g., superoxide
dismutase) and transported to off-target sites, namely the liver."”>7# In this respect, kinetic
inertness is more important than thermodynamic stability in the design of Cu
radiopharmaceuticals. The only compounds that required in situ copper reduction were
the first copper radiotracers based on the small molecules bis(thiosemicarbazones), Cu-
PTSM (pyruvaldehyde-bis(N4-methylthiosemicarbazone) and Cu-ATSM (diacetyl-bis(N-

methylthiosemicarbazone)).5-177

Copper radiopharmaceuticals have been widely investigated for clinical
implementation with the PET radionuclide ®*Cu. A wide variety of acyclic and cage-type
chelates are reported for the stable complexation of Cu?* in radiotracers. A brief
description of the recent advances in the novel copper-based chelates is presented here;
an exhaustive review on this topic can be found elsewhere.'”’='8 The next-generation of
copper radiopharmaceuticals is moving away from the use of the multipurpose tetraaza-
macrocyclic ligands, such as DOTA, TETA and derivatives or cyclams,'®'-'® towards
employing the smaller size triaza-macrocycle 1,4,7-triazacyclononane-1,4,7-triacetic acid
(NOTA,; N3Ogs; Table 1.2) and derivatives (e.g., MANOTA, NODAGA (Table 1.2)) and the

macrobicyclic sarcophagine caging ligand (sarcophagine = sar = 3,6,10,13,16,19-
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hexaaza-bicyclo[6.6.6]icosane, Ng) (Table 1.2).137.140.18.187 Thege chelates emerged as
promising alternatives due to their remarkably fast complexation kinetics and excellent in

vivo stability, particularly for Cu-Sar complexes. 889

It is interesting to mention the different opinions on the suitability of copper
radiolabeling with DOTA. While this chelate is known to bind copper with high affinity, Cu-
DOTA complexes have demonstrated susceptibility to reduction in vivo resulting in Cu
transchelation and undesired high copper uptake in the liver.”" In general, experts in the
field seem to agree on the suboptimal in vivo performance of such compounds; however,

preclinical and clinical investigations are still pursuing this chemistry.36.192

1.3.2.4. Biological studies with ¢’Cu

The physical half-life of ’Cu makes this isotope a versatile choice for both RIT and
PRRT applications. Therapy with ’Cu radioimmunoconjugates was actively investigated
in the 1990s and early 2000s for clinical treatment of Non-Hodgkin’s lymphoma, colorectal
tumors and bladder cancer.'%3-'% Despite the positive outcome of the clinical studies, the
low availability of the radionuclide and the increasing interest in ®*Cu led to a substantial
decrease in the therapeutic investigations of ¢’Cu. It was not until recently with the
innovative approaches to produce ¢’Cu that research efforts continued to investigate the

anticancer properties of such compounds.

In 2015, Mastren et al. demonstrated in a proof-of-concept study the antitumor
efficacy of [¢Cu]Cu-NOTA-Panitumumab, targeting the human epidermal growth factor
receptor, in mice bearing colon cancer xenografts.”®® Another example of ¢Cu
radioimmunoconjugates are the [¥’Cu]Cu-DOTA constructs conjugated to albumin and
anti-IGSF4 mAb that were prepared using a novel one-pot three-component double-click

method for practical and efficient Cu?* radiolabeling.*®

Furthermore, ¢’Cu radiotracers are gaining attention in PRRT as alternative
candidates to the currently used '’Lu radiopharmaceuticals which are not ideally suited
for peptide radiolabeling due to mismatching radiological and biological half-lives. An initial
investigation was performed using the peptide conjugate cyclam-RAFT-c(-RGDfK-)s,
which selectively targets a,Bs integrin.’ Culliane et al. have developed a novel [¥’Cu]Cu-
Sar-TATE radiotracer to treat NETs with a therapeutic efficacy comparable to that of the
FDA-approved ['"Lu]Lu-DOTATATE."® The enduring responses supported the initiation
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of two clinical studies in patients with meningioma (NCT03936426) and pediatric patients
with high-risk neuroblastoma (NCT04023331).

1.3.2.5. 7Cu theranostic pairs

Although the radioactive decay of 6’Cu involves the emission of three y-rays with
energies suitable for SPECT imaging (E(y) = 91.2, 93.3 and 184.5, | = 7, 16 and 49%),
the existence of a well-studied same-element PET imaging radionuclide (*Cu, t 12 = 12.7
h, E(B*avg) = 278 keV, | = 19%) makes %Cu the most reasonable theranostic pair.80.186.192
Some of the advantages of using ®Cu for imaging are the easy production in a biomedical
cyclotron and the emission of low-energy positrons for the obtention of high-resolution

images.197.1%

Recent studies on ®Cu radiotracers for PRRT have already exploited the
theranostic potential of the 6#’Cu matching pair for in vivo biodistribution and dosimetry
estimates. 319 Additionally, Kelly et al. demonstrated similar pharmacokinetics and tumor
uptake of the Sar-containing PSMA ligand [¢#¢’Cu]Cu-RPS-085 in a preclinical setting.'®’

1.3.3. Terbium-161

Terbium-161 ("8'Tb, ti, = 6.9 d) has two emissions suitable for therapeutic
applications, low energy B~ particles (E(Bayg) = 154 keV, | = 101 %) and MAEs (0.9
MAE/decay, average of 5.1 keV/decay).'®® The co-emission of MAEs and B~ particles is a
very unique feature to identify this isotope as a promising radionuclide for the treatment of

disseminated cancers with large metastatic cell clusters.

1.3.3.1. Production of 16'Th

'81Th is the only medically relevant terbium isotope that is not produced via proton-
induced spallation of tantalum targets. Instead, Lehenberger et al. suggested to indirectly

obtain '®'Tb by neutron irradiation of enriched gadolinium targets ('°°Gd) via the
180Gd(n,y)'8'Gd-"®"Tb reaction.?’® Experimental data showed the possibility to irradiate
massive '°°Gd targets in nuclear reactors and chemically isolate large quantities of high
specific activity '®'Tb in the form of ['®'Tb]TbCl; using cation exchange chromatography.

1.3.3.2. Chemistry of terbium

For the chemistry of Tb please refer to section 1.2.1.2.
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1.3.3.3. Chelates of interest

For Tb chelation please refer to section 1.2.1.3.

1.3.3.4. Biological studies with °'Th

Besides one preliminary study with ['*'Tb]Tb-DTPA-octreotide reported by de Jong
etal. in 1995,201 '8'Th was not in the spotlight of therapeutic isotope research until recently.
In particular, '*'Tb TRT has garnered attention due to the similar decay properties to 'Lu;
however, the radioactive decay of '®'Tb simultaneously emits a significant number of

MAEs that are expected to enhance the therapeutic effect.200202

[''Tb]Tb-cm09 has been the focus of the investigations on the anticancer
properties of '®'Tb radiopharmaceuticals.*%142200.203 M(jller et al. first demonstrated the
therapeutic efficacy in an in vivo proof-of-concept study.*® A follow-up experiment was
performed to directly compare the antitumor activity of ['®'Tb]Tb-cm09 and ['""Lu]Lu-
cm09."? Equal pharmacokinetics and biodistribution profiles were reported for both
radiotracers. However, higher absorbed doses in tumor tissues and longer survival times
were found for ['8"Tb]Tb-cm09 treated mice suggesting that '®'Tb might be a more potent
alternative to '’Lu. Concerns about increased renal toxicity due to the emission of MAEs
have been dispelled with a long-term study on nude mice injected with high activities of
['8'Tb]Tb-cm09.2%4

Very recently, the small molecule PSMA-617 has also been examined for '®'Tb
therapy. A comparison study revealed higher anticancer efficacy than the '7Lu
analogue.®® Moreover, theoretical studies employing Monte Carlo simulations also show

evidence of the higher dose deposition of ®'Tb compared to over ""’Lu, *°Y, ¢’Cu, and
47SC.205’206

1.3.3.5. 11Tb theranostic pairs

Like its a-emitting analogue ('*°Tb), terbium-161 can stand itself as a theranostic
isotope with the emission of three low-energy y rays (E(y) = 48.9 and 74.5 keV, |I= 17 and
10%) imageable through SPECT. The feasibility of '*'Tb imaging using the 74.5 keV y-
emission has been examined in phantom studies and in a preclinical setting with excellent
in vivo tumor visualization (Figure 1.4).4%%° Furthermore, '*2Tb and '*°Tb can also be used

as theranostic true match pairs (see section 1.2.1.5 for more information).
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1.4. Meitner-Auger electron (MAE)-emitters

The Meitner-Auger effect describes the emission of a series of low-energy atomic
electrons as a secondary process following radionuclides that decay by EC or internal
conversion (IC). In EC, depending on the energy level the electron originates from, three
different types of electrons can be emitted: Meitner-Auger electrons (MAE), Coster-
Kroning (CK) or super Coster-Kroning (sCK) electrons. For convenience, these electrons
are usually referred all together as MAEs. In IC, an excited unstable nucleus transfers the
energy directly to an orbital electron which escapes from the atom with high kinetic energy
leaving an inner orbital vacancy; these electrons are known as conversion electrons (CE).

This section will only focus on MAEs although CEs also have therapeutic effects.®

MAEs have low energies, typically 1-10 keV, and can travel very short distances,
a few micrometres (<10 uym, 1-2 cell diameters), which makes them extraordinarily
powerful for localized treatment of micro metastatic tumors or single cancer cells (Figure
1.2).2%” Compared to a- and B-particles, MAEs have an intermediate LET of 4-26
keV/um.?2 However, a unique feature of MAEs is that the decay of a single atom produces
a cascade of electrons (up to 50 MAE/decay depending on the radionuclide) resulting in
a high radiation density in the vicinity of the decay site. If the radiation payload is
specifically delivered to the target cancer cells, the damage to the nearby healthy tissue
is minimal. To maximize the lethality of MAEs, research efforts initially focused on the
internalization of the radiotracers to deliver radiation close to the nuclear DNA of cancer
cells. It was later demonstrated that this is indeed not required and MAE-emitters can
produce cytotoxicity effects when bound to the cell surface through alternative
mechanisms such as oxidative stress.'%°20820% The radiotoxicity effects are certainly not
the same in both situations; internalized radiotracers display a cytotoxicity profile
resembling that of high LET radiations (i.e. alpha particles) compared to non-internalized

constructs whose effects are closer to that of low-LET particles (B particles).

The short distances travelled by MAEs make dosimetry calculations complex as
cellular dosimetry becomes an important aspect to understand the effects of the radiation
on the different cell targets (e.g., cytoplasm, nucleus, etc.) and to study the energy
deposition in each of them. The determination of this factor has to be performed in in vivo
animal models as this information is not possible to obtain from patient-based dosimetry.

Thus, more extensive investigations are required to comprehend the dose-effect
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relationships of MAE-emitters in different tumor environments before this class of

radionuclides can be implemented in the clinics.'90210.211

MAE emitting radionuclides are less investigated among the three types of
therapeutic radiation. While there is a significant number of successful preclinical
investigations,'##12-214 reports of clinical studies are very limited.?'>2"® The most
investigated MAE-emitters include the common imaging and therapy radionuclides **™Tc,
123] 1251 M| or 67Ga."9%217218 However, this is not an indication of the suitability of these
radionuclides for MAE therapy as their choices were based on easy accessibility rather
than optimal decay schemes. Next, we will describe three cutting-edge MAE-emitters that
have been identified as very promising candidates with ideal physical properties

(summarized in Table 1.6).

40



Table 1.6. MAE-emitting radionuclides discussed in this chapter with relevant physical decay data, chelates of interest,
targeting vectors employed in previous biological studies, and previously used or proposed (blue) theranostic

pairs.

Isotope Half-life Decay E..q (keV/idecay) Chelates Targeting vectors Theranostic Pair

MAE/decay used/proposed
mAb Peptides  Small molecules

135La 19.5h EC 6.45 H.macropa DUPA29 132 2 (4.59 h, PET)

10.9 DO3Apic DUPAZ219 13La (3.91 h, PET)
134Ce (3.16 d, PET)

1979Hg 2.67d EC 16.1 Trithiamacrocycle  1gG#! 1979Hg (SPECT)
23.2 NS4220

197mHg 23.8h Tt (91%) 13.5 197Hg (SPECT)

EC (9%) 19.4

Branching ratios in parentheses if not 100%. 2EC= electron capture; bIC = internal conversion
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1.4.1. Lanthanum-135

Amongst the other MAE-emitting isotopes presented here, '*5La is the most
recently introduced radionuclide for nuclear medicine applications, and surprisingly, the
first one to have available biological data.?'® The interest in this radionuclide not only lies
in the suitability of its decay properties ('*°La, t1> = 19.5 h, 100% EC) but also in its
chemical similarity to the a-emitter 2°Ac. The total energy released through the MAE per
decay is 6.45 keV with an average of 10.9 MAE per decay (>97% of total) that have

energies less than 4 keV.???

1.4.1.1. Production of 13%La

Small amounts of "*°*La can be readily obtained from proton irradiation of natural
barium ("#Ba) targets through a "@Ba(p,n)'**La nuclear reaction in a cyclotron.'422 The
radiochemical separation of '*°La was described by Fonslet et al., where purified '**La is
obtained in 0.1 M HCI??3, Aluicio-Sarduy et al. reported a different procedure to obtain a
mixture of '32135_a3* suitable for preliminary imaging and therapy studies.'™ In this case,
a combination of precipitations and chromatographic separation was used to obtain a
solution of mainly "*®La with 2.47% of '*?La. The possibilities to upscale this production

method and the obtention of high specific activity '**La have not been discussed yet.

1.4.1.2. Chemistry of lanthanum

Lanthanum is a naturally occurring rare earth metal mainly composed of '*°La. La
is commonly found in the +3 oxidation state and its ionic radius ranges from 1.03-1.27 A
in a six to ten-coordinate complex.®® As expected for a lanthanide, La®" is an oxophylic
cation that will form strong coordination compounds with ligands bearing multiple oxygen
donor atoms.'*® Chemically, La®* is very similar to the therapeutic isotope ?2°Ac®* and it
has been used as its surrogate metal for coordination chemistry studies. As a result, the
thermodynamic stability of La®* complexes with some of the most investigated 22°Ac

chelates is known, e.g. Kpota-La = 22.86 or Kmacropa-La = 14.99.224225

1.4.1.3. Chelates of interest & biological studies with *La

The first in vivo proof-of-concept study of radiolanthanum was published very
recently.?'® The therapeutic potential of '**La in TRT was examined using two previously
reported chelates, Homacropa and a DOTA derivative, DO3Apic (NsO4, Table 1.2),
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conjugated to the PSMA-targeting agent DUPA.°22° Excellent tumor-to-normal tissue
ratios and in vivo stability in mice xenografts were observed for ['**La]La-macropa-DUPA
and ['*La]La-DO2Apic-DUPA radiotracers; however, macropa was identified as the more

suitable chelate due to a higher maximum apparent molar activity.

Another important contribution to the development of La®* radiopharmaceuticals
was the evaluation of the in vivo and ex vivo biodistribution of “free” 32'3%La3* in healthy
mice.""* The results revealed that unchelated '**La accumulates mainly in bones and liver,
30.45 £ 2.62 %lA g™ and 6.65 * 0.42 %IA g7, respectively, 20 h post-injection.

1.4.1.4. 35La theranostic pairs

The three positron emitters *2La, '33La, and '**La are all ideal chemically matched
pairs for the therapeutic isotope '3°La (section 1.2.4.5). The accuracy of PET imaging with
%2 a has been validated with ex vivo data in a preliminary study with “free” *La.""*
Furthermore, in vivo tumor localization was also feasible in the [***La]La-macropa-DUPA
and ["**La]La-DO2Apic-DUPA preclinical study.?'® Although the production of all imaging
pairs of '¥La is still under development, these theranostic pairs hold great promise for
future clinical investigations not only for '*°La tracers but also as diagnostic pairs for the

promising a-emitter 225Ac®*.

1.4.2. Mercury-197mlg

There are two isomers of mercury-197 with potential for diagnosis and therapy: the
ground state mercury-197g ('99Hg, ti2 = 2.67 d) and the metastable mercury-197m
(""™Hg, t1. = 23.8 h) separated by an energy difference of 299 keV. The decay process
of °79Hg and '"MHg states emits 23.2 MAE and 19.4 MAE per decay with an average
energy of 16.1 keV and 13.5 keV, respectively.'®

1.4.2.1. Production of 197™9Hg

The mercury radioisotopes '*’Hg and 2%*Hg with low specific activity were first
produced from neutron reactions on natural Hg in the 1950s for brain scanning and cancer
imaging.??22” The medical application of such compounds was rapidly cancelled due to
the long half-life and the high toxicity of the radiotracers observed in vivo. In recent years,
there has been a resurgence of interest in finding alternative production pathways with

higher specific activities in large quantities for the theranostic application of '97™9Hg.?28
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The most effective way to produce medical-grade '®"™9Hg is by proton or deuteron
irradiation of natural gold ("*Au) in cyclotrons, which does not require target enrichment
lowering the overall production cost. Deuteron bombardment of gold targets via a
97Au(d,2n)'®"™9Hg reaction has a higher cross section although its application is restricted
to fewer cyclotrons due to the use of high energy deuterons.??® Alternative production
routes include platinum foils irradiation via "%*Pt(a,n)'*"™9Hg or '%Pt(a,2n)'®"™9Hg?° or by

spallation of lead targets.?'

Method development for the separation of mercury from the gold target material is
on-going, with liquid-liquid extraction and chromatographic separation under
investigation.?28:230232-235 The |atter is preferred for large-scale productions. To date, the
highest efficiency has been reported using a stepwise elution with 6 M HCI on an LN-resin

to obtain highly pure mercury in the form of HgCl,.23¢

1.4.2.2. Chemistry of mercury

Mercury is a very low abundance naturally occurring metal, with 2°2Hg being the
most abundant at 29.9%. Hg can be found in two oxidation states, Hg'* or Hg?*, and in its
metallic form, Hg®; although only Hg?* is relevant for radiopharmaceutical applications.?’
Mercury is toxic in all its forms and in particular, Hg?* produces toxicity in humans by
transchelation to sulphur-rich endogenous biomolecules.?8-24° However, mercury toxicity
is not a concern for nuclear medicine because of the extremely low concentrations of

radiometal used (nanomolar range), well below the body’s threshold exposure limit.24!

The divalent oxidation state is classified as a soft acid according to the HSAB
theory and it forms stable complexes with soft bases like sulphur and phosphorous.
Despite the hard-acidic character of nitrogen atoms, Hg?* can also form strong covalent
bonds with nitrogen-containing ligands.?#2-244 In terms of coordination chemistry, Hg?* is a
very flexible cation as there is no evidence of a strong preference for certain coordination
numbers, such compounds range from simple linear geometries to more complex
multidentate highly distorted structures (0.69 to 1.14 A, CN = 2-8).682%7

1.4.2.3. Chelates of interest

197misHg bifunctional chelate chemistry is virtually unexplored. To date, there are
only two examples available in the literature of a BFC labeled with '°”"Hg. The first one was

reported by Blower et al. in 1992 and consisted of a nine-membered trithiamacrocycle
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(Ss3, Table 1.2) conjugated to an immunoglobulin (rabbit IgG) which proved to be unstable
in serum after 24 h.?2' The second study has just been published by Randhawa et al. in
our group and it explored a sulfur-rich macrocyclic backbone (NS4, Table 1.2) with two
different bifunctional handles (a carboxylic acid (CA) and a benzyl amide (BA)) and
presented a standardized radiolabeling protocol for '’Hg. The NS4-BA showed
significantly increased radiolabeling affinity compared to DOTA and its radioactive
complex was kinetically inert in a human serum assay over 24 h.??® More detailed

information on mercury ligands can be found in this review.?3

1.4.2.4. Biological studies with 1"™9Hg

The therapeutic effect of '™9Hg has been compared to the B-emitter '’Lu in
theoretical studies. It was found that due to the higher number of MAEs, the dose per
decay is ten times higher in "*"™9Hg compared to '"’Lu in a 1 um sphere.??® These results
indicate that '¥"™9Hg therapy should be more effective; however, this radionuclide also
emits a gamma-dose six times higher than '"7Lu, which must be accounted for in clinical

applications. No '"™9Hg biological studies are present in the literature yet.

1.4.2.5. 197™9Hqg theranostic pairs

The ground and metastable state of Hg emit multiple y-rays ('°"9Hg, E(y) = 191.4,
I=0.6 %; '9"™Hg, E(y) = 133.8, and 278.7, | = 34 and 4%) imageable through SPECT 229245
Freudenberg et al. recently examined for the first time the imaging possibilities of the
theranostic pair '®"™9Hg.?*¢ Phantom studies and Monte Carlo simulations revealed that
quantitative images can be obtained with the commercially available low energy high
resolution (LEHR) collimators. The favourable decay properties of '9’™9Hg (e.g., number
of MAE per emission) are key features for the emerging interest in this theranostic pair
which brings a new attractive prospective for the clinical application of MAE-targeted

therapy.

1.5. Concluding remarks

The future of disease treatment (particularly in oncology) is leaning towards a
personalized approach, indeed nuclear medicine is aptly suited to both image and treat
disease at the cellular and molecular levels. Therapeutic radiopharmaceuticals are

extremely powerful tools that offer the possibility to selectively deliver potent radiation to
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diseased cells. Besides the traditionally investigated radiometals, a wide variety of novel
rare medical isotopes (e.g., ?*°Ac, '“98'Tb, or '*La) have been introduced in the
development of innovative radiopharmaceuticals for TRT. These emerging radiometals
have been successfully incorporated in a variety of radiopharmaceuticals and are currently
in various development phases from preliminary preclinical studies to advanced clinical
trials. Moreover, radiotheranostics (therapy and diagnosis) is attracting the attention of
researchers due to the unique opportunity to assess and monitor the disease progression
for personalized patient treatment. Intense research efforts and subsequent recent
advances in radionuclide production, chelate development and biological studies with
these next-generation therapeutic radiopharmaceuticals and their theranostic pairs
highlight the potential of these drugs. It is expected that (radio)theranostic treatments will
be incorporated into routine clinical settings in the coming years, leading to revolutionized

cancer treatments and improved quality of life for patients.

1.6. Thesis overview and aims

After writing an overview of the most promising radiometals for incorporation into
radiopharmaceuticals to treat cancer, we sought to develop novel chelates for the
formation of stable radiometal complexes and to evaluate their performance in preclinical
studies. This thesis focuses on the synthesis, characterization, radiolabeling and in vivo
evaluation of novel acyclic chelates based on the 1,2-HOPO ligand. As the first Ph.D.
student in the Ramogida group, | started a new research area based on the chelation of
radiolanthanides and actinides (e.g., 2°Ac) and as the group grew, | also expanded the
chelate development to first-row transition metals (e.g., 4’Sc) with the increased availability
of isotopes at TRIUMF. Besides the research efforts, | have also built productive
relationships to foster a collaborative environment with all team members through these

4.5 years.

Inspired by the excellent performance of [?°Zr]Zr-HOPO-Os, we decided to
investigate the potential of the 1,2-HOPO ligand for the chelation of oxophylic radiometals
through different backbones with variable lengths and degrees of flexibility. Herein, the

aims of this work are:
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- Rationally design large multidentate chelates for radiolanthanides and
actinides with CN > 8 and smaller chelates with CN = 6 for the first-row

transition radiometals which can be readily made bifunctional.
- Synthesize and fully characterize the novel chelates.

- Characterize their corresponding non-radioactive complexes to gain insight

into the coordination chemistry.

- Perform radiolabeling studies to evaluate their efficiency with the radiometals

of interest.

- Synthesize the bifunctional analog of the most promising structures and

conjugate them to a disease targeting vector.
- Evaluate the radiopharmaceuticals in preclinical studies.

Chapter 2 explores the effect of adding one extra 1,2-HOPO ligand to HOPO-Og to make
a decadentate chelate, HOPO-O1p, on the coordination of larger radiolanthanides and
actinides, i.e., 'La, "®'Tb, #°Ac and ??"Th. In chapter 3, | moved away from linear
backbones to investigate the coordination of small radiometals such as ’Sc with branched
amine-based backbones containing 1,2-HOPO or an amide catechol ligand that can form
hexacoordinate complexes. Chapter 4 focuses on the most promising results from chapter
2 and modifies HOPO-Og with a tetrazine (Tz) bifunctional handle for click chemistry
applications. After conjugation to the mAb trastuzumab, the '®'Tb and 8%2Zr
radioimmunoconjugates are assessed in vivo. Lastly, chapter 5 summarizes and
concludes all the work presented here, suggests future projects to continue the research
areas explored in this thesis and ends with an outlook on the future of the development of

acyclic chelates for radiopharmaceutical applications.
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Chapter 2.

A comparative study of a decadentate acyclic
chelate, HOPO-049, and its octadentate analogue,
HOPO-Og, for radiopharmaceutical applications

2.1. Introduction

Radiolanthanides and radioactinides, often referred to as exotic radiometals, have
emerged as promising candidates to expand the use of therapeutic isotopes and find new
theranostic pairs for the current clinical imaging agents (section 1.1.2). With remarkably
diverse radiological and chemical properties, exotic radiometals are particularly interesting
for the development of novel therapeutic and theranostic pairs to complement the
numerous imaging radiopharmaceuticals that are available for routine clinical diagnosis
such as %Ga or technetium-99m (**™Tc, t12= 6.0 h, IT (100%)). Currently, '’Lu is the only
radiometal approved by the FDA for TRT with neuroendocrine tumors, ['’Lu]Lu-
DOTATATE ((Tyr3) octreotide (TATE) (Lutathera®), and metastatic prostate cancer,
[""Lu]Lu-PSMA-617 (Pluvicto®).2”32 This marked milestone has put exotic radiometals
with a and MAE emissions (e.g., 2°Ac, ti2= 9.9 d, a (100%), Eq = 5.8 MeV; and ®La, t1,=
19.5 h, EC (100%)) in the spotlight to develop novel therapeutic agents. Moreover, some
of these isotopes have same-element theranostic pairs, like “°Tb/'*Tb suitable for a
therapy and SPECT, while others can form different-element theranostic agents with
higher chemical similarity than the generally accepted ones, such as ?%°Ac/'*La ('*?La; ti
=4.59 h, B*(42%)) instead of 2°Ac/®®Ga. The unprecedented clinical results obtained with
some a-emitting radionuclides (e.g., °Ac or ' Th, t12= 18.7 d, a (100%)), have increased
the demand for novel chelators specifically designed for the chemistry of these exotic

radiometals.3355.65,104,247

Four medically relevant radiolanthanides and actinides were chosen for the work
in this chapter: '*°La, %5Tb, ??Ac and, ?*’Th (Table 2.1), all of which conventionally have
been described as relatively-hard to hard Lewis acids and exhibit large ionic radii with a
preference for large coordination numbers (= 8). The study of the thermodynamics and
kinetics of the lanthanides with a large variety of multidentate chelates including the well-

known 8-coordinate macrocycle DOTA (Table 2.2) and the acyclic DTPA started more
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than 30 years ago.?*¢-2°0 However, these data are not easily correlated with the radiometal
chelation for radiopharmaceutical development due to the difference in the experiment
conditions (solvents, concentration, etc.). While some of these chelates show promising

complexation and stability results, they are not ideal for nuclear medicine applications.

A clear example is DOTA which is highly effective for smaller radiometals such as
7Ly and "In, it is far from ideal for larger radiolanthanides (e.g., '*°La) or radioactinides
(e.g., ?®Ac) as it requires high temperatures (>80 °C) for their incorporation and lacks
selectivity. When preparing tracers for clinical studies, metal selectivity becomes crucial
since the presence of small metal impurities can significantly affect the specific activity
(As) of the tracer. Despite this, the majority of the preclinical and clinical studies with
radiolanthanides and actinides rely on DOTA chelation.*>%” Intense research efforts are
currently focused on developing novel highly specific chelates for some of the most
promising exotic radiometals such as ??5Ac or '3%La.6162251.252 Tg date, the stable chelation
of 225Ac is the most explored of all the medically relevant radiolanthanides and actinides.
Thiele et al. investigated the medical application of an 18-membered macrocycle
(H2bp18c6) reported by Roca-Sabio earlier with excellent binding affinity for large
lanthanides.??° It was renamed H.macropa (Table 2.2) and it is to date the ??°Ac chelate
with the highest performance, observed as high ambient temperature Ac®* incorporation
at low concentrations and highly stable to transmetallation and transchelation in vivo.5%253
Close competitors include the crown chelate (Table 2.2) developed by Yang et al. and the
acyclic Hspy4pa (Table 2.2) investigated by Li et al.?'¢2H,macropa was also demonstrated
to have superior radiolabeling properties compared to the DOTA derivative DO2Apic
(Table 2.2) with the novel theranostic pair *?'3°La in a unique proof-of-concept study of
this matched pair.?'° Py-macrodipa (Table 2.2) is a recently investigated novel chelate that
is capable of efficiently radiolabeling "**La in 15 min at 25 °C, and surprisingly, it is also
efficient at labeling the much smaller radiometal scandium-44 (*‘Sc, ti.= 3.94 h, B*
(94%)).252
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Table 2.1. Radiometals of interest studied in this chapter with their chemical and physical properties relevant to
radiopharmaceutical development.

Chemical properties Physical properties Nuclear medicine
properties
Isotope  Oxidation Stable lonic HSABP Half-life  Decay Energy Use Theranostic
state isotopes? radius?(A)  character emission pair
1353 3+ Yes 1.032 hard 19.5h MAE® 6.45 keV/decay therapy 132 g
133 g
134 g
155Th 3+ Yes 0.923 hard 5.32d Y 85 and 105 keV imaging
(32 and 25%)
161Th 3+ Yes 0.923 hard 6.9d B 154 keVd (101%) therapy/ 152Th/155Th
imaging
25A¢ 3+ No 1.12 hard 9.9d a 5.8 MeV(~25 MeV)e  therapy 182] g/226Ac
21Th 4+ No 0.94 hard 18.7 d a 6.0 MeV(~33 MeV)  therapy 89Zr/134Ce

aAll ionic radii are referring to coordination number 6. P(HSAB: hard soft acid base theory. °MAE: Meitner-Auger electrons. dAverage energy. ¢Total energy emitted through a decay
along the decay chain.

50



The scarcely available a-emitter 22’Th is one of the few exotic radiometals with an
extremely low binding affinity for DOTA, requiring heat to obtain significant labeling.
Ramdahl et al. developed (Me-3,2-HOPQ) (Table 2.2), a Th** tailored chelate for fast
complexation at ambient temperatures, which has become the gold standard.’?® This
intrinsic BFC has been linked to various disease-targeting vectors and is transitioning to
clinical phase | programs in mesothelioma and ovarian cancer patients
(NCT035074252).54

Tb* is a rare earth metal that has an exceptional matching quadruplet of medically
relevant radioisotopes '“°Tb, "%2Tb (ti= 17.5 h, B* (17%)), '°Tb, and "®'Tb (t1.=6.89 h, B-
(100%)). DOTA and CHX-A"-DTPA (Table 2.2) have been the chelates of choice for Th3*
despite its incompatibility with temperature-sensitive targeting molecules which require 90
°C for quantitative labeling. However, this year Wharton et al. presented the first preclinical

study with the crown chelate, ['%*"®'Tb]Tb-crown-TATE. 41:70:254

Hydroxypyridinone (HOPO) is a well-known bidentate ligand that forms 5-
membered chelate rings with high affinity for trivalent and tetravalent cations such as Fe3*
and Pu**. Three types of HOPO moieties are available for chelation: 1-hydroxy-2(1H)-
pyridinone (1,2-HOPO), 3-hydroxy-2(1H)-pyridinone (3,2-HOPO), and 3-hydroxy-4(1H)-
pyridinone (3,4-HOPQO). Chelating agents containing HOPO moieties have been
investigated to treat human iron toxicity or as actinide decorporation agents.?*>2%" The
Abergel group is leading investigations on the solution thermodynamics of lanthanide and
actinide complexes with the octadentate ligand 3,4,3-LI(1,2-HOPOQO), referred to herein as
HOPO-Qs, first reported by Gorden et al.'?!2%825 Their studies have demonstrated that
this ligand forms highly stable complexes with Ln®" with thermodynamic stability constants
ranging from 16.8 — 22.2 in aqueous solution across the series. More importantly, HOPO-
Os showed exceptionally high thermodynamic stability constants for tetravalent ions such
as Th* and Zr** with stability constants of 40.1 or 43.1, respectively, the highest reported
for a Zr** complex. As such, HOPO-Ogs is a highly promising candidate for the PET imaging
agent zirconium-89 (8%Zr, t1, = 3.27 d, B* (23%)). Deri et al. reported the first study of a
[89Zr]Zr-HOPO-0Os radiopharmaceutical with demonstrated superior affinity over the
commonly used deferoxamine B (DFQO).26%267 A synthetic route to functionalize the chelate
was successfully developed without altering its radiolabeling properties and was
conjugated to the mAb trastuzumab showing encouraging in vivo results.** Recently,
Bailey et al. investigated the novel radiolanthanide **Ce (t12 = 3.16 d, EC (100%)) as PET
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agent for ?*Ac and 2%’Th through its daughter **La (t1, = 6.45 min, B* (62%)). HOPO-Og

provided successful chelation and protected Ce** from biological reduction.?

Table 2.2. Chemical structures of the most relevant chelates discussed in this

chapter.
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Inspired by the exceptional binding affinity of HOPO-Og towards tetravalent ions,
we sought to explore the effect of increased denticity on the formation of a series of
radioactive lanthanide and actinide complexes including "*La, '%%'6'Tb, 225Ac and, ?*’Th
via the preparation of a novel 10-coordinate acyclic 1,2-HOPO chelator. The novel 3,4,3,3-
(LI-1,2-HOPO) chelator, referred to herein as HOPO-O4, (Table 2.2), was designed
keeping in mind the properties of the ideal bifunctional chelate described in chapter 1
(section 1.1.1.1). Compared to HOPO-Og, HOPO-O4 has an extended pentaamine
backbone with the capacity of incorporating an extra 1,2-HOPO moiety to a total of five
units, offering 10 oxygen coordination atoms instead of 8. We hypothesized that this
potentially decadentate ligand would form more stable complexes than the octadentate
HOPO-Os with the series of radioactinides/lanthanides tested, given their large ionic radii
and propensity to form coordination complexes with high denticity. Herein, we report the
synthesis and characterization of the novel HOPO-O+, chelator, along with preliminary
metal coordination studies using non-radioactive La%* and Tb®* studied via 'H NMR, MS,
and UV-vis. "La, 5¥1%1Tph, 225Ac¢, and 2?’Th radiolabeling studies of HOPO-O1o were
conducted and compared to results obtained for HOPO-Og; human serum stability of the
most promising radiometal complexes was also assessed. The complex formation and
stability of both structures are further compared by density functional theory (DFT)
calculations, and the results of the radiolabeling and stability studies were rationalized by
the computational studies to gain further insight into the coordination behaviour of HOPO-

0O10and HOPO-Og with the series of radioactinides and lanthanides studied.

2.2. Results and discussion

2.2.1. Synthesis

The novel decadentate HOPO-O1, consists of a linear polyamine backbone with
five amino groups and five 1,2-HOPO moieties. Unlike its octadentate analog HOPO-QOg,
the backbone is not commercially available and thus the synthesis of HOPO-O1o requires
the preparation of the backbone 1,16-diamino-4,8,13-triazahexadecane (referred to as
pentaamine) followed by the coupling of five 1,2-HOPO groups (Scheme 2.1). The
previously reported strategy to synthesize pentaamine is by prolonging spermine, the
tetramine backbone used in the synthesis of HOPO-0g.2622%3 The same strategy was

adopted in this work; however, two procedures were explored to incorporate the fifth amine
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to spermine via reductive amination (route 1) or tosylation (route 2). Both routes started

with the synthesis of compound 2.1 following a procedure described by Konig et al.?*

Route 1 is the previously reported route involving the synthesis of aldehyde 2.2
and the coupling to compound 2.3 via reductive amination which is similar to the first 6
steps of the synthesis of the bifunctional HOPO-03.25' The reductive amination of 2.2 and
2.3 proved to be challenging. The first issue encountered was the impossibility to track the
imine formation since neither TLC nor MS would reliably show its formation which led to
various amounts of double alkylated product. The second challenge was the isolation of
compound 2.5 from the double alkylated byproduct which was difficult due to the inherent
stickiness of aliphatic amines. Moreover, on larger scales purification required a second

column chromatography to increase product recovery.

Route 2 was investigated after Bhupathiraju et al. reported an improved synthesis
of the p-SCN-Bn-HOPO.% It is worth noting that at the time of publication, we had already
developed the synthetic route for HOPO-O1 and we only evaluated the coupling of
compound 2.4 to the Boc-protected compound 2.3 and didn’t attempt the shorter route to
couple compound 2.4 directly to spermine as reported. In our case, the formation of
intermediate 2.5 via tosylate coupling of compounds 2.3 and 2.4 resulted in a much
cleaner crude reaction. Purification of the crude by automated column chromatography
resulted simpler using C18 cartridges instead of SiO» which eliminated the need for a
second column in large scale reactions. Subsequent Cbz and Boc deprotection proceeded
as previously described yielding pentaamine 2.7 in the form of a TFA salt. Overall, the
synthesis of pentaamine involves two low-yielding steps, the formation of compounds 2.3
and 2.5. Small improvements were made on the initially published route using the tosylate
coupling instead of reductive amination. We believe that a higher synthetic cumulative
yield would be achieved by directly coupling compound 2.4 to spermine avoiding the low-

yielding 3-step one-pot reaction to prepare compound 2.3.

The second part of the synthesis was straightforward following the procedure
reported for the preparation of HOPO-05.2° We modified their procedure to avoid the use
of the acyl chloride derivative of 1,2-HOPO which has to be prepared and used
immediately due to its instability. Instead, we activated the acid with an N-
hydroxysuccinimide (NHS) group to form the ester 2.8 which can be purified by

chromatographic column and stored in the freezer for later use.?®® An excess of compound
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2.8 was used to achieve the complete addition of five 1,2-HOPO moieties to the backbone

to yield compound 2.9.
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Scheme 2.1. Synthetic route developed for HOPO-O1,. Dashed boxes indicate the
two routes investigated to prepare compound 2.5.
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Lastly, HOPO-O10 (2.10) was obtained by deprotection of the benzyl groups under
acidic conditions. The crude was purified by semi-preparative RP-HPLC and 2.10 was
obtained as an off-white solid. Hydrogenation with Pd/C was not attempted because we
wanted to investigate a route that could be used in the future when the ligand is
bifunctionalized with a p-benzyl-SCN which would not be preserved under these reducing

conditions.

2.2.2. Metal complexes

With one extra 1,2-HOPO moiety, HOPO-O, offers two additional coordination
sites for a total of ten oxygen donor atoms compared to the eight ones in HOPO-Os. To
understand the effect that this extra pendant arm has on the coordination chemistry of
large lanthanides and actinides, we prepared non-radioactive complexes of both HOPO-
O10 and HOPO-Os with the diamagnetic La®" ion — Ac®* closest surrogate metal — and the
paramagnetic Tb*" ion. The complexes were characterized by mass spectrometry, UV-vis
spectroscopy, and NMR spectroscopy (La*" only as Tb*" is paramagnetic). Non-
radioactive characterization of Th** was only possible via UV-vis spectroscopy due to the
radioactive nature of the only naturally occurring Th isotope, 232Th (t12 = 1.4 x 10'° y) which

limits its use in non-radioactive spaces.

The La®** and Tb® metal complexes were prepared by dissolving equimolar
amounts of HOPO-O+o or HOPO-Os and the corresponding metal salt in methanol. The
resulting complexes were isolated by centrifugation and identified first by mass
spectrometry. Strikingly, MS analysis of the La-HOPO-O1o complex revealed the formation
of two species in solution corresponding to the 1:1 and 2:1 metal-to-ligand complexes. In
contrast, only the 1:1 complex was observed for HOPO-Os. To further investigate the
formation of a bimetallic complex, '"H NMR spectroscopy was employed to track the
formation of the two metal species in solution by observing the changes in the spectra of
the aromatic signals (Figure 2.1 red triangle and green diamond). The results were
compared to the single species formed with HOPO-Os (Figures 2.2 and 2.3). The '"H NMR
titration was performed by adding 0.5 eq of a concentrated La(ClO4)s - 6 H20 to a solution
of the chelate in DMSO-ds until no changes in the spectrum were observed. The gradual
formation of the 1:1 and 2:1 species in the HOPO-O1o complex is observed by the merging
of the aromatic protons indicated by a green diamond (Figure 2.1), which are the most

affected by the coordination of La** due to their proximity to both coordinating oxygen
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atoms. The proton signals of the secondary amines (purple hexagon) decrease drastically
after the addition of 0.5 metal equivalents upon metal coordination. The asymmetry of the
peaks due to the multiple conformations of the ligand makes the interpretation of the
various species and ratios between them not feasible by NMR. The final solution was
analyzed by MS to confirm the formation of the monometallic and bimetallic complexes.
In contrast, titration of HOPO-Og with La®* indicated the formation only of a 1:1 complex
since there were no spectral changes past 1.0 eq of the metal salt (Figure 2.3). The MS

spectrum of the final NMR solution correlated with the formation of a monometallic

species.
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Figure 2.1. Chemical structures of HOPO-O1, (left) and HOPO-Os (right) with labels
for NMR peak assignment.

Further characterization of the HOPO-0+o complexes with La®*, Tb®" and Th** was
attempted using UV-vis spectroscopy to gain more insight into the formation of the 1:1 and
2:1 metal-to-ligand species. The absorption maximum (Amax) at 324 nm of the free chelate
— assigned to ligand T—1* transitions — experienced a blue-shift in the formation of all
complexes. However, the complexes did not show a consistent stopping point
corresponding to a specific ratio of metal-to-ligand as observed by 'H NMR (Figure 2.4A
and B and Appendix, Figure A.1 for Tb® and Th**). This absence of a clear trend was
also observed with HOPO-Og and La** as shown in Figure 2.4C and D. The inconsistency
observed in the UV-vis spectroscopy studies has also been reported before by Deri et al.
in the formation of the Zr** and HOPO-Os complex.?®® The divergence in the spectrometric
titrations could be explained by the formation of stacked metal complexes that could
incorporate an unpredictable number of ions between molecules of chelate and is highly
dependent on various factors such as buffer, equilibration time, chelate folding structure,
etc. Indirect spectrophotometric competition titrations between metal ions with similar
thermodynamic affinities would be a better approach to investigating the complexation
differences of HOPO-Os and HOPO-01.2%”
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Figure 2.2. 'TH NMR (600 MHz, DMSO-d¢, 298 K) La**-HOPO-Oy, titration at increasing
equivalents of the metal salt (0-2.5 eq). Peak assignment in agreement
with Figure 2. * indicates the H.O peak corresponding to the three H.O
equivalents introduced in every 0.5 eq increment of La*".
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Figure 2.3. "H NMR (600 MHz, DMSO-d¢, 298 K) La**-HOPO-Os titration at increasing
equivalents of the metal salt (0-1.5 eq). Peak assignment in agreement
with Figure 2. * indicates the H.O peak corresponding to the three H.O
equivalents introduced in every 0.5 eq increment of La*".
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Figure 2.4. UV-vis spectroscopic titration of La** with HOPO-O4, (A) and HOPO-Os
(C) and a profile of the peak wavelength as a function of the
equivalents of La** added (B and D) (0.1 M HEPES pH 7.4,10°M, room
temperature).

2.2.3. Radiolabeling

The radiolabeling properties of the novel decadentate HOPO-Oi and its
commercially available octadentate analog HOPO-Os were screened with the
radiolanthanides "%La and "*°Tb and the radioactinides ?*Ac and 22’Th. According to the
previously reported solution thermodynamics of HOPO-Os across the lanthanide and
actinide series, HOPO-Os should have the highest affinity for Th** with a pM of 40.1,
followed by Tb*" (pM = 21.8) and La*" (17.2) with the lowest affinity. The pM of HOPO-Os
and Ac*" is not available due to the lack of stable isotopes of Ac®*; based on the bond
covalency and oxidation states study by Kelley et al., it is expected to be much lower than
that of Th**.2%¢ However, it is worth noting that the correlation between the characterization
studies such as solution thermodynamics or NMR and MS is not straightforward. The

experimental conditions are significantly different, due to extremely low radiometal
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concentrations present in solution compared to the ligand (~ 10,000 higher chelate
concentration) and the effect that trace non-radioactive metal impurities can have at such

low concentrations.

Preliminary radiolabeling at higher concentrations (10* M) was performed for each
radiometal-chelate pair under various conditions of buffer (0.5 M NH4OAc, 0.5 M NaOAc,
PBS), pH (5, 6, 7), temperature (room temperature and/or 80 °C), and time (15-60 min). It
was found that 0.5 M NH4OAc at pH 6 gave the highest radiochemical yields (RCYs) in all

cases except for ?2’Th labeling which was done at pH 5.

The octadentate HOPO-Og and the decadentate HOPO-O1o were incubated at
different concentrations with 22°Ac (100 kBq) and quantitative (>99% radiometal
incorporation) RCYs were only achieved for [?2°Ac][Ac(HOPO-O1o)] at 100 uM chelate
concentration at room temperature in 15 min (Figure 2.5A). [*?°Ac][Ac(HOPO-Os)] was
unable to chelate ?5Ac; further optimization of the labeling conditions at different pH or
buffer did not achieve any improvements. At 10-fold lower concentrations, a M:L ratio of
1:2400, [*°Ac][Ac(HOPO-0+)] failed to complex at room temperature (Figure 2.5A) or 80
°C (Appendix, Figure A.2). These results indicate low radiolabeling compatibility of HOPO-
Os and HOPO-0+ with 2°Ac, which clearly fall short of the most efficient 22°Ac chelates

reported to date (e.g., macropa, Hspy4pa).5%62

The radiolabeling efficiency of HOPO-O1 and HOPO-Os with 3°La (600 kBq)
exhibited a similar concentration-dependent profile as with ?2Ac. All ¥°La was only
complexed by either chelate at 104 M ligand concentration at room temperature in 15 min
(Figure 2.5B). At 10 yM ligand concentrations, HOPO-Og and HOPO-O1 showed 0%
RCYs even at 80 °C (Appendix, Figure A.2). Under similar radiolabeling conditions,
macropa gave rise to complexes with almost equimolar amounts of metal and ligand (M:L
~ 1:4), clearly outperforming HOPO-O1, and HOPO-Og which can only successfully
complex *°La at 1:99000 ratios. These results are a clear example of the complexity of
correlating the complexation thermodynamics and kinetics of the non-radioactive
complexes (millimolar range) with the radiolabeling observations (picomolar
concentrations of '*°La). The fast complex formation observed for ".a%* by '"H NMR

spectroscopy is unfortunately not feasible under radiolabeling conditions.
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Figure 2.5. Concentration-dependant radiolabeling plots of HOPO-O4 (blue
squares) and HOPO-Os (red dots) with 22°Ac (100 kBq) in 0.5 M NH,OAc
pH 6 at room temperature in 15 min (top left), '3°La (600 kBq) in 0.5 M
NH,OAc pH 6 at room temperature in 15 min (top right), '*'Tb (91 kBq)
in 0.5 M NH,OAc pH 6 at room temperature in 15 min including DOTA
(bottom left), and 2’Th (1 kBq) in 0.5 M NH,OAc pH 5 at room
temperature in 15 min (bottom right). n =3 for each data point, except
for 22’Th where n = 2.

Radiolabeling studies of HOPO-O+o and HOPO-Os with '8'Tb were performed at a
range of 10* to 107 M chelate concentrations (Figure 2.5C). DOTA, the ¥'¢'Tb gold
standard, was added to these experiments due to the lack of literature on the labeling
efficiency of DOTA with Tb3*, since all reported studies use bifunctional DOTA by itself or
conjugated to targeting vectors.*%2¢® HOPO-Os exhibits the highest radiolabeling efficiency
achieving 99 + 1 % RCYs under mild conditions in 15 min at 10 yM giving rise to
complexes with a maximum apparent molar activity (max. Am) of 81.5 MBg/nmol. Under
the same conditions, HOPO-O4 reached 88 + 10 % RCYs and a max. An of 854
MBg/nmol. In comparison to DOTA, which is known to have slow binding kinetics for large

radiometals at room temperature, both the octadentate and the decadentate chelate show

61



drastically improved binding affinity for '6'Tb.%92'® These results demonstrate that DOTA
is not ideal for the fast chelation of temperature-sensitive radiopharmaceuticals. Similar to
the other radiometals, no significant differences were observed at 80 °C (Appendix, Figure
A.2). HOPO-O1 and HOPO-Os together with the recently reported ['°%'®'Tb]Tb-crown
represent the first chelates capable of effectively binding '®'Tb in 15 min at room

temperature.

Concentration-dependant radiolabeling of the octadentate and decadentate
chelate with ?2’Th revealed excellent radiochemical affinity of both chelates for the
radioactinide. Analogous to the other radiometals, HOPO-O4, and HOPO-Os had a very
similar performance achieving RCYs >95% at 10® M ligand concentration in 15 min at
room temperature (Figure 2.5D). Small improvements in RCYs were observed when
increasing the reaction temperature to 80 °C; the RCYs incremented from 95 + 1 to 100 +
0% (HOPO-Og) and 92 + 0 to 100 £ 0% (HOPO-O+0) (Appendix, Figure A.2). These
promising radiolabeling results could not be directly compared to the ?’Th gold standard,
3,2-Me-HOPO, which is not commercially available. Thus, it was deemed prudent to
calculate the specific activity (As) and molar activity (An) of the octadentate and
decadentate complex to have means of comparison with 3,2-Me-HOPO. The calculated
max. An and As for HOPO-Og and HOPO-O1g are 13.2 MBg/umol (17.77 MBg/mg) and
18.2 MBqg/pmol (19.24 MBg/mg), respectively. The As of HOPO-O1o is comparable to that
of 3,2-Me-HOPO which has a reported Anm of 18.4 MBg/umol and As of 14.082 MBg/mg'?°
while HOPO-Og has a lower capacity to incorporate the radionuclide. These findings
indicate that the extra 1,2-HOPO moiety improves the binding affinity for Th** giving rise

to higher radiolabeling efficiencies.

2.2.4. Human serum stability

The kinetic inertness of the four most promising complexes ['**Tb]Tb-HOPO-O1o,
[''"Tb]Tb-HOPO-Qs, [?*’Th]Th-HOPO-0O+o, and [?*’Th]JHOPO-Og was evaluated in an in
vitro human serum stability assay (Figure 2.6). '*°Tb was used for the serum stability of
['5Tb]Tb-HOPO-0O+, due to isotope availability. This is a preliminary test to investigate if
the metal-chelate complex can withstand transchelation and transmetallation to
endogenous proteins (e.g., albumin or transferrin) in vivo. The corresponding '*°Tb and
22TTh complexes were incubated at 37 °C for approximately one half-life, 5 and 14 days,

respectively, and the intact complex was monitored at multiple time points by TLC.
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Figure 2.6. Human serum stability (37 °C) of ['*Tb]Tb-HOPO-O+, and ['®'Tb]Thb-
HOPO-Os (left) and [?'Th]Th-HOPO-O1,, and [?’Th]HOPO-Os (right)
complexes. n = 3 for each data point, except for 22’Th where n = 2.

['5Tb]Tb-HOPO-0O+¢ and ['®'Tb]Tb-HOPO-Os remained stable over 5 days
retaining >98% of their radiochemical purity. These results indicate that both '%51¢'Th
complexes have exceptional stability in human serum and are promising candidates for
nuclear medicine applications. Some differences were observed in the case of [22’Th]Th-
HOPO-0O+o and [?'ThJHOPO-0Os. On day 7, [*'Th][HOPO-O1, remained intact whereas
[?*’Th]HOPO-Ogexhibited a 93 + 10 % stability. Lastly, after 15 days [?2’Th][HOPO-Oowas
79 + 7 % stable compared to 67 + 2 % of [?2’Th]Th-HOPO-Os. The decrease in the stability
observed for [?"Th]Th-HOPO-0O+o and [?’ Th][HOPO-Osis similar to the values reported for
[?®’Ac]Ac-macropa and [*°Ac]Ac-crown which is attributed to the radiolysis of the
radiometal caused by the potency of the a-particles emitted.5*6! These results highlight
the improvement of HOPO-O1, over HOPO-Os due to its ability to form kinetically more
inert complexes. Collectively, the radiolabeling and serum stability data demonstrate that

HOPO-Oyo is a valuable candidate for 2’ Th radiopharmaceutical development.

2.2.5. DFT calculations

Note: Eu** and Lu** were added to the DFT calculations for comparison across the
lanthanide series. Unfortunately, '"’Lu radiolabeling could not be studied due to
isotope availability.

3.5.1. Geometries

Structures of the ligands [3,4,3-LI(1,2-HOPO)]* and [3,4,3,3-LI(1,2-HOPOQ)]> as
well as their complexes with Ac®*, Th**, La%*, Eu®*, Tb*" and Lu*" were optimized using

DFT. All metal ions maintain coordination numbers of 8 in their HOPO-Og complexes and
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form relatively symmetric structures (Figure 2.7). However, with an additional 1,2-HOPO
unit, in the HOPO-01 complexes, Ac®**, Th* Eu® and La®" coordinate with all the
available 10 oxygen atoms while Lu** and Tb*" only coordinate with 9 oxygen atoms of
the HOPO-O1( ligand, leaving one oxygen unbound to the metal ions with M-O distances
of 3.476 A and 3.221 A respectively (Figure 2.8). This can be explained by their smaller
ionic radii relative to Ac®*, Th** and La®*.%® Due to the steric effects and constraints of the
ring, there is less space for Lu®** and Tb3* to form a bond with the 10" oxygen atom. Table
2.3 summarizes the average M-O distances in the optimized structures of HOPO-Os and
HOPO-0O19 complexes. It shows a consistent decreasing trend of average M-O distances
along the series Ac®*, Th*", La®", Eu®*, Tb®* and Lu®*, which is also in line with the trend of

their ionic radii.®®

Figure 2.7. General geometry for optimized An/Ln-3,4,3-LI(1,2-HOPO) complexes
(An = Ac* and Th*, Ln = La*, Eu®', Tb* and Lu®**) at PBE-D3/TZ2P
level of theory. Hydrogen atoms were hidden for clarity. (Yellow:
metal ions; grey: carbon; blue: nitrogen; red: oxygen.) [La-3,4,3-
LI(1,2-HOPO)] is shown.

Figure 2.8. General geometry for optimized An/Ln-3,4,3,3-LI(1,2-HOPO) complexes
(An = Ac®** and Th*, Ln = La** and Eu®*) (left) and general geometry
for optimized structures of [Ln-3,4,3,3-LI(1,2-HOPO)]* (right) (Ln =
Lu** and Tbh3*) at PBE-D3/TZ2P level of theory. Hydrogen atoms were
hidden for clarity. (Yellow: metal ions; grey: carbon; blue: nitrogen;
red: oxygen.) [La-3,4,3,3-LI(1,2-HOPO)]* and [Lu-3,4,3,3-LI(1,2-
HOPO)]?* are shown.
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Table 2.3. Average M-O distances (A) in optimized structures of HOPO-Og and
HOPO-01, complexes with Ac®*, Th*, La*, Eu®*, Th* and Lu?*.
La%* Th¥ Eu® Lu3* Ac? Th#
HOPO-0Os 2.520 2.393 2.441 2.334 2.601 2.432
HOPO-01o 2.624 2.468" 2.582 2.407* 2.695 2.525
*Values were calculated excluding the distance between metal ions and an unbound oxygen atom.

3.5.2. Thermodynamics

Stabilities of the radionuclide-HOPO complexes (i.e., the affinities of both [3,4,3-
LI(1,2-HOPO)]* and [3,4,3,3-LI(1,2-HOPO)]> for Ac®*, La%*, Eu®", Tb%*, Lu** and Th*")
were evaluated by the Gibbs free energies of the designed reactions shown below. The
hydration number of the hydrated ions was assumed to be 9 under aqueous conditions
based on the determination of the coordination number of hydrated Ac (lll) ion.?”® Precise
determination of hydration numbers of the hydrated An/Ln ions is not considered in the
current work. The values for AG are the Gibbs free energies for complexation reactions
(R1—R3) of hydrated An/Ln ions with ligands, L+ ([3,4,3-LI(1,2-HOPQ)]*) and L2 ([3,4,3,3-
LI(1,2-HOPO)J*). To compare the affinities of L1 and L, to the same An/Ln ions, ligand
exchange reactions (R4) were designed. A negative AAG value indicates that the complex
with L, is more stable than that with L4. Metal exchange reactions (R5) are designed for
comparing the stabilities of complexes with Ac®*, La’*, Eu®*, Tb®*, Lu*" and Th** with these

two ligands, respectively.

Ligand substitution reactions (complex formation reactions)

[M1(H20)o]™ +L1*s[M1L4]"™*+9H,0  (R1)
AG1 = G ([M1L4]™) + 9xG(H20) — G([M1(H20)e]™) — G(L+)
[M1(H20)e]™+L*s[M1L2]™*+9H,0  (R2)
AG; = G ([M1L2]™) + 9xG(H20) — G([M1(H20)9]™) — G(L2*)
[M2(H20)o]™+L1*s[MoL1]™*+9H,0  (R3)
AG3 = G ([M2L4]™) + 9xG(H20) — G([M2(H20)e]™) — G(L+*)

Ligand exchange reactions

[MLi™ L s[MLo "L (R4)
AAG1 = AG; - AGq
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Metal exchange reactions

[MiL]"*+[M2(H20)e]*"5[M1(H20)e] " +[MoL]™  (R5)
AAGZ = AG3 - AG1
In these equations, n is the charge carried by metal ions, and x is the number of

(negative) charges carried by the ligands.

The free energies of complex formation reactions (R1-R3) of hydrated
metal ions and ligands are listed in Table 2.4. Negative AG values indicate that stable
complexes form in the modelled aqueous conditions. To compare the effect of the
additional 1,2-HOPO unit on the stability of HOPO complexes, AAG values of the designed
ligand exchange reactions (R4) are straightforward (Table 2.4). For all evaluated metal
ions except Th**, AAG values are positive enough to indicate non-spontaneous reactions
when the HOPO-O1q ligand (L>) is used to substitute HOPO-Og (L+) in the complexes. In
contrast, with the additional 1,2-HOPQO unit, HOPO-O+, (L) stabilizes Th** better than
HOPO-Os (L+) in the complex.

Table 2.4. Calculated AG (in kcal/mol) for complex formation reactions (R1-R3) and
AAG (in kcal/mol) for Li-L2 ligand exchange reactions (R4) in aqueous
phase at the PBE-D3/TZ2P level of theory.

AG (kcal/mol) AAG (kcal/mol)
L1(HOPO-0s) L2(HOPO-010)  L¢-L:

Ac*  -92.34 -89.86 248

La®  -97.54 -90.85 6.69

Eud*  -109.08 -90.10 18.98

Tb%*  -103.98 -87.99 15.99

Lu*  -106.79 -88.72 18.07

Th*  -151.47 -159.61 -8.14

The M+-M. metal exchange reaction (R5) compares the affinities of the ligands to
metal ions. Negative AAG values show a higher affinity of the ligand to M> over M.
Through these reactions, the stability of the HOPO-Os complexes is found to obey the
following trend (Figure 2.9): Th**> Eu®*> Lu®*> Tb*> La**> Ac**, while that of the HOPO-
O10 complexes is observed to be: Th*> Eu®> La®* > Ac®> Lu®** > Tb**. The abnormal
order of Lu** and Tb*" in HOPO-O1, complexes is consistent with their geometry results —
the lack of one coordination site makes them less stable than the other, decadentate

complexes.
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Figure 2.9. Calculated AAG (in kcal/mol) for M:-M. metal exchange reactions (R5
above) in aqueous phase at the PBE-D3/TZ2P level of theory.

The partial charges on the metal ions in each of the HOPO complexes were
analyzed using the Hirshfeld and Voronoi charge analysis methods Table 2.5.2"
Generally, it is not the absolute values that are of interest, but the trends: Metal charges
smaller than the formal +3/+4 charge indicate charge transfer from O atoms in the ligands
to the metal ions. The absolute values do not show any obvious correlations with the
stabilities and geometries of the complexes (i.e., average M-O distances in each complex).
However, the trend of Voronoi Deformation density (VDD) charge transfer on metal ions
excluding Th** exhibits a strong correlation with the intrinsic interaction energy AE; which

is defined below.

Table 2.5. Hirshfeld and Voronoi charge (in €) on metal ions in HOPO-0Os and HOPO-
O19complexes in aqueous phase at the PBE-D3/TZ2P level of theory.

HOPO-0s HOPO-01o

Hirshfeld VDD Hirshfeld VDD
Ac* 0519 0.129  0.431 0.143
La®* 0.421 0.121 0.363 0.151
Eu** 0.518 0362  0.498 0.393
Tb* 0.582 0464  0.584 0.507
Lu*  0.447 0.306  0.464 0.353
Th* 0.591 0.171 0.505 0.195

To get further insight into the bonding between metal ions and ligands, Energy
Decomposition Analysis (EDA)?"? was performed for HOPO-Os and HOPO-Oq

complexes, using metal cations and ligand anions as interacting fragments. The intrinsic
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interaction energy AEi, between metal ions and ligands in the complexes is decomposed
into different terms: (1) the electrostatic interaction AEeistat between the fragments; (2) the
repulsive exchange (Pauli) interaction AEpraui between electrons of the two fragments of
the same spin, (3) the orbital (covalent) interaction AE.wn which comes from the orbital
relaxation and the orbital mixing between the fragments, and (4) dispersion correction

energy AEgisp.2”® It can be written as:
AEjn: = AEpauli + AE¢istqr + AEorp + AEdisp

Table 2.6. EDA results (in kcal/mol) for HOPO-Os and HOPO-0O4o complexes in
aqueous phase at the PBE-D3/TZ2P level of theory.

Fragments HOPO-Os

Energy terms Ac¥ La3* Eudt Th3+ Lud* Th#*
AEi -1342.30 -1397.81 163141 -1652.71 -1519.93  -2108.17
AEpaui 196.15 199.37 188.94 200.00 187.44 317.00
AEus 11276 -1127.53 114432 -1158.66  -1169.97  -1542.52
(72.33%) (70.60%) (62.86%) (62.54%) (68.52%) (63.60%)
AE.s -422.81 -466.06 -672.37 -688.89 -534.39 -878.26
(27.48%) (29.18%) (36.94%) (37.18%) (31.30%) (36.21%)
AE, -2.88 -3.59 -3.66 -5.16 -3.01 -4.39
® (0.19%)  (0.22%)  (0.20%)  (0.28%)  (0.18%)  (0.18%)
Fragments HOPO-O4
Energy terms Ac¥ La3* Eu3* Th3* Lu¥* Th#
AEiy -1527.27  -1579.80 -1804.85 -182242 -1684.62 -2363.76
AEpau 170.45 165.79 149.65 163.46 155.07 270.41
AE e -1259.68  -1268.71 127526 -1287.24 113470 -1728.26
(74.20%)  (72.68%) (65.25%) (64.82%) (61.68%) (65.61%)
AE.. -434.81 -472.74 -674.77 -691.93 -546.10 -900.80
* (25.61%) (27.08%) (34.52%) (34.84%) (29.68%) (34.20%)
-3.24 -4.14 -4.46 -6.71 -3.82 -5.10
AEdisp

(019%)  (0.24%)  (0.23%)  (0.34%)  (0.21%)  (0.19%)

Values in percentage show the contribution of each attractive energy term to the total attractive energy term
(AEelstat + AEorb + AEdisp)-

Through EDA (Table 2.6), it can be observed that, for all complexes, AEeistat
contributes most to the total bonding energy compared to AEqm, ranging from 61% to 75%,
indicating more electrostatic characteristics in bonding, especially for Ac®* and La®'.
Besides, with a higher coordination number, the electrostatic character contributes more

to bonding except for Lu®*. The lack of one coordination site in Lu and Tb complexes with
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HOPO-0O1¢ accounts for a lower portion of electrostatic character in bonding. Interestingly,
the higher portion of electrostatic character it has, the less stable the M-HOPO-Og complex
is. However, this trend is not in line with that in M-HOPO-O1o complexes. The significantly
larger absolute values of AEi: of Th-HOPO complexes compared to the others are a direct
result of the charge difference. (i.e., Th is in the 4+ state while the other metals are in a

3+ state.)

2.3. Conclusions

Overall, the additional 1,2-HOPO moiety in the novel decadentate acyclic chelate
HOPO-0O19 has demonstrated a moderate improvement in the radiolabeling efficiency and
a significant increase in the stability of the tetravalent radioisotope 22’ Th compared to its
octadentate analog HOPO-Os. In this chapter, we have successfully synthesized HOPO-
O10 and investigated two routes to prepare intermediate 2.5; route 2 led to higher yield
and easier purification. Non-radioactive La** and Tb** complexes of both chelates were
prepared and characterized. '"H NMR and MS suggested the formation of a bimetallic
HOPO-0O1¢ species compared to a monometallic HOPO-Og complex at a millimolar scale.
These findings cannot be directly correlated with the radiolabeling studies due to the lower
concentrations employed. HOPO-O1o was comparable or even superior to HOPO-Os in all
concentration-dependent radiolabeling studies. The improved affinity and stability of
HOPO-0O+, were drastically shown in the radiolabeling of 22’Th. [?2’Th]Th-HOPO-O1o
exhibited higher maximum A, - comparable to the standard (3,2-Me-HOPO) chelate — and
excellent stability to transchelation in the in vitro human serum stability challenge with 93
+ 10% intact complex after 15 days compared to the 67 + 2% of [?2’Th]Th-HOPO-Os.
HOPO-0+, and HOPO-Os showed similar performance in the radiolabeling of '®'Tb and
complex stability both outperforming the gold-standard DOTA at room temperature. Our
DFT calculations have shown that among all the studied An/Ln, Th**-HOPO-O¢ is the only
complex with higher stability than its octadentate analog in agreement with the
experimental results. The design of HOPO-O1, also contributes to gaining insight into the

chelation of large radioactinides to inspire future ligand designs.

The excellent in vitro stability of [22’Th]Th-HOPO-O+, will have to be further
demonstrated when conjugated to a targeting vector (i.e., antibody) before its preclinical

application. As such, efforts towards the preparation of a bifunctional HOPO-O, chelate,
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which can be prepared via intermediate 5 in the described synthetic route, is currently
underway. Additionally, these encouraging results open the door to evaluating other
tetravalent radioactinides with medically relevant properties such as '**Ce, a highly
promising PET imaging pair for %?'Th, or the a-emitter 2°U for personalized

radiotheranostic applications.

2.4. Experimental section

2.4.1. General materials and methods

All chemicals, unless otherwise noted were purchased from commercial suppliers
(Sigma-Aldrich, TCI America, Fisher Scientific) and used as received without further
purification. All solvents noted as “dry” were obtained following storage over 3 A molecular
sieves. All instruments were calibrated and maintained following standard quality-control
procedures. High-resolution mass spectrometry (HR-MS) was carried out through
electrospray ionization (ESI) in an Agilent 6210 time-of-flight instrument (TOF). Low-
resolution mass spectrometry was performed on an Advion ExpressionL CMS equipped
with an ESI source. 1H and 13C nuclear magnetic resonance (NMR) spectra were
recorded at 25 °C on Bruker AV400 or AV600 instruments; NMR spectra are expressed
on the d scale and referenced to residual solvent peaks. Reactions were monitored by
thin-layer chromatography (TLC) performed on aluminum sheets pre-coated with silica gel
60 (HF254, E. Merck), and spots were visualized by UV and charring with permanganate
or ninhydrin solutions. Flash column chromatography was carried out with silica gel 60
(40-63 um, 230-400 mesh) using a stepwise solvent polarity gradient correlated with TLC
mobility. Automated column chromatography was performed using a Teledyne ISCO
Combiflash Rf or with an Isolera One Biotage. Semi-preparative high-performance liquid
chromatography (HPLC) was carried out using an Agilent 1100 series consisting of a
G1311A Quaternary Pump, G2260A autosampler, and G1315B variable wavelength
absorbance detector. Semi-preparative purification was performed with a Kinetex semi-
preparative C18 column, 5 ym, 100 A, 150 x 10.0 mm at a flow rate of 3.0 mL/min unless
otherwise noted. All HPLC methods employed an H>O/acetonitrile biphasic solvent system
buffered with 0.1% TFA. UV-vis spectra were recorded with a Cary100 UV-vis

spectrometer at room temperature with 1 cm length cuvettes.
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2.4.2. Synthesis

Compound 2.1 was synthesized and characterized as previously described by
Konig et al.*” Compound 2.8 was prepared following a 3-step synthetic route described by

Deri et al. and Guérard et al.?"2¢

3-[(benzyloxycarbonyl)amino]propanal (2.2). The oxidation of 2.1 was performed

according to a modified literature procedure.?’* Benzyl (3-hydroxypropyl)carbamate (1.00
g, 4.80 mmol) and TEMPO (0.150 g, 0.96 mmol) were dissolved in dichloromethane (40
mL) and added to a solution of NaBr (0.103 g, 0.96 mmol) and NalO4 (2.05 g, 9.6 mmol)
in H.O (40 mL). The reaction mixture was vigorously stirred for 30 h at RT. The organic
phase was separated, and the aqueous phase was extracted with 40 ml of CH.Cl, (x5).
The combined organic phases were washed with Na;S»03, and brine and dried over
MgSO.. The solvents were removed under reduced pressure after filtration. The residue
was purified by chromatographic column on silica gel with hexane/ethyl acetate (1:1). The
solvents were evaporated under vacuum to obtain 2.2 as an off-white solid (0.693 g, 70
%). '"H NMR (400 MHz, Chloroform-d) & 9.80 (s, 1H), 7.40 — 7.28 (m, 5H), 5.15 (s, 1H),
5.08 (s, 2H), 3.49 (q, J = 6.1 Hz, 2H), 2.74 (t, J = 5.8 Hz, 2H). *C NMR (101 MHz, CDCls)
0 201.14, 156.44, 136.58, 128.67, 128.28, 128.21, 66.93, 44.26, 34.69. HR-ESI-MS
(CH30H) m/z for C11H14sNO3 ([M+H]*) calc. (found): 208.0968 (208.0989).

(N1,N4,N9-Tri-tert-butoxycarbonyl)-1,12-diamino-4,9-diazadodecan (2.3). Compound 2.3
was synthesized using a published procedure with minor modifications.?%* Spermine (2.00
g, 9.90 mmol) was dissolved in dry CH3zOH (140 mL) under argon at -78 °C and ethyl

trifluoroacetate (1.17 mL, 9.90 mmol) was added dropwise over 30 min. After 30 min, the

reaction mixture was warmed to 0 °C and stirred for another hour. Di-tert-butyl carbonate
(8.64 g, 39.6 mmol) was dissolved in dry CH3OH (10 mL), slowly added to the reaction
mixture, and stirred at room temperature for 24 h. The pH of the solution was increased
to 11 adding dropwise a concentrated solution of NHsOH and the mixture was stirred at
65 °C for 20 h. After evaporation in vacuo, the crude was purified by a chromatographic
column on silica (0-10% CH3sOH in CH2Cl, with 1% NHsin CH3OH). The pure compound
was obtained in the form of a yellow oil (2.01 g, 30%). '"H NMR (600 MHz, Methanol-d.) &
3.37 - 3.32 (m, 2H), 3.22 (q, J = 6.5 Hz, 6H), 3.03 (t, J = 6.7 Hz, 2H), 2.92 (t, J = 7.2 Hz,
2H), 1.89 (p, J = 7.0 Hz, 2H), 1.74 — 1.63 (m, 2H), 1.57 — 1.50 (m, 4H), 1.50 — 1.39 (m,
27H). *C (151MHz, Methanol-d4) & 158.44, 157.88, 157.35, 81.21, 80.97, 79.94, 49.85,
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47.89(*), 45.86(*), 44.72, 38.81, 30.25, 29.65, 28.76(*), 26.90(*). HR-ESI-MS (CH3OH)
m/z for CzsHs51N4Os calc. ([M+H]") calc. (found): 503.3803 (503.3690). (*) indicates peak

splitting due to the presence of different conformers in solution.

Phenylmethyl N-[3-[[(4-methylphenyl)sulfonylloxy]propyl]lcarbamate (2.4). Compound 2.4

was synthesized using a published procedure with minor modifications.?”® To a stirring
solution of 2.1 (1.00 g, 4.9 mmol) in dry CH2Cl, (10 mL) was added EtsN (1.28 mL, 33.5
mmol), and a solution of 4-toluenesulfonyl chloride (1.02 g, 5.4 mmol) in dry CH>Cl, (6 mL)
at 0 °C under argon atmosphere. The reaction mixture was allowed to warm up to room
temperature and stirred for 18 h. The solution was evaporated in vacuo, and the resulting
solid was redissolved in ethyl acetate. The organic phase was washed with H,O and brine
and dried over MgSO.. After concentration under reduced pressure, the crude was purified
via automated silica gel chromatography (Isolera One, Sfar HC 10 g, gradient: A: hexanes,
B: ethyl acetate; 0-10 CV: 30% B, 10-12 CV: 30-100% B) to yield 2.4 as a colourless oil
(1.23 g, 71%). '"H NMR (400 MHz, chloroform-ds) & 7.78 (d, J = 8.6 Hz, 2H), 7.40 — 7.28
(m, 7H), 5.07 (s, 2H), 4.09 (t, J = 6.0 Hz, 2H), 3.26 (q, J = 6.4 Hz, 2H), 2.43 (s, 3H), 1.93
— 1.83 (m, 2H). 3C NMR (101 MHz, chloroform-ds) & 156.48, 145.13, 136.56, 133.01,
130.08, 128.69, 128.31, 128.24, 128.03, 67.93, 66.89, 37.43, 29.22, 21.77. HR-ESI-MS
(CH3OH) m/z for C2sHesaNsOs ([M+H]*) calc. (found): 694.4749 (694.4771).

N1,N5,N10-tri-tert-butoxycarbonyl-N18-benzyloxycarbonyl-1,5,10,14,18-

pentaazaoctadecane (2.5). Route 1 — This compound was synthesized using a published

procedure with minor modifications.?%* To a solution of 2.3 (0.50 g, 1.0 mmol) dissolved in
dry methanol (12 mL) were added 2.2 (0.207 g, 1.00 mmol), two drops of glacial acetic
acid and molecular sieves (2000 mg). The mixture was stirred at room temperature for 45
min before the addition of Na(CN)BH3 (0.127 g, 2.00 mmol), and the reduction reaction
was continued for 23 h at room temperature. The molecular sieves were removed by
filtration and the reaction was quenched with H>O (10 mL) followed by extraction of the
aqueous layer with CH2Cl» (x3). The organic phases were combined, washed with brine,
dried over MgSQO4, and filtered. The clear solution was concentrated under reduced
pressure and the crude oil was purified using automated column chromatography
(Teledyne ISCO, 40 g gold silica column, gradient: A: CH2Cl> with 1% NHzin CH3OH, B:
20% CH3OH in CH2Clz with 1% NH3z in CH3zOH; 0-20 CV: 0-100% B). The pure product
fractions were combined, and the solvents were evaporated to give 2.5 as a pale-yellow
oil (0.221 g, 32%). "H NMR (600 MHz, methanol-ds) & 7.43 — 7.26 (m, 5H), 5.07 (s, 2H),
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3.29 - 3.13 (m, 10H), 3.03 (t, J = 6.7 Hz, 2H), 2.55 (dt, J=29.6, 7.1 Hz, 4H), 1.70 (m, J =
14.0, 7.9 Hz, 6H), 1.59 — 1.38 (m, 31H). *C NMR (151 MHz, methanol-ds) & 158.91,
158.39, 157.46, 157.29, 138.47, 129.45, 128.94, 128.76, 80.91, 79.90, 67.30, 48.20,
48.00, 47.75 (d, J = 14.8 Hz), 47.50, 46.04, 45.57, 39.62, 38.86 (*), 30.66, 30.23, 29.55(%),
28.77, 27.09(*), 26.53(*). HR-ESI-MS (CH30H) m/z for C2sHessNsOg ([M+H]") calc. (found):
694.4749 (694.4771). (*) indicates peak splitting due to the presence of different

conformers in solution.

Route 2 — Compound 2.4 (0.20 g, 0.55 mmol) and compound 2.3 (0.56 g, 1.1 mmol) were
dissolved in CH3CN (35 mL). K2COs3 (0.30 g, 2.2 mmol) was added and the mixture was
heated to reflux for 8 h. After cooling down, the salts were filtered out and the solvent was
evaporated resulting in a yellow oil. The crude was redissolved in the minimum amount of
CHsCN and purified by reverse-phase automated column chromatography (Isolera One,
Sfar C18 12 g, gradient: A: H2O, B: CH3CN; 0-5 CV: 10% B, 5-30 CV: 10-50% B, 30-31
CV: 100% B). The product was obtained as a yellow oil (0.15 g, 40%).

21-amino-2,2-dimethyl-4-ox0-3-0xa-5,9,14,18-tetraazaheneicosane-9,14-acid
bis(1,1dimethylethyl-) ester (2.6). Pd/C 10 wt. % loading (0.047 g) was added to a stirring
solution of 2.5 (0.100 g, 0.15 mmol) in ethanol (15 mL). The flask was stoppered and

sealed and first purged with argon followed by H> gas from a balloon. The reaction was
stirred at room temperature for 4 h under Hz atmosphere. The reaction mixture was filtered
through a pad of Celite and washed with ethanol. The filtrate was concentrated in vacuo
to obtain 2.6 as a yellow oil which was used without further purification (0.074 g, 89%).
ESI-MS (CH3sOH) m/z for C2sHssN5sOs ([M+H]*) calc. (found) 560.6 (560.6).

1,16-diamino-4,8,13-triazagexadecane (2.7). Compound 2.6 (0.074 g, 0.13 mmol) was
dissolved in a 1:1 mixture of trifluoroacetic acid (TFA) (1 mL) and CH2Cl> (1 mL). After

stirring for 2 h at RT, the solvents were evaporated under reduced pressure and the

residual TFA was removed by the addition and evaporation of small amounts of CH3;OH
(5 x5 mL). The pale brown solid was dissolved in the minimum amount of H20 and freeze-
dried overnight to yield 2.7 as a TFA salt (0.105 g, 97%). '"H NMR (600 MHz, Methanol-
ds) 8 3.19 — 3.03 (m, 16H), 2.18 — 2.04 (m, 5H), 1.85 — 1.75 (m, 4H). *C NMR (150 MHz,
Methanol-ds) & 163.18 (TFA anion), 118.18 (TFA anion), 48.21 (*), 45.97 (*), 45.81 (%),
37.78 (*), 25.40 (*), 24.23, 24.17. HR-ESI-MS (CH3OH) m/z for C13H34Ns ([M+H]*) calc.
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(found): 260.2809 (260.2800). (*) indicates peak splitting due to the presence of different

conformers in solution.

3.4,3,3-(LI-1,2-HOPO)BnN (2.9). To a stirring solution of 2.7 (0.208 g, 0.25 mmol) in dry
dimethylformamide (mL) under N2 was added compound 2.8 (0.60 g, 1.75 mmol), 4-

(dimethylamino)pyridine (0.003 g, 0.025 mmol) and triethylamine (0.28 mL, 2 mmol). The
solution was heated to 50 °C and stirred for 3 days. After cooling to room temperature H.O
was added and the aqueous phase was extracted with ethyl acetate (x2). The combined
organic layers were washed with H,O and brine, dried over anhydrous MgSO4, and
filtered. The solvent was then removed, and the crude was purified through a gravity
column (0-5% CH3OH in CHCl,) to obtain 2.9 as an orange oil (0.235 g, 67%). '"H NMR
(600 MHz, chloroform-d) & 7.82 — 7.00 (m, 30H), 6.87 — 5.75 (m, 10H), 5.75 — 4.78 (m,
10H), 3.72 — 2.12 (m, 16H), 1.88 — 0.42 (m, 10H). 3C NMR (151 MHz, chloroform-d) &
158.64, 157.92, 143.38, 138.33, 137.86, 133.42, 130.71, 129.17, 128.78, 128.36, 125.43,
123.38, 122.77, 104.81, 102.74, 79.49, 47.24, 46.12, 42.63, 42.27, 36.85, 31.57, 30.35,
29.44, 27.14, 25.30, 20.78, 21.62.* HR-ESI-MS (CH3OH) m/z for C7sH79010N+5 ([M+H]*)
calc. (found): 1395.5721 (1395.5709). *signals were assigned to the best of our

possibilities with "H-">*C HSQC and HMBC experiments due to low *C resolution.

3.4,3,3-(LI-1,2-HOP0O)(2.10). Compound 2.9 (0.235 g, 0.17 mmol) was dissolved in a 1:1
mixture of concentrated HCI (3 mL) and CH3COOH (3 mL). The solution was heated to 50

°C for 3 days and then the solvents were evaporated under reduced pressure. The crude

was redissolved in H20 and purified by semi-preparative HPLC (gradient: A: 0.1% TFA in
H»0, B: 0.1% TFA in CH3CN; 0-0.5 min: 10% B, 0.5-1.5 min: 10-20% B, 1.5-7.5 min: 20%
B, 7.5-8.5 min: 20-90% B, 8.5-10.5 min: 90% B, 10.5-11.5 min: 10% B, 11.5-16 min: 10%
B, tr = 4.57 min, flow rate: 3.5 mL/min). The product peaks were collected and the
combined fractions were evaporated under reduced pressure and lyophilized to obtain
210 as an off-white solid (0.087 g, 55%). Elemental analysis for 3,4,3,3-(LI-1,2-
HOPO)-1.6 CH4O-5.4 HCI calc. (found): C, 44.9 (44.66); H, 5.05 (5.39); N, 11.74 (12.06).
"H NMR (600 MHz, methanol-ds) & 7.62 (m, 5H), 6.93 — 6.30 (m, 10H), 3.93 — 2.91 (m,
16H), 2.22 — 1.19 (m, 10H). *C NMR (151 MHz, methanol-ds) & 163.29(*), 162.28(*),
160.20(*), 143.17(*), 142.25(*), 140.58(*), 140.09(*), 139.66(*), 120.26(*), 109.61(*),
49.85, 47.43(*), 43.52(*), 38.27(*), 38.07(*), 29.63, 29.03, 27.80, 26.27(*), 25.27(*). HR-
ESI-MS (CH3OH) m/z for CzsH79010N1s ([M+H]*) calc. (found): 945.3373 (945.3344).(*)

indicates peak splitting due to the presence of different conformers in solution.
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2.4.3. Metal complexation

[Lan(3,4,3,3-(LI-1,2-HOPO))]®™® (2.11). La(ClO4)s - 6H.0 (0.007 g, 0.012 mmol) was

dissolved in 0.2 mL of MeOH and the solution was added dropwise to a solution of 2.10

(0.012 g, 0.013 mmol) in 0.8 mL of MeOH. A precipitate formed immediately after each
drop leaving a bright yellow suspension. The reaction was mixed thoroughly with a vortex
mixer at 1000 rpm for 2 min. The precipitate was separated by centrifuge and the pellet
was washed with Et2O (x3) and then air-dried on filter paper to give 2.11 as a beige solid
(0.016 g). ESI-MS (CH3OH) m/z for CasHssLaN1oO+s ([M-3H+La]) calc. (found): 1079.2
(1079.5); m/z for CasHaslLazN1O1s ([M-5H+2La]*) calc. (found): 1217.1 (1217.5). M =

compound 2.10.

[Tbn(3.4,3,3-(LI-1,2-HOPQ))]®"°)(2.12). TbCls - 6H,0 (0.004 g, 0.011 mmol) was dissolved
in 0.2 mL of CH3OH and the solution was added dropwise to a solution of 2.10 (0.011 g,

0.012 mmol) in 0.8 mL of MeOH. A precipitate formed immediately after each drop leaving
a bright yellow suspension. The reaction was mixed thoroughly with a vortex mixer at 1000
rpm for 2 min. The precipitate was separated by centrifuge and the pellet was washed with
Et2O (x3) and then air-dried on filter paper to give 2.12 as a beige solid (0.015 g). ESI-MS
(CH30OH) m/z for CasHasTbN10O1s ([M-3H+Tb]) calc. (found): 1099.2 (1079.6); m/z for
C43Ha3TboN10O15 ([M-5H+2Tb]*) calc. (found): 1257.2 (1257.7). M = compound 2.10.

2.4.4. UV-vis spectroscopy

Stock solutions at 10 M of ligand HOPO-0+o and HOPO-Os and the metal salts La(ClO4)3
‘6H20, TbClz -6H20 and Th(NOs)s -4H.O were prepared in MilliQ H>O. The molecular
weight of HOPO-O4o was calculated according to the results of elemental analysis
(1190.45 g/mol). The buffer solution was 0.1 M HEPES pH 7.4 and the ionic strength was
adjusted with 0.1 M KCI. In situ complexation was studied by recording independent
absorption spectra of increasing equivalents of the corresponding metal salt (0.5 — 3 eq,
15 — 90 uL) in a buffering solution containing 30 uL of HOPO-O1 or HOPO-Os stock
solution (10° M final concentration) to a total final volume of 3000 pL. All experiments

were performed at room temperature.
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2.4.5. Isotope production and purification

Caution: ™La, "°¥'%'Th, 225Ac, %2’ Th emit ionizing radiation and should only be
handled in a facility designed in accordance with appropriate safety protocols.

2.4.5.1. General materials and methods

Natural barium (99.99% trace metals basis) dendritic pieces were purchased from Sigma
Aldrich (St. Louis, MO, USA). Ultrapure nitric acid (Environmental grade) was purchased
from VWR (Radnor, PA, USA) and Ultrapure HCI (TraceSE-LECT) was purchased from
Fisher Scientific (Hampton, NH, USA). Branched DGA resin (50 — 100 um) was purchased
from Eichrom (Lisle, IL, USA). 4 mL polypropylene cartridges and 1/8" polyethylene frits
were purchased from United Chemical Technologies (Lewistown, PA, USA). Deionized
water was produced on-site using a Millipore Direct-Q® 3UV water purification system. All
radioactivity measurements for the purification of '3?'35La from Ba targets were performed
using gamma-ray spectroscopy on an N-type co-axial high purity germanium (HPGe)
gamma spectrometer (Canberra Industries) calibrated with a 20 mL '?Eu and '*°Ba
source. Aliquots were removed and diluted to a 20 mL standard volume and measured at
a distance of 15 cm from the detector until the uncertainty in the peak area was below 5%;
for all measurements, the dead time was kept below 5%. Spectra were analyzed using the
Genie 2000 software package (Version X, Canberra Industries) using the 464.55 and
567.14 keV gamma lines for '*?La measurement and 480.51, 587.83, and 874.51 keV
gamma lines for '*La measurement. The radioactive RP-HPLC system used to analyze
the radiolabeling reactions consisted of a Phenomenex Luna C18(2) 100 ARP analytical
column (5 um,100 x 4.6 mm) using an Agilent S16HPLC equipped with a model 1200
quaternary pump, a model 1200 UV absorbance detector (set at 220nm) and a Raytest
Gabi Star Nal(Tl) radiation detector. The thin layer chromatography (TLC) plates and
instant TLC (iTLC) plates were measured on a BioScan 200 imaging scanner equipped

with a BioScan Autochanger 1000 and WinScan software.

2.4.5.2. 35La production and purification

Ba target manufacturing: Using a hydraulic press (Desktop pellet press, Across

International, 4 MPa), 210-220 mg of natural barium was pressed into a pellet with a 10
mm diameter using a 10 mm die set and then pressed into an aluminum backing (4 MPa).
The aluminum backing (6082 alloy) used to hold the barium was 1.6 mm thick and 28 mm

in diameter with a centred 10 mm indent (0.55 mm depth). The thickness of the backing
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was chosen to completely stop the proton beam. Target manufacturing was performed
rapidly due to the air-sensitive nature of metallic barium. To test the structural integrity of
the target, it was dropped onto the floor from a height of 1.5 m and inspected for signs of
damage before being vacuum sealed and immediately installed on TRIUMF’s TR13 (13

MeV) cyclotron.

Ba target irradiation: The target was installed into a solid target holder?”® and during

irradiation, the target was cooled with water at the back and with helium at the front. The
13 MeV protons were degraded to approximately 12.8 MeV using a 25 pm-thick aluminum
foil to separate the target system from the vacuum of the cyclotron. Irradiation was
performed at 10 pA for 2-4 h and after irradiation, the target was left in the holder for 1.5
hours to allow for the decay of short-lived *°La (t12= 8.7 min), "34La (t12 = 6.5 min), "*®La
(t12 = 9.9 min), and *"™Ba (t12 = 2.6 min) to reduce radiation exposure. With a proton
energy of 12.8 MeV, '*°La was produced via the "*°Ba(p,n)'*La and '**Ba(p,2n)"*°La

reaction and "*?La was produced via the '**Ba(p,n)'*?La reaction."'*2"

Separation of 3?13 a: The method utilized to separate '*2'3°La from the Ba target was

based on methods in literature,?’® with modification to the HCI concentration used to elute
the 132135 a. The irradiated target was placed in a beaker and the barium dissolved using
5 mL of MilliQ water. After dissolution, the aluminum backing was removed and rinsed
with an additional 5 mL of water. 10 mL of 6 M HNO3 was added to aid in Ba dissolution
to bring the final solution concentration of HNO3; to 3 M. A 4 mL polypropylene cartridge
was packed with 250 mg of branched DGA resin and immediately prior to use, the column
was conditioned with 15 mL of MilliQ water and 15 mL of 3 M HNOs. The target solution
was loaded onto the column by gravity and then washed with 50 mL of 3 M HNO3, followed
by 5 mL of 0.5 M HNOj3, to remove residual Ba. The *?'3%Lawas then eluted with 2 mL of
0.01 M HCI at 1 mL/min. The yield and radionuclide purity of '3?13%_a was assessed using

gamma spectroscopy.

2.4.5.3. '55Tb production and purification

1%5Th was collected at TRIUMF’s ISAC (Isotope Separator and Accelerator) implantation
station using the reported method.?”® Briefly, the 0.14 mol/cm? tantalum metal foil target
was irradiated with a 480 MeV p* beam. The isotopes produced through spallation
reactions are extracted as an ion beam and accelerated subsequently up to 30 keV. Mass

over charge ratio 155, which mainly contains isobars of Er*, Ho*, Dy*, and Tb*, was
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separated and collected at the ISAC implantation station. A 5-day cool down period was
required to let most precursor isotope decay into '*°Tb. The isotopes were implanted into
an ammonium chloride salt layer, which was dissolved in water and used without

purification.

2.4.5.4. '°'Tb production and purification

'8'Th was obtained pure in the form of ['®'Tb]TbCl; from SCK CEN (Belgium) and used

without further purification.?5°

2.4.5.5. 225Ac production and purification

225Ac was produced via the spallation of thorium on TRIUMF’s 500 MeV cyclotron and

isolated as previously described.®

2.4.5.6. 22’ Th production and purification

22TTh was purified from 2%’Ac after reaching secular equilibrium. ?2’Ac was produced from
thorium spallation and subsequent purification.®® After 22Ac was decayed, ?*’Ac in 36 mL
4 M HNOs3 was loaded on a DGA column (100 mg) and eluted with 1.5 mL H»O to reduce
the volume. The eluent from DGA resin was mixed with 1.5 mL of 8 M HNO3 and loaded
on a UTEVA resin (400 mg). After washing with 1 mL of 4 M HNOs, 22’ Th was eluted with
0.05 M HCl and used as is.

2.4.6. Radiolabeling studies

Stock solutions of HOPO-Og and HOPO-O+, (10 M) were prepared in deionized H,O and
diluted to give serial dilutions (10, 105, and 10° M) suitable for radiolabeling. A 5 pL
aliquot of each chelate stock solution was added to an Eppendorf tube containing buffer
(0.5 M NH4OAc, pH 6) such that the final volume was 50 pL after the addition of
[13211%5La]LaCls (500 kBq), [2°Ac]Ac(NOs)s (100 kBq), ['*°Tb]TbCl; (80 kBq) to give final
ligand concentrations of 10* M to 107 M for each sample (n = 3). For [?’Th]Th(NOs). (1
kBq) radiolabeling experiments, the same procedure was followed with small modifications
in the buffer solution (0.5 M NH:OAc pH 5) and in the number of replicates due to the low
isotope availability (n = 2). Each concentration-dependent study included a negative
control containing only the corresponding radioisotope solution and the reaction buffer.

The reactions were allowed to radiolabel at room temperature or 85 °C and monitored at

78



15 min ("La, 22°Ac, '%°1%1Tb, and 22’Th) and 1 h ('*¥'6'Tb and 22"Th) only for the highest
concentration. The ™¥'6'Th reaction progress was monitored by spotting (1-10 L)
aliquots on silicic acid (SA) impregnated iTLC plates and developed using an EDTA
solution (50 mM, pH 7). 2’Th reactions were monitored by spotting 10 L aliquots on
aluminum backing silica gel 60 (SG F2s4) TLC plates and developed in citric acid (0.4 M,
pH 4). The radiochemical yields (RCYs) of '¥'6'Th experiments were analyzed using
radio-TLC by integrating the peaks in the radio-chromatogram. Under these conditions,
uncomplexed "®%'6'Tp travels up to the solvent front (Rf = 1) and the complexed %%1%'Tb
stays halfway up the plate (R = 0.5). In the case of 22’ Th, the TLC plates were cut in half
and counted individually on an HPGe y-spectrometer using the 235.96 keV (12.9%),
256.23 keV (7.0%), and 329.85 keV (2.9%) y lines to quantify ?2’Th. Under these
conditions, uncomplexed ?*’Th travels up to the solvent front (R = 1) and the complexed
22TTh sticks to the bottom plate (Rf = 0.). The reaction progress of the '**La and ?*°Ac
reactions was analyzed by analytical radio-RP-HPLC (gradient: A: 0.1% TFA in H20, B:
0.1% TFA in CH3CN; 0-10 min: 5-70% B, 10-10.5 min: 70-95% B, 10.5-12 min: 95% B,
12-12.5 min: 95-5% B, 12.5-15 min: 5% B, flow rate: 1 mL/min). Under these conditions,
the uncomplexed radioisotope elutes at the solvent front (<1 min) and the '*°La complexes
elute at minute 3.68 and the ?*°Ac complexes between minutes 3.76-4.97. The RCYs of
the '%5La were calculated by integrating the peaks in the radio-chromatogram. To calculate
the RCYs of the ??°Ac reactions, each radio-chromatogram peak was collected in a
separate fraction and measured in a y-spectrometer after 6 h to allow ?*Ac and ?'*Bito
reach secular equilibrium. The 2"*Bi and ?2'Fr content were quantified using the 440.5 keV
(25.9%) and 218.0 keV (11.4%) y lines, respectively.

2.4.7. Human serum stability challenge

158/181Th complexes: Pre-formed ['*°Tb]Tb-HOPO-Os and ['*°Tb]Tb-HOPO-0O1 complexes
(100 kBqg, RCY >99%) or unchelated '*5'®'Tb in the radiolabeling buffer solution as control

were incubated in human serum in a 1:1 mixture at 37 °C over 5 days. The solutions were

monitored on days 1, 3, and 5 using aluminum backing SiO, TLC plates. A 5 L aliquot of
the reaction mixture was diluted with 5 pL of citric acid (0.4 M, pH 4), spotted on SiO, TLC
plates, and developed in citric acid (0.4 M, pH 4).

22TTh complexes: Pre-formed [’ Th]Th-HOPO-Os and [??’Th]Th-HOPO-0+, complexes (3

kBq, RCY >99%) or unchelated ?2’Th in the radiolabeling buffer solution as control were
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incubated in human serum in a 1:1 mixture at 37 °C over 14 days. The solutions were
monitored on days 1, 7, 11, and 14 by first quenching 5 L of the reaction mixture with 5
ML of citric acid (0.4 M, pH 4), spotting the 10 uL on an aluminum backing SiO» TLC plate,
and developing them in citric acid (0.4 M, pH 4).

All serum stability experiments were performed in triplicates. Percent in-tact radiometal
complex was calculated by integrating the peaks in the radio-chromatogram as described

in section 2.4.6.

2.4.8. Maximum apparent molar activity (Am) and specific activity (As)
measurements

155161Th complexes: A 0.5-1 uL aliquot of a 10* M stock solution of HOPO-Og and HOPO-

O1owas added to increasing amounts of '8'Tb to obtain 3.8-4.8 MBg/reaction and the total

volume was adjusted with buffer (0.5 M NH.OAc pH 5) to 5 uL. The reactions were kept

at room temperature and monitored after 15 min as described in section 2.4.6.

22TTh complexes: A 5 uL aliquot of 10* M stock solutions of HOPO-Ogs and HOPO-O1owas

added to increasing amounts of ?2’Th to obtain 3, 5, 8, and 10 kBq per reaction. The

reaction volume was adjusted to 50 uL with buffer solution (0.5 M NH4OAc, pH 5) and the
reactions were allowed to react at room temperature for 15 min. The reactions were

monitored and analyzed as described in section 2.4.6.

2.4.9. DFT calculations

To search for the most stable structures for complexes and ligands, GFN-xTB,?”® a semi-
empirical tight-binding quantum chemical method, was used for conformational searches
using the Molclus program.° Molecular dynamic (MD) simulations were utilized to provide
a sufficient number of initial conformations of molecules, which were then classified into
clusters based on their energy and bond length differences. After ranking by the program
according to their energies, the structures of the lowest 10 in the ranking list were then
further optimized using density functional theory (DFT) with the PBE-D3 functional,?8'282
a scalar relativistic zeroth-order regular approximation (ZORA) Hamiltonian,?83-28¢ and
triple-¢ plus two polarization functions (TZ2P) Slater-type basis sets with the frozen core
approximation applied to the inner shells [1s2-4f14] for actinium and thorium, [1s2-4d10]

for lanthanum, europium, terbium and lutetium, [1s2] for carbon, nitrogen and oxygen, and
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all electrons for hydrogen. Since all structures were computed under aqueous conditions,
the implicit solvation model conductor-like screening solvation model (COSMQ)?87:288 was
applied. Frequency calculations were performed to determine the thermodynamic
properties (Gibbs free energy) of each structure and to verify that true minima on the
potential energy surface have been found. Geometry optimizations were performed
without imposing any symmetric constraints. Since parameters in the GFN-xTB method
are only available for elements with atomic number Z = 1-86,%”° conformational searches
for Ac and Th complexes were not performed. Based on the fact that La possesses similar
properties with Ac, initial structures for Ac®* and Th*" complexing with [3,4,3,3-LI(1,2-
HOPO)J*> that were input to DFT calculation were obtained by substituting La3* with Ac®*
and Th*" in the lowest energy structure of [La-3,4,3,3-LI(1,2-HOPQ)]?*. As for the initial
structures for Ac* and Th* complexing with [3,4,3-LI(1,2-HOPO)]*, the optimized
structures by Kelly et al.?®® at the PBEO/TZ2P level of theory were used. A pressure of
1354 atm, which simulates the experimental density of liquid water for the ideal water gas
at 298 K, was used in free energy calculations of water for translational entropy
correction.?8%2% To get further insight into the nature of bonding between the An/Ln ions
and the coordinating O atoms in the complexes, the EDA?722%! and charge transfer
analysis VDD and Hirshfeld?®> charge analysis methods) were carried out. The
calculations were performed using the Amsterdam Density Functional package (ADF
2017).2%3
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Chapter 3.

1,2-HOPO and catechol-based tripodal acyclic
chelates for °Ti, 4’Sc, and ¢8Ga radiopharmaceuticals

3.1. Introduction

Radiopharmaceutical imaging plays a vital role in the clinical assessment and
treatment monitoring of patients in oncology. Contrast-enhanced CT and MRI are standard
imaging techniques used in clinical routing to identify and monitor cancer progression.?*
However, these morphological techniques only offer limited information and result in
insufficiencies in answering diagnostic questions at a molecular level. In this context,
SPECT and PET are essential nuclear imaging techniques for the management of patients

with cancer to provide them with personalized treatments.2%5-2%7

SPECT imaging requires radionuclides that emit low energy gamma (y)-rays (70-
400 keV) compared to PET imaging which is based on isotopes that decay by emitting a
positron (B+) that subsequently annihilates with an electron to produce two 511 keV
photons at 180°. SPECT is currently a workhorse in clinical nuclear medicine due to its
lower cost per scan despite being less flexible and having a lower sensitivity than PET.22%
Therefore, there is a growing interest in developing novel PET isotopes and

radiopharmaceuticals to make them more readily available for clinical routine.

Nowadays, the halogen radioisotope '®F (ti2 = 109.8 min, E(B*av) = 250 keV, | =
97%) is the leading isotope for PET imaging with the radiotracer ['®F]-FDG, a glucose
analogue, being the gold standard of PET radiopharmaceuticals. Other routine
radioisotopes include the radiometal %8Ga (ti2 = 67.7 min, E(B*avg) = 830 keV, | = 89%) in
[%8Ga]Ga-DOTATATE or [8Ga]Ga-DOTATOC or ®*Cu (t1z = 12.7 h, E(B*aw) = 278 keV, |
= 18%) in [**Cu]Cu-DOTATATE for imaging of somatostatin receptor positive

neuroendocrine tumours NETSs.

Gallium exists in the 3+ oxidation state in aqueous solution and its preferred
coordination number is six (0.62 A).%8 Its close chemistry to Fe®* requires chelates that are
highly stable in vivo to prevent its demetallation and transchelation to iron-containing

biomolecules such as transferrin.?®® Another challenge associated with the labeling of %8Ga
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is the propensity to form hydroxide species at low pH demanding chelates with high kinetic
inertness and thermodynamic stability from acidic to biologically relevant pH values.
Clinically approved %Ga radiopharmaceuticals employ the widely used DOTA which
requires harsh labeling conditions compatible only with peptide and small molecule drug
constructs. A wide variety of alternative chelates have been developed to achieve high
radiolabeling yields under mild conditions, some examples include NOTA and its
derivatives, AAZTA,'% (see Table 1.2), Hhox®*', DFO,3%2303 TREN-CAM 3% or HBED-
CC (Table 3.1) which is probably the most clinically investigated acyclic chelate for

68Ga.305306 A extensive review on the chelation of 8Ga can be found elsewhere.®

Table 3.1. Chemical structures of the most relevant ®Ga and *°Ti chelates described
in this chapter.
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Through the advancement in the production of medical radioisotopes, multiple
novel radiometals are being investigated in preclinical and clinical studies to expand the
properties of PET isotopes (e.g., longer half-lives, various mean 3* ranges). Among the
most promising radiometals are “°Ti (ti2 = 3.08 h, E(B*avg) = 439 keV, | = 84%) and *‘Sc
(t12=3.97 h, E(B*avg) = 632 keV, | = 94%), see section 1.3.1 for the chemistry and chelates
of interest for Sc3*. The interest in “°Ti lies on its slightly longer half-life than %Ga, a low
mean B* energy, and a medical cyclotron production route using naturally monoisotopic
scandium via proton bombardment through a “°Sc(p,n)*Ti reaction with high production
yields.307:308 The chemistry of Ti** (0.605 A, CN = 6), like that of Ga®*, resembles that of
Fe® (0.645 A, CN = 6) with similar ionic radii and preference to form hexacoordinate
complexes.®® Consequently, Ti** effectively binds to siderophores such as deferoxamine
(DFO), transferrin or enterobactin.?*®-3'2 However, the high charge density in Ti*" results

in H20 instability due to extensive hydrolysis at a wide range of pH.3"3

In the medical field, Ti** complexes were first demonstrated three decades ago to
exhibit antitumour activity against a variety of tumors and later on, “°Ti radiolabeled
complexes were used to attempt to elucidate the mechanism of action of the drugs.3'4315
In 2015, [*Ti](salan)Ti(dipic) (Table 3.1) was used to study the biodistribution and
pharmacokinetics of its antineoplastic non-radioactive analog. However, the
radiopharmaceutical suffered from low in vivo stability with high liver, lung and spleen
uptake and significant bone and blood uptake.?'® Recently, “°Ti has been studied to
radiolabel the highly promising prostate cancer targeting agent, PSMA 317318 |ts feasibility
was demonstrated using [*°Ti]Ti-DFO-DUPA which exhibited high tumor uptake and
improved in vivo stability. However, lung (10%ID/g) and blood (~1%ID/g) uptake could still
hint at possible decomplexation.®'® In 2022, Koller et al. performed an in-depth study of
the thermodynamics of multiple bidentate ligands and identified catechol and deferiprone
ligands to have the most favourable properties to bind Ti**.3'3 TREN-CAM and THPM¢ are
two known hexadentate chelates that incorporate catechol amide (CAM) and deferiprone
moieties, respectively, that have been evaluated for %Ga radiopharmaceuticals. Both
chelates were selected for “°Ti radiolabeling and the complexes were evaluated in vivo.
Despite identical kinetic inertness in mouse serum (>96% intact after 6 hours), [**Ti|Ti-
TREN-CAM outperformed [**Ti]Ti-THPMe in vivo with no indication of “°Ti** decomplexation

after 1 hour. This work provides excellent insight into the thermodynamics of Ti**
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complexes setting the bases for the future development of kinetically inert “°Ti chelates

for biomedical imaging applications.

Inspired by the enhanced stability of catechol moieties for the formation of 4°Ti**
hexadentate chelates and the successful stable coordination of 4*Sc** with HOPO-Os, we
sought to investigate two tripodal hexadentate chelates bearing catechol or 1,2-HOPO
pendant arms to expand the library of “Ti and “¥#’Sc chelates for the development of
radiotracers. In particular, we aim to design, synthesize, and characterize chelates that
can meet the requirements of the ideal bifunctional chelate (section 1.1.1.1) with easy
conjugation to a disease targeting vector. Despite the high radiolabeling affinity of TREN-
CAM with 88Ga and “°Ti, its incorporation into radiopharmaceuticals remains challenging
due to the synthetic complexity of bifunctionalizing the TREN backbone.3**3'* Keeping its
structure in mind, we chose a tripodal backbone developed by Ji et al. as a tris-catecholate
siderophore conjugated to ampicillin and amoxicillin to target antibiotic-resistant Gram-
negative bacteria.®'® This backbone contains three aliphatic carbons instead of two and
offers an easy conjugation site through a versatile amine functional group as in THPMe,
We hypothesized that the larger backbone size would accommodate larger metals such

as Sc** but still maintain a high binding affinity for Ti** as it did with Fe3*.

In this chapter, we present the synthesis and characterization of two novel tripodal
chelates, HOPO-0s-C4 and CAM-Os-C4. The thermodynamic and kinetic properties of the
Sc** and Ga** complexes of HOPO-Os-C4 and CAM-Os-C4 and their radiolabeling
affinities with 4°Ti and 4’Sc will be explored to assess their potential for TRT. Structural
optimization of the corresponding chelates and complexes by DFT is presented as well to

complement the experimental data and gain more insight into the structure geometries.

3.2. Results and discussion

3.2.1. Chelate synthesis

The ligand synthesis of HOPO-O¢-C4 and CAM-0O6-C4 involves the synthesis of
the tripodal backbone following a reported procedure and the installation of three 1,2-
HOPO or CAM pendant arms with a total of 6 steps for each chelate (Scheme 3.1). The
synthesis of the backbone starts from tris(2-cyanoethyl)nitromethane to obtain

intermediate 3.1 following a 2-step procedure described in literature.®'® At this point, the
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literature procedure functionalizes the backbone with methyl succinyl chloride to later

access a carboxylic acid for conjugation. However, for the scope of this work to screen the

radiolabeling properties with different metals, we opted to cap the amine group with an

acetamide which would readily be substituted with any bifunctional handle (e.g., p-benzyl-

SCN or maleimide) and subsequently conjugated to a targeting vector. The capping was

achieved using acetyl chloride and intermediate 3.2 was deprotected under mild acidic

conditions to obtain the backbone 3.3 in the form of an HCI salt.
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The addition of the activated pendant arms proceeded under the same conditions
for both chelates following the conditions previously reported in chapter 2 (section 2.2.1).
The NHS-activated 1,2-HOPO 2.8 was conjugated to the three primary amines via amide
coupling to give compound 3.4. Obtaining the chelate precursor 3.4 highly pure is key to
avoiding the HPLC purification of the final product after deprotection with the mild Lewis
acid BBrs. As the deprotection reaction proceeded, a precipitate was formed which was
washed with acetone and diethyl ether to give the final ligand HOPO-0s-C4 (3.5).
Similarly, we opted to activate the acid of the benzyl-protected catechol intermediate with
an NHS to form 3.6. The coupling of this pendant arm to the backbone required longer
reaction times than the 1,2-HOPO probably due to the bulkiness of two benzyl groups.
After obtaining 3.7 in high purity, the compound was transformed into the final product
CAM-0Os-C4 (3.8) via palladium-catalyzed hydrogenation in high yield (85%). CAM-Os-C4

was obtained as a purple solid and stored at -20 °C to prevent catechol oxidation.

3.2.2. Proton equilibria of the chelates

The protonation constants of HOPO-0Os-C4 were studied in aqueous solution by
"H NMR spectroscopy at 25 °C and ionic strength (/) equal to 0.1 M KCI. The spectra also
reveal important information about the dynamics of the equilibrium and its structural
properties. The ligand protonation constants are listed in Table 3.2 and the '"H NMR
spectra and the 'H chemical shift variation as a function of pH are shown in Figure 3.1A.
The spectra at pH 2.02 and 10.11 are identical to pH 3.07 and 9.33, correspondingly, and

were removed for clarity.

Table 3.2. Ligand protonation constants

Ligand Ligand Protonations
LogBo11, Log Bo12
HOPO-0s-C4 511+0.05
CAM-0¢-C4 -
1,2-HOPO 575+ 0.04a
Catechol 13,22.44 +0.032
aRef313

The proton assignments are indicated by the letters a-i in Figure 3.1B. In HOPO-
O6-C4, the aromatic protons (a-b) at 7.65-6.60 ppm are the signals that experience a

chemical shift with the pH variations as they are close to the protonation sites compared
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to the aliphatic protons (e-g) and the methyl from the acetamide (i) which shift only 0.02
ppm. The ortho and meta proton positions (b, c) experience minor chemical shifts since
they are not involved in the hydrogen bond network formed by O1, Oz, N1 and Nz (Figure
3.2). In contrast, the para hydrogen atom (a) resonates downfield as the pH increases with
a significant shift of ~ 0.4 ppm as this position is the closest to O, which loses its
contribution to the hydrogen network upon deprotonation. This behaviour has been
reported before with the similar chelate 1,2-HOPO-TREN.3? Another noticeable change
in the spectra occurs between pH 3-5 with the disappearance of the 1,2-HOPO amide
proton (d) signal at 9-9.3 ppm. Due to the high basicity of amide protons and the absence
of shifting in proton (e), we hypothesize that the absence of the signal above pH 5 is a
result of the faster exchange rate with the solvent as the concentration of hydroxide anions
increases. This effect also results in a multiplicity change in the neighbouring proton (e)
from a triplet of doublets to a triplet. This exchange is not quantifiable since the proton
signal only integrates for two protons at pH 3 indicating some degree of exchange is

already occurring.
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Figure 3.1. HOPO-06-C4 characterization. (A) Variable pH - 'H NMR spectra (400
MHz, 90% H20 + 10% D20, 298 K, 1 mM), (B) chemical structure with
labels for NMR peak assignment, (C) Representative 'H NMR titration
curves and corresponding fitting lines.
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0, H 0,

Figure 3.2. Changes associated with the hydrogen bond network with the
deprotonation of HOPO-0-C4.

To calculate the pK, from the experimental data, the triplet signal in the aromatic
region was chosen and the chemical shift was plotted as a function of pH (Figure 3.1C).
HOPO-0s-C4 possesses seven ionizable protons, three N-hydroxy and four amide
protons; however, only the former protons will ionize in a relevant pH range (2-10) for
these studies and the latter would possess highly basic acidity constants. Due to the high
degree of symmetry, only one pKa was determined for HOPO-0Os-C4 to be 5.11 £ 0.05.
These values are in agreement with those reported in literature for the corresponding
bidentate ligands 1,2-HOPO and CAM determined by UV-vis spectroscopy and

potentiometric titrations.3'3

Attempts to study the protonation constants of CAM-Os-C4 by 'H NMR
spectroscopy following the same protocol as in HOPO-0s-C4 proved unsuccessful. The
chelate exhibits poor water solubility at 1 mM concentration at low and high pH values (<4
and >12). Additionally, adjusting the pH in the neutral region was complex with difficulties
reaching stable pH values. Thus, '"H NMR spectroscopy is not a suitable technique to
study the pKa values of CAM-0O6-C4. The unstable pH issues could be overcome by using
potentiometry which conducts the measurements in a cell under inert conditions removing
the CO2 gas which can sometimes be the cause of pH drifting or by UV-vis spectroscopy
with a 24 h sample equilibration period before measurement to ensure thermodynamic
equilibrium is reached. Moreover, the two techniques work in the sub-millimolar

concentration range.

3.2.3. Sc3* and Ga** complex characterization

The complex formation of HOPO-Os-C4 and CAM-0¢-C4 with Sc®** was studied in
aqueous solution at 25 °C by '"H NMR spectroscopy similar to the protonation studies. The
corresponding Ti** complexes were not studied in this chapter since Koller et al. recently
characterized the thermodynamics of 1,2-HOPO and CAM with Ti***'®* The former was

identified to only coordinate Ti** at acidic pH ranges and thus not interesting for
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radiopharmaceutical applications which require radiolabeling to occur at pH 4-8. The latter
was found to form highly stable Ti** complexes up to pH 9 and oxidize at higher pH values.
TREN-CAM (Table 3.1) was studied as the CAM hexadentate analog with the formation
of an unhydrolyzed 1:1 species at physiological pH and a pM (Ti**) = 10.01.

The 'H NMR spectra of the aqueous solutions of Sc** and HOPO-0e-C4 at
equimolar concentrations were recorded at pH 2 and 5 to investigate the stability and
speciation of the system. Higher pH values could not be recorded due to the low solubility
of the complex above pH 6.5. As shown in Figure 3.3, significant spectral changes occur
immediately at both pH values after the addition of Sc** observed by the broadening of
both the aromatic and aliphatic regions indicating fast complexation kinetics. The samples
were further measured over 72 h with no spectral changes suggesting the complex is
highly stable since it formed at low pH and is stable over time. Additionally, in an attempt
to gain more insight into the speciation, variable temperature (VT) '"H NMR was performed
between 25-46 °C. No significant shifts were observed as the temperature increased. Due
to the complexity of the spectra, the determination of the speciation was not possible. We
hypothesize the peak broadness could indicate the presence of multiple stable conformers

that do not exchange with small temperature changes.
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Figure 3.3. Variable pH and T - '"H NMR spectra of Sc** and HOPO-0¢-C4 (blue) and
HOPO-0¢-C4 (black) (400 MHz, 90% H20 + 10% D-.O, 1 mM).

Similar complexation experiments were performed with Ga**. The variable 'H NMR
spectra at pH 2.0, 5.0 and 7.9 are reported in Figure 3.4. Comparison between the free

ligand spectra and the Ga®*'-chelate undoubtedly demonstrated the complexation as
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significant changes in the chemical shift are recognizable. Interestingly, the proton amide
peaks from 1,2-HOPO are still visible at pH 5 and the acetamide proton signal remains as
in the ligand. The sharpness of the signals and the absence of multiple patterns in the
complexation indicate the formation of a single Ga-HOPO-0¢-C4 species with fast reaction
kinetics. However, at pH 7.9 a broad multiplet between 7.4-7.6 ppm could indicate the
formation of a new species. The stability of the complexes was studied over 48 h with no
spectral changes suggesting that the complex is thermodynamically stable in aqueous

media in the range of pH 2-8.

pH 7.9

[ W V)

T

imm____ﬂdm AU e

. FN T

Hz-o M W A

S A M JL_M
o sa7a 7s Ja 72 70 ea 65 3 3 33

Figure 3.4. Variable pH - '"H NMR spectra of Ga** and HOPO-0s-C4 (blue) and HOPO-
06-C4 (black) of (400 MHz, 90% H20 + 10% D-0, 298 K, 1 mM).

Based on the difficulties encountered in the pKa calculations, CAM-Og-C4 stability
studies in aqueous media were performed before investigating the complexation with Sc3*
and Ga*. 'H NMR spectroscopy revealed low sample stability at room temperature
observed in the disappearance of all compound peaks in the spectrum after 12 h
(Appendix, Figure A.3). At this point, it is not clear whether the sample decomposes, or it
oxidizes, as no precipitate was observed in the sample after 12 h. The aqueous instability
suggests CAM-O¢-C4 is not ideal for radiopharmaceutical applications. However, we still
attempted to investigate the complexation with Sc** and Ga®". Attempts to form the
corresponding complexes by precipitation in aqueous media or in situ in DMSO-ds failed
and no species was observed by '"H NMR or MS. The free ligand could not be detected

either. Further experiments are needed to understand the behaviour of CAM-Os-C4.

91



Ti** complexation studies were not conducted due to the complexity of preparing
TiCls solutions with an exact concentration which requires quantification by inductively
coupled plasma (ICP). Instead, we collaborated with the Boros group, who recently
published a comprehensive study on the coordination of Ti** (see introduction), to evaluate
only CAM-Os-C4 since a mismatch of 1,2-HOPO for Ti** chelation under biologically
relevant conditions was anticipated.3'® Similar ligand protonation constants were expected
between CAM-0s-C4 and TREN-CAM due to their almost analogous structures. This
parallelism could not be applied to the thermodynamic stability constants because the
larger backbone significantly affects the binding cavity of CAM-Os-C4. Due to isotope
availability, the Ti-CAM-0Os-C4 complex was only characterized by LC-MS before the
radiolabeling studies. The complexation between equimolar amounts of CAM-Os-C4 and
Ti** in methanol occurred immediately and it was observed by a solution colour change to
yellow. The LC trace of the solution indicated the formation of one major Ti-CAM-0s-C4
species with the corresponding molecular weight confirming the fast kinetics of the

complex formation (Appendix, Figure A.4).

3.2.4. Radiolabeling

Due to a cyclotron shutdown at TRIUMF, the “Sc and “Ti radiolabeling
experiments were performed by our collaborators at the University of Alabama and
the University of Madison-Wisconsin, respectively. °®Ga®" radiolabeling will be
performed at TRIUMF when the %8Ge/*®Ga generator becomes available.

Based on the characterization of the non-radioactive Sc®*" and Ti** complexes, the
next step was to assess the radiolabeling properties of HOPO-0g-C4 and CAM-0s-C4 with
the B-emitter 4’Sc and the B*-emitter “°Ti, respectively, at low radiometal concentrations

(picomolar range).

Concentration-dependant radiolabeling experiments with 4’Sc (~ 800 kBq) were
performed in 0.25 M NH4OAc pH 4 at 37 °C and monitored after 30 min. HOPO-0s-C4
was able to quantitatively chelate “’Scat 37 °C at an apparent Am of 1565 + 17 MBg/umol,
clearly outperforming the widely used DOTA chelate which requires high temperatures to
quantitatively radiolabel 4’Sc. HOPO-Os-C4 also seems to have a higher affinity for 4’Sc
compared to the octadentate HOPO-Os with an A, of 236.8 MBg/umol under the same

conditions except for the pH which was adjusted to 8.8
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4*Ti radiolabeling studies were conducted with 460 kBq of [*°Ti]Ti-citrate in 0.5 M
HEPES buffer at 20 °C and monitored after 15-60 min based on the optimization results
of TREN-CAM. RCY analysis by iTLC reveled the formation of multiple species streaking
on the plate making the quantification complicated. Radio-HPLC was used to confirm the
RCY. Figure 3.5 shows an overlap of the radioactive trace (blue spectrum) and the
corresponding UV trace (black spectra). The absence of a peak at the solvent front of the
radioactive trace demonstrates that all “°Ti has been complexed and the first two UV active
peaks are suspected to be unchelated CAM-0s-C4 and a Fe-CAM-0s-C4 complex formed
with residual Fe** in the system. However, the peaks associated with [*°Ti]Ti-CAM-Os-C4
indicate the formation of one major species accompanied by multiple minor species,
confirming the data observed by iTLC. In general, radioactive complexes form one discrete
complex species at such low metal concentrations (pm-nm), as in the case of [**Ti]Ti-
TREN-CAM (Appendix, Figure A.5). The presence of more than one discrete species is
problematic because the identification of the species in not possible with the available
techniques and calculations of the An or stability would not be accurate. Moreover, this
behaviour could also be an indication of a high degree of instability of some of the minor
species in vivo prompting metal transchelation. Thus, CAM-0Os-C4 was found not suitable

for radiopharmaceutical development.
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Figure 3.5. HPLC characterization of [*Ti]JTi-CAM-Os-C4. The black trace
corresponds to the UV profile and the blue to the radioactive
measurement.
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3.2.5. Stability

Since kinetic inertness plays a crucial role in the development of
radiopharmaceuticals, a variety of stability assays can be performed before the preclinical

evaluation to predict the likelihood of demetallation in vivo. In this case, preformed
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[*7Sc]Sc-HOPO-06-C4 complexes were incubated in an excess of four metal ions (Fe®*,
Cu?*, Mg?*, Zn?*) that can compete in vivo and promote transmetallation as well as human
and mouse serum to investigate the complex integrity against endogenous proteins (e.g.,
albumin) (Figure 3.6). As some degree of demetallation was expected to occur fast in the
presence of metal excess, the stability of the complex was assessed in intervals of 15 min
during the first hour and then analyzed every 24 h for a total of 7 days. Figure 3.6 shows
that [*’Sc]Sc-HOPO-0s-C4 is highly unstable in the presence of Cu?* with only 36% intact
complex remaining after 1 h and moderately unstable against Fe®* and Zn?* with 62% and
72% intact complex, respectively. High stability over the first hour was observed against
Mg?* or human and mouse serum. However, over 1 day the radioactive complex was
completely demetallated when incubated in human or mouse serum. All other metal ion
challenge reactions resulted in a substantial decomplexation after 1 day as well with
almost complete demetallation after 5 days. The highest stability was observed against

Mg?* with 65% intact complex after 7 days.
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Figure 3.6. Stability studies of [’Sc]Sc-HOPO-O¢-C4 in human serum (square),
mouse serum (triangle), and 100 uM of Fe*" (inverse triangle), Cu?
(diamond), Mg?* (circle), and Zn?* (star) at various timepoints: 0-1 h
(left) and 0-7 days (right) (n = 3).

An interesting comparison can be done with HOPO-Og, one of the few chelates
available for radioscandium (Appendix, Figure A.6)."® [*'Sc]Sc-HOPO-0¢-C4 is
remarkably more stable than [*'Sc]Sc-HOPO-Os in the metal ion challenge assay.
[*"Sc]Sc-HOPO-Og failed to completely retain the radiometal against Fe?* and Zn?* and
only 9.0 £ 7 % remained intact against Cu?* after 1 day compared to [*'Sc]Sc-HOPO-Oe-
C4 which showed 22.0 £ 0.8, 50.0 + 7.8, and 33.0 £ 2.6 % RCY, respectively, after 1 day.
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Similar complex stability against Mg?* over 7 days was observed in both cases with 73.3
+ 215 and 65.0 £+ 86 % of intact [*'Sc]Sc-HOPO-Os and [*'Sc]Sc-HOPO-0¢-C4,
respectively. It is important to note that these stability challenge assays against excess
metal ions occur under extreme conditions and do not represent the metal concentrations
in biologically relevant media. Thus, despite the low kinetic inertness even in human
serum, we decided to evaluate the stability of this compound in vivo in a biodistribution

assay to probe its feasibility in a preclinical setup.

3.2.6. Biodistribution

Ex-vivo biodistribution analysis of [*'Sc]Sc-HOPO-0¢-C4 was conducted on
healthy mice at 10, 30, 1 h and 24 h p.i. (n = 4) together with [*’Sc]ScCls used as a negative
control to understand where transchelated 4’Sc accumulates and how it is excreted from
the body. Figure 3.7 shows the biodistribution profile of [*'Sc]Sc-HOPO-0Os-C4 at four
timepoints. The biodistribution analysis of [*’Sc]ScCls can be found in the Appendix, Figure
A7.

Figure 3.7. Ex vivo biodistribution studies of ~ 162 kBq of [*"Sc]Sc-HOPO-0¢-C4 in
healthy mice at 10 min, 30 min, 1 h (n =4), and 24 h (n = 3).

[*’Sc]Sc-HOPO-0s-C4 exhibited a different distribution pattern than that of
unchelated 4’Sc at 1 h with major accumulation in the liver (19.5 + 8.0 %ID/g) and the
gallbladder (17.4 + 4.9 %ID/g) compared to the unchelated radiometal which has the
highest activity concentration in the blood (8.8 + 1.1 %ID/g), lungs (5.0 + 1.3 %ID/g), and
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kidneys (4.7 £ 0.5 %ID/g) indicating early excretion via the renal system. The blood, heart
and liver uptakes were compared in a t-test analysis revealing statistically significant
values between the tracer and the unchelated radiometal (Appendix, Figure A.8). At 24 h,
the tracer activity in the liver and kidneys remains constant although an increased activity
is observed (20.5 £ 14.9 % ID/g). The #’Sc activity is concentrated in the intestines and
liver indicating uptake and excretion via the gastrointestinal system compared to the tracer
which is excreted through the hepatobiliary system. Although the gallbladder information
of the negative control mice could not be collected at this time, these data suggest that
[*7Sc]Sc-HOPO-06-C4 is stable in vivo with significant differences in the organ uptake and
excretion pathways compared to unchelated 4’Sc. The gallbladder %ID/g will be

determined shortly to confirm the data.

3.2.7. DFT

Density functional theory (DFT) was utilized to probe the coordination geometry of
HOPO-06-C4 and CAM-Os-C4 with Sc®* and Ga*". Firstly, the structures of the chelators,
HOPO-0s-C4 and CAM-06-C4, were modelled at the molecular mechanics (MM) level
using manually-constructed geometries to best represent an appropriate initial geometry
optimization structure in the Gaussian16 software program. Following this, the ligands
were optimized at the B3LYP-D3/cc-pVDZ/SMD(H20) level of theory and the lowest
energy conformers are outlined in Figure 3.8. This combination of functional and basis
sets, including Grimme’s dispersion correction, has previously shown good agreement
with experimental findings in similar geometry optimizations of ligands and their resulting
complexes.?'® Minimal structural distortions are present in both optimized structures, and
both were found to be true minima of the respective potential energy surfaces by frequency

calculations.
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Figure 3.8. Optimized geometries of HOPO-0s-C4 (left) and CAM-Og-C4 (right) at the
B3LYP-D3/cc-pVDZ/SMD level of theory. Colour code: gray — carbon;
blue - nitrogen; red — oxygen; white — hydrogen. Carbon-bonded
hydrogen atoms have been omitted for clarity.

In both cases, there is a stabilization effect imparted by a hydrogen-bonding
interaction of one arm (benzyl or alkyl proton) and the adjacent amide carbonyl. The
ligands were then screened for their ability to complex Sc®** and Ga®* at the same level of
theory. The resulting DFT-optimized geometries of the Sc** complex of HOPO-Os-C4,
namely [Sc(HOPO-0s-C4)], and the Ga*" complex, namely [Ga(HOPO-Os-C4)], are
outlined in Figure 3.9. In both complexes, the coordination spheres of the metal ions are
fully encapsulated by the tripodal pendant arms, with no interaction at the amide. This is
promising when considering further functionalization through derivatization of the amide

with biorthogonal functional groups.

Figure 3.9. Optimized geometry of [Sc(HOPO-06-C4)] and [Ga(HOPO-0s-C4)] at the
B3LYP-D3/cc-pVDZ/SMD(H20) level of theory. Colour code: gray:
carbon; blue: nitrogen; red: oxygen; white: scandium, pink: gallium.
Hydrogen atoms have been omitted for clarity.

The Sc® ion is six-coordinate, bonding through the three carbonyl and three

deprotonated N-hydroxy donor atoms of the HOPO pendant arms to form six five-
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membered chelate rings. The average Sc-O bond length is 2.059 A (Table 3.3) and the
average O-Sc-O frans angle is 157.58° (Table 3.4).

Table 3.3. Calculated metal-donor atom bond lengths (A) for [Ga(HOPO-0¢-C4)],
[Sc(HOPO-0s-C4)], [Ga(CAM-06-C4)]*, and [Sc(CAM-O¢-C4)]* at the
B3LYP-D3/cc-pVDZ/SMD(H-0) level of theory.

Complex bond lengths (A)

Bond [Ga(HOPO-0:-C4]  [Sc(HOPO-O:-C4]  [Ga(CAM-Os-C4]*  [Sc(CAM-O¢-CAJ*
M-O1 1.9842 2.0740 2.048 2172
M-02 2,009 2,055 2.007 2.119
M-03 1.975¢ 2.0222 1.977 2115
M-04 2,033 21100 2.014 2.153
M-05 2.0272 2.0172 1.974 2123
M-06 2,008 2.076b 2.011 2.145
M-Oa, 2.006 2.059 2.005 2138

aM-0=C bond; M-O-N bond

Similarly, the Ga*" ion is also six-coordinate, bonding through the same donor

atoms. The average Ga-O bond length is shorter than the respective Sc-O bond length
(2.006 A, Table 3.4), most likely attributed to the higher oxophylic nature of the Ga3*

compared to Sc®'.%' However, the root-mean-square difference (RMSD) in total bond

lengths between the two complexes (0.013 A) highlights the close structural similarities
between [Ga(HOPO-0s-C4)] and [Sc(HOPO-0O6-C4)]. The average O-Ga-O trans angle

(164.70°) is significantly larger than the Sc3* complex, indicating a less distorted

octahedral coordination sphere.

Table 3.4. Calculated donor atom-metal-donor atom bond angles (°) for [Ga(HOPO-
06-C4)], [Sc(HOPO-0s-C4)], [Ga(CAM-06-C4)]*, and [Sc(CAM-0¢-C4)1*

at the B3LYP-D3/cc-pVDZ/SMD(H20) level of theory.

Complex bond lengths (A)

Bond [Ga(HOPO-O¢-C4]  [Sc(HOPO-0¢-C4] [Ga(CAM-O¢-C4]*  [Sc(CAM-O¢-C4J*
01-M-04¢ 166.45 174.07 165.73 159.31

02-M-05¢ 160.40 163.95 171.38 165.31

03-M-O¢ 167.24 134.72 173.60 155.41

O-M-Oxy 164.70 157.58 170.24 160.01

(trans)

01-M-02d 79.73 75.13 82.30 75.52

03-M-044 78.99 83.96 89.18 75.28

05-M-06¢ 78.99 80.80 82.01 75.16

cTrans angles; ddonor atoms belonging to the same five-membered chelate ring around the M3* ion.
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The DFT-optimized geometries of the Sc®* complex of CAM-Os-C4, namely
[Sc(CAM-0¢-C4))*, and the Ga** complex, namely [Ga(CAM-0¢-C4)]*, are outlined in
Figure 3.10. As seen in the HOPO-0Os-C4 complexes, the metal ion coordination spheres
are comprised solely of the donor atoms of the pendant CAM groups with no interaction
at the amide. The Sc*" ion is coordinated by six deprotonated hydroxyl donor atoms,
forming a 3- complex ([Sc(CAM-0¢-C4)]*). The average Sc-O bond length is longer (2.138
A) than the respective HOPO-0s-C4 complex (2.059 A) but shows a similar average O-
Sc-0 frans angle (160.01° vs 157.58° for [Sc(HOPO-0s-C4))).

[ |/
N

Figure 3.10. Optimized geometry of [Sc(CAM-0¢-C4)]* and [Ga(CAM-0s-C4)]*- at the
B3LYP-D3/cc-pVDZ/SMD(H20) level of theory. Colour code: gray —
carbon; blue — nitrogen; red — oxygen; white — scandium. Hydrogen
atoms have been omitted for clarity.

The Ga®* ion is also six-coordinate, bonding through the same six donor atoms,
forming an octahedral complex. The average Ga-O bond length is again shorter than the
respective Sc-O bond length (2.005 A, Table 3.3). However, RMSD in total bond lengths
between the two complexes (0.016 A) highlights the close structural similarities between
[Ga(CAM-0O6-C4)] and [Sc(CAM-Os-C4)]. The average O-Ga-O trans angle (170.24°) is
significantly larger than the Sc** complex, indicating a less distorted octahedral
coordination sphere. There seems to be more overall structural distortion between the
respective Ga*" complexes (total difference in bond lengths between [Ga(CAM-Qs-C4)]*
and [Ga(HOPO-0s-C4)], RMSD = 0.291 A), and between the Sc®* complexes (total
difference in bond lengths between [Sc(CAM-0s-C4)]* and [Sc(HOPO-0s-C4)], RMSD =
0.291 A). However, the difference in the donor atom-to-metal bond lengths is far less
pronounced for both sets of complexes. The RMSD for the difference in donor atom-to-
metal bond lengths for the Ga®** complexes was found to be 0.035 A, whilst the RMSD for

the Sc® complexes was found to be longer at 0.082 A. This suggests that whilst both sets
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of ligands (CAM and HOPOQ) are able to accommodate both metal ions successfully, the
degree to which this effect is observed around the metal ion is highly metal-dependent.

This may have ramifications for the respective experimental stabilities of the complexes.

3.3. Conclusions

This chapter presents the design and synthesis of two novel chelates, HOPO-Os-
C4 and CAM-06-C4, and their evaluation as potential Ti**, Sc3*, and Ga** chelates. HOPO-
Os-C4 showed fast complexation kinetics with Sc®** and Ga3* with high stability in aqueous
media. CAM-O6-C4 was found to be unstable under similar conditions and the formation
of Sc® or Ga** was not observed. Preliminary complexation studies of Ti** with CAM-Qé-
C4 revealed the fast formation of Ti-CAM-Os-C4 while HOPO-0e-C4 was not evaluated
because coordination with the metal ion only occurs at low pH. Radiolabeling experiments
of HOPO-0s-C4 with 4’Sc at 37 °C yielded remarkably high apparent An of 1565 + 17
MBg/umol surpassing its linear octadentate analog HOPO-Os. Despite low in vitro stability
in human serum and the presence of an excess of biologically relevant metal ions,
[*7Sc]Sc-HOPO-0Os-C4 exhibited very promising stability in vivo as seen in the analysis of
the ex vivo biodistribution over 24 h. On the other hand, *°Ti radiolabeling at room
temperature with CAM-0s-C4 produced multiple radioactive species which deemed this
complex not suitable for further in vitro or in vivo stability studies. Preliminary DFT
calculations showed the formation of hexadentate species for both chelates with Sc3* and
Ga®". Structural optimization with Ti** and thermodynamic calculations are currently

underway.

This work will continue with additional [*'Sc]ScCls; biodistribution studies to
calculate the activity concentration in the gallbladder to confirm the difference in uptake
with [*’Sc]Sc-HOPO-0s-C4 and with the evaluation of its imaging pair “*Sc as proof of the
potential of HOPO-Os-C4 for the theranostic pair 4¥4’Sc. Radiolabeling studies with ®Ga
are planned for the near future along with the synthesis of the bifunctional chelate which
can be readily prepared from the primary amine in the backbone and conjugated to a
biomolecule for targeted theranostic applications. Lastly, it is important to note that there
is currently only one macrocyclic bioconjugate, [*'Sc]Sc(picaga)-DUPA, reported in
literature for radioscandium chelation. Thus, HOPO-Os-C4 holds great promise to expand

the toolbox of 4¥#7Sc chelates for preclinical evaluation.
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3.4. Experimental

3.4.1. General materials and methods

The general materials and methods for this chapter followed closely those reported
in chapter 2. LC-MS analysis was performed on an Agilent 1260 Infinity Il and Agilent
InfinityLab LC/MSD with a binary gradient pump, UV-vis detector, and auto-injector on a
Phenomenex Luna C18 column (150 mm x 3 mm, 100 A, AXIA packed).

3.4.2. Chelate synthesis

Compound 3.1 was synthesized using the commercially available 1,1,1-Tris(2-

cyanoethyl)nitromethane starting material following a reported 3-step procedure.®'®

di-tert-butyl(4-acetamido-4-(3-((tert-butoxycarbonyl)amino)propyl)heptane-1,7-diyl)-

dicarbamate (3.2). To a stirring solution of compound 3.1 (100 mg, 0.20 mmol) in dry
CHCI, (3.5 mL) was added triethylamine (56 pL, 0.40 mmol) and acetyl chloride (29 L,

0.40 mmol) dropwise and stirred under N» at room temperature for 16 h. The reaction

mixture was washed with 1 M HCI and brine. The organic layer was dried over MgSO4 and
evaporated. The residue was redissolved in CH2Cl; and purified via automated flash
chromatography on silica gel (solvent A: CH2Cl2, solvent B: ethyl acetate, gradient: 30%
B, 4 CV; 30-100% B, 4 CV; 100% B, 10 CV) to obtain 3.2 as a colourless oil (81.6 mg,
76%). '"H NMR (400 MHz, chloroform-d) & 4.65 (s, 3H), 3.15 - 3.01 (m, 6H), 1.92 (s, 3H),
1.70 — 1.61 (m, 6H), 1.49 — 1.34 (m, 33H). *C NMR (151 MHz, chloroform-d) & 169.69,
156.21, 79.29, 58.33, 40.75, 32.28, 28.55, 24.50, 23.90.HR-ESI-MS (CH3OH) m/z for
C27H52N407 ([M+H]") calc. (found): 545.3909 (545.3890).

N-(1,7-diamino-4-(3-aminopropyl)heptan-4-yl)acetamide (3.3). Compound 3.2 (81.6 mg,

mmol) was dissolved in a 2:1 mixture of 4 M HCI and CH3OH (1 mL) and stirred at room
temperature for 18 h. The solvents were evaporated under reduced pressure and the
residue was washed with diethyl ether (x3) to obtain the final product as a colourless oil
(49.5 mg, 93%). 'H NMR (600 MHz, deuterium oxide-dz) & 2.94 (t, J = 7.5 Hz, 6H), 1.91
(s, 3H), 1.78 — 1.48 (m, 12H). *C NMR (151 MHz, deuterium oxide-d2) & 173.59, 57.95,
39.41, 30.65, 22.76, 20.71. HR-ESI-MS (CH3OH) m/z for Ci2H2sN4O ([M+H]") calc.
(found): 245.2336 (245.2327).
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N,N'-(4-acetamido-4-(3-(1-(benzyloxy)-6-o0xo-1,6-dihydropyridine-3-carboxamido)propy!)-

heptane-1,7-diyl)bis(1-(benzyloxy)-6-oxo-1,6-dihydropyridine-2-carboxamide) (3.4). The

synthesis of this intermediate was adapted from a literature procedure to prepare a similar
compound.3?? To a suspension of compound 3.3 (40.0 mg, 0.11 mmol), triethylamine (90
uL, 0.66 mmol) and DMAP (1.4 mg, 0.011 mmol) in dry dimethylformamide (6 mL) was
added a solution of compound 2.8 (193.5 mg, 0.55 mmol) in dimethylformamide (1 mL).
The reaction mixture was stirred at 65 °C for 3 days and allowed to cool down to room
temperature before the addition of H.O (70 mL). The organic phase was extracted with
ethyl acetate (70 mL x 5) and washed with H.O and brine. The organic layer was dried
over MgSO. and evaporated to dryness. The crude product was redissolved in CHCls
and purified using automated flash chromatography on a silica gel column (solvent A:
CH2Cly, solvent B: 20% CH3sOH in CH2Cly; gradient: 0% B, 4 CV; 0-25% B, 1 CV; 25% B,
8 CV; 25-50% B, 1 CV; 50% B, 5 CV; 50-100% B, 1 CV; 100% B 2 CV). Compound 3.4
was obtained as a pale yellow oil with a purity higher than 95% (60.7 mg, 58%). '"H NMR
(600 MHz, chloroform-d) & 7.54 — 7.48 (m, 6H), 7.41 —7.31 (m, 12H), 6.74 — 6.60 (m, 6H),
6.29 (dd, J=6.8, 1.7 Hz, 3H), 5.26 (s, 6H), 3.08 — 2.95 (m, 6H), 1.34 — 1.07 (m, 12H). °C
NMR (151 MHz, chloroform-d) & 169.87, 160.73, 158.56, 142.82, 138.46, 133.64, 130.86,
129.68, 128.81, 124.17, 105.31, 79.41, 57.95, 39.77, 31.78, 24.44, 22.91. HR-ESI-MS
(CH30OH) m/z for Cs1HssN7O10 ([M+H]") calc. (found): 926.4083 (926.4077).

N,N'-(4-acetamido-4-(3-(1-(benzyloxy)-6-o0xo-1,6-dihydropyridine-3-carboxamido)propy!)-

heptane-1,7-diyl)bis(1-(benzyloxy)-6-o0xo-1,6-dihydropyridine-2-carboxamide (3.5).

Compound 3.5 was synthesized following a literature procedure for the O-benzyl
deprotection of a similar compound.?®® Compound 3.4 (60.7 mg, 0.066 mmol) was
dissolved in dry CH2Cl, (25 mL) under N2> and cooled down to -20 °C. A solution of 1 M
BBrs in CH.CI, (6.6 mL, 6.6 mmol) was added dropwise and the reaction mixture was
warmed up to room temperature. After 18 h, the solvent was blown down with an air stream
to about half the volume (~ 15 mL) and the remaining suspension was spined down in a
centrifuge (8000 rpm, 5 min). The precipitate was washed with acetone (x4) until the
supernatant was colourless and washed with diethyl ether. Compound 3.5 was obtained
pure as a pale brown solid (40.9 mg, 95%). '"H NMR (601 MHz, dimethylsulfoxide-ds +
10% deuterium oxide-d2) & 7.40 (dd, J = 9.1, 6.9 Hz, 3H), 6.57 (dd, J = 9.1, 1.7 Hz, 3H),
6.31 (dd, J=7.0, 1.7 Hz, 3H), 3.18 — 3.12 (m, 6H), 1.78 (s, 3H), 1.63 — 1.57 (m, 6H), 1.43
—1.35 (m, 6H). *C NMR (151 MHz, dimethylsulfoxide-ds + 10% deuterium oxide-d;) &
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169.63, 160.45, 157.96, 142.48, 137.94, 119.73, 104.35, 57.57, 48.80, 31.95, 23.77,
22.91. HR-ESI-MS (CHsOH) m/z for CsiHssN/O1o ([M+H]) calc. (found): 656.2675
(656.2705).

2.,3-dibenzyloxybenzoic acid N-hydroxysuccinimide ester (3.6). This intermediate was

prepared from 2,3-dihydroxybenzoic acid following a 2-step literature procedure with minor
modifications on the 2 steps.??®* O,0’-dibenzyl-2,3-dihydroxybenzoic acid (1000.0 mg, 3.0
mmol), N-hydroxysuccinimide (414.3 mg, 3.6 mmol), and EDC-HCI (690.1 mg, 3.6 mmol)
were dissolved in dry CH2Cl; (60 mL) and stirred at room temperature for 17 h. The
reaction mixture was washed with H.O and brine and dried over MgSQ4. After evaporation
of the solvents, the crude was redissolved in CH2Cl; and purified on silica gel using
automated flash chromatography (solvent A: hexanes, solvent B: ethyl acetate; gradient:
20% B, 3 CV; 20-40% B, 1 CV; 40% B, 8 CV; 40-100% B, 2 CV) to obtain compound 3.6

as a light brown solid (519.1 mg, 40%). Characterization was according to literature.32*

N,N'-(4-acetamido-4-(3-(2,3-bis(benzyloxy)benzamido)propyl)heptane-1,7-diyl)bis(2,3-

bis(benzyloxy)benzamide) (3.7). The synthesis of this molecule was adapted from a

literature procedure to prepare a similar compound.®?? To a suspension of compound 3.3
(40.0 mg, 0.11 mmol), triethylamine (90 yL, 0.66 mmol) and DMAP (1.4 mg, 0.011 mmol)
in dry dimethylformamide (7 mL) was added a solution of compound 3.6 (273.3 mg, 0.55
mmol) in dimethylformamide (1 mL). The reaction mixture was stirred at 70 °C for 4 days
and allowed to cool down to room temperature before the addition of H>O (80 mL). The
organic phase was extracted with ethyl acetate (80 mL x 5) and washed with H,O and
brine. The organic layer was dried over MgSO4 and evaporated to dryness. The crude
product was redissolved in CH,Cl, and purified using a chromatography column on a silica
gel (solvent A: hexanes, solvent B: ethyl acetate, solvent C: CH3OH; gradient: 1:1:0, 0:1:0,
0:9.5:0.5, 0:9:1). Compound 3.7 was obtained as a colourless oil (62.1 mg, 47%). '"H NMR
(601 MHz, CDCl3) 6 7.91 (t, J = 5.7 Hz, 3H), 7.69 (dd, J = 6.6, 3.0 Hz, 3H), 7.47 — 7.41
(m, 6H), 7.41 - 7.27 (m, 24H), 7.15 - 7.06 (m, 6H), 5.11 (s, 6H), 5.05 (s, 6H), 3.20 — 3.13
(m, 6H), 1.82 (s, 3H), 1.47 — 1.41 (m, 6H), 1.20 — 1.12 (m, 6H). *C NMR (151 MHz, CDCl5)
o 169.44, 165.24, 151.85, 146.90, 136.60, 136.59, 128.82, 128.80, 128.79, 128.36,
127.76, 127.57, 124.53, 123.37, 76.40, 71.37, 58.10, 39.97, 32.33, 23.39. ESI-MS
(CH30H) m/z for Cs1Hs5N7010 ([M+H]") calc. (found): 1193.5 (1193.5).
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N-[4-acetamido-7-[(2,3-dihydroxybenzoyl)amino]-4-[3-[(2,3-dihydroxybenzoyl)amino]-
propyllheptyl]-2,3-dihydroxybenzamide (3.8). Pd/C 10 % wt loading (3.3 mg) was added

to a solution of compound 3.7 (12.7 mg, 0.011 mmol) in ethanol (1.1 mL) containing formic

acid (1uL). The flask was capped with a rubber stopper, sealed, and purged with argon,
followed by Hz gas from a balloon. The reaction was stirred at room temperature for 1.5 h
under the H, atmosphere. After purging with argon, the reaction mixture was filtered over
a pad of Celite and washed with ethanol. The resulting purple filtrate was concentrated in
vacuo. The crude was redissolved in H2O and lyophilized to yield compound 3.8 as a
purple solid (8.3 mg, 85%). Residual formic acid could not be removed by lyophilization
and was quantified by 'H NMR to be equal to 5 molecules of product and included in the
yield calculation. '"H NMR (601 MHz, deuterium oxide-d2) & 7.29 (dd, J = 8.1, 1.7 Hz, 3H),
6.87 (dd, J=7.5, 1.8 Hz, 3H), 6.48 (t, J = 7.8 Hz, 3H), 3.34 (t, J = 6.8 Hz, 6H), 1.92 (d, J
= 1.3 Hz, 3H), 1.85 — 1.73 (m, 6H), 1.62 — 1.52 (m, 6H). *C NMR (151 MHz, deuterium
oxide-d2) & 173.15, 170.32, 156.68, 148.22, 119.71, 116.95, 114.75, 112.93, 53.77, 39.18,
31.40, 22.75, 22.57. HR-ESI-MS (CH3OH) m/z for CsiHssN7O1o ([M+H]*) calc. (found):
653.2817 (653.2815).

3.4.3. Non-radioactive metal complexes

3.4.3.1. Variable pH-'"H NMR titrations

'H NMR spectra were collected at 25 °C using an AV0O0 Bruker spectrometer. 3-
(trimethylsilyl) propionic acid (TSP) sodium salt was used as the internal reference. The
water signal was suppressed using an excitation sculpting suppression pulse scheme.

The pH measurements were carried out with a LE422 micro pH electrode (Mettler Toledo).

pKa determination: 1 mM ligand solutions were prepared in 90% ultrapure H2O + 10%
D,0 with KCI to adjust / = 0.1 M. The pH of the solutions was adjusted by the addition of
small aliquots of 1-0.005 M HCI or KOH.

Sc?* and Ga** complexation: ligand solutions at the selected pH were prepared according
to the above procedure. Stock solutions of 40 mM ScClz x 6 H>O or Ga(NOs)z x 6H20 were

prepared in ultrapure H>O. A small aliquot corresponding to 1 equivalent of the metal salt

was added to the ligand solution and the pH was adjusted again with 1-0.005 M HCI or
KOH.
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3.4.3.1. Data treatment

All data were processed using MestReNova 14.1.2-25024. The acidity constants
of each ligand are referred to the equilibrium HyL™ = Hn-4L™D* + H* and were refined
using the least-squares fitting program PITMAP. The water ionization constant (pKw, 2H20
= H3O" + OH") was calculated by the same program at T = 25°C and / = NaNO3 0.15 M,
and it resulted equal to 13.54 on average. The errors quoted are the standard deviations

calculated by the PITMAP program.

3.4.3.2. LC-MS characterization

Compound 3.8 (2 mg, 0.003 mmol) was dissolved in 0.2 mL of CH3OH. Titanium
isopropoxide (0.89 uL, 0.003 mmol) was added to the solution. The solution immediately
turned a light yellow colour. The solution was then analyzed via LC-MS (A: 0.1 % FA in
H.0, B: 0.1 % FA in CH3CN; gradient: 0-3 min: 5% B, 3-10 min: 5-95%, 10-13 min: 95%
B, 13-13.5 min: 95-5% B, 13.5-16 min: 5% B, tr = 6.1 min, flow rate: 0.8 mL/min). LR-MS
(CH30OH) m/z for Ca3H34N4O10Ti ([M+3H+Ti]") calc. (found): 697.17 (697.2).

3.4.4. Isotope production and purification

Caution! **Ti and *’Sc emit ionizing radiation and should only be handled in a
facility designed according to appropriate safety protocols.

3.4.4.1. General materials and methods

All chemicals were purchased from Fisher or Sigma-Aldrich and used without
purification. All water was ultrapure (>18.2 MQ). Instruments were calibrated and
maintained according to standard quality control procedures. Natural vanadium foils were
obtained from the ESPI metals. Proton irradiations were performed on TR-24 cyclotron
(Advanced Cyclotron Systems (ACSI, INC)). Activity measurements were performed on a
Canberra S5000 HPGe and analyzed with the Canberra Genie 2000 software. The energy
and efficiency calibration for the HPGe was performed using a mixed nuclide sealed

source from Eckert and Ziegler Analytics.

Radio-TLC was performed on plastic-backed iTLC-SG purchased from Agilent
Technologies (Santa Clara, CA, USA) and measured on an Eckert & Ziegler AR-2000 and
processed using Winscan Radio-TLC software (Eckert and Zeigler, AR2000, Winscan

software, Berlin, Germany). The HPLC system used for ’Sc work was an Agilent
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Technologies 1260 Infinity HPLC with UV and radioactivity detectors and an Xterra MS
packed C18 4.6 x 150 mm column from Waters. A purity of >95% was confirmed using
quantitative HPLC analysis for nonradioactive compounds and radio-TLC for radioactive
compounds. Tissue weight and radioactivity were measured via an automated gamma
counter (Hidex AMG, Turku, Finland).

Radio HPLC was carried out using Agilent 1220 Infinity || LC system equipped with
a binary gradient pump, UV-vis detector, manual injector, and radio detector on a

Phenomenex Luna 5 ym C18(2) column (150 mm x 3 mm).

3.4.4.2. ¥7Sc production and purification

Natural vanadium foils were irradiated at 24 MeV protons, at 80 pA for 4 hours. AG
MP-50 resin was packed into a solid phase extraction fritted column, 1.5 g, and
conditioned before the addition of the dissolved vanadium foil in 8 M HCI. Washes of 8 M
HCI, 4 M HCI and water were added before 4’Sc was collected in 1 M Ammonium acetate
pH 4. The “’Sc was immediately concentrated using CM weak cation exchange column
into 1 mL 0.1 M HCI. The #’Sc was brought down to dryness and reconstituted in 50 uL of
0.1 M HCI. Activity measurements were performed using HPGe and Capintec Dose

Calibrator set at calibration number 30.

3.4.4.3. 5Ti production and purification

45Ti was obtained following previously published methods.3%®

3.4.5. Radiolabeling experiments

A stock solution of either DOTA or HOPO-0Os-C4 was prepared in a 5 mg/mL stock
solution dissolved in chelex-treated MQ water H>O. Stock solutions of CAM-0s-C4 were
prepared in ethanol at 10-0.01 mM concentrations. All samples were prepared using low-

retention Eppendorf tubes and pipette tips to minimize tracer loss.

3.4.5.1. “7Sc radiolabeling

All 4Sc was obtained in 0.1 M HCI. All trace metal ammonium acetate buffer (0.25
M, pH 4) was prepared from chelex-treated water and prepared on the day of labeling.
The =aApparent molar activity was calculated by a series of radiolabeling of #’Sc with
either HOPO-0e-C4 or DOTA. A serial dilution of either DOTA or HOPO-0Oe-C4 was
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performed under the same mass conditions. Appendix Table A.9 contains the mass of
each chelator per vial and molar mass. The final volume was maintained at 52.76 pL and
the average activity per vial was 817.7 £+ 44.4 kBq. The apparent molar activity was
performed in triplicate. Vials containing HOPO-Og-C4 were incubated at 37° C, 800 rpm
for 30 minutes while DOTA was incubated at 95° C, 800 rpm for 30 minutes. After 30
minutes, the ethanol was added to each solution, where the ethanol volume was 10% of

the total volume.

3.4.1.2. °Ti radiolabeling

10 pL of the corresponding CAM-QOs-C4 stock solution was dissolved in 0.1 mL of
chelex-treated 0.5 M HEPES buffer at pH 8 followed by the addition of 8 uL of °Tiin 1.0
M citric acid (460 kBq). The final pH of the reaction was confirmed to be 7-7.5. Samples
were thoroughly mixed and incubated at 20 °C for 15, 30, and 60 min prior to spotting on
an aluminum-backed SiO; TLC plate. The plates were developed in CH3OH as the mobile
phase. Under these conditions, chelated “°Ti runs to the solvent front (R¢ = 0.9-0.95) and
unchelated “°Ti remains at the baseline (Rr = 0). Radio-HPLC analysis was performed to
confirm the RCY. (A: 0.1% TFA in H2O, B: CH3CN; gradient: 0-3 min: 95% A, 3-17 min:
5-95% B, 17-20 min: 95-5% B).

3.4.6. Complex stability assay

3.4.6.1. Serum challenge assay

[*7Sc]Sc-HOPO-0s-C4 were prepared according to the radiolabeling protocol
described above for a final concentration of 2.278 MBq/ug (0.149 MBg/nmol). This stock
solution was used for all serum, metal challenge and in vivo biodistribution studies. These
stock solutions diluted in reaction buffer up to a 100 pL for an average of 370 kBq and
400 pL of either human or mouse serum were added following incubation at 37 °C over 7
days (n = 3). At 15 and 30 minutes, 1 h, and everyday day up to day 7, 6 pL of the reaction
mixture was spotted on iTLC (SG paper plates, 1 M citrate buffer pH 4.5). The stability of
the complexes was measured as the percentage of intact complex (Rf = 0). Under these
conditions, free 4’Sc moves with the solvent front and [*’Sc]Sc-HOPO-0s-C4 remains at

the origin.
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3.4.6.1. Metal challenge assay

Each vial contained 100 pL of the stock solution of [*/Sc]Sc-HOPO-Os-C4 for an
average of 370 kBq, prepared from the same stock as the serum stability studies. 50 uL
of either MgCl,, CuCl,, FeCls or ZnCl; were added to the solution and then diluted to 500
ML with chelex-purified H2O to a final metal ion concentration of 100 uM. The metal
challenge study was also incubated at 37° C and assessed identically as the serum assay

above.

3.4.7. Ex-vivo biodistribution

The [*"Sc]Sc-HOPO-0s-C4 or [*'Sc]ScCl; was diluted with saline to yield 100 yL
doses of 185 kBq per dose of the complex and 296 kBq per dose of unchelated scandium.
There was no filtering performed on the final dose. Mice doses were administered via tail-
vein injection. Four time points were analyzed 10 minutes (Balb/c male mice, n = 4), 30
minutes (Athymic nude male, n = 4), 1 h (Balb/c, n = 4) and 24 h (Athymic nude male, n =
3). These time points are based on the average time of injection. The mice were
euthanized and the organs were harvested followed by the collection of organ weights and

activity measurements on a gamma counter.

3.4.8. DFT calculations

DFT calculations were performed using the Gaussian 16 (Revision B.01) program
package with the Becke, 3-parameter, Lee-Yang-Par (B3LYP) functional.3?5-32” Empirical
dispersion was employed using Grimme’s dispersion correction with Becke-Johnson
damping (D3-BJ).28232¢ Geometry optimizations were performed using the double- { cc-
pVDZ basis set for all atoms, which has shown good agreement with experimental
observations previously.3'32° Geometry optimizations were performed without imposing
any symmetry constraints. All ligands and complexes were fully optimized in aqueous
solution (dielectric constant £ = 78.36) using the SMD model.**° Frequency calculations
indicated no imaginary frequencies at the optimized molecular geometries, which indicate
that they are real minima of the respective potential energy surfaces. Single-point energy
calculations were performed at the same level of theory previously described. Unless
specified, all calculations were performed at 298.15 K and 1 atm. Initial input geometries

were constructed manually and optimized at the molecular mechanics (MM) level prior to
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optimization using DFT. Calculation results were visualized and interpreted using
GaussView version 5.0.9 and VMD version 1.9.4a53.3%"332 Root-mean-square deviations

were calculated according to the following equation:

RMSD =

where & is the difference in bond lengths (A) of the respective systems.33
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Chapter 4.

Exploring click chemistry for radiopharmaceutical
development: a novel tetrazine (Tz) containing
HOPO-Os chelate for 3Zr and '®'Tb theranostic
agents

4.1. Introduction

In nuclear medicine, radiolabeled antibodies (radioimmunoconjugates) have long
demonstrated excellent potential for imaging and therapy of cancer, as such, numerous
antibody-based radiopharmaceuticals have resulted in successful clinical applications (
e.g., ["*"I]I-metuximab, [*°Y]Y-Ibritumomab tiuxetan (Zevalin)) and many more are being
evaluated in clinical studies.3**-33¢ Monoclonal antibodies (mAbs) are powerful tools for the
selective delivery of radiation to tumour sites sparing healthy tissue due to their ability to
recognize cell antigens with high affinity and specificity. Traditionally,
radioimmunoconjugates are radiolabeled with long-lived radioisotopes (**'l, t1> = 8.0 d;
7L u, t12= 6.6 d) to match the pharmacokinetics of the immunoglobulins which can take
several days to achieve optimal biodistribution in the body. The slow blood circulation
results in the long circulation of the radiopharmaceutical in the body inevitably irradiating
healthy tissue.®*” This high radiation dose received by healthy organs and tissue
contradicts the general purpose and use of mAbs with high specificity and hampers the
widespread use in clinics. Several alternative strategies have been proposed to
circumvent this issue including the use of small antibody fragments such as Fab (~10-100
kDa) which can accelerate the blood circulation time. Although, one of the most attractive

and fascinating approaches is the in vivo pretargeting method.3%8:3%

In vivo pretargeting relies on the decoupling of the radioimmunoconjugate to
exploit the high selectivity of mAbs avoiding the unnecessary radiation dose associated
with the slow pharmacokinetics of the drug complex. This approach essentially divides the
radiopharmaceutical into two parts: a small molecule radiolabeled with the isotope of
interest and an antibody — preferably not internalized after binding the cell receptor. Each
component is designed to incorporate a recognition moiety so that they can selectively

combine at the tumour site. In practical terms, the antibody unit will be injected first to
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accumulate in the tumour and after several days, the radioactive moiety will be injected
and, due to its smaller size, it will quickly circulate the bloodstream and either ligate with
the antibody or clear from the body.33"340 |n this way, in vivo pretargeting diminishes the
time the radioactive isotopes circulate in the body and allows the use of shorter-lived
isotopes (8F, ti2 = 109.8 min; 8Ga, t1> = 67.7 min) which are incompatible with the
traditional methodology.®*' Moreover, in vivo pretargeting can easily be combined with
radiotheranostics by the sequential injection of two radiolabeled chelate molecules: the

first one radiolabeled with an imaging radionuclide and the second with its therapeutic pair.

Various molecular pairs have been evaluated for nuclear medicine applications in
the past two decades with some ligation reactions such as the streptavidin-biotin couple
making their way into clinical trials. Unfortunately, the patient outcome was not
favourable.?*?343 Recently, the click chemistry approach consisting of the fast (k~ 1x10°
M--s') and bio-orthogonal Inverse Electron Demand [4+2] Diels-Alder (IEDDA)
cycloaddition reaction between a trans-cyclooctene (TCO) and a Tz has shown
remarkable progress (Figure 4.1).3373# This strategy has been explored using a variety
of radioisotopes for imaging or therapy individually or integrating both concepts for

radiotheranostics such as the 8Cu/¢’Cu pair.345-347

o N — "

Figure 4.1. Schematic representation of the click reaction between a tetrazine (Tz)-
bearing radiolabeled chelate and a trans-cyclooctene (TCO)
conjugated to an antibody.

Encouraged by the promising preclinical results of in vivo IEDDA pretargeting
strategies, we sought to apply this chemistry using HOPO-Og to the two most promising
isotopes investigated in chapter 2, 22’Th (ti2 = 18.7 d, E(a) = 6.0 MeV) and the theranostic
isotope "®'Tb (t12 = 6.9 d, E(Bavy) = 154 keV, | =101 %, E(y) = 48.9 and 74.5 keV, |= 17
and 10%) (section 1.2.4 and 1.3.3). Despite the higher kinetic inertness of [?2’Th]Th-
HOPO-O+¢ over [?’Th]Th-HOPO-Os, | chose to synthesize a Tz-based bifunctional version
of the octadentate chelate due to the easier synthetic pathway. '3*Ce ("**Ce, t12 = 3.16 d,
EC (100%) has been proposed as a better imaging pair to 22’Th than 8°Zr (89Zr, t1,= 78.4

h, E(B*avg) = 396 keV, | = 23%)."2 However, this isotope is currently accessible to very few
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research centers and we are collaborating with Dr. R. Flavell at the University of California
San Francisco (UCSF) who will be performing in vivo pretargeting preclinical studies with

134Ce/??’Th. For this preliminary work, 8Zr was used as an imaging surrogate for **Ce.

Herein, we present the synthetic route and the 8Zr, ®'Tb and 22’Th radiolabeling
evaluation of a novel HOPO-Og bifunctional chelate containing a methyl-tetrazine handle
(HOPO-0s-Me-Tz) for in vivo pretargeting applications. The click chemistry reaction
between HOPO-0Og-Me-Tz and the TCO-modified trastuzumab — targeting HER2-positive
breast cancer — was validated in vitro and the resulting radioimmunoconjugate was

evaluated in a proof-of-concept in vivo study with the imaging isotopes 8Zr and '®'Tb.

4.2. Results and discussion

4.2.1. Synthesis

The synthesis of HOPO-Og-Me-Tz (Scheme 4.1) was designed following the
improved synthetic route of its p-SCN-Bn-HOPO analog reported by Bhupathiraju et al.?%.
This route was partially explored in the synthesis of HOPO-O1o demonstrating significant
improvements in the purification of intermediate 2.5 formed via tosylate coupling

compared to the reductive amination product (section 2.2.1).

Initial attempts explored the possibility of coupling tosyl functionalized Tz directly
to the backbone spermine followed by the addition of four 1,2-HOPO units (2.8) and
deprotecting the O-benzyl protecting group as the last step — a 3-step synthesis. As
expected, the Tz molecule decomposed quickly under the tosyl coupling reaction at 60 °C
in acetonitrile. To overcome the instability of the tetrazine, the synthesis was redesigned
to couple the Tz to the chelate towards the end of the synthetic route. This path required
the addition of a terminal Boc-protected amine to spermine since the direct coupling of the
activated 1,2-HOPO (2.8) to spermine would result in four amide bonds unreactive to the
alkylation of the tetrazine under mild conditions. To keep it simple, spermine was extended
by a short Boc-protected ethylamine activated with a tosyl group (4.1) which can be readily
prepared from commercially available N-Boc ethanolamine.?*® Half an equivalent of
intermediate 4.1 was reacted with spermine under reflux and monitored by TLC (100%
CHClI2) until no more compound 4.1 was observed. Due to the lack of UV absorbance of

spermine or the products, the only possibility to isolate the desired product (4.2) was by
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preparative HPLC coupled to mass selective detection (MSD) monitoring the 346.0 m/z
product peak. The single ion monitoring spectrum showed two peaks which were isolated
and characterized by '"H NMR. The first peak corresponded to a mixture of 4.2 and
spermine alkylated on a secondary amine and the second one contained the pure product
in the form of a TFA salt. A total ion count spectrum revealed the formation of small
quantities of double alkylated spermine as well. The yield could not be calculated due to
the presence of residual p-toluene sulfonic acid that coeluted with the product though it
was estimated to be around 15-20%. A direct comparison to the formation of compound
2.5 is not possible due to the different lengths of the alkylated chain although we can say

that the direct alkylation is faster — one step versus four steps — and overall higher yielding.

H 4.1, K,CO4 H H
H N/\/\N/\/\/N\/\/NHZ H N/\/\N/\/\/N\/\/N\/\N,Boc
2 H CH4CN 2 H H
reflux, 7 h 4.2
2.8 dry DMF
EtsN, DMAP | 60 °C, 24 h
14% (2 steps)
o} 0O
@] @]
O ‘ n-OH \-OBn | n-OBn
| Ao FN0 BBr; 1.0 M | J_ o A0

in CH,CI
HN/\/\N/\/\/N\/\/N\/\NH 4 HN/\/\N/\/\/N\/\/N\/\N’BOC

2
o a dry CH,Cl5 o = H
S N 20°C-it 07y o
. . .
ho N HO 20h,95% o N BnO

(0] 0
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4.4 4.3
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34%
0 o}
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Scheme 4.1. Synthetic route towards HOPO-Og-Me-Tz

Intermediate 4.2 was then reacted with an excess of activated 1,2-HOPO-OBn
(2.8) following our previously reported conditions (section 2.4.2, compound 2.9) to obtain

the fully protected compound 4.3. Two pathways were investigated at this point. Route 1
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consisted of the selective deprotection of the Boc group under acidic conditions (10% TFA
in CH2Cl2) to subsequently alkylate the primary amine with an NHS-activated Tz and lastly
hydrogenate the O-benzyl groups to obtain the final product. Our group has previously
demonstrated that tetrazines are reduced under hydrogenation conditions yet they are
spontaneously oxidized when exposed to air.>*® Route 2 consisted of the complete
deprotection of 4.3 by the mild Lewis acid BBr3, in CH2Cl,, followed by the alkylation of an
NHS-activated Tz. The uncertainty of this route was the reactivity of the oxygen atoms of
the N-OH groups. Attempts to deprotect the O-benzyl groups with H> on Pd/C in ethanol
resulted unsuccessful even at high pressure (100 PSI) or under acidic conditions (10%
acetic acid). These synthetic challenges deemed route 1 to be unfeasible and the efforts
were focused on route 2. The one-step deprotection was successful using 1.0 M BrBr3 in
CH.Cl; yielding 4.4. in quantitative yield. NHS ester Tz was first used to alkylate compound
4.4 with DIPEA in DMF. Unfortunately, the desired molecule was very unstable and
despite observing the formation by MS, the bifunctional chelate would decompose quickly
after isolation. The stability of the final product was improved by using the methyl-
substituted analog, methyltetrazine NHS ester (4.5), which was successfully alkylated
under the same conditions. Purification of 4.6 was achieved by washing the reaction crude
with CH2Cl» to remove the excess base and 4.5 to yield the bifunctional chelate (4.6) as a

pink solid.

4.2.2. Bifunctional chelate-antibody conjugation.

The evaluation of the in vitro efficiency of the IEDDA reaction requires first the
conjugation of TCO units to the antibody tzmb. TCO moieties can easily be conjugate to
the amine side chains of lysine residues present in trastuzumab. Previous work in our
group showed that TCO-NHS ester has only a 20% conjugation yield. To improve the
efficiency, a 4-chain polyethylene glycol (PEG4) linker was incorporated in the form of
TCO-PEG4-NHS ester. Additionally, the use of short PEG linkers has been demonstrated
to contribute to the fast clearance of the bioconjugate in the blood compared to its non-
PEGylated analog.3*° The coupling of TCO-PEG4-NHS ester and trastuzumab proceeded
rapidly at room temperature yielding Tzmb-PEG4-TCOQ.3¥” The number of TCO molecules
per trastuzumab was determined to be 6.2 by MALDI-ToF MS/MS, indicating a conjugation
efficiency of 77% — calculated from the 10 equivalents of TCO added — a drastically

improved coupling efficiency compared to the non-PEGylated analog.
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The efficiency of the click reaction was then investigated in vitro. Methyltetrazines
are known to have slower reaction kinetics compared to their hydrogen-substituted
counterparts; however, their kinetic rates are still extremely fast for radiopharmaceutical
applications. Typically, an antibody conjugation reaction can take 1-24 h.26%3% |n our case,
20 equivalents of HOPO-Os-Me-Tz were used and the reaction was allowed to proceed
for 2 h at 25 °C. After purification and analysis, the number of HOPO-Ogs units per modified
antibody was found to be 5.2 by MALDI-ToF MS/MS. The number of TCO and chelate
units incorporated into the antibody were not expected to significantly alter the
immunoreactivity of the bioconjugate based on a recent systematic study with DFO-pSCN-
Bn-trastuzumab.®%"

V/ Y
N/ O D \¢/
+ Oyﬂwowowowoﬁoiﬁ PBS.M, 1h o\gn\/\o”\/owoﬁvo\/ﬁgn‘“
o

46 | PBS

M 2h

JOH H
I e l/N o “‘Nu\/
A0 o = I
] |
HNA\/\N%NWN\/\NW \ /
07N H

o N H H
HO’NY HO" I O\H/N\/xof\,ox/\o/\jo\/\n,”\

(o] o] (o]

Figure 4.2 Coupling of TCO to the antibody and subsequent IEDDA click reaction
with HOPO-Ogs-Me-Tz to prepare Tzmb-HOPO-Os.

4.2.3. Radiolabeling

The BFC and the immunoconjugate compounds were radiolabeled with the
imaging isotope 8°Zr under mild conditions at room temperature or 37 °C, respectively,
compatible with the stability of antibodies. ?>’Th radiolabeling was only screened with the
BFC since the activity eluted from the 22’ Ac/?’Th generator was insufficient to reproduce

the amounts required for an in vivo preclinical mouse study.

The optimal conditions for radiolabeling HOPO-Os-Me-Tz with 8Zr** were found to
be 0.5 M NH4OAc pH 6. PBS, commonly used for DFO radiolabeling, gave significantly
lower RCYs under the same conditions. Quantitative radiolabeling (>96%) of 10 uM of
HOPO-0s-Me-Tz with 1.2 MBq of 89Zr was achieved at 25 °C after 30 min, a metal-to-
ligand ratio of 1:613. The radiolabeling efficiency decreased to 77.3% + 4.1 at 1 pyM of
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chelate under the same conditions after 1 h. Interestingly, at 30 min the radio TLC analysis
showed the formation of multiple 8Zr complex species with one main sharp peak with a
broad shoulder and an extra small bump. However, after 1 h of reaction, only the main
sharp peak was observed at the origin. This effect was first reported in the formation of
the [29Zr]Zr-HOPO-0Os complex and it has also been observed in a similar Tz-HOPO
structure. The appearance of multiple peaks indicates the formation of a small percentage
of a kinetic product (shoulder and bump peaks) that converts to the thermodynamic

product (main peak) over time. 3%
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Figure 4.3. iTLC chromatograms of [3°Zr]Zr-HOPO-0Os-Me-Tz radiolabeling reaction
at 30 min (left) and 60 min (right).

The radiolabeling of HOPO-Og-Me-Tz with '®'"Tb*" was studied according to the
previously reported conditions, 0.5 M NH4OAc pH 6 at 25 °C except that this time the
buffer was prepared in chelex-treated H,O (see section 2.4.6). The BFC exhibited
comparable or even superior radiolabeling properties to HOPO-Og achieving 91.7 + 0.5
RCYs at 1 yM chelate concentration and 100 kBq of '®'Tb in 30 min (1:34 metal-to-ligand
ratio). These results reveal that the Tz handle does not interfere with the metal binding

affinity.

22TTh** radiolabeling was performed following the previously optimized conditions,
0.5 M NH4OAc pH 5 at 25 °C with chelex-treated H>O. At 10 uM of HOPO-Og-Me-Tz with
20 kBq of 22’Th, a metal-to-ligand ratio of only 1:13, RCYs reached 95.2 + 0.5 after 20 min.
These results reveal that the BFC still exhibits excellent radiolabeling kinetics at room
temperature comparable to those of HOPO-Os (section 2.2.3) and similar to '®'Tb, the Tz
moiety does not affect the radiolabeling affinity.
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Following the successful radiochemistry of the BFC, the %Zr and '®'Tb
radiolabeling of the pre-clicked immunoconjugate (HOPO-Os-Tzmb) was evaluated. The
reactions were performed in 0.5 M NH4sOAc pH 7 by incubating 100 ug of Tzmb-HOPO-
Os with 150 MBq of neutralized 8Zror 100 MBq '®'Tb at 37 °C. RCYs >99% were obtained
after 30 min reaching a high As of ~ 2 and 1 GBg/mg, respectively. The
radioimmunoconjugates were then purified by size-exclusion chromatography (SEC) and
the purified radiotracer was collected in PBS pH 7.4 in five fractions (200-450 uL each
fraction). Fractions 2 and 3 contained the highest concentration of labeled tracer and were

used for the corresponding in vivo studies.

4.2.4. Human serum stability.

The stability of the ®Zr, #?’Th, and '8'Tb BFC complexes and the '®'Tb
radioimmunoconjugates was evaluated in human serum at 37 °C. All BFC complexes
displayed excellent stability in a biologically relevant environment with over 99% of intact
[89Zr]Zr-HOPO-0s-Me-Tz and ['®'Tb]Tb-HOPO-Os-Me-Tz over 7 days and 97.4 + 3.6%
intact of [?'Th]Th-HOPO-Os-Me-Tz over 6 days. The stability of the
radioimmunoconjugates was studied with the purified complexes incubated with human
serum under the same conditions as the BFC. The ['®'Tb]Tb-HOPO-Os-Tzmb
bioconjugate showed the same stability profile as the BFC with >99% of the intact complex
after 7 days. Due to isotope availability, the stability of [33Zr]Zr-HOPO-Os-Tzmb could not

be measured at the time of writing and will be performed shortly.

4.2.5. In vivo imaging studies.

Given the high radiochemical yields and complex stability in human serum, we
sought to evaluate the in vivo biodistribution and pharmacokinetics of the bioconjugates
in a preliminary targeted (non-pretargeting) study. Female NRG mice (n = 2 for each
group) with subcutaneous SKOV3 xenografts were injected with either ['®'Tb]Tb-HOPO-
Os-Tzmb or [¥9Zr]Tb-HOPO-Os-Tzmb and imaged over 6 days along with ['®'Tb]TbCls or
[89Zr]Zr-oxalate as control of unchelated radiometal. Due to an issue with the cell line, the
tumors did not grow even after 10 weeks post-inoculation. Among all the animals, only
one mouse presented a very small bump on the left shoulder (the size of a grain of sand)
that could potentially be a microscopic tumor. However, the status of the tumoral cells

could not be assessed. Despite this, we decided to proceed with the study as valuable
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biodistribution and pharmacokinetics could still be obtained. The activity concentration

quantitative analysis of the SPECT/CT images was done in regions of interest (ROI).
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Figure 4.4. SPECT/CT images of ['*'Tb]Tb-HOPO-0Os-Tzmb (6.06-6.2 MBq) in female
Nu/J mice bearing SKOV3 tumor xenografts (n = 4) on the left
shoulder over 144 h.

All images were filtered with the same threshold except for the 144 h image which had a higher
filter to show the tumor activity.

The ['*'"Tb]Tb-HOPO-0g-Tzmb SPECT/CT results are presented in Figure 4.4 and
include the mice with a potential tumor. The standardized uptake value (SUV) of the most
relevant organs can be found in Appendix, Table A.11. The tracer showed a long
circulation time in the bloodstream with low uptake after 48 h — expected for a large
radioimmunoconjugate (~ 150 kDa) — and slow decrease over time as seen in the time
activity curves (Figure 4.5). A similar trend was also shown in the lungs and bladder. High
liver uptake was observed at earlier than expected timepoints with an SUV of 7.11 £ 0.14
g/mL after 1 h. Its decrease over time correlates well with the increased and exceptionally
large spleen uptake. An explanation for the notable activity concentration is the formation
of molecular aggregates which are known to accumulate in the reticuloendothelial system
(RES) (e.g., liver, spleen). These could be resolved by analyzing the tracer using size-
exclusion HPLC. At later timepoints, the SPECT/CT images revealed increasing uptake in
the small intestines indicating a tracer excretion pathway through the RES. Low uptake in
the joints started at 1 h with an SUV of 0.79 £ 0.11 g/mL reaching a plateau after 24 h at
~ 1.5 g/mL, still too low to be appreciated in Figure 4.4. These concentration values
indicate a small degree of demetallation in vivo as unchelated ['®'Tb]Tb3* accumulated in
the joints and extensively in the spine (Appendix, Table A.12). The SUV of the tracer in
the joints represents 17% of the ['®'Tb]TbCl; in the same ROI.

118



81 Heart —w— Spleen
Liver —@— Joint

e

SUV, ean (@/mL)

1 -.I T r T T T

0 20 40 60 80 100 120 140
Time (h)

Figure 4.5. Representative time-activity concentration curves for ['*'Tb]Tb-HOPO-
Og-Tzmb in female NUD mice bearing SKOV3 xenografts.

In vivo imaging of the [#Zr]Tb-HOPO-Os-Tzmb tracer was interrupted during the
study by an equipment failure and only the 4 h and 24 h time points could be acquired.
These frame files contained multiple errors making imaging reconstruction extremely
complex. Thus, the data is not presented here and the study will be repeated shortly with

mice bearing optimal tumor size.

4.2.6. Ex vivo biodistribution studies

Post-mortem biodistribution studies were carried out on day 6 for ['¢'Tb]Tb-HOPO-
Os-Tzmb or [#°Zr]Tb-HOPO-Og-Tzmb and at 24 h for ['*'Tb]TbCls (n = 4 or 2 for tracers or
unchelated activity, respectively). The ['®"Tb]Tb-HOPO-Og-Tzmb results shown in Figure
4.6 align well with the observations made in the SPECT/PET images. The biodistribution
data of ['®"Tb]Tb-HOPO-Og-Tzmb reveals exceptionally large spleen uptake (113.4 + 36.2
%ID/g) and high liver uptake (14.4 + 1.5 %ID/g) (Table 4.1). The presence of activity in
the suspected tumor region confirms the observations made with the SPECT/CT images
although the calculated 13.5 + 1.5 %ID/g is not a quantitative value since extra tissue was
harvested with the tumors due to their microscopic size. Comparing the bone uptake
between the unchelated radiometal and the tracer confirms a very low degree of
demetallation in vivo with 14.7 £ 1.3 %ID/g versus 3.0 £+ 0.5 %ID/g (Appendix, Table A.13).
Unfortunately, the joints of the negative control mice were not harvested this time but they

will be harvested in the future for comparison.
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Figure 4.6. Ex vivo biodistribution analysis of ['®'Tb]Tb-HOPO-Os-Tzmb (3.9-6.2
MBq) (left) at 144 h and [**Zr]Zr-HOPO-Os-Tzmb (right) (2.3-6.6 MBq)
at 120 h in female Nu/J mice with SKOV3 xenografts (n = 4).

Limited information can be obtained from the [#Zr]Zr-HOPO-Os-Tzmb animal
study with only the biodistribution data (Figure 4.6). The tracer clearing pattern is equal to
that of the ["6'Tb]Tb-HOPO-0s-Tzmb with high liver uptake at 120 h (22.0 + 2.4 %ID/g)
indicative of excretion through the RES system. However, in this case, the spleen uptake
was almost one order of magnitude lower (18.1 £ 3.0 ID/g) compared to the '®'Tb tracer
and is reasonable for healthy mice (Table 4.1). Since none of the mice in this study group
had any visible or palpable tumors even when the organs were harvested, the animals
could be considered healthy. The absence of tumors is seen by the large standard
deviation in the tissue harvested in an attempt to find the tumors. The data is not
representative of tumor uptake. The analysis reveals key information about the tracer

stability with minimal bone or joint uptake after 120 h indicating no demetallation in vivo.

Table 4.1. Comparison of the activity concentrations in ROIs measured via
quantitative SPECT/CT versus ex vivo biodistribution analysis at 144
h for ['*"Tb]Tb-HOPO-Os-Tzmb and at 120 h for [¥°Zr]Zr-HOPO-Os-

Tzmb.
['6'Tb]Th-HOPO-0g-Tzmb [89Zr]Tb-HOPO-0s-Tzmb
SPECT BioD BioD
Organ SuvV %IDlg %IDlg
Heart 0.97 £0.02 1.5+£0.1 11+04
Liver 4.32+0.03 144+15 220124
Spleen 6.35+0.01 113.1 £ 36.1 18.1+£3.0
Joint 1.59 £ 0.01 2710 11104
Tumor 5.412 135115 17.0+124

aBased on one data point.
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4.3. Conclusions

With the excellent results obtained in chapter 2 for HOPO-01o and HOPO-Os, the
next logical step was the development of a bifunctional chelate. This chapter focuses on
the development of the novel BFC. To simplify the synthesis, HOPO-Og was chosen for
preliminary studies. A novel bifunctional chelate bearing a Tz moiety, HOPO-Ogs-Me-Tz,
was synthesized and characterized for its application in pretargeting strategies. HOPO-
Os-Me-Tz was demonstrated to retain its ability to quantitatively label #2Zr*, ®'Tb, and
227Th in under 30 min at room temperature with excellent in vitro stability with >95% intact
complex in human serum over 7 days. The BFC was then evaluated for conventional
conjugation to trastuzumab, a mAb targeting the HERZ2 receptor overexpressed in many
breast and ovarian cancers. The biodistribution and pharmacokinetics of [8°Zr]Zr-HOPO-
Os-Tzmb and ['®'Tb]Tb-HOPO-Os-Tzmb were evaluated in vivo. Due to difficulties with
tumor growth, quantification of tumor uptake of the radioimmunoconjugates was not
possible at this time. [¥Zr]Zr-HOPO-Os-Tzmb exhibited excellent in vivo stability with
minimal uptake in the bones compared to ['®'Tb]Tb-HOPO-Os-Tzmb which showed a
small degree of demetallation which will have to be further investigated with mice bearing

tumors. Both radiotracers exhibited long circulation times and excretion through the RES.

In the near future, the in vivo studies will be repeated with mice bearing optimal
image size tumors to evaluate the tumor uptake and compare tumor:bone ratios. However,
at this point of the study, we can suggest that [8°Zr]Zr-HOPO-Os-Me-Tz and ['®'Tb]Tb-
HOPO-Os-Tzmb could be promising radioimmunoconjugates. Additionally, at the time of
writing, our collaborators at UCSF are starting to plan the evaluation of the HOPO-Os-Me-
Tz chelate for pretargeting strategies with the PET agent 3*Ce and its therapeutic pair
227Th.

4.4. Experimental

4.4.1. General materials and methods

The general materials and methods follow closely those reported in chapter 2
(section 2.4.1). Methyltetrazine NHS ester (4.5) and TCO-PEG4-NHS ester were
purchased from Click Chemistry Tools and used as received. Trastuzumab was

purchased as Herceptin from Genentech and purified using a SEC column (PD-10,
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Sephadex G-25 resin, Cytiva) followed by spin filtration using a 50,000 molecular weight
cut-off filter (Amicon Ultra-4 centrifugal units, Ultracel 50: regenerated cellulose, Millipore).
The antibody solution in PBS (pH 7.4) was stored at -20 °C for 6 months. Preparative
HPLC was performed on an Agilent 1290 Infinity Il Preparative LC/MSD system consisting
of a G7110B isocratic pump and a G7161B preparative binary pump, a G7165A variable
wavelength absorbance detector, a G7158B automatic liquid sampler and open-bed
fraction collector, and a G6125B LC/MSD unit. Preparative purification was carried out
using an Agilent 10 Prep-C18 column (10 ym, 100 A, 150 x 50.0 mm) at a low rate of 25

mL/min.

The average number of TCO or moieties per antibody was determined by MALDI-
ToF MS/MS on a Bruker autoflex speed at the Alberta Proteomics and Mass Spectrometry
Facility (University of Alberta, Canada) following previously reported procedures.®*” The
[M+2H]?* mass signals were used to determine the average mass and calculate the
antibody-to-TCO and antibody-to-chelate ratios. UV-vis measurements to determine the
concentration of the antibody solutions were performed on a Thermo Scientific
NanoDrop™ 1000 using the antibody (~150 kDa) extinction coefficient of 210,000 M-" -

cm™.

4.4.2. Bifunctional chelate synthesis

Compound 2.8 was synthesized following a 3-step procedure described in section
2.4.2.

2-(tert-butoxycarbonylamino)ethyl-4-methylbenzenesulfonate (4.1). Compound 4.1 was

synthesized following a published procedure with small modifications.®*® Tert-Butyl (2-
hydroxyethyl)carbamate (1.0 g, 6.20 mmol) and triethylamine (12.4 mmol, 1.73 mL) were
dissolved in dry CH2Cl> (15 mL) under N2 and cooled in an ice bath. A solution of p-
toluenesulfonyl chloride (1181.4 g, 6.2 mmol) was added dropwise and the reaction was
allowed to warm up to room temperature and stir for 48 h. The reaction mixture was
washed with 1 M HCI and brine and dried over MgSO4. After evaporating the solvents
under vacuum, the crude was purified via automated silica gel chromatography (lsolera
One, Sfar 25 g, A: CH2Cly, B: 20% CH3OH in CH2Cl,, gradient: 0-4 CV: 0% B, 4-5 CV: 0-
20% B, 4-14 CV: 20% B, 14-15CV: 20-50% B, 15-16 CV: 50% B). The fractions containing

the product were combined and the solvents were removed in vacuo to give compound 2
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as a white solid (1.37 g, 70%). "H NMR (400 MHz, chloroform-ds) & 7.78 (d, 2H), 7.34 (d,
2H), 4.06 (t, J = 5.1 Hz, 2H), 3.37 (dd, J = 5.5 Hz, 2H), 2.44 (s, 3H), 1.40 (s, 9H). *C NMR
(101 MHz, chloroform-ds) & 155.74, 145.16, 130.09, 128.07, 79.94, 69.59, 39.90, 28.42,
21.77. ESI-MS (CH30H) m/z for C14H21NnaOsS ([M+Na]*) calc. (found): 338.1 (338.0)

tert-butyl (1-(1-(benzyloxy)-6-oxo0-1,6-dihydropyridin-2-yl)-6,11,15-tris(1-(benzyloxy)-6-
ox0-1,6-dihydropyridine-2-carbonyl)-1-ox0-2,6,11,15-tetraazaheptadecan-17-

yl)carbamate (4.3) The synthesis of compound 4.2 was adapted from a published

procedure to prepare a similar structure.?®® To a cooled (ice bath) stirring solution of
spermine (508 mg, 2.5 mmol) and potassium carbonate (691, 5.0 mmol) in CH3CN (75
mL) was added dropwise a solution of compound 4.1 (395 mg, 1.3 mmol) in CH3CN (75
mL) using an addition funnel. The reaction mixture was refluxed for 7 h until no compound
4.1 was observed (monitored via TLC in 100% CH2Cl.). The potassium carbonate was
filtered through a small plug of Celite® 545 and the solvent was evaporated in vacuo. The
reaction crude was redissolved in HO (0.1% TFA) and purified by preparative LC-MSD
(A: 0.1% TFA in H20, B: 0.1% TFA in CH3sCN; gradient: 0-3 min: 10% B, 3-29 min: 10-
30% B, 29-31 min: 30-100% B, 31-35 min: 100% B, 336 min: 100-10% B, 37-45 min: 10%
B, collection m/z: 346.0, flow rate: 25 mL/min). The single ion monitoring spectrum at m/z
346.0 showed two peaks; the fractions for each peak were combined, lyophilized, and
analyzed by 'H NMR. The first peak (tr= 18.8 min) corresponded to a mixture of alkylation
on the primary amine (desired product) and alkylation on the secondary amine
(byproduct). The second peak (tr= 20.66 min) corresponded to the pure product (>90%)
with residual p-toluenesulfonic acid. Due to the presence of this impurity, the yield of this

step could not be quantified.

Note: do not evaporate the solvents in a rotary evaporator at 40 °C, the Boc protecting

group will fall off.

To the purified intermediate 4.2 (93 mg), DMAP (1.5 mg, 0.012 mmol), triethylamine (0.13
mL, 0.96 mmol) in dry dimethylformamide (6 mL) under N2 was added a solution of
compound 2.8 (226 mg, 0.66 mmol) in dry dimethylformamide (1 mL). The mixture was
heated to 55 °C and stirred for 2 days. After cooling to room temperature, H.O (60 mL)
was added and the product was extracted with dichloromethane (80 mL x 4). The
combined organic layers were washed with H>O and brine and dried over MgSO.. The

pale orange crude was purified by column chromatography in silica (0-5% methanol in
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dichloromethane) to obtain 4.3 as a light brown solid (131 mg, 14 % over two steps). 'H
NMR (600 MHz, chloroform-dsz) & 8.10 — 4.63 (m, 40H), 3.87 — 2.27 (m, 16H), 1.87 — 0.45
(m, 17H). *C NMR (151 MHz, chloroform-ds) & 162.02, 161.30, 158.30, 142.80, 138.42,
138.02, 133.53, 130.80, 130.46, 129.68, 129.60, 128.74, 128.66, 128.36, 125.43, 123.09,
104.75, 103.17, 102.93, 79.70, 79.58, 79.50, 47.21, 45.45, 40.52, 38.44, 37.03, 28.57,
28.50, 21.61.* HR-ESI-MS (CH3OH) m/z for CeoH7sNoO14 ([M+H]*) calc. (found):
1254.5506 (1254.5511). °C peak assignment was challenging due to the presence of
rotamers in solution. The peaks were assigned to the best of our possibilities with 'H and
3C HSQC and HMBC.

N-(2-aminoethyl)-1-hydroxy-N-(3-(1-hydroxy-N-(4-(1-hydroxy-N-(3-(1-hydroxy-6-o0xo-1,6-
dihydropyridine-2-carboxamido)propyl)-6-oxo-1,6-dihydropyridine-2-carboxamido)butyl)-

6-0x0-1,6-dihydropyridine-2-carboxamido)propyl)-6-oxo-1,6-dihydropyridine-2-

carboxamide (4.4). The synthesis of compound 4.4 was adapted from literature to prepare

a similar structure.?®> Compound 4.3 (50 mg, 0.040 mmol) was dissolved in dry CH2Cl,
(15 mL) and cooled down to -20 °C under Na. A solution of 1.0 M BBr3 in CH2Cl, (4.0 mL,
4 mmol) was added dropwise and the solution was warmed up to room temperature and
stirred for 20 h. The brown suspension was centrifuged down (6000 rpm, 5 min) and the
precipitate was washed and centrifuged with acetone (x4). The light brown precipitate was
then washed with diethyl ether to yield the fully deprotected compound 4.4 (30.3 mg, 95%).
"H NMR (600 MHz, methanol-d3) & 8.32 - 6.12 (m, 12H), 4.18 — 2.82 (m, 16H), 2.30 — 1.23
(m, 8H). *C NMR (151 MHz, methanol-ds) 5 163.59, 160.32, 142.86, 140.03, 120.91,
120.57, 120.46, 105.95, 48.00, 47.91, 47.01, 46.60, 45.12, 44.81, 44.01, 43.92, 43.47,
43.20, 38.89, 38.67, 38.32, 38.07, 29.03, 27.86, 27.81, 26.27, 26.20, 25.30, 25.13. HR-
ESI-MS (CH3OH) m/z for CegH75N9O14 ([M+H]*) calc. (found): 794.3104 (794.3136).

1-hydroxy-N-(3-(1-hydroxy-6-oxo-1,6-dihydropyridine-2-carboxamido)propy!)-N-(4-(1-
hydroxy-N-(3-(1-hydroxy-N-(2-(2-(4-(6-methyl-1,2.4,5-tetrazin-3-yl)phenyl)acetamido)-
ethyl)-6-o0xo0-1,6-dihydropyridine-2-carboxamido)propyl)-6-oxo-1,6-dihydropyridine-2-

carboxamido)butyl)-6-oxo-1,6-dihydropyridine-2-carboxamide  (4.6). To a stirring
suspension of compound 4.4 (16.5 mL, 0.021 mmol) and DIPEA (0.014 mL, 0.084 mmol)

in dry dimethylformamide (1.6 mL) was added dropwise a solution of methyltetrazine NHS

ester (4.5) in dry dimethylformamide (0.65 mL). The pink reaction mixture was covered in

aluminum foil to avoid decomposition of the tetrazine and stirred at room temperature for
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16 h. The solvents were evaporated to dryness under a stream of air. CH2Cl, (~ 3 mL)
was added to the flask and the sticky solid was triturated with a plastic spatula. The
suspension was then centrifuged (8000 rpm, 5 min) and the pink precipitate was washed
with CH2Cl» (x4). Lastly, the solid was washed with diethyl ether and centrifuged to isolate
pure compound 4.6 as a pink solid (7.2 mg, 34%). '"H NMR (601 MHz, dimethylsulfoxide-
ds + 5% deuterium oxide-dz) 6 8.36 (d, J = 7.9 Hz, 2H), 7.58 — 7.23 (m, 6H), 6.60 — 5.93
(m, 8H), 3.49 (s, 21H), 1.87 — 1.13 (m, 8H). *C NMR (151 MHz, dimethylsulfoxide-ds +
5% deuterium oxide d2) 6 173.07, 167.29, 163.42, 161.38, 157.69, 142.14, 141.06, 138.02,
130.43, 130.37, 130.35, 127.55, 119.70, 119.32, 104.09, 102.14, 47.66, 45.76, 42.29,
36.71, 27.78, 25.00, 20.99. HR-ESI-MS (CH3OH) m/z for CesoH7zsNeO14 ([M+H]+) calc.
(found): 1006.3802 (1006.3836).

Note: 5% deuterium oxide was added to exchange all exchangeable protons (N-H, O-H).

4.4.3. Bioconjugate synthesis

Trastuzumab-TCO modification. The conjugation reaction closely followed previously

reported procedures.®” The pH of a solution of purified trastuzumab (120 pL, 23.0 mg/mL)
in PBS (pH 7.4) was adjusted to 8.8-9 by the addition of small aliquots of a solution of 0.1
M Na>COs3 (10-15 pL). TCO-PEG4-NHS ester (9.5 uL, 40 mg/mL) in dimethylformamide
was added slowly with agitation to the antibody solution. The reaction was incubated at
25 °C in a thermoshaker at 500 rpm for 1 h. The resulting solution was purified by SEC
(PD-10, Sephadex G-25 resin, Cytiva) and the purified Trastuzumab-PEG4-TCO was
collected in PBS (pH 7.4, 3.5 mL). The sample was concentrated by spin filtration (Amicon
ultra-4, 50k) at 3,500g for 15 min and the solution was transferred to a 1.5 mL Eppendorf
tube. The filter was washed with 0.2 mL of PBS (pH 7.4) and combined with the modified
antibody solution (106 pL, 20.6 mg/mL). The number of TCO units per antibody was found
to be 6.2 by MALDI-ToF MS/MS.

HOPO-0Os-Tzmb in vitro click reaction. To a solution of modified antibody (61 uL, 35
mg/mL) diluted with 439 uL of PBS (pH 7.4) was added slowly (2 uL/s) a solution of
HOPO-0g-Me-Tz in DMF (60 uL, 102 M). The resulting solution was sonicated for 1 min

and incubated at 25 °C in a thermoshaker at 500 rpm for 2 h. Purification to remove

unclicked chelate was carried out by SEC (PD10, Sephadex G-25 resin, Cytiva) and the
HOPO-Os-Tzmb bioconjugate was collected in PBS (pH 7.4, 3.5 mL) and concentrated
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down by spin filtration (Amicon ultra-4) at 4,000g for 20 min. The filter was washed with
0.2 mL of PBS (pH 7.4) and combined with the clicked antibody solution (420 uL, 4.01
mg/mL). The ratio of molecules of chelates per modified antibody was 5.2 by MALDI-ToF
MS/MS.

4.4.4. Isotope production and purification

Caution! #Zzr, "°'Tb, and %?’Th emit ionizing radiation and they should only be
handled in a facility designed in accordance with appropriate safety protocols.

4.4.4.1. General materials and methods

The general materials and methods followed closely those reported in section
2.4.5.1. Radioactivity measurements were carried out using a HPGe as specified in
section 2.4.5.1 for 22’Th or analyzed using a Capintec CRC-15R dose calibrator (Capintec)
for '*'Tb and 8Zr.

4.4.4.2. 89Zr production and purification

8Zr in 1 M oxalic acid was purchased from Sylvia Fedoruk Canadian Center for
Nuclear Innovation Inc., (SK, Canada) and used without further purification.
4.4.4.3. '°1Tb production and purification

'*1Tb was obtained pure in the form of ['®'Tb]TbCls from SCK CEN (Belgium) and
used without further purification.
4.4.4.4. 227Th production and purification

22TTh was obtained from a 22’Ac/??’Th generator following the previously reported

procedure (section 2.4.5.6).3%

4.4.5. Radiolabeling studies

All radiolabeling chemistry was performed with ultrapure MilliQ water (>18.5 MQ
cm™ at 25 °C, Milli-Q) treated with Chelex-100 resin (BioRad Laboratories) following a
previously reported protocol.®®! A stock solution of HOPO-Og-Me-Tz (103 M) was prepared

in a 1:1 mixture of chelex-treated H.O and DMSO and diluted in the same solvent mixture
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to give serial dilutions (10“- 107 M) suitable for radiolabeling. All bioconjugates were

prepared using low-retention Eppendorf tubes and pipette tips to minimize tracer loss.

4.4.4.1. 8Zr radiolabeling

Aliquots of [#9Zr]Zr-oxalate (1 M) were neutralized to pH 7.0-7.5 using 1 M Na,COj3 prior

to each set of radiolabeling experiments.

[89Zr]Zr-HOPO-0Os-Me-Tz radiolabeling. A 5 pL aliquot of the corresponding chelate stock
solution (10* — 10® M) was further diluted with various buffers (0.5 M NH4OAc pH 6 or 7
and PBS pH 7.4) so that the total reaction volume was 50 pL after the addition of a

neutralized solution of 8Zr (0.5 — 1.2 MBq) (n = 3). The reactions were incubated at 25 °C
at 350 rpm over 1 h. The RCY was analyzed at 30 min and 1 h by radio-TLC (SG paper
plates, 50 mM EDTA pH 5). With this system, uncomplexed #2Zr travels up to the solvent
front (Rf = 1) and complexed 8Zrremains at the baseline (Rt = 0). Each set of experiments

included a negative control containing only 8Zr and the reaction buffer.

[89Zr1Zr-HOPO-0g-Tzmb. Aliquots of neutralized 8Zr (140 MBq) were mixed with 25 uL of
a solution of HOPO-0g-Tzmb in PBS (100 ug) diluted in 0.5 M NH4OAc pH 7 (650 pL).
The reaction was incubated at 37 °C for 1 h and monitored at 30 and 60 min by iTLC (SG

paper plates, 50mM EDTA pH 5). After reaction completion, #Zr radioimmunoconjugate

was purified by small SEC columns (PD miniTrap G-25, Cytiva) and eluted in PBS (pH
7.4, 1.5 mL) collected in five small fractions (250-450 uL). The highest labeled tracer
concentration was found in fractions 2 (250 uL) and 3 (260 uL) with 10.6 MBq and 24.2
Hg and 12.6 MBq and 25.0 ug, respectively.

4.4.4.2. ''Tb radiolabeling

['*'Tb]Tb-HOPO-Os-Me-Tz radiolabeling. A 5 uL aliquot of a stock solution of HOPO-Os-
Me-Tz (10* - 107 M) was added to 43.8 pL of 0.5 M NH40Ac pH 6 and 1.2 uL of
['*'"Tb]Tb®" (100 kBq) (n = 3). The reaction was incubated at 25 °C at 350 rpm over 1 h
and monitored at 30 and 60 min by radio-TLC (silicic acid (SA) paper plates, 50 mM EDTA

pH 5). Under these conditions, uncomplexed '®'Tb travels to the solvent front (R¢ = 1) and

the complexed ®'Tb remains at the baseline (Rr = 0). A negative control including only

8Tb and buffer was performed at the same time.
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['*"Tb]Tb-HOPO-Os-Tzmb radiolabeling. To a solution of 25 yL of HOPO-Ogs-Tzmb in PBS
(100 ug) and 450 L of 0.5 M NH,OAc pH 7 was added 31 uL of "8'Tb (85 MBq) and the
reaction was incubated at 37 °C for 30 min. After confirming reaction completion by iTLC
(SA plates, 0.4 M citric acid pH 4), the ['*'Tb]Tb-HOPO-0s-Tzmb was purified by small
SEC columns (PD miniTrap G-25, Cytiva) and eluted in PBS (pH 7.4, 1.5 mL) collected in
five small fractions (250-450 uL). The labeled tracer was eluted in fractions 2 (225 uL) and
3 (280 pL) containing 15.3 MBq and 24.3 ug of modified mAb and 20.5 MBq and 34.5 ug,

respectively.

4.4.4.3. ?2’Th radiolabeling

HOPO-0s-Me-Tz radiolabeling. A 5 or 10 pL aliquot of the corresponding stock solution
(10*-10° M) was added to a buffer solution (0.5M NH4OAc pH 5) such as the final volume
was 50 or 100 uL after the addition of ?2’Th (5-20 kBq) (n = 2). The reactions were
incubated at 25 °C at 350 rpm over 1 h. The RCY was monitored at 20 min and 1 h by y

spectroscopy following the procedure reported in section 2.4.6. Each set of experiments

included a negative control containing only ?2’Th and the reaction buffer.

4.4.6. Human serum stability assay

4.4.5.1. [®Zr]Zr-HOPO-0s-Me-Tz and [*°Zr]Zr-HOPO-0s-Tzmb

[89Zr]Zr-HOPO-0s-Me-Tz (800 kBq) and [®¥Zr]Zr-HOPO-Os-Tzmb complexes were
prepared according to the radiolabeling protocol described above. The 8°Zr complexes or
unchelated ®2Zr in the reaction buffer were incubated with human serum in a 1:1 (v/v)
mixture at 37 °C over 7 days (n = 3). At days 1,3, 5, and 7 5 uL of the reaction mixture
were quenched with 5 uL of 50 mM EDTA pH 5 and spotted on iTLC (SG paper plates, 50
mM EDTA pH 5). The stability of the complexes was measured as the percentage of intact

complex (Rf = 0).

4.4.5.2. ['°'"Tb]Tb-HOPO-0s-Me-Tz and ['®"Tb]Tb-HOPO-0s-Tzmb

['*"Tb]Tb-HOPO-0Os-Me-Tz (100 kBq) and ['®'Tb]Tb-HOPO-Os-Tzmb (2 MBq) were
prepared according to the radiolabeling protocol described above. The '*'Tb complexes
stability protocol followed closely that of the 8Zr complexes with minor differences, the
reaction mixture was quenched with 0.4 M citric acid pH 4 and the iTLC strip (SA paper
plates) was developed in 0.4 M citric acid pH 4.
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4.4.5.3. [2?’Th]Th-HOPO-0Os-Me-Tz

[2"Th]Th- HOPO-Os-Me-Tz (10 kBq) was prepared according to the radiolabeling protocol
described above. The ?2’Th complexes stability protocol followed closely that of the "8'Tb
complexes with minor differences, the reactions were monitored on days 1,3, and 6 and

analyzed by gamma spectroscopy following the radiolabeling protocol.

4.4.7. In vivo imaging

The study was conducted in compliance with the guidelines set by the Canadian
Council on Animal Care (CCAC) and approved by the Animal Care Committee (ACC) at
the University of British Columbia (A20-0132). A total of six male Nu/J mice weighing
approximately 21 g were used in the study. The mice were divided into two groups: group
1 (n = 4) receiving ['®"Tb]Tb-HOPO-Og-Tzmb, and group 2 (n = 2) receiving free
['*'"Tb]TbCls. Within each group, half of the animals were assigned for imaging purposes,

while the remaining mice were designated for biodistribution analysis.

The mice assigned for imaging purposes were anesthetized using isoflurane via a
precision vaporizer. For induction, 5% isoflurane in oxygen was used, and for
maintenance, isoflurane between 1.5% and 2.5% in oxygen was administered. To ensure
hydration before each imaging scan, the mice received a subcutaneous injection of 0.5
mL Lactated Ringer's solution. Following the induction of anesthesia, an injection
containing 150 pL of [**'"Tb]Tb-HOPO-0s-Tzmb or ['®'Tb]TbCl; in PBS was administered
via the tail vein. The average injected activity for group 1 was 6.13 MBq, and similar

amounts were administered to the animals in group 2.

After the injection, a VECTor/CT multimodal preclinical scanner (MILabs, The
Netherlands) equipped with a XUHS mouse pinhole collimator was used to obtain whole-
body images. For group 1, the first scans were obtained with a dynamic scan lasting 60

min (5 frames x 12 min), followed by static scans at 4, 24, 48, 122, and 144 h p.i..

Throughout the scanning process, the mice were maintained under isoflurane
anesthesia and kept warm with a heating pad to ensure constant body temperature.
Following each SPECT acquisition, a whole-body CT scan was performed to obtain
anatomical information, and the two images were registered. The '®'Tb photopeak window

was centred at 47 keV with a 50% energy window width. SPECT image reconstructions
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were carried out using a pixel-ordered subset expectation maximization (POSEM)
algorithm with 16 subsets, 6 iterations, and an isotropic 0.4 mm voxel grid to enable
quantitative analysis. The images were decay corrected, and after CT registration,
attenuation correction was applied. For a visual representation, the reconstructed volumes

of the SPECT scans were post-filtered with a 3D Gaussian filter.

CT scans were conducted using a tube setting of 55 kV and 615 pA, and 2 frames
of 180 projections over 360 degrees were captured in step and shoot rotation mode. The
acquired projection data were reconstructed using SkyScan NRecon software to generate
a 3D CT image with a voxel size of 0.169 mm?3. ROls, including the heart, lungs, liver,
spleen, bladder, joint, bone, and tumor were manually defined using AMIDE software
(v.1.0.5) to determine the time activity curves per target organ. The average organ activity
per volume was obtained from the SPECT images, and the SUVs were extracted from
each organ. To relate the scanner units (counts/pixel) to radioactivity concentration
(MBg/mL), a calibration factor was determined by scanning a source with a known

concentration of ''Tb.

4.4.8. Ex vivo biodistribution

The lateral tail vein was used to administer ['®'Tb]Tb-HOPO-Os-Tzmb (3.90 MBq,
120 uL), ['®'"Tb]TbCls (1.00 MBq, 120 uL) or [3Zr]Zr-HOPO-0O8-Tzmb (2.64, 2.38, 5.71,
6.63 MBq, 120-150 uL) (n = 4) intravenously using a Tailveiner restrainer. Subsequently,
the mice were allowed unrestricted movement within their cages. Biodistribution studies
were conducted 144 hours after administering ['®'Tb]Tb-HOPO-Og-Tzmb, 24 hours for
["'"Tb]TbCl3, and 120 h for [%Zr]Zr-HOPO-08-Tzmb. To euthanize the mice, CO:
asphyxiation was employed under 2% isoflurane anesthesia. Activity within the blood pool
was retrieved via cardiac puncture. The organs of interest were completely extracted,
weighed, and subjected to activity measurement usig a gamma counter (Packard Cobra

[, Perkin EImer, Waltham, MA, USA). The results are reported as the percentage of %ID/g.
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Chapter 5. Conclusions and future work

5.1. Thesis conclusions and future work

The projects presented in this thesis have been primarily focused on exploring
acyclic chelates that incorporate the 1,2-HOPO ligand into metal-based
radiopharmaceuticals. The main interest at the beginning of my Ph.D. research program
was the stable chelation of radiolanthanides and actinides such as ?2Ac or ??’Th which
are explored in chapters 2 and 4. However, as the Ramogida group was growing, we also
became interested in first-row transition metals such as #*Sc or “°Ti, which can be
produced with the TR-13 (13 MeV) at TRIUMF. For the chelation of these smaller
radiometals, | designed and evaluated a hexadentate 1,2-HOPO chelate, HOPO-0s-C4,
along with a catechol analog, CAM-O6-C4. Through lengthy and complex synthetic routes,
| have synthesized a total of three novel chelates and one bifunctional chelate which was
conjugated to trastuzumab, to treat HER2+ tumors. Coordination chemistry, DFT,
radiolabeling, stability, in vitro, and in vivo studies were performed to evaluate the novel

chelates as candidates for incorporation into radiopharmaceuticals.

Chapter 2 investigated the effect of incorporating an extra 1,2-HOPO ligand into
the highly promising 8Zr octadentate chelate, HOPO-Qs, for the chelation of the larger
radiolanthanides and actinides. We hypothesized that the decadentate analog of HOPO-
Os, named HOPO-O1o, would be able to incorporate larger metal ions such as ??°Ac or
227Th. This hypothesis was supported by the thermodynamic constants calculated by the
Abergel group with HOPO-Os. The coordination chemistry studies with La®*, Tb** and Th**
did not reveal enough information about the complex structures thus we complemented
the study with geometry optimization and thermodynamic calculations through DFT. The
radiolabeling studies revealed an excellent binding affinity of both HOPO-Og and HOPO-
O for the B-emitter '®'Tb and the a-emitter 2?Th. The in vitro human serum assay
revealed the enhanced stability of the [?2’Th]Th-HOPO-O+, complex over the [??’Th]Th-
HOPO-Os demonstrating the benefit of the extra 1,2-HOPO unit in forming stable

radioactive complexes.
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Figure 5.1. Proposed synthetic route towards p-SCN-Bn-HOPO-O1,.

The logical continuation of this project would be to evaluate the stability of the '®'Tb
and ?2’Th complexes of HOPO-O19 and HOPO-Os in healthy mice as the ultimate proof of
the benefits of the extra 1,2-HOPO arm in the complex stability. Only if the stability of
HOPO-Oq is largely superior, | would suggest making HOPO-O1, bifunctional due to its

complexity. Although the current route was designed to include intermediate 2.5 for
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functionalization, the addition of a p-SCN-Bn involves 6 extra steps with a large molecule
(>1000 MW) which may result in difficult purification of the intermediates. Despite this, we
propose a synthetic route to prepare p-SCN-Bn-HOPO-O+, (Figure 5.1). This pathway is
designed based on the similar chemistry employed to prepare p-SCN-Bn-HOPO-Og with
additional knowledge from the cryptand work developed by our postdoc Dr. Anthony
McDonagh.?8"349 |t is worth mentioning that each step could require some optimization or
even a change of conditions since the chemistry of such a large molecule is not always
predictable. To prepare intermediate 2.5 efficiently, the direct addition of the Cbz-protected
amine via tosylate coupling to spermine following LC/MSD purification would be the best

option.

In chapter 3, we sought to explore the potential of branched hexadentate
backbones containing three 1,2-HOPO or CAM ligands for the chelation of 4’Sc, “°Ti and
®Ga. The chelate structures were based on a tripodal backbone reported for iron
transport-mediated drug delivery. Though not discussed in chapter 3, initially, the
backbone was conjugated to three picolinic acids, and three carboxylic acids. These
potentially nonadentate and dodecadentate chelators, respectively, were successfully
synthesized and characterized. However, these chelators exhibited a high degree of steric
hindrance and failed to complex La** or Th**. Additionally, they did not exhibit significant
radiometal incorporation when radiolabeled with '*5La, ??5Ac, or 89Zr. Based on the recent
progress made with catechol ligands for the stable coordination of 4°Ti, we maintained the
tripodal backbone structure and changed the pendant arms to 1,2-HOPO and CAM, to
form HOPO-0¢-C4 and CAM-0e-C4, respectively. HOPO-0g-C4 exhibited fast and stable
coordination with Sc3* and Ga*" and highly promising radiolabeling properties with 4’Sc.
Despite low in vitro stability, the complex exhibited a significantly different uptake profile
compared to the unchelated radiometal suggesting high stability in vivo. However, these
results will have to be confirmed after the biodistribution of 4’ScCl; is repeated and the
gallbladder is collected. On the other hand, CAM-Os-C4 proved to be unstable in aqueous
media after 12 h and thermodynamic and kinetic studies with Sc*" and Ga** via 'H NMR
spectroscopy failed. Characterization of the Ti** and “°Ti was performed by our
collaborators in the Boros group (University of Wisconsin-Madison); HOPO-Oe-C4 was not
included due to the complex formation only at low pH values. Multiple complexation
species were identified with the non-radioactive and radioactive experiments which can

be an indication of complex instability. Overall, CAM-O¢-C4 is not a suitable chelate for
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radiopharmaceutical development. The CAM-Os-C4 work is part of a manuscript in
preparation for °Ti PSMA-based tracers. Lastly, %Ga radiolabeling will be performed at

TRIUMF once the ®Ge/%®®Ga generators become available.

With the encouraging results of [*'Sc]Sc-HOPO-0s-C4, the future of this project
should look into making the chelate bifunctional and conjugation to a disease-targeting
vector. A peptide or small molecule such as FAPI — which is attracting interest for
fibroblast-associated cancer — would be best suited to match the shorter half-life of the
47Sc imaging pair “Sc. Similar to HOPO-0O+o, we propose a synthetic route based on our
previously investigated chemistry to prepare a bifunctional version of HOPO-Os-C4

through the free NH2 group on the backbone (intermediate 3.1) (Figure 5.2).34°
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Figure 5.2. Proposed synthetic route to prepare bifunctional SCN-HOPO-0s-C4.

In literature, the authors used methyl succinyl chloride to ultimately obtain a free
carboxylic acid to conjugate with the targeting vector. However, for the conjugation to
FAPI, an SCN group was chosen due to its higher reactivity because the NH group is
located in a hexagon ring and our group has observed lower reactivity in these
configurations (Figure 5.3). Both the synthesis of SCN-HOPO-0s-C4 and the conjugation

to FAPI are rather straightforward and even though some optimization may be required,
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obtaining the bioconjugate is expected to be easily accessible. The radiolabeling and
preclinical evaluation of FAPI-Og-C4 with 44Sc could potentially be carried out at TRIUMF
by an incoming graduate student in our group who is interested in the isotope production

since #‘Sc has been previously produced and purified in-house.

FAPI-HOPO-0-C4

Figure 5.3. Preparation of the bioconjugate FAPI-HOPO-O¢-C4 via the NCS coupling
of SCN-HOPO-06-C4 to FAPI.

Chapter 4 presented the synthesis of a novel bifunctional HOPO-Og derivative
(HOPO-0s-Me-Tz) based on the excellent radiolabeling results obtained in chapter 2. The
BFC incorporates a Tz moiety for pretargeting strategies. This approach uses click
chemistry to conjugate in vivo the mAb and the radiolabeled BFC via a click chemistry
reaction, in this case, a Tz and a TCO. Doing so, the circulation time of the radioisotope
is reduced from 3-7 days to 1-2 days reducing drastically the radiation deposition to off-
target tissue. HOPO-Og-Me-Tz was demonstrated to retain the 8Zr, '8'Tb, and 2*’Th
radiolabeling efficiency compared to HOPO-Osg and showed high in vitro stability. Due to
the complexity of performing pretargeting studies, we opted to follow the conventional
strategy by conjugating the BFC and mAb in vitro in a proof-of-concept study. The pre-
clicked tracer was radiolabeled with 8Zr and '®'Tb and evaluated in vivo. Issues with the
tumor growth resulted in microscopic or absent SKOV3 tumor xenografts impeding the

observation of tumor uptake. The pharmacokinetics and uptake analysis of ["¢'Tb]Tb-
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HOPO-Os-Tzmb revealed long circulation times, excretion via the RES and an
exceptionally high spleen uptake which will have to be further investigated to confirm if it
was caused by the presence of tracer aggregates. In vivo PET/CT was not possible at the
time of the [®9Zr]Zr-HOPO-Os-Tzmb study; however, excellent in vivo stability was
observed by the absence of joint or bone uptake in the ex vivo biodistribution analysis at
144 h.

The near future of the HOPO-Os-Me-Tz project involves repeating both animal
studies with optimal tumor sizes to reevaluate the biodistribution and tumor uptake as well
as the BFC [%Zr]Zr-HOPO-Os-Me-Tz in healthy mice to ensure in vivo stability for
pretargeting studies. The long-term goal of this project will be the in vivo evaluation of the
theranostic pair '**Ce and ??’Th in a pretargeting study. These studies will be carried out
at the University of California San Francisco by the Flavell group with whom we have been
collaborating for the past 8 months. At the time of writing, the radiolabeling efficiency of
HOPO-0s-Me-Tz with '3*Ce has already been evaluated revealing high molar activities (~
1:1 metal-to-chelate ratio) and an efficient click reaction with their mAb YS5. The next

steps for this project would be the following:
1. Radiolabeling of the HOPO-Og-Me-Tz with 22’Th.

2. Invivo evaluation of both ['**Ce]Ce-HOPO-Os-Me-Tz and [?2’Th]Th-HOPO-Os-

Me-Tz to confirm their stability.

3. Comparing the ex vivo biodistribution of the radiopharmaceutical prepared via
the conventional way (preclicked tracer) or in vivo pretargeting to demonstrate

the benefits of pretargeting strategies in the tumor and healthy tissue uptake.
4. Optimize the interval time between injection of YS5 and the radiolabeled BFC.

5. Evaluate the theranostic pretargeting strategy by first injecting ['**Ce]Ce-
HOPO-0Os-Me-Tz to obtain a PET/CT image of the mice followed by therapeutic
studies with multiple treatment cycles of [?2’Th]Th-HOPO-Os-Me-Tz.

The success of this project could represent the first pretargeting approach using

two exotic radiometals.
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5.2. Thesis outlook and future directions

The future of nuclear medicine for theranostics is very promising due to its capacity
to simultaneously image and treat cancer, differing from the majority of other cancer
therapies. A variety of novel isotopes (e.g., ?2°Ac or '®'Tb) have been recently introduced
in the preclinical research portfolio and are being assessed in multiple clinical trials even
though global availability still remains a challenge. Finding suitable chelates for these
exotic radiometals is key to their success along with the discovery of more specific tumor

targets.

In the Ramogida group, we have an excellent team dynamic between the synthetic
and the production team to pursue research according to our discoveries and needs. For
example, the students in the production of novel isotopes work closely with the students
focused on finding chelates suitable for such isotopes and vice versa, chelates that were
unsuccessful with the expected isotopes can be tested with other radiometals available
in-house. This team effort is leading to highly promising results, some of them presented
in this work. In my opinion, once a suitable radiometal-chelate pair is found, the research
should continue toward its preclinical application. With the new cell lab at TRIUMF and the
collaborations with CCM for imaging and therapy studies, our group has an excellent
network to complete the process of developing and evaluating a novel

radiopharmaceutical.

Two of the projects with more research and novelty potential are the 4*Sc and ??’Th
radiopharmaceuticals. Both radiometals have low availability worldwide and TRIUMF is
one of the exclusive research centers with access to them. In the case of ?2’Th, there is
extremely limited preclinical and clinical data. Based on this, my fellow MSc student Lucas
London started a project a few months ago to explore the potential of ?2’Th peptide-based
radiopharmaceuticals, coupling the peptide a-MSH to the previously reported p-SCN-Bn-
HOPO-Og BFC, opening a new unexplored area (Figure 5.4). A very interesting in vitro
and in vivo comparison could be performed with the radioimmunoconjugate HOPO-Os-
Tzmb and his peptide-based tracer. The preclinical evaluation would be of high interest to
understand the potential of such a powerful a emitter with both types of drug complexes.
Besides this project, investigations on novel second-generation chelates for 22’Th would

be worth pursing.
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Figure 5.4. Chemical structure of the peptide bioconjugate a-MSH-HOPO-Os for
22TTh chelation.

On the other hand, investigations on “*Sc are of interest due to the longer half-life
compared to the widely used imaging isotope ¢8Ga allowing for imaging at later time points.
The development of “Sc radiopharmaceuticals in our group is at an earlier stage. We
presented here some efforts toward the stable chelation of these labile radiometals setting
the base for further bifunctional chelate development. After the preclinical evaluation of
FAPI-HOPO-0¢-C4, a second generation of chelates could be designed to tune the
pharmacological properties of the drug to improve the radiopharmaceutical performance.
These modifications could include modifying the length of the backbone or changing the

bifunctional handle and linker to change its lipophilicity and charge.

Overall, nuclear medicine is rapidly evolving and in the coming years, | would expect to
see an increasing number of radiopharmaceuticals become available for routine

treatment. | believe the Ramogida group will positively contribute to its success.
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Appendix.

Supplementary figures and data
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Figure A.1. UV-vis spectroscopic titration of Th** (A) and Th** (C) with HOPO-O1
and a profile of the peak wavelength as a function of the equivalents
of Tb** (B) and Th** (D) added.
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Figure A.2. Concentration-dependant radiolabeling plots of HOPO-O: (blue
squares) and HOPO-Os (red dots) with [22°Ac]Ac®* (100 kBq) in 0.5 M
NH:OAc pH 6 at 80 °C in 15 min (top left), ['**La]La®** (600 kBq) in 0.5
M NH4OAc pH 6 at 80 °C in 15 min (top right), ['*'Tb]Tb3* (91 kBq) in
0.5 M NH4OAc pH 6 at 80 °C in 15 min including DOTA (bottom left),
and [*?’Th]Th* (1 kBq) in 0.5 M NH,OAc pH 5 at 80 °C in 15 min
(bottom right). n = 3 for each data point, except for [?’Th]Th** where
n=2
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Figure A.3. 'TH NMR stability studies of CAM-O¢-C4 at time = 0 h (bottom) and 12 h
(top) (400 MHz, D0, 298 K, 1 mM). *formic acid
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Figure A.4. LC-MS characterization of Ti-CAM-0s-C4.

)

I 150 r z
< 3
g B
& 100- - N
..g 3
@ g
< o
o 50 - - 2
@ a
N ]
g El
£ <
(=] 0 T T T ~
=

0 5 10 16 20

Time (Minutes)

Figure A.5. HPLC characterization [**Ti]Ti-TREN-CAM. The black trace corresponds
to the UV profile and the blue to the radioactive measurement
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Figure A.6. Stability studies of [*'Sc]Sc-HOPO-0s-C4 (green) and [*'Sc]Sc-HOPO-Os
(grey) at 100 pM of Fe** (inverse triangle), Cu?* (diamond), Mg?
(circle), and Zn?* (star) over 7 days.
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Figure A.7. Ex-vivo biodistribution studies of ~ 296 kBq [*"Sc]ScCl; in healthy mice
at1h(n=4)and 24 h (n = 3).
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Figure A.8. Ex vivo biodistribution studies of [*"Sc]Sc-HOPO-06-C4 (green) and
[7Sc]ScCl; on selected organs at 1 h time point (n = 4). Statistical
analysis by t-test, * p <0.05, ** p <0.01, *** p <0.001.
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Table A.9. Summary of the radiolabeling conditions, radiochemical yields, and apparent molar activity calculations of

[*"Sc]Sc-DOTA and [*"Sc]Sc-HOPO-0¢-C4.

DOTA HOPO-0¢-C4
mass (ug) mol A(kBgq) B(kBg) C (kBq) mass (ug) mol A(kBgq) B(kBq) C(kBq)
23.750 0.0587 888 888 851 23.750 0.0362 740 851 814
4,948 0.0122 814 777 851 4.948 0.00755 814 888 888
0.271 0.000671 777 814 777 0.271 0.000414 851 851 851
0.054 0.000134 740 851 814 0.054 0.0000827 814 777 814
0.011 0.0000269 888 740 777 0.011 0.0000165 814 814 777
RCY (%) RCY (%) RCY (%) RCY (%) RCY (%) RCY (%)
100 100 100 100 100 100
100 100 100 88 85 88
100 100 100 52 50 51
53 55 54 5 4 5
10 15 13 0 0 0
Average Average
(MBg/umol) (MBg/umol)
Apparent Molar Activity ~ 7782 7498 7517 7599 + 129 1543 1544 1570 1565 + 17
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Table A.10. Ex vivo biodistribution studies of ~ 185 kBq of [Sc]Sc-HOPO-0s-C4 and ~ 296 kBq of [’Sc]ScCl; and in healthy
mice at 10 min, 30 min, 1 h (nh = 4), and 24 h (n = 3) expressed as %ID/g.

10 min 30 min 1h 24 h

[“Sc]Sc-HOPO-0s-  [“Sc]Sc-HOPO-O¢-  [“7Sc]Sc-HOPO-0¢-C4  [+7Sc]ScCls [“Sc]Sc-HOPO-0s-C4  [*7Sc]ScCls

C4 C4
Blood (uL) 1.3+0.3 0.6+0.1 0.7+£0.1 8.8+1.1 0.1£0.0 1102
Heart 20+0.2 1.7 0.2 14+06 32+04 0.8+0.0 1.3+0.1
Lungs 4707 3.0+1.2 25+14 50+1.3 04+0.0 20+0.3
Pancreas 0905 0.7 £0.5 09+£06 1.3+04 06+0.2 08+0.1
Spleen 2506 1.9+1.1 26+0.7 23+04 3616 2.8+0.1
Stomach 1.0+£04 1.5+£0.7 05+0.3 11204 1.0+£0.2 12+£0.2
Liver 172+£1.9 13.0+5.4 19.5+8.0 28+0.3 18.3+£5.0 49+04
Kidney 3.1+05 24+0.3 29+1.0 47+05 28+0.3 43+0.3
Small intestine 08+04 34+24 31+21 18+£0.2 12+£0.2 42+0.2
Large intestine 3.3+1.1 1.3+09 22+15 0.8+0.1 1.4 +0.1 1.8+0.1
Fat 11205 0.2+0.1 11+06 06+0.2 06+0.3 1.1+0.1
Skin 09+0.3 1.0+04 1.0+0.1 1607 3.2+0.2 0.7+0.1
Muscle 45+1.1 02+0.2 03+0.2 0.3+0.1 0.3+£0.1 04+0.1
Femur 13106 07+04 08+0.3 1.7+0.1 06+0.3 1.9+0.1
Brain 02+0.0 0.2 +£0.1 0.2+0.0 04+0.1 0.1+0.0 0.2+0.0
Gallbladder 146+4.6 14.2+6.6 175+49 No data 20.5+£14.9 No data
Tail 09+7.0 19+18 5030 No data 1.3+1.0 No data
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Table A.11. SUV mean values (g/mL) for selected organs of ['*'Tb]Tb-HOPO-O;-
Tzmb (6.06-6.2 MBq) in mice bearing SKOV tumors xenografts over 6
days (n = 2 except for tumor where n = 1).

1h 4h 24 h 48 h 122 h 144 h
Heart 437+0.02 323+032 1.77+£0.07 1.53x0.26  1.10+0.09  0.97+0.02
Lungs 1.84+0.14  1.85£0.02 0.94+0.23 0.75£0.19 0.43+0.01  0.59+0.08
Liver 7.12+0.05 7.25+0.09 554+0.18 5.09+0.01 4.22+0.33 4.32+0.01

Bladder 1.98+0.13 1.63£0.28 0.96+x0.23 0.61£0.06 0.22+0.14  0.14+0.03
Spleen 5.03+0.69 5.6+0.742 5.88+0.56 5.79+0.52 6.11£0.89 6.35+0.74

Joint 0.79+¢0.11  1.0£0.059  1.43+0.03 1.53+0.06 1.47+0.05 1.59+0.01
Bone 021+0.01  0.39+0.02 0.34+0.08 0.33+0.03 0.22+0.02 0.27+0.03
Tumor 0.21 0.58 2.01 2.26 4.35 5.41

Table A.12. SUV values (g/mL) for selected organs of ['®'Tb]TbCl; (6.0 MBq) in mice
bearing SKOV tumors xenografts at 3 and 24 h (n =1).

3h 24h
Heart 0.29 0.17
Lungs 0.30 0.07
Liver 6.75 5.9
Bladder 1.98 0.44
Spleen 4.37 4.72
Joint 2.01 9.04
Bone 717 0.07
Tumor 0 0
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Table A.13. Ex-vivo biodistribution analysis of ['*'"Tb]Tb-HOPO-Os-Tzmb (3.9-6.2
MBq) and ['*'Tb]TbCl; (1.0-3.9 MBq) in Nu/J mice bearing SKOV3
tumor xenografts at 144 h expressed as %ID/g.

Organ [*%'Tb]Tb-HOPO-Os-Tzmb  ['$'Th]ThCl;
Blood 52+05 0.1£0.0
Urine 09+0.2 1.3+£0.1
Feces 0.3+0.1 04+0.2
Brain 0100 0.0+0.0
Tumor 13505 0.3£0.3
Muscle 0.3+0.3 0100
Bone 3005 14.7+£1.3
Bladder 1.8+0.3 05%0.1
Spleen 113.1 £ 36.1 31.1+£13.0
Pancreas 0.6+0.1 0200
Ovaries + uterus 2607 05+0.0
Kidneys 2202 47+05
Adrenal glands 19+02 13102
Liver 144+15 29.0+£4.0
Heart 15+0.1 1.0£0.1
Lungs 33204 12+0.3
Small intestine 2605 0.8+0.1
Large intestine 1.1+£0.1 0.8+0.1
Tail 1.7+£0.1 126 +£6.9
Stomach 1.0+0.1 15.0£0.1
Joint 27+£10 No data
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Table A.14. Ex-vivo biodistribution analysis of [¥*Zr]Zr-HOPO-0z-Tzmb (2.3-6.6 MBq)
and in Nu/J mice bearing SKOV3 tumor xenografts at 120 h expressed

as %lID/g.
Organ [®9Zr]Zr-HOPO-0g-Tzmb
Blood 31+14
Urine 15+£04
Feces 0.6+0.1
Brain 0100
Tumor 17.0+124
Muscle 02+0.1
Bone 09+09
Bladder 1607
Spleen 18.1+3.0
Pancreas 0401
Kidneys 29104
Liver 220+24
Heart 111204
Lungs 2108
Small intestine 1.5+£0.6
Large intestine 09+03
Tail 14+09
Stomach 0702
Joint 11204
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