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Corrections to this version:

Page 23: In Figure 11 the Zr-89 dose was not correct. The figure has been corrected and a paragraph in
the main text has been removed to reflect this change.

Page 30 reads: “. Inductively Coupled Plasma Optical Emission Spectrometry (ICPOES) analysis of the
52Mn used in the failed attempt later showed a significant Cr contamination of > 600 ng/MBq.” This
was corrected and now reads: “...showed a significant Zn contamination of > 600 ng/MBq.”






Abstract

The continued development in biochemistry delivers vectors capable of specifically identifying foreign
entities like malignancies and infections. Many of these vectors have long circulation time in vivo,
resulting in optimal biodistribution for imaging several days post injection. The diagnostic potential of
these can only be fully utilized if non-standard radionuclides with half-lives extending beyond those of
the standard catalogue (11C, 18F, and 64Cu) are available. As for therapy, the increased specificity of new
vectors strengthens the argument for using targeted radionuclide therapy, as they allow delivery of
therapeutic doses to target tissues with minimal unspecific uptake and dose in healthy non-target
tissues. This allows for the use of a wider range of radionuclides, like a-emitters, for which high
specificity is needed due to their high toxicity. The development of highly specific, internalizing vectors
opens for use of Auger emitters. The therapeutic effect of these radionuclides most likely relies on
internalization and translocation to the cell nucleus, because of their extremely localized, short-range
dose deposition. Although the selection such vectors is still limited, the development of robust
production methods for Auger emitters is crucial for investigating the basic principles of Auger
therapy.

The focus of this thesis has been expanding the number of isotopes and techniques available in the
nuclear medicine toolbox.

The work performed using diagnostic isotopes includes:

52Mn: A production and separation method for high specific activity 52Mn was developed. Labeling
conditions and serum stability for 2Mn-DOTA were investigated, and 52Mn was labeled to intact
antibodies showing in vivo stability in mice.

89Zr: Very high specific activity 89Zr was produced. A labeling method for sensitive metalloproteins was
developed. Further, the potential pitfalls in quality control of 89%Zr labeled proteins were
documented.

45Ti: A production and separation method for 45Ti was developed and optimized. This work includes
one of the first ever in vivo studies of a 45Ti-compound.

The work performed using therapeutic isotopes includes:

177Lu: The sensitive metalloprotein FVIlai was conjugated with the chelator cDTPA and labeled with
177Lu for a therapeutic study. This included optimization of labeling conditions and development of
quality control.

135L,a: Pressed Ba-targets were produced and production and separation methods for high specific
activity 135La were developed. Labeling conditions were tested and cellular and human dosimetry
of 135La was calculated.

165Er: A production method for 165Er was developed, based on electron-capture-mediated release of
165Er from DOTA.

Finally, a method was developed using 140Nd for assaying cellular internalization of a compound in
vivo. General dosimetry calculations and considerations are further presented to aid selection of the
radionuclide when designing a radiopharmaceutical.

The combined work serves to aid further development in both pharmaceutical research, and
diagnostic as well as therapeutic applications of radionuclides.



Resumé

Den fremskredne udvikling i farmacien, stiller vektorer til radighed, der med hgj specificitet kan
identificere fremmedlegemer sdsom cancer og infektion. Mange af disse har lang cirkulationstid in
vivo, hvilket betyder at den optimale biodistribution ift. billeddannelse, forst opnas flere dage efter
stoffet er indgivet. Det diagnostiske potentiale af disse vektorer, kan kun udnyttes fuldt ved
anvendelse af radionuklider med halveringstider, der overskrider hvad der er tilgeengeligt i
standardkataloget (11C, 18F, and ¢4Cu). Hvad angar terapi, styrker nye vektorers ggede specificitet kun
argumentet for anvendelse af radionuklidterapi, idet de tillader afszettelse af terapeutisk dosis i det
malrettede vaev, mens raskt veev skdnes pga. lavt optag i dette. Det tillader brug af et bredere udvalg af
radionuklider, sdsom a-emitterne der grundet deres hgje giftighed kraever meget specifikt optag.
Udviklingen af internaliserende vektorer tillader ydermere anvendelse af Auger-emittere. Disses
terapeutiske virkning, beror sandsynligvis pa internalisering og translokation til cellekernen, idet
deres udsendte elektroner har en meget kort reekkevidde. Pa trods af at vektorer med disse
egenskaber stadig kun er fa, er udviklingen af robuste metoder til fremstilling af Auger-emittere
kritisk, for at de grundlaeggende principper for deres anvendelse kan fastlaegges.

Et gennemgaende fokus for denne afthandling har vearet at udvide antallet af tilgeengelige isotoper i
den nuklearmedicinske veaerktgjskasse.

Resultater af projekter med diagnostiske isotope inkluderer:

52Mn: Udvikling af en produktions- og separationsmetode til fremstilling af hgj specifik aktivitets 52Mn.
Meaerkningsbetingelser for- og serumstabilitet af 52Mn-DOTA blev undersggt, og in vivo stabilitet af
52Mn maerkede antistoffer pavist i mus.

897r: 897r blev produceret med meget hgj specifik aktivitet. Der blev udviklet en markningsstrategi til
meerkning af serligt fglsomme metalholdige proteiner. Derudover dokumenteredes szrlige
problemstillinger i kvalitetskontrollen af 89Zr-meaerkede proteiner.

45Ti: En ny produktions- og separationsmetode blev udviklet og optimeret. Dette arbejde inkluderer et
af de fgrste studier med et 45Ti-maerket sporstof.

Resultater af projekter med terapeutiske isotope inkluderer:

177Lu: Det fglsomme metalholdige protein FVIIai blev fgrst konjugeret med chelatoren cDTPA og
efterfglgende market med 177Lu til en terapeutisk studie. Dette indebar optimering af
meerkningsbetingelser og udvikling af metoder til kvalitetskontrol.

135La: Pressede Ba-targets blev produceret og produktions- og separations metoder udviklet til
fremstilling af 13’La i hgj specifik aktivitet. Maerkningsbetingelser blev optimeret og den
tillhgrende celluleere og humane dosimetri beregnet.

165Er: En produktionsmetode der bygger pa frigivelse af 165Er fra DOTA under 65Tm-henfald via
elektron indfangning.

Endeligt praesenteres en udviklet metode til in vivo-maling af internalisering ved hjzelp af 140Nd.
Generelle dosimetriberegninger og betragtninger preesenteres derudover, med det formal at kunne
understgtte valget, af det bedst egnede radionuklid i designet af nye radioleegemidler.

Det samlede arbejde tjener det formal at stgtte videre udvikling, i sdvel farmaceutisk forskning, som i
diagnostiske- og terapeutiske anvendelser af radionuklider.
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Introduction to the thesis

The chart of nuclides reveals many isotopes with properties suitable for use within nuclear medicine.
Only few of these are used routinely, but the increased interest in use of nuclear imaging for both
clinical and preclinical investigations is prompting development of a larger catalogue of available
isotopes.

The general tendency in nuclear medicine departments of shifting from SPECT to PET, makes the
development of PET radioisotopes with half-lives longer than 6*Cu (T, = 12.7 h) essential. These allow
the longitudinal quantitative imaging of the traced biomolecules that is needed for determining tracer
biodistribution at late time-points. This is beneficial in pharmaceutical investigations where the
information can aid in tuning compounds for optimal pharmacokinetics. It is also an excellent tool in
personalized medicine, seeing that the target expression patterns in tumors, metastasis, and other
malignancies can be globally mapped and identified, allowing assessment of therapy efficacy ahead of
treatment. Additionally, this is a necessary tool to assess the feasibility and associated dosimetry in
radionuclide therapy.

There is also a need for isotopes for radionuclide therapy, especially with Auger electron emitters.
Continued development and research in biomolecules continuously delivers improved vectors for
therapy. One exciting direction that comes from a broadened and specially designed catalogue of
vectors is the promise of intercellular targeting, where it is rapidly becoming possible for vectors to
traffic radionuclides directly into the cellular nucleus. Radioactive isotopes with accompanying Auger
electron cascades compliment this capability with pinpoint dose deposition, offering maximal dose to
the targeted cells, and very little dose to neighboring tissues. In order for these Auger emitters to
prove their efficacy, reliable methods for their production and chemical separation are needed.

The focus of this thesis is to expand the number of available isotopes in the nuclear medicine toolbox
by providing production methods for both long-lived diagnostic PET isotopes as well as Auger emitters
for therapy. The work has been done in the context of supplying candidate isotopes for use in the
MATHIAS project, which partially funded this thesis. The intent of the MATHIAS project is to improve
diagnostic and therapeutic methods for invasive pulmonary aspergillosis (IPA).

Invasive pulmonary aspergillosis

IPA is a leading cause of death in patients with hematological malignancies and following bone
marrow transplants, with more than 200,000 reported infections and a mortality rate of 50% even
when diagnosed and treated[1]. Historically, IPA is an opportunistic infection relying on neutropenia
and was first described after the introduction of corticosteroids in the 1950’s. The potential number of
patients has substantially increased since due to the advent of HIV/AIDS, the large increase in solid
organ and bone marrow transplants and the increased use of immunosuppressive drugs in treatment
of autoimmune disorders[2]. An emerging group of patients at risk are those suffering from chronic
obstructive pulmonary disease, which generally fare notably worse with a mortality rate exceeding
75%[3].

Diagnosis of IPA is challenging, as symptoms such as fevers unresponsive to antibiotics, and
pulmonary infiltrates, are nonspecific and the analysis of blood for biomarkers, lacks specificity and
sensitivity. Therefore, the current practice is based on culturing the fungus from biopsy lung-tissue
samples, which is a time-consuming practice that delays diagnosis and treatment. A recent technique
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relies on detection of galactomannan in sample fluids obtained by rinsing the infected area of the lung
with saline[4]. Although no tissue samples are needed, it is still a very uncomfortable procedure for
the commonly very sick patients.

An aim of the MATHIAS project is to provide a PET imaging-based method of diagnosis of [PA, built on
the Aspergillus Fumigatus-specific antibody JF5[5]. Using this antibody in conjunction with a long-
lived radiometal can provide non-invasive and accurate detection of IPA[6]. A further aim of the
MATHIAS project was to investigate the feasibility of performing radionuclide therapy using the JF5
antibody. The project was performed by a consortium, consisting of Eberhard Karls Universitit
Tiibingen (Germany), Universititsklinikum Essen (Germany), ISCA Diagnostics Ltd. (United Kingdom),
CheMatech SAS (France), Paul Scherrer Institute (Switzerland) and Danmarks Tekniske Universitet
(Denmark). The responsibility of DTU in this consortium was developing and producing relevant
radiometals for both diagnostics and therapy. This PhD comprises part of the work done to fulfill this
responsibility.

Structure of the thesis

The projects comprising the thesis are divided into two groups: Projects developing diagnostic
isotopes, and projects developing therapeutic isotopes. The thesis is likewise divided and, after a
general introduction pertaining to all projects, is split in two. First, it focuses on diagnostics and the
diagnostic isotopes produced. Second, the principles of radionuclide therapy are introduced before the
projects involving therapeutic isotopes are presented. Finally, a project on in vivo generators, which
bridges both categories, is introduced.

12



1. General Introduction
1.1 Radiometal-based radiopharmaceuticals

Radiometals are radioactive metal isotopes that can be utilized for medical diagnostics and in some
cases as therapeutic agents for therapy of cancer. An expanding number of radiometals of varying
physical properties like half-life, emissions and energies, are routinely being produced, allowing
careful matching of the nuclear properties to applications[7].

Most radiometal-based radiopharmaceuticals are designed using the same three components: a vector
for which information about the in vivo distribution is wanted; a chelator, which is matched for
optimal stability of the chelator-radiometal complex; and finally the radiometal, which is chosen by
matching the decay characteristics to the purpose of the radiopharmaceutical[8]. If the purpose is
diagnostic, the radionuclide must provide photons of sufficient energy to exit the patient without
scattering, yet low enough energy to interact with the scanner. Furthermore, to minimize the
associated dose to the patient, radioisotopes with only suited diagnostic emissions are preferred, and
the nuclear half-life should be matched to the vector kinetics. For therapeutic applications, the
radionuclide should deliver a high local dose, with minimal long-range emissions. This generally
means little-to-no gamma emissions, and a longer half-life than is generally used for diagnostics, as
most of the decays are desired after the vector has distributed[9].

Radioisotope

Chelator

Figure 1: Typical design of a radiometal-based radiopharmaceutical. The radioisotope is bound to the vector via
complexation in a chelator linked to the vector. Image adapted from Kruijff et al. [10].

The modular design of a radiometal-based radiopharmaceutical (Figure 1) makes for a virtually
unlimited number of combinations, all relying on very similar labeling methods. This is where
radiometals have an advantage over organic small molecule radiopharmaceuticals. The versatility of
the modular build allows for modifications to the function of the tracer simply by changing the
chelator-isotope construct conjugated to the vector. In this way, the same vector can be used for both
Single Photon Emission Computed Tomography (SPECT) and Positron Emission Tomography (PET)
and, if found suitable, the diagnostic isotope can be substituted for a therapeutic isotope that has been
carefully chosen for its emissions. However, due to the nature of their relatively short half-lives, most
radionuclides must be produced on demand. This is most commonly done using either charged
particle- or neutron activation.

13



1.2 Radionuclide production

The radioisotopes produced in this thesis were made by charged particle activation. This method of
activation has three major benefits compared to neutron activation. First, it provides variable
incoming energy of the activating particle, allowing careful control of side reactions. Second, charged
particle activation commonly creates radioactive products, which are different chemical elements than
that of the irradiated target. Finally, charged particle accelerators often provide the ability to choose
the incident particle itself (p, d or a), providing further opportunity to minimize coproduction of
unwanted neighboring isotopes and facilitating subsequent separation.

These properties of charged particle activation theoretically allow the production of carrier-free
radioisotopes, i.e., the radioactive isotope in pure form, completely undiluted by stable isotopes of the
same element. It further allows chemical removal of the bulk mass of the target material. Since the
produced quantity of a radioisotope is extremely small compared to the number of target nuclei, the
target material commonly needs to be removed for subsequent radiochemistry to be successful.

The primary accelerator for charged particle activation is the cyclotron (Figure 2). Commonly in the
form of proton accelerators, they are widely available because of the widespread production of 2-
deoxy-[18F]fluoro-D-glucose ([18F]FDG), supplying PET centers throughout the world. As of 2015, more
than 1200 medical cyclotrons are in operation globally[11]. Typically, these medical cyclotrons supply
protons of energy less than 20 MeV with available beam-currents of 50-200 pA.
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Figure 2: Schematic illustrating the basic cyclotron design. Ions are introduced in the center of the cyclotron and
accelerated over the voltage applied between the two “dees”. Contained in circular motion by a static magnetic field,
the ions are repeatedly accelerated as they pass from one dee to the other. Because the radius of the circular motion
is proportional to the velocity of the ions, they spiral outwards to higher radii as their energy increases. When they
approach the edge of the acceleration chamber, they can be extracted towards the target. Adapted from Lawrence’s
original patent[12].

When the cyclotron-supplied high-energy particles hit a target, only a tiny fraction will cause nuclear
transmutation and the rest will be stopped by either electron collisions or nuclear scattering. If the
incoming particle is absorbed by a target atom it leaves the newly formed nucleus in in a highly excited
and unstable state called the compound nucleus. Relaxation can occur via gamma- or particle (e.g.
neutrons, protons or alphas) emission.
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Nuclear reactions such as these cannot happen at any incoming particle energy. All nuclear reactions
have an associated Q value denoting the energy released in the reaction. For Q > 0 the reaction is said
to be exothermic (mass is converted to energy) and for Q < 0 it is said to be endothermic (energy is
converted to mass). In (p,n)-reactions where the produced isotope will be radioactive and decay back
to the target isotope this Q value will always be negative. For other reactions, this is not always the
case[13,14].

To produce an isotope the incoming energy must be larger than -Q to satisfy energy conservation.
However, when the Q value is negative the resulting nucleus and emitted particles cannot be at rest. In
order to satisfy conservation of momentum, the resulting energy threshold (i.e. the minimum energy
required to induce the reaction) is E;. = —Q(m, + my)/m, . Here m, denotes the rest mass of the
incoming particle and m, the resting mass of the target nucleus. Even though E;, is the minimum
energy needed to induce the reaction, reactions are not very likely to occur just above the threshold
energy. This is because in order to enter the target nucleus the charged particle must traverse the
Coulomb barrier. This electrostatic barrier is not incorporated in the threshold energy and has a
height on the order of 1-2 MeV (depending on the Z value of the target material). The threshold energy
describes the absolute minimum energy required for the reaction, and seeing that the charged particle
can tunnel across the barrier, it is not required to completely overcome the barrier height. However,
tunnelling is a very improbale event, and the cross section increases dramatically once the incident
energy surpasses the combined threshold energy and coulomb barrier[13,14].
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Figure 3: An illustration of the unit “barn”: One proton passes through a surface of 1 cm? holding only a single atom.
If the cross section is 1 barn for a given reaction between the proton and the target atom then the probability for that
reaction occurring is in this setting 10-24, The unit is measured in cm?2 simply because it describes probability per

= cm?.

1
flux, i.e.
! 1/cm?

The term nuclear reaction cross section, denoted o(E), is the probability for a nuclear reaction
occurring through a certain reaction channel, like 52Cr(p,n)>2Mn, as a function of incident energy. This
notation means production of 52Mn by bombarding 52Cr with protons followed by evaporation of a
neutron. The unit for the cross section is “barn” (b) with 1 barn = 10-24 cm2: a number very close to the
area of the physical cross section of the uranium nucleus. Having the unit of area, the cross section
describes a probability per unit flux, or, in other words, it describes the probability of the reaction,
imagining just one target atom and one incident particle with a certain energy passing each other on a
1-cm? surface (Figure 3). That is: If a particle “a”, moves through a surface S, containing one target
nucleus A, then the probability of forming the B via the reaction A(a,b)B is equal to 6/S[13,14].
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Figure 4: An example of a cross section curve as function of the incoming proton energy measured in MeV,
specifically the experimentally measured cross section for the transmutation 52Cr(p,n)526Mn as measured by West et
al.[15].

However, all useful targets consist of many more than one atom per cm?, and are bulk materials with
finite thicknesses. One consequence of this is that the incident particle energy is continuously
degraded as the particle travels through the target material. Since the cross section is a function of
particle energy (e.g as shown in Figure 4), the probability, P, of a reaction is the integrated cross

section with respect to depth in the target material, multiplied by the number of target nuclei, n,
within the particle range. Alternatively, the calculation can be recast in terms of an energy integral:

P=n

fEincident O'(E)
dE /dx

Ethreshold

In practice this rescaling from incident energy to range can be calculated using a simulation code
called SRIM[16], where the stopping power, dE/dx, can be found. Multiplying the above by the
incident flux of particles I gives the production rate R, i.e. the number of nuclei produced per second.
This number is identical to the saturated yield, Ag,; which is reached when the rate of production
equals the rate of disintegration.

Eincident o (E)

dE /dx dE

R=Asat=n1f

Ethreshold

The total number of produced nuclei N will grow asymptotically towards the saturation level:

Eincident O'(E)
dE,
dE /dx

N(@) =nl(1—e™*)

Ethreshold

16



with 1 = an/Tl/ and T, being the half-life. 1 is defined as the decay constant of the produced isotope,

and ¢ as the duration of the irradiation in seconds. In the last equation, it is clear that when t > T, it
follows, that (1 — e‘“) ~ 1, meaning that the system has approached saturation. This also shows that
the time needed to approach saturation, is directly proportional to the half-life of the produced
isotope. This has the consequence that the ratios of any co-produced radioisotopes change
significantly during longer irradiations, as shorter-lived isotopes might approach saturation, while
long-lived isotopes will still increase activity at an almost linear rate (Figure 5). Another property
worth noting is that irradiating much longer than one half-life is not very efficient. For every half-life
irradiated, the gap to the saturation level is halved, meaning that after one half-life the production
yield is 50% of the saturation level. This climbs to 75% after two half-lives, 87.5% after three half-lives
etc. [13,14].

5000
4500 -

4000 /

3500 /

3000 / —|a-135
2500 / La-133 —
2000 / la-132 —

1500
1000 /
500

/

0
0 5 10 15 20 25
Irradiation time @ 15 pA [hrs]

Activity [MBq]

Figure 5: Activity as a function of time of the three main isotopes produced during 15 pA proton irradiation of »atBa.
Here the effects of half-life on production rates are visible, in that both of the short-lived isotopes 132La and 133La
(T% = 4.8 h and 3.9 h respectively) quickly approach saturation levels, while 135La activity (T% = 19.5 h) is still
increasing.

As mentioned earlier only a small fraction of the incident particles cause nuclear transmutations. An
even smaller fraction of the incident energy is consumed in the process. The remaining energy is
converted to heat, deposited in the target material. This heat is often the limiting factor for production
rates, as the highly localized deposition makes efficient cooling challenging. This imposes restrictions
on the applied beam current and thus the production yield.

1.3 Labeling with radiometals

In order to trace a physiological process either the bare radiometal ion can be injected, or more
commonly, the radiometal is injected as part of a vector-chelator construct described earlier. The
binding of the radiometal is most often achieved using a bi-functional chelator. A chelator is a chemical
structure designed to stabilize a metal ion by coordination with strategically placed lone pairs, forming
a stable complex while protecting the metal from transchelation and hydrolysis[17].
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Bi-functional chelators are chelators with the additional capability of forming covalent couplings to
targeting vectors such as proteins, peptides, and nanoparticles. The functional groups for conjugation
include NHS-esters and TFP-esters for amide couplings; isothiocyanate for thiourea couplings (Figure
6); and maleimides for thiol couplings. Being composed of modules (i.e. the metal specific chelator and
the vector specific functional group for labeling), bi-functional chelators can be tailored for countless
numbers of targets, particularly as the number of available vectors constantly increases due to
advances in biological research[18].
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Figure 6: Illustration of the labeling process of an intact antibody with the radiometal 89Zr. First the acyclic chelator
DFO is conjugated to the antibody through the reaction of an NCS group on the bifunctional chelator with a lysine
side-chain amine. Subsequently the 89Zr is introduced and is complexed by the DFO chelator. Adopted from Vosjan et
al. [19]

The structure and physical properties of the chelate complex can however, have pronounced effects on
tracer biodistribution, especially with small vectors. Many chelator-metal complexes are highly
hydrophilic which can lead to increased renal clearance of the labeled compound. It has been reported
that by only changing the chelator, while keeping both the vector and the radiometal the same, the
tracer biodistribution can be greatly affected[20]. The overall hydrophilicity of the complex can be
determined by measuring the octanol-water partition coefficient (logP), and can by addition of
hydrophilic or lipophilic moieties, be tuned to optimize the biodistribution[8].
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To accommodate stable binding between chelator and radiometal, the donor atom preferences (N, O or
S) of the specific radiometal need to be understood. Here, hard Lewis acids like Zr4* and Fe3* are more
stably bound by hard Lewis bases like O and N whereas soft acids like Pd2+ and Au3+ ions are stabilized
best by soft bases like S. The coordination geometry, coordination number, and the physical size of the
radiometal ion also play important roles in stable chelation[21].

Overall, there are two different types of chelators, cyclic and acyclic. Generally, the cyclic chelators
have higher thermodynamic stability. Since they are already largely in the conformation of the
complex, the entropic loss during the complex formation is far lower than that of the acyclic chelators.
This generally results in higher thermodynamic stability because the higher entropic loss experienced
by acyclic chelators is thermodynamically unfavorable[22]. Acyclic chelators however, generally
exhibit much faster complex formation and often quantitative chelation of metals even at room
temperature, whereas cyclic chelators often require heating for extended periods (60-95°C for 30-90
minutes) to reach optimum labeling yields. Here the acyclic chelators have a great advantage when
using short-lived isotopes like 68Ga or when labeling heat-sensitive vectors like proteins and
antibodies[22,23].

Radiometal- chelator complexes are rigorously tested and evaluated before use in human subjects and
a number of tests have been designed to evaluate the in vivo stability of the complexes. If the
radiometal dissociates from the radiopharmaceutical, the resulting biodistribution will reflect both the
radiopharmaceutical biodistribution and the biodistribution associated with the free radiometal
ion[24]. For example, the isotopes ¢8Ga, 85Sr, 89Zr and the lanthanides will, when released from the
complex, accumulate in the bones, whereas the isotope 64Cu is known to accumulate in the liver[25].
The exact distribution of a radiometal ion or the intact compound can be assessed either by dynamic
PET, SPECT or by ex vivo biodistribution. In the latter the animals are sacrificed at specific time points
and the organs of interest are assayed for an accurate determination of uptake, either via well
counting or liquid scintillation counting[26,27].

One way of testing the robustness of a radiometal-chelate complex is by challenging it in vitro, either
with other metal ions, or with different chelators. By using techniques like High Performance Liquid
Chromatography (HPLC) and thin layer chromatography (TLC) it is possible to monitor ion exchange
and transchelation between the different complexes and metal ions. However, a method closer
resembling the real in vivo situation is to challenge the complex with biologically relevant mixtures
such as blood serum; hydroxyapatite (bone); metal binding proteins like ferritin (metal storage
protein), transferrin and other metal transporters; and metal binding enzymes like superoxide
dismutase. The stability can subsequently be determined using radio-HPLC or size exclusion
chromatography/[8].

Once stability of the chelate is achieved, the construct can provide trustworthy information of the
biodistribution associated with the labeled compound.
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2. Diagnostic isotopes

In order to visualize the distribution of a tracer, the patient is scanned using either a gamma camera
for SPECT or a PET camera depending on the isotope used[28]. Today, PET is continuously gaining
ground over the conventional gamma camera techniques[29]. The increasing availability of PET-
isotope-based tracers from small medical cyclotrons has moved PET from being a preclinical research
tool to being a large-scale clinical investigation tool. PET offers both improved sensitivity as well as
improved resolution over conventional SPECT imaging[30].

2.1 Introduction to SPECT/PET

In a gamma camera, a collimator is placed between the detector and the source to provide spatial
resolution. In this way only gamma rays perpendicular to the detector can be registered. This results
in a 2D projection of the activity distribution in the patient. One such projection can be sufficient as in
the case of bone scintigraphy. Alternatively, a large number of projections can be combined and a 3D
image can be calculated. The former is called a planar acquisition and the latter a SPECT scan (Figure
7).
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Figure 7: Schematic illustrating the principle of the gamma camera. Gamma photons emitted from the patient are
collimated, and produce a current proportional to the gamma energy in the detector. The position of the decay can
be calculated by the relative signal ratio from the detectors closest to the scintillation. Adopted from [28]

A PET camera relies on coincidence measurement of the two 511 keV photons created upon
annihilation of an emitted positron. When a proton-rich radionuclide decays, it can happen via
electron capture (EC) or positron emission (*). In the latter, the nucleus reduces its charge by
transforming a proton into a neutron, while emitting a positively charged anti-electron called a
positron. The ejected positron is slowed down by interaction with atomic electrons and once at rest,
annihilates with an electron, converting their combined mass into two 511 keV photons. Due to the
need to conserve momentum, the two photons are emitted back-to-back, 180° apart. The 180° angle is
the key to the PET technique, seeing that if two 511 keV photons are detected simultaneously, the
decay can be assumed to have happened somewhere on the straight line between the two points of
detection (Figure 8). Modern cameras provide time of flight (TOF) measurements, further restricting
the decay to a 10-20 cm stretch of the straight line. The information is then used to create a 3D image,
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either via classic reconstruction methods like those used in SPECT, or more often iterative maximum
likelihood algorithms.
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Figure 8: Illustration of the PET imaging principle. Upon decay the PET isotope (here 11C) emits a positron which
after traveling a short distance annihilates with an electron to create two 511 keV photons 180° apart. Adopted from
Miller et al. [31]

Though the two imaging techniques are quite different, the detection method is the same. In both
cases, detection relies on stopping the emitted photons in a scintillation crystal. This produces
emission of low-energy photons in the crystal in numbers directly proportional to the energy
deposited. To quantify the amount of scintillation light produced and thus the energy deposited, the
scintillation crystal is mounted on a photomultiplier tube (PMT). The PMT converts the low number of
photons into a measurable current. This conversion is done is several steps. First, the photons
encounter the photocathode, a thin cathode on which the photons are converted to electrons via the
photoelectric effect. Secondly, the released electrons are accelerated over a series of dynodes each
with less negative voltage than the previous. Here each encounter with the dynodes multiply the
number of electrons by a factor of 5, resulting in an overall amplification factor on the order of 108 at
the anode (Figure 9).
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Figure 9 Schematic overview of a gamma detector consisting of a scintillator and a photomultiplier tube. Adapted
from Wikimedia Commons.
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Each imaging method has benefits of its own. Isotope availability and cost are the main pros for SPECT.
SPECT does not rely on a cyclotron and the commonly used isotopes are either available from
generators or have half-lives that allow them to be commercially available. PET on the other hand is
more expensive and the more commonly used isotopes short-lived with half-lives of less than 2 hours,
necessitating either on-site or nearby production. The benefits however are higher sensitivity and
superior spatial resolution[32].

Whether the imaging method is SPECT or PET, there is always the tradeoff between image quality and
the risk imparted on the patient from the exposure to ionizing radiation. Higher amounts of
radioisotopes will, simply due to improved statistics, yield better images and improve diagnostic
certainty. To be able to weigh the improved image quality against the increased risk of introducing
illness, precise estimates of the associated dose are needed.

2.2 MIRD/OLINDA

Dose estimates are made using the MIRD formalism which describes the dose, D, from one organ, 75 to
another ry as

D(rp < 15) = A(rs) X S(rp < 15)

In which A(rg), also called the cumulated activity, is the total number of decays in the source organ,
and S(rp « 1) is the dose in Gy/(Bg-s). In this way the total dose to an organ, is simply the sum of
contributions from all organs and compartments:

D) = ) Alrs) % S(rp < 1)
S

To estimate the risk associated with the imparted dose, the term effective dose is introduced. Here
each organ is assigned a tissue-weighing factor wy based on its radiosensitivity and this weighted dose
to individual organs summed:

Desr = ZWT x D(rp) = ZWT X Zﬁ(rs) X S(ry < 15)

The calculated dose in Sievert serves as a measure for the associated risk of developing a deadly
cancer, as one Sievert is estimated to increase the risk by 4.1% for healthy adults [33,34]. This risk
however, cannot be assumed for patients, as the age distribution and, possibly, the radiation
sensitivity of this group is different.

2.3 Choice of diagnostic radionuclide based on target kinetics

When PET tracers are designed, the radionuclide is chosen carefully based on several criteria such as
B+ branch, B* energy, associated patient dosimetry, and tracer uptake kinetics. In short, the + branch
should be as high as possible. The [+ energy is proportional to its range in tissue, and higher energy
will thus yield lower image resolution. In order to minimize patient dosimetry, radionuclides with
many abundant gamma lines are generally avoided and the half-life of the chosen isotope should be
matched with the kinetics of the tracer. It should be long enough that there is sufficient activity left to
get a signal at the time of optimal biodistribution, while short enough that the isotope does not stay in
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the patient long after imaging. A normal compromise between the two is to aim for a half-life similar to
or shorter than the time needed to reach optimal uptake.

For this reason, the short-lived isotopes most commonly available, 18F, 11C, and 68Ga are best suited for
small molecules and peptides, which in general have a rapid uptake and thus optimal imaging after
less than two hours. Larger structures like liposomes, nanoparticles, proteins and antibodies exhibit
uptake characteristics that favor imaging on the order of days after administering the tracer.

To get an overview of the dose associated with the different isotopes, we first have to define a
benchmark. What we want to know is how much dose a given isotope will impart on a patient per
registered event in the PET camera detector. Different vectors are associated with dramatically
different timespans before maximum uptake in the target tissue is reached. If the vector reaches
optimal uptake in a timespan equaling one effective half-life of the isotope, one would have to
administer twice the activity as compared to if the uptake was immediate. The dose would likewise be
twice as high if one half-life is waited. The dose is a function of the total number of decays and thus a
function of the injected activity and the half-life

Do N A AXTy,
[0'd = — =
A In(2)
Assuming infinite biological half-life i.e. no clearance of the isotopes, the cumulated activity was
calculated as a function of time between administration and imaging (t).
- AXTy

A0 =12 et

To compare not activity but imaging ability, the cumulated activity was normalized to the 3+ branching
ratio, BRg+ of the isotopes.

) AXTy 5. 1
Ag+weightea(t) = ™) X e’ X BRg+

Finally, the associated dosimetry was calculated in OLINDA as a function of the normalized cumulated
activity[35]. OLINDA is a software package using the MIRD formalism for dosimetry calculations.
Choosing a certain distribution in the body to represent all labeled compounds is not a simple task. It
was chosen to use the compartment remaining body, i.e. everything excluding the organs in Table 1.
When considering that in this scenario, the time of exposure is the time until optimal uptake, it was
deemed a reasonable assumption that the radionuclide would mainly be present in either lymph or
blood. Neither of these compartments is available in OLINDA as a source organ and thus are both
incorporated in the source organ “remaining body” (RB).

_AXTy, 1

D(t) _WX et x BRy+ XZWT X S(rp < 1rp)
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Adrenals Stomach Wall Muscle Spleen

Brain ULI Wall Ovaries Testes

Breasts Heart Wall Pancreas Thymus

Gallbladder Wall Kidneys Red Marrow Thyroid

LLI Wall Liver Osteogenic Cells Urinary Bladder Wall
Small Intestine Lungs Skin Uterus

Table 1: Complete list of compartments available in the OLINDA output

The result tells us the dose in mSv per 3*/s at the time of imaging, as a function of time between
administration and imaging. The result can be seen in Figure 10 and provides an overview of which
radiometal should be chosen based on the uptake time of the tracer in question. From Figure 10 it is
evident that for rapidly distributing tracers 11C is superior. If the time of imaging is between 1 and 5
hours after administration 18F has the lowest associated patient dose followed by 45Ti, which is the
better choice up to the point of 10 hours. From 11 to 60 hours ¢4Cu is the favorable, followed by 89Zr
for times larger than 60 hours, followed by first 124] and then 52Mn at very late time points.
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Figure 10: Effective dose to the patient per f3*/s at the time of imaging as a function of time between tracer
administration and imaging.

Notice how it is critically important to consider the effect of distribution, before choosing the isotope.
The fact that the compartment “remaining body” is not associated with a tissue-weighing factor in the
OLINDA/MIRD formalism, will result in the radiation deposited locally, i.e. in the same compartment,
not being factored into the calculated dose. This means that the dose from electron emissions (f+, §3-,
Auger-electrons, and conversion electrons) as well as low energy x-rays are underestimated in the
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dosimetry as compared to gamma emissions. Placing the activity in a very sensitive organ gives a
picture of the upper limit to the underestimation. The testes, being very sensitive organs, are chosen to
exemplify the effect. This organ not only has very high radio sensitivity, it is also a very small target.
These two factors combined will overestimate the contribution from B+, (-, Auger-electrons, and
conversion electrons as compared to the contribution from gamma emissions. The result can be seen
in Figure 11. Interestingly this indirect change in the weighting of the different types of emissions
changes the relative dose of especially the longer-lived isotopes. The order of nuclides showing the
lowest dose for the source organ “remaining body” is 11C — 18F — 45Ti — 64Cu — 89%Zr — 124] - 52Mn.
Using the source organ “testes” the order is 11C — 18F — 45Ti — 64Cu — 89Zr — 52Mn— 124].

Dose to patient pr B+/s as function of time between
injection and scan (Activity in testes)

1,E+00 / /

1,E-01

1,02 / /

1, E'03 I / / //
y /

1,604

1,E-05 |
1 c-11 Ga-68
—F-18  e=——Ti-45

1,E-06
e CU-64 e 71-89
-124 == Mn-52

Dose / B+/s [mSv]

1,E-07
0 10 20 30 40 50 60 70 80 90

Time before imaging [hrs]

Figure 11: Effective dose to the patient per B*/s at the time of imaging as a function of time between tracer
administration and imaging when the activity is only in the testes.

The situation in which the entire administered radioactivity is sitting in the most radiosensitive organ
is of course highly unlikely, but the example shows the dramatic difference in tracer dosimetry, the
biological distribution can induce. It further shows how an isotope cannot simply be labeled as “giving
high dose”. To optimize dosimetry, imaging cancers, calls for isotopes with low abundance of
concurrent gamma emissions, whereas tracing physiological processes in healthy radiosensitive
organs, favors isotopes with low 3+ energy.

There are of course other considerations than just the associated dosimetry, when choosing the
radionuclide. Image resolution for one is important, especially when performing studies in small
animals. The main parameter determining image resolution, besides the intrinsic properties of the
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scanner, is the energy of the emitted [3+. The range in tissue is proportional to mean 3* energy, Eﬁ+ and

is approximated [36] as

Eﬁ+ [MeV]

Range [cm]~ 5

Another parameter affecting the resolution is the amount of noise introduced by high energy gammas.
These contribute with counts in the 511 keV energy window via scattering or their incomplete
absorption in the camera detectors. This introduces false coincidences leading to a higher image
background.

Though resolution and dosimetry are often the deciding factors when picking the right radionuclide,
this is only an option if the isotope is used in its bound/chelated form. When, for example, tracing
inherent properties of metal ions, the isotope used cannot simply be interchanged with another
element. Here the isotope must be of either the same element as the one examined or one mimicking
its behavour. Examples of these are many: 82Rb for example, beeing a group 1 element can be used as a
potassium mimic and being a substrate for the Na*/K+-ATPase it is is transported into the myocardium
and its resulting distribution, maps the myocardium perfusion[37]. In therapy the isotope 223Ra, being
a Ca mimic, is used to treat bone metastasis, exploiting the accumulation of Ca in bone
mineralization[38]. And as discussed in the next section, the isotope 52Mn, likewise serving as a Ca
mimic can be used among other things to image neural tracts, exploiting the ability of Ca to be
transported along bundles of nerve cells in a neural activity-dependent manner.
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3. Projects based on diagnostic isotopes

The aim of the work on diagnostic radioisotopes was to develop the long-lived PET radiometals: 52Mn,
897r, and 45Ti:

3.1 Manganese-52

Interest in 52Mn-based PET applications has dramatically increased over the last years. A driving
motivation has been the advances in Manganese Enhanced MRI (MEMRI) where Mn2+ serves as a
potent T1-shortening contrast agent[39,40]. Although promising, the MRI techniques are severely
limited by the toxicity of manganese, the effects of which are well documented due to decades of
chronic exposure to workers in the smelting industry. Here toxicity manifests itself in
neurodegenerative disorders, prominent among these as Parkinson’s disease[41-43]. This prohibits
clinical use of most preclinical MEMRI techniques. The superior sensitivity of 52Mn PET however,
allows very low amounts of manganese administered and thus completely circumvents toxicity issues.
52Mn-PET provides analogous information to MEMRI but with higher sensitivity and thus potentially
allows clinical application of the historically MRI-based techniques in a PET setting.

The applications of 52Mn are many: Mn2+, mimicking Ca?+, accumulates in areas of neuronal activity via
activity dependent uptake through voltage gated Ca?* channels. Having the ability to cross synaptic
clefts, 52Mn2+ can be used to visualize the bundles of nerve cells interconnecting different regions in the
brain (neural tracts)[39,44]. Another prominent use is 52Mn based cell tracking in which the Ca2*
channels and metal transporters are exploited to incorporate Mn2+ into cells in vitro, prior to
administration[45-47]. Using 52Mn-based PET, allows longitudinal and non-invasive assessment of
location, dynamics and survival of transplanted cells, providing knowledge critical to translation into
clinical use[48]. In addition, it has been established that manganese enters active beta cells in the islets
of Langerhans. Using 52Mn could possibly provide a non-invasive measure of the functional beta cell
mass during the progression of diabetes[49]. Such information would allow monitoring of early
disease progression and treatment response.

Despite the many applications utilizing the unique properties of 52Mn, separation methods are
underdeveloped. Published methods for separation of 52Mn from the Cr target material, include both
anion and cation exchange based methods, precipitation based methods and liquid-liquid extraction
based methods[48,50-53]. However, the high dose-rate associated with 52Mn does not allow extensive
manual handling a fact complicating the use of both liquid-liquid separation and precipitation. Solid
phase extraction-based methods (SPE) typically require less handling and have the further benefit that
they are typically easily automated. The published SPE-based methods suffer from either large losses
of 52Mn[48], large elution volumes[51] or very time consuming[50].

Due to the established need for 52Mn, the goal of our project was to facilitate and promote the use of
52Mn, by developing an SPE-based methodology for production of high specific activity 52Mn, identify a
suited chelator for in vivo applications and optimize the labeling conditions.

5z2Mn properties

52Mn is one of three positron emitting manganese isotopes, the others being 5IMn and 52mMn. Of the
three 52Mn has the longest half-life (5.591 days vs. 46.2 mins and 21.1 mins respectively) and by far
the lowest B+ energy (244.6 keV vs. 970.2 keV and 1179 keV respectively), providing high resolution
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PET imaging over extended time periods. It furthermore has a high $+ branch of 29.6% compared to
that of other long lived PET isotopes like 89Zr and 124I both having 22.7%[54-57]. This makes 52Mn a
great choice not only when tracing the biological properties of Mn but also whenever a radiometal for
longitudinal high-resolution PET is needed (Figure 12).
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Figure 12: Top left: A simplified decay scheme for 52sMn[54]. Top right: A schematic cross section through a Derenzo-
type phantom showing arrangement and diameters of the rod volumes - adapted from Scuffham et al., 2012. Bottom:
PET images of the phantom with 52Mn solution are shown in the coronal, sagittal, and axial directions - from
Napieczynska et al.,, 2017. The arrow shows the 1.35 mm rods clearly resolved.

52Mn production

The production of 52Mn is done via proton irradiation of natCr which is composed of 83.8% 52Cr, 9.5%
33Cr, 4.3% 59Cr and 2.4% 54Cr. 52Mn is produced primarily via the 52Cr(p,n)52Mn reaction with a small
contribution from the much less abundant 53Cr via the 53Cr(p,2n)52Mn reaction. While the 5°Cr content
only gives rise to the very short-lived 5°Mn the 54Cr will yield co-production of the 312 day half-life
54Mn. The production ratio 54Mn/52Mn is energy dependent and estimated to be approx. 0.1-0.4%.
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Figure 13: The experimental cross section for the reactions 52Cr(p,n)52Mn and 54Cr(p,n)5*Mn as published by
LevkovskKi et al[58]

Detailed work on the reaction cross sections of the natCr(p,x)>2Mn channels have shown how this route
of production is easily capable of providing sufficient amounts of 52Mn activity for imaging purposes
(Figure 13)[51,59]. Looking at the ratio between the cross sections for the reactions 52Cr(p,n)52Mn and
54Cr(p,n)5*Mn it is evident that allowing the beam to exit the Cr target with an energy of approx. 14
MeV will significantly decrease the relative amount of co-produced >*Mn (Figure 14).
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Figure 14: The ratio of 52/54 cross-sections, shown individually in Figure 13. It is seen that the production ratio
peaks at approx. 17.5 MeV and decreases dramatically at energies below 14.8 MeV.

On a 16 MeV cyclotron, this would severely reduce the produced amounts of 52Mn, and we therefore
elected to not sacrifice production yield over radionuclidic purity. On a cyclotron providing higher
energy protons, the effect on the production rate would not be as detrimental.
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The chromium targets used were produced by pressing chromium metal powder onto the surface of
silver discs. This was done using a mechanical press at pressures exceeding 75 kN/cm? in order to get
the chromium powder to form an adherent and smooth surface (Figure 15). For a period of time
chromium foils were used instead of powder, but the high chemical resistance of chromium caused
subsequent target dissolution in HCl to be very slow as compared to the powder targets.

Figure 15: A Cr target: The chromium powder starts forming a smooth surface at applied pressures above 75
KN/cmz,

The irradiation itself is straightforward as the chromium target material has a high melting point
(2180 K) and high thermal conductivity (93.9 W/m-K) allowing high beam currents over extended
time. Here, the chromium on silver target was simply covered with either a 100 pm Al foil or a 25 pm
Nb foil, placed in a target holder providing water cooling on the rear face of the silver disc, and
irradiated at a beam current of 20 pA. The cover foil slightly degrades the incident beam energy with
an energy loss of ~0.6 MeV for 100 pm Al and ~0.4 MeV for 25 um Nb, but is necessary to prevent
contamination of the cyclotron in case any sputtering occurs.

Mn chemistry

Manganese can exist in a multitude of oxidation states (II, III, IV, VI and VII) with Mn(II) being both the
most stable and abundant. In neutral or acidic aqueous solution this state exists as the pale pink
hexaaqua ion [Mn(H20)e]?*. The water molecules are difficult to exchange and the formation constant
for halogeno complexes is thus very low. However when ethanol or acetic acid is used as solvent,
anionic MnCl complexes like MnCl3, MnCl~, MnCI$~ and Mn,CI3~ are formed. Chromium on the other
hand, having notoriously slow ligand exchange, does not rapidly adopt anionic form under these
conditions and separation of the produced 52Mn from the ntCr target can thus be performed on anionic
exchange resin from HCl-ethanol mixtures [60,61].

Little has been published on chelation of Mn2* using the common cyclic chelator DOTA. This is due to
the two main angles of interest that Mn2* receives. Firstly, due to the toxicity of manganese, most
published work on chelation of manganese is based on the attempt to provoke clearance of ingested
manganese from the body. In this discipline rapid complex formation is a necessity and the focus is
therefore solely on acyclic chelators. Of these DTPA seems to fare the best[62-64]. Secondly, a lot of
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interest in Mn2+ chelation has been in the context of producing Mn-based Magnetic Resonance Imaging
(MRI) contrast agents. For this purpose, coordinated water molecules are necessary, and the absence
of these in DOTA effectively reduces the relaxivity value of the complex rendering it useless as a
contrast agent. Though one study shows high inertness of the Mn-DOTA complex no serum stability or
labeling optimization has previously been published[65,66].

Introduction to the 52Mn projects in this thesis

The work mainly consists of two papers describing the development of the production, separation and
labeling methods for 52Mn. The two papers combined provide all the information needed in order to
set up production of 52Mn on a medical cyclotron, perform high specific activity separation and
labeling.

3.1.1 Paper 1

The first paper “Novel Preparation Methods for 52Mn for InmunoPET Imaging” describes the trap and
release based separation method based on extraction of manganese chloride species from ethanolic
HCL It further provides imaging based biodistribution of the 52Mn labeled antibody 52Mn-DOTA-
TRC105 as well as of the “free” 52Mn ion. Comparison of the two biodistributions indicates stability of
the 52Mn-DOTA complex in vivo.

3.1.2 Paper 11

The second paper “Optimized procedures for manganese-52: Production, separation and
radiolabeling” sought to optimize the production method and to answer some of the questions left
open in the first paper. The paper introduces an extra column in the separation to reduce the amount
of cobalt, copper, zinc and iron in the purified 52Mn. These are all competitors for DOTA and removal is
imperative for high specific activity labeling. Furthermore, reaction conditions with DOTA were
optimized and the serum stability of the complex was investigated.

3.1.3 Paper 111

The third 52Mn paper investigates the potential of 52Mn as a neural tract tracer. This project was
conducted in cooperation with Eberhard Karls University Tubingen, Germany. Rats were injected with
52Mn in one of two compartments in the brain and the transport of the tracer was visualized using
PET/MRI upon stimulation. The administered dose was further optimized such that no cell damage
was observed. The submitted manuscript “Imaging Neuronal Pathways with 52Mn PET. Toxicity
Evaluation in Rats” is attached.

3.1.4 Other 52Mn-based work

Several other investigations have been carried out using 52Mn over the duration of the thesis work.
As part of the MATHIAS project 52Mn labeled antibodies were produced. This was done to study the
translocation of the antibody into the lung. The mechanism by which iv.-administered antibodies reach
their target in the lung lumen is not well understood. Previously reported high and fast uptake of
aspergillus-specific antibodies in the infected lungs of neutropenic mice[6], could be a consequence of
the radioisotope not being properly bound to the antibody and simply taken up by the A. Fumigatus
upon release from the construct [67]. This argument is further supported by the high uptake in the
liver, which is often a signature of unstably-bound 64Cu (the isotope used in [6]). Injecting the labeled
antibody prior to infection should allow imaging of the circulating labeled antibody with minimum
uptake in lung or liver until the animal is infected. This would prove stability of the radiolabeled
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antibody and thus show translocation of the intact structure to the lungs upon infection. This
experiment not only displays the late time-point imaging capabilities of 52Mn but also validates the
radiochemistry used in the previous experiments. Although several labeling tests of the antibody had
previously been performed both at DTU and in Tubingen, the labeling was unsuccessful on the day of
the animal trials. The project is therefore still ongoing awaiting a second attempt. Inductively Coupled
Plasma Optical Emission Spectrometry (ICPOES) analysis of the 52Mn used in the failed attempt later
showed a significant Zn contamination of > 600 ng/MBq.

Discussion

The first paper clearly demonstrates the concept of Mn extraction from the semi-organic solvent. The
improvements in the second paper are:

1. The pressed powder target, minimizing the time required to dissolve the Cr target material

2. Reduced loss of activity in the separation process

3. The introduction of a remediation column removing cobalt, copper, zinc and iron. These are all
potential competitors for subsequent labeling.

4. The optimization of labeling conditions with DOTA

5. The demonstration of serum stability of the complex

However, the amount of residual Cr in the purified Mn was slightly higher than what is reported in the
first paper. During the development of the method, it was observed on more than one occasion that the
52Mn did not trap efficiently on the column. To remedy this, the resin mass on the first column was
increased and the flow over the columns was reduced from approx. 10 mL/min to approx. 2 mL/min.
Though we never saw inefficient trapping after this change, it may have introduced another issue.
Ligand exchange to chloride in the acid/ethanol is not necessarily exclusive to Mn and may only be
limited by the notoriously slow exchange for chromium complexes[60]. This means that by changing
the flow-rate and thus the time spent in the semi-organic solvent, more chromium may have formed
anionic complexes and adhered on the column along with the manganese, resulting in a lower
separation factor. A possible solution could be to use a longer column to ensure quantitative trapping
while simultaneously using a high flow-rate over the column. This was tested in a recent 52Mn
production. When eluting the first column, the elution was inefficient at the higher flow-rate of ~10
mL/min when only using 1 mL of 0.1 M HCI. After waiting approximately 5 minutes the column was
eluted with another 1 mL of 0.1 M HCI. The first elution was almost uncolored, and the second elution
was bright green. This clearly indicated that trapped chromium complexes exchanged ligands to
become cationic during the 5-minute timespan, and eluted in the second 1 mL aliquot.

The translation to clinical use is difficult because of the dosimetry of 52Mn. Three high-abundance,
high-energy gamma emissions accompany the decay of 52Mn, resulting in very high gamma dose to
patients (Figure 10). Some applications of 52Mn can possibly be performed using 52mMn instead, which
can be made available in a 52Fe based generator system[68]. 52mMn has an only 21.1 m half-life
complicating labeling and prohibiting labeling of large molecules, but is in some settings sufficient for
tracing Mnz+.
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3.2 Zirconium-89

Having near ideal properties for imaging of intact antibodies and other slowly distributing vectors,
897r is receiving growing interest both for preclinical and clinical investigations[69-71].

89Zr Properties

The half-life 89Zr of 78.4 hours matches the biodistribution of intact antibodies commonly showing
optimal distribution 3-5 days post administration[72]. 89Zr furthermore has a 22.7% [+ branch, and
average [3* energy of only 396 keV, allowing high-resolution PET imaging[56]. Complicating, but not
prohibiting, clinical use is the dosimetry associated with the 99% abundant 909 keV gamma emission
from the 89mY daughter (Figure 16).
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Figure 16: Simplified decay scheme of 89Zr. Adapted from Mustafa et al.[73]

897r Production

897r is produced via the (p,n) reaction on the naturally monoisotopic 8%Y in high yields with a cross
section approaching 800 mb at 13.8 MeV, which is an energy available on most medical cyclotrons.
Incident energy is however commonly reduced below this energy to completely avoid coproduction of
the two long-lived radioisotopes 8Y (T2 = 106.6 days) and 8Zr (T% = 83.4 days)[74]. Still, high
production rates are available with reported yields of > 50 MBq/pAh[75].
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Figure 17: Cross section data for the reactions 89Y(p,n)389Zr, 89Y(p,2n)88Zr and 89Y(p,pn)88Y showing the potential for
coproduction of long-lived contaminations. Experimental data adopted from Mustafa et al.[73]

For this thesis, activity was produced by proton bombardment of yttrium foils. These 640 pum thick, 5
mm x 5 mm foils were cut and sandwiched between a silver disc and a 500 pum Al degrader and placed
in the target holder, providing direct water cooling on the rear face of the silver. Based on SRIM
calculations[16] the Al foil degrades the incident proton energy from the nominal 16.5 to approx. 13.1
MeV, bringing the energy below the threshold for co-production (<100pub) of both 838Y and 88Zr (Figure
17). Even though thermal conductivity is not very high (17.2 W/(m-K)) the target was expected to
withstand high irradiation currents because of the very high melting point of yttrium (1799 K).
However, it was seen on several occasions that the yttrium foil was tarnished at the beam strike,
looking slightly burnt even at beam currents of 15 pA. This is most likely a consequence of very poor
heat conduction in the interface between the Y foil and the silver disc. Seeing that the Y foil was cut
using scissors it was never perfectly flat, possibly causing a partial gap between the yttrium and silver.
If much higher beam currents are needed a way to circumvent this, would be to press the yttrium onto
the silver using a mechanical press. With both yttrium and silver being soft metals, they would easily
join and form an interface of increased thermal conductivity.

Zr Chemistry

The aqueous chemistry of Zr is extensive. The principal oxidation state is 4+ but there is no indication
of Zr** or Zr0O2+ (the zirconyl ion) existing freely under any conditions in solution. In hydrochloric acid
solutions the dominant species is the trinuclear [Zr3(OH)sCl3]3* as well as some amount of
Zr0OCl,-8H20. Zr*+ is a very hard Lewis acid, and highly oxophilic, and therefore forms very stable
complexes with oxalate. Zr4+ is commonly stabilized in solution by oxalate and here considered to be in
the form of [Zr(C204)4]4 [60,76].

Separating the produced 8Zr from the bulk 89Y target material was performed according to the
method developed by Meijs et al. [75,77]. In brief, 89Zr was separated from natY by solid phase
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extraction using approximately 100 mg of hydroxamate resin, prepared by functionalizing the
carboxylate groups of the commercially available, silica-based Waters Accell™ plus CM weak cation
exchange resin[77-79]. First, the bombarded yttrium foil was dissolved by addition of 6 M HCl and the
solution was diluted with water to ensure a final concentration of less than 2 M HCL. The solution was
passed over 100 mg of hydroxamate resin, which had been prewashed with 8 mL of MeCN, 15 mL of
water and 2 mL of 2 M HC], in that order. After loading, the resin was washed with 10 mL of 2 M HCl
and then 10 mL of water to remove residual yttrium ions and any other impurities present. Finally, the
activity was eluted in a small volume of 1 M oxalic acid.

3.2.1 Specific activity

To assess the molar activity of the purified 89Zr, ICPOES analysis was performed on a single batch from
2016. The sample was prepared by diluting 100 uL of 1 M oxalic acid containing 9.7 MBq of 89Zr to a
total volume of 10 mL with 0.3 M HCl. Analysis showed 4.36 ppb of Zr per MBq of 89Zr. Recalculating
the activity to end of bombardment, this corresponds to 0.51 ng/MBq at time of production and a
specific activity of 174 GBq/umol. This corresponds 11.9 % of theoretical molar activity.

3.2.2 Oxalate-free labeling

During the last 2 years we made several attempts to establish a labeling strategy independent of oxalic
acid. We had issues with the metalloprotein ASIS (an activity inhibited version of coagulation factor
seven - see section starting page 57) losing its activity and stability after 89Zr-labeling with oxalate
present. ASIS has in its folded conformation several Ca-atoms incorporated. We believe the observed
loss of activity is due to the insolubility of Ca-oxalate, and oxalate thus depleting the Ca binding
pockets, rendering the protein unstable. Preliminary data showed that sucrose was efficient in re-
dissolving dry zirconium chloride and we therefore elected to determine whether it was also efficient
in stabilizing Zr4+ in solution[67]. This would serve to facilitate labeling of metalloproteins with 89Zr.

Three different labeling methods were used and the result of each was tested using an in-vitro cell-
binding assay. The standard oxalate containing method described by Vosjan et al. was tested against
one using sucrose as a stabilizer and one without stabilizer [19].

897Zr in HCl was taken to dryness in three vials and re-dissolved in oxalic acid, saline and sucrose. pH
was adjusted to 7.0 with 0.5 M HEPES and the dissolved activity was transferred to the DFO-
conjugated protein. The labeling was performed at 37 °C for 80 min. At this point all three reactions
showed > 95 % completion on radio-TLC (Figure 18). In this TLC system un-chelated 89Zr will complex
with citrate in the eluent and move with the eluent front, while labeled protein stays at the spot. DTPA
was added to all three to remove any un-specifically bound 8%Zr and after another 15 minutes, the
mixtures were transferred onto PD-10 size exclusion columns.

35



Saline

e SUICrOSE o

=Oxalicacid |} I

normalized CPS
o
(o)}

0,4 — L
[
|
0,2 — | |
0 { \
0 20 40 60 80 /L e "‘»"1 |
Position [mm)] o - s

Figure 18: Left: Normalized radio-TLC data showing the reactions after 80 min at 37°C. Right: Unlabeled 8°Zr elutes
with the eluent front. The reactions thus show more than 95% of the available 8°Zr bound to the protein.

From the data in
Table 2 it is evident that the oxalic acid is superior to both the sucrose and the saline in terms of re-
dissolving the dried down zirconium/zirconyl chloride. Contrastingly, data from PD-10 purification
indicates that the labeling is most efficient in sucrose.

Dissolution yield [%] [PD-10 yield [%] | Total Labeling yiel [%]

Oxalic acid 100 69 69
Saline 46 63 29
Sucrose 47 81 38

Table 2: Table summarizing the apparent radiochemical yields obtained in the three different labeling approaches.
Further analysis showed dramatically different yields for the “Saline” and the “Sucrose” methods.

However, when the labeled protein is analyzed with HPLC (Reverse-phase C4 gradient; 0.1% TFA in
H20: 0.1% TFA in MeCN) the picture looks different. Only the protein labeled in the presence of oxalic
acid showed a coinciding peak on the radio and UV detectors (Figure 19 & Figure 20). This clearly tells
us that the zirconium, when used without oxalic acid as a stabilizing agent against hydrolysis, is not
only unreactive, but will adhere efficiently to proteins. This adhesion cannot be removed by adding
DTPA (as done in the above protocol), seeing that the hydrolyzed Zr is not reactive and thus cannot be
chelated by DTPA. On radio-TLC, the hydrolyzed Zr behaves unlike un-hydrolyzed Zr and does not
elute with the citrate. This behavior is therefore easily misinterpreted as being properly labeled on the
protein. Furthermore, the hydrolyzed Zr will follow the protein in the large molecule fraction on a PD-
10 size exclusion column, and thus end up in the final product.
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Figure 19: HPLC analysis of ASIS labeled using oxalate as a stabilizer. The chromatogram shows coinciding UV and
radio-peaks at 3.5 min.
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Figure 20: HPLC analysis of ASIS labeled using sucrose as a stabilizer. Here the chromatogram shows no radio-peak
at 3.5 min. Instead, the 89Zr appears to elute steadily over the course of analysis.

In the case of both the saline and the sucrose batch, an in vitro cell-binding assay showed perfect
binding of the labeled protein, but that the binding could not be blocked by addition of carrier protein.
This indicates that the 89Zr is binding to the cells without receptor specific binding of the protein [80].
In case of the oxalate batch an activity of 43% was measured.

Based on these results the saline and the sucrose labeling strategies were abandoned.

3.2.3 Inverse labeling

In another attempt to create a labeling method that would avoid exposure of the protein to oxalic acid,
we tested labeling the chelator prior to conjugation to the protein. First the 89Zr was incorporated into
the chelator under normal labeling conditions for 89Zr i.e. 250 mM Na-oxalate and 185 mM HEPES, pH
7[19].
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After 30 min at 40 °C an excess of DTPA was added to make sure all 89Zr was chelated. The oxalate was
removed by addition of CaCl, causing precipitation of insoluble calcium oxalate. The solution was then
centrifuged, and the supernatant containing the labeled chelator transferred to the protein. The
precipitate contained 34% of the radioactivity. pH of the conjugation reaction was adjusted to 8.5 by
addition of sodium carbonate and the solution heated to 40 °C and allowed to react for 1 h.

PD-10 showed a conjugation yield of 28% resulting in an overall labeling yield of 17%. This is low
compared to achievable yields upwards of 100% using the standard oxalate method, but nonetheless
the result was expected seeing that the conjugation yield normally is around 30%[19].

This method can be used as a last resort to label sensitive metalloproteins, which would otherwise be
damaged by the presence of oxalic acid.

Discussion

Even though the labeling yield is quite low, the development of the inverse labeling method could
prove very useful for labeling of sensitive proteins. However, the most important result of this section
is the documented behavior of hydrolyzed Zr. It is common when labeling antibodies, to use PD-10
columns as the sole indicator for labeling yield[81-84]. The PD-10 result is sometimes combined with
size-exclusion chromatography or radio-TLC for verification of the labeled compound. As shown
above, these procedures cannot discriminate properly labeled protein from hydrolyzed 89Zr sticking to
the protein. Injecting the latter into a patient or animal would most likely result in the hydrolyzed 89Zr
distributing independently of the vector.
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3.3 Titanium-45

As discussed above, imaging intact antibodies requires relatively long half-lives to provide sufficient
signal at the time of optimal distribution. For purely diagnostic purposes however, smaller formats are
often engineered (diabodies, Fab-fragments), providing significantly accelerated distribution. For
these formats, much shorter radionuclide half-life is required[85]. In recent years there has been
growing interest in titanium based anti-cancer drugs with several stable Ti-based compounds
published[86,87]. Moving from toxicity tests in cell culture towards clinical use requires
understanding of pharmacokinetics of the potential pharmaceutical. Dynamic PET imaging with 45Ti
allows noninvasive quantification of the biodistribution, as the radiolabeled pharmaceutical
distributes in vivo. This could be a valuable asset in the continued development of Ti-based cancer
therapy. Furthermore, 45Ti is a highly underutilized radiometal. It has near-perfect properties for
peptide and small molecule labeling, such as high production rate, high +branch (~85%), virtually no
gamma emission, and a suitable 3-hour half-life. Unfortunately, there is currently no available chelator
allowing stable complexation of 4Ti. However, succeeding in forming stable complexes when
mimicking the Ti-based anti-cancer drugs, may reveal possible chelation strategies, thus promoting
development and use of 45Ti radiotracers.

Properties

45Ti has highly desirable properties for medical imaging. It is an almost clean positron emitter with a
combined branch for other gamma emissions of less than 0.4%, low 3+ energy (438.9 keV average) and
a high B+ branch of 84.8 %. With a half-life of 3.08 hours it is from a physical perspective the perfect
radiometal for tracing fast clearing or quickly distributing vectors like peptides[88,89].

Production

When irradiating the naturally monoisotopic 45Sc, 45Ti is produced via the 45Sc(p,n)45Ti reaction. At
proton energies above approx. 13 MeV small amounts of 44Ti are produced via the #Sc(p,2n)*Ti
reaction. Due to the very long half-life of 44Ti (59.1 years) however, the co-produced activity is very
low. The reaction cross sections are seen in Figure 21.

For the current work, we constructed a target consisting of a 6x6 mm Sc foil sandwiched between a
silver coin and a 500 pm Al degrader foil (bringing the energy from the nominal 16 MeV to approx. 13
MeV to ensure no co-production of the long-lived #4Ti). The sandwich was placed in the target holder
providing direct water-cooling on the rear face of the silver. The target was irradiated at beam
currents in the range of 10-20 pA without signs of thermal damage.

Chemistry

The aqueous chemistry of Ti is nontrivial and the reason for the non-existing utilization of an
otherwise perfect PET isotope. Due to the high charge to radius ratio, no simple aquated Ti4* ion exists
because of its strong propensity for hydrolization. In fuming HCI however, Ti exists in the form of
[TiCle]#[60]. This is utilized in the separation of Sc and Ti in which the target material after dissolution
in HCl is dried under argon and redissolved in 12 M HCl. Now on the chloride form, the Ti being highly
oxophilic can react and bind on the diol resin while the Sc passes through. Had the Ti not been in 12 M
HCl it would already be at least partially hydrolyzed and thus have reduced or zero affinity for the diol
resin.
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Figure 21: The cross section for the 45Sc(p,n)*5Ti reactions peaks around 13 MeV at approx. 370 mb. Co-production of
44Tj starts around 13 MeV. Cross section data adapted from Levkovskij et al [58]

Several different resins were investigated for their ability to trap 45Ti out of 12 M HCIl. C4OH, Tentagel
HLOH, 1-hexadecanol and 1-10 decandiol all showed no trapping of 45Ti. Hydroxamate resin[90],
Hypogel 200 diol and Hypogel 400 diol resins all were able to trap #5Ti efficiently, but seeing that we
were unable to elute the activity from the hydroxamate resin only the Hypogel 200 diol and Hypogel
400 diol were further investigated. The difference between the two is the length of the PEG chain. To
decide between the two resins, the partition coefficients of Sc and Ti to the resins were determined.
This was done by mixing known quantities of Ti and Sc in 12 M HCI with a known mass of the resins.
After equilibration, the partition coefficients could be determined by measuring the Ti and Sc
concentrations in the supernatants using ICP-OES. The result showed the Hypogel 200 diol as the
better choice having both a slightly higher affinity for Ti as well as higher ratio of the two partition
coefficients Pri/Psc.

3.3.1 Paper IV

In the paper “Bringing Radiotracing to Titanium-Based Antineoplastics: Solid Phase Radiosynthesis,
PET and ex Vivo Evaluation of Antitumor Agent [45Ti](salan)Ti(dipic)” 45Ti is utilized to assess the
biological fate of the antineoplastic compound Ti-salan-dipic. A PET analogue of the compound is
prepared by complexing the purified 45Ti with salan and dipic on a solid support. The in vivo behavior
of the compound is monitored in mice using dynamic PET, and shows rapid removal from the
bloodstream and translocation into the bile.

Discussion

In spite of the physical characteristics of 45Ti, this study is one of the first to utilize the potential of 45Ti
PET imaging. As mentioned, the aqueous chemistry is challenging and currently no suitable chelator
exists. If this is solved, and a chelator allowing aqueous labeling is developed, *5Ti could be a
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workhorse in nuclear medicine. It has a half-life and production yield that allows for nationwide
shipping and has far better imaging characteristics and lower associated patient dosimetry (Figure 10)
than 68Ga, which currently is the preferred PET radiometal for peptide labeling. Unlike é8Ga, 45Ti has
the further benefit of a half-life that allows imaging of small antibody-derived formats like diabodies.
This work hopefully inspires further research in 45Ti radiopharmaceuticals and helps move the
development of a 45Ti chelator closer to fulfillment.
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4. Introduction to Therapeutic isotopes
4.1 Targeted radionuclide therapy

When looking at PET images showing tumor uptake, it is a very appealing thought to simply attach a
therapeutic isotope instead of a diagnostic one. The idea of treating illnesses using radiation is by no
means a new one, and iodine treatments of hyperthyroidism have been used for more than 60
years[91]. However, as targeting improves it opens for new opportunities, and allows the specific
transport of the therapeutic isotope to the target tissue. This idea was conceptualized by Paul Ehrlich
and coined “the magic bullet” already in the 19t century, with his description being remarkably
similar to modern day targeted radionuclide therapy [92] (Figure 22). Ehrlich describes how toxins, by
the means of highly specific antibodies, could be delivered to only the targeted cells and thus
exclusively damage these, while sparing the normal organism. Although the specific vector delivering
the therapeutic isotope is not always an antibody and radioisotopes are not toxins, the concept is
almost exactly what Ehrlich proposed: A toxic compound delivered specifically to the intended target
cells. Instead of poisoning the target cells, the aim in targeted radionuclide therapy is to induce
irreparable damage to the DNA, commonly believed to be done most efficiently via induction of double
strand breaks[93].
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Figure 22: Illustration showing the concept of targeted radionuclide therapy. The therapeutic isotope is bound to a
vector with high specificity for a certain receptor which is exclusive to or overexpressed on the target.

Intact antibodies are still used as vectors, but are receiving increasing competition from smaller
formats like antibody fragments and other antibody derived formats, peptides and aptamers which
due to their smaller size exhibit faster in vivo distribution[94].

Once the vector has reached its target tissue, the radiotherapeutic will locate either on the surface of
the cells or be internalized into the lumen of the cell. The two scenarios each pose a different set of
challenges. If the ligand ramains on the surface of the cell the ligand-receptor bond needs to remain
intact, preferably throughout the entire life-time of the radioisotope. Furthermore, the radioisotope
needs to be bound to the ligand in a way, such that it does not, for whatever reasons, dissociate with
subsequent removal from the target cells. If on the other hand the ligand is internalized, the ligand is
transported through the endocytic pathway and degraded in lysosomes[95]. During this process the
radio-isotope can be released from the ligand vehicle and travel based on the chemical characteristics
of the isotope. The elements generally have widely different fates in the body, however, once
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internalized, metals generally stay inside the cell at timescales relevant for therapy and imaging[38].
Halogens on the other hand are efficiently transported out of the cell and into circulation, thus loosing
their effect as imaging- or therapeutic agents.[96]

4.2 Radionuclides used in therapy

Traditionally, high-energy [3-emitters have been used in targeted radionuclide therapy[97]. Over the
last few years however, there has been an increasing interest in a-emitters, which to a large extent is
due to the advent of the first commercially available a-emitter based therapeutic, Xofigo (formerly
Alpharadin). Consisting of something as simple as the calcium analogue [223Ra]-RaCl, it preferentially
accumulates in bone metastases of patients, suffering from illnesses such as disseminated prostate
cancer[98-100]. To understand the benefits of a-emitters one must first be introduced to the term
Linear Energy Transfer (LET). When particles move through matter, they deposit their energy by
ionizing atoms in the matter. In water which comprises most of the human body, this leads to
formation of free radicals.

H,0 - Hy0* + e-
H,0+* + H,O — H30+* + OH -

The free radicals produced in the ionizations, are highly reactive oxygen species capable of destroying
biological molecules, including DNA[101]. The amount of energy deposited per unit length is termed
LET. Seeing that the amount of energy needed to create an ionization event is the same for different
kinds of ionizing radiation, the LET is proportional to the number of ionization events per unit length.
The average length traveled by the particle between such ionization events is very different for a- and
B-particles [9]. The mean distance traveled by an electron between subsequent ionizations, is much
larger than the distance between the two DNA strands. This makes it highly unlikely that a single pass
of an ionizing electron will cause a double strand break. The very high LET associated with a-particles
results in high density of ionizations along the track making the creation of a double strand break
much more probable (Figure 23).
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Figure 23: When the same amount of energy is deposited in a cell the number of single-strand breaks is also similar,
however the highly clustered energy deposition of high-LET radiation, dramatically increases the chance of creating
double-strand breaks. Adapted from the JAEA R&D Review 2007[102]
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A way to quantify the increased effectiveness in damaging cells is by measuring the relative biological
effect (RBE) of the radiation. This is done by measuring the dose needed to achieve a certain biological
endpoint (like LD10 orLD50) and comparing it to the dose needed from a low LET source (typically a
60Co or 250 keV x-ray source) to get to that same endpoint. This way an RBE of 2 means that only half
the dose compared to the low LET standard, is needed to reach the same biological endpoint. The
common tabulated RBE-value for a-emitters is 20, meaning that they, dose for dose, are 20 times more
efficient in killing cells[103].

The use of a-emitters is still limited for several reasons. One reason for the limited use is availability.
225Ac and 213Bi are still only available in limited amounts from the decay of 229Th even though cyclotron
production is feasible [104,105]. However, the main reason is the difficult to handle decay chains. Most
a-emitters with a half-life suitable for targeted radionuclide therapy have several a-emitting daughter
isotopes with half-lives that allow complete biological redistribution of the daughter (Figure 24). If the
daughters would stay with the vector, this would not pose any complications but only contribute to the
dose to the targeted tissue. Unfortunately this is not the case as the recoil energy of most daughter
nuclides exceeds 100 keV [10]. For comparison the binding energies of the daughters of 225Ac to the
cyclic chelator DOTA are less than 20 eV [106].
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Figure 24: The decay chain of 223Ra and 225Ac. 211Pb, 221Fr and 213Bi have half-lives allowing redistribution in vivo
before subsequent a-emissions. Adapted from Rojas et al. [107].

One a-emitter, 211At, can be produced on cyclotrons and decays by a single a-particle emission.
However, the half-life of 7.2 hours makes logistics and availability a challenge. With astatine being a
halogen, the vector used must be non-internalizing to avoid dislocation of the radionuclide. 211At is
probably still the most promising a-emitter for targeted radionuclide therapy.

With the lacking availability and challenging decay characteristics of a-emitters, targeted radionuclide
therapy is today mainly performed by the use of B-emitters. Here commonly used radionuclides
include 9°Y, 177Lu and 131, with mean B--energies of 933.5 keV, 141.0 keV and 181.2 keV
respectively[108]. As mentioned earlier the corresponding range is estimated by the approximation

E_'ﬁ+ [MeV]

Range [cm]~ 5

For many years, a third group of radionuclides, the Auger-emitters, has received interest due to the
properties of the inherent Auger cascade. Here, following electron capture or a conversion electron,
the atom is left with a resulting K or L-shell vacancy. As the vacancy is filled by an electron from a
higher energy shell or subshell the excess energy (the energy difference between the higher energy
shell and the acceptor shell) is transferred to an even higher energy electron which is ejected from the
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atom. This creates yet another vacancy and now two vacancies are present. The relaxation repeats
itself to fill the two vacancies rendering four vacancies. This process, called the Auger cascade,
continues until the vacancies have propagated to the outermost, lowest energy electrons with

measured Auger electron yields of > 30 e-/decay[109]. A competing process during relaxation is the
emission of characteristic x-rays (Figure 25).
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Figure 25: Illustration of the relaxation subsequent to electron capture. A K-shell vacancy is filled with a higher

energy electron and the excess energy is emitted as A) a characteristic x-ray or B) an Auger electron. Adapted from
Bushberg et al.[32]

The Auger electrons have very low energy compared to [3-emissions and therefore very short ranges
resulting in highly localized energy deposition. Combined with the high multiplicity of emitted
electrons it results in ionization density similar to high-LET radiation (Figure 26). From a physical
perspective it is therefore expected that the RBE value for the Auger emitters is larger than 1 [110-
112]. The expected crossfire on neighboring cells is likewise expected to be minimal due to the short
range of the emissions and the 1/r2 decrease in ionization density.

Figure 26: Ionizations (represented as stars) in close proximity of the DNA to illustrate the ionization density from «
and B particles as well as from Auger electrons. The multiplicity of the Auger electrons create a high-LET-like
ionization density. Adapted from H. Thisgaard [113].
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4.3 Choice of therapeutic radionuclide based on target size
For all targeted radionuclide therapy, the radioisotope is chosen based on several criteria:

e Stable labeling chemistry:

e When a vector is used, the element must allow stable chemical attachment to that vector. If the
construct is unstable and the therapeutic isotope dissociates from the vector, it will in the best case
result in inefficient treatment and in the worst case result in high doses to non-target tissues.

e Low y-yield:

e The radioisotope should have a low abundance of y-emissions to reduce dose to non-target tissues.
Low yield 100-300 KeV can however be beneficial, allowing SPECT imaging and thus aid dosimetry
calculations.

e Tumor size and receptor abundance:

e Generally, it is preferable to have the range of the 8 be equal to or smaller than the size of the
tumor targeted. If the ( range is larger than the tumor size, it will lead to increased dose to normal
tissue (Figure 27).
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Figure 27: Illustration of electron energy as function of range. Insert is typical sizes of biological targets and ranges
of the commonly used therapeutic isotopes °0Y and 177Lu as well as the Auger emitter 135La.

The importance of matching the isotope with the size of the target is a consequence of the tumor to
target ratio. Too high energy compared to the target size will result in the beta particle depositing
most of its energy outside the target volume. This is of course undesirable, as the energy will be
deposited in normal healthy tissue[114]. Therefore, a reasonable method for choosing the isotope is
by evaluating the fraction of its energy that is deposited in the target volume. By plotting the relative
fraction of the total energy released per decay that is deposited inside the target volume as a function
of target radius, it can be visualized which radioisotope will deliver the least dose to normal for a given
dose to target.

This was done for 99, 177Lu, and !65Er using the sphere model in OLINDA down to target sizes of 10
mg. Below this size the MIRDcell formalism was used to calculate the dose to spherical cell volumes
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down to 3.3 x 10-11 g [115]. The target masses were converted to radius using the density of water = 1
g/cm3, and the doses were recalculated to reflect identical activity concentration of 1 MBq/g. The
results can be seen in Figure 28.
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Figure 28: The fraction of energy emitted that is deposited in the target sphere as a function of target sphere radius.

Despite the apparent mismatch in deposited energy for 165Er where the two models OLINDA and
MIRDcell meet, the figure illustrates the point that smaller targets, require lower 8 energy in order to
spare the surrounding tissue. The high-energy beta emitter %Y is superior for large targets with
diameters of >15 mm. Below 15 mm and down to a diameter of roughly 250 pm 177Lu fares the best.
Below 250 pm the Auger emitter 165Er has the highest fraction of its energy deposited in the target, and
especially for very small targets the benefit over the other two is remarkable.

Another thing to notice is the shape of the 165Er curve. At large radii the fraction of its energy deposited
starts growing as a consequence of the x-rays getting more efficiently stopped in the larger spheres. At
the low radii (< 500 pum) there is hardly any decrease until radii < 6 um. This means that even for a
sphere with radius of 6 pm almost the entire electron dose is deposited inside. This simultaneously
implies that hardly any dose will be imparted on healthy cells, even when in close proximity of the
target cell.

It should be mentioned however, that other considerations than minimizing dose to normal tissue
need to be taken when planning treatment. Importantly, tumors are never homogeneous, meaning that
uniform distribution of the isotope inside the tumor volume, cannot be assumed. In this regard, the
higher energy B-emitters have advantage seeing that an area in the tumor volume with low uptake,
will still receive substantial dose from high uptake areas. This argues for use of emission energies
higher than what is indicated in the above figure (Figure 28).
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Figure 29: The absolute dose to target spheres as function of sphere radius for identical activity concentration of 1
MBq/g

Looking at the absolute dose delivered as a function of sphere size, it is evident that the 3-emitters 20Y
and 177Lu deliver much higher doses at large sphere sizes than the Auger emitter 1¢5Er. This is of
course expected as the total amount of energy released per decay for the two is likewise significantly
higher (0.934, 0.18054 and 0.04224 MeV/(Bq:-s) for 90Y, 177Lu and 165Er respectively). However, at the
size of single cells (r = 5 um) the Auger emitter delivers higher absolute dose than both 920Y and 177Lu
(Figure 29).

Due to the modular design of radiometal-based pharmaceuticals, it is easy to substitute one radiometal
for another, if other properties are needed. This especially holds true, if the same chelator can be used
to stably complex both radiometals. Therefore choosing a radioisotope that can readily be substituted
for other isotopes with different properties is advantageous. Here the group of lanthanides is
especially interesting. Its 15 members have virtually identical chemistry allowing complexation with
the chelator cDTPA[116]. The group of lanthanides hosts a, § and Auger emitters for therapy and PET
and SPECT isotopes for diagnostics. These features make the lanthanides a very attractive group of
metals and ideally suited for use in therapy, seeing they allow both facile tailoring to different tumor
sizes as well as exchange for diagnostic isotopes for evaluation of treatment response and dosimetry.
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5. Projects based on therapeutic isotopes
The aim of the work within the field of therapeutic isotopes, was to develop robust methods for
production and utilization of the lanthanide radionuclides 135La, 165Er, and 177Lu.

5.1 Lanthanum-135
135La properties

135L,a decays by electron capture, primarily to the ground state of stable 135Ba, with a half-life of 19.5
hours[117] (Figure 30). Following the decay, Auger electrons are emitted which are potentially useful
for internal radiotherapy. X-rays accompany the Auger cascade with a spectrum comparable to that of
125] allowing concurrent SPECT imaging in small animals, facilitating dosimetry calculations in small
animal models.
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Figure 30 A simplified decay scheme of 135La [117].

135L,a production

135L.a is produced via proton bombardment of natBa. It is produced through several channels with
135Ba(p,n)135La and 136Ba(p,2n) as the main contributors at 16 MeV. It is the primary radioisotope
produced in proton induced reactions on unenriched barium (Figure 31). The isotopes !32La and 133La
are coproduced via (p,n) and (p,2n) reactions on 132Ba and 134Ba respectively. Due to their shorter half-
lives of 4.8 and 3.9 hours respectively, the relative amounts can be reduced either by waiting or by
irradiating longer (Figure 32). Longer irradiation will shift the ratio because the shorter half-life
isotopes will approach saturation (Figure 5).

The targets were produced by pressing chunks of dendritically distilled metallic barium into a groove
in a silver disc. Barium is soft and malleable and can be pressed to a smooth surface using a
mechanical press at a pressure of approx. 20 kN/cm2. Barium readily oxidizes in air and, seeing that
the thermal conductivity of the oxide is only 1/6t of that of the metal, it is important to minimize this
process[118]. To do so, the pressed targets were immediately mounted under a cover foil in the target
holder. Thermal conductivity of the metal is fairly low (18.4 W/(m-K) but beam currents of 15 pA were
routinely used without visible signs of the target melting.
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Figure 31: The reaction cross sections for matBa(p,x)132gLa, natBa(p,x)133La and mtBa(p,x)135La atincident energies <20
MeV.
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Figure 32: Graph showing the radionuclidic purity as a function of time after EOB and the effect of irradiation times.
At longer irradiations the shorter half-life isotopes will approach saturation levels while the 135La production rate
will be almost unchanged. This causes the radionuclidic purity to increase as a function of irradiation time.
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Lanthanide chemistry

The chemistry of lanthanum follows the general rules for lanthanides. Lanthanum, like the rest, has a
strong preference for the (M)3+ oxidation state and being the first in the line of lanthanides, it has the
biggest ionic radius of 1.061 A vs only 0.848 A for the last in the lanthanide series, lutetium. The
decreasing ionic radius of the (M)3* ions, known as the lanthanide contraction is a consequence of
imperfect shielding of charge between 4f electrons, resulting in the increasing effective nuclear charge
experienced by the 4f electrons as the number of protons increases. Since the 4f electrons are
relatively uninvolved in bonding, this change in ionic radius and the influence this has on complex
formation with ligands is exploited to separate the different lanthanide ions. A commonly used ligand
for this kind of separation is a-hydroxyisobutyric acid (a-HIBA). However, separation of neighboring
lanthanides using this method is not trivial, and suffers from low separation efficiency, large solvent
volumes and from being very time consuming.

Lanthanum has the benefit of having the lanthanide chemical properties providing possibilities for
facile interchange to other therapeutic- or diagnostic lanthanide isotopes, while as the only lanthanide
having non-lanthanide target for (p,x) reaction-based production. This allows efficient separation from
the barium target material, while retaining the benefits of the lanthanide group.

The separation is performed by dissolving the barium target material in HCl. Once dissolved the
solution is buffered to pH 3-7 using ammonium acetate or HEPES buffer. Under these conditions, the
cationic 135La is retained when the solution is passed over Waters Accell Plus CM weak cation
exchange resin. The target barium also traps so some degree but gives way to the 135La, which is
quantitatively trapped. After washing the column with water and/or buffer, the 135La can be eluted in
0.1 M HCL.

5.1.1 PaperV

The paper “135La as an auger electron emitter for targeted internal radiotherapy” describes in detail the
production methods including target preparation, irradiation, separation and molar activity
measurements. It further presents a recalculated Auger spectrum, and the associated cellular
dosimetry.

Discussion

The published production rates may prove insufficient for large-scale production using a 16 MeV
cyclotron. However, looking at the cross sections above 30 MeV reveals potential for much higher
production rates (Figure 33). Calculations based on stopping powers calculated using SRIM[16] and
the experimental cross sections measured by Prescher[119] and Tarkanyi[120] were performed, using
an incident energy of 50 MeV and a target thickness allowing the beam to exit the target barium at an
energy of 30 MeV. The calculations show an approx. 50-fold increase in production rate, as compared
to the calculated production rate of a 16 MeV incident beam on a thick target. This would amount to
approx. 750 MBq/pAh, allowing production of tens of GBq. If a high-energy cyclotron is not available,
the production rate can be greatly increased by bombarding enriched 13°Ba, which only comprises
6.6% of matBa. This, along with target optimization for higher beam currents, should allow an increase
in production rate, similar to what is gained from higher energy. Due to the high cost of enriched
isotopes reuse of 135Be would most likely be necessary. Although sacrificing some of the production
rate, a solution target containing aq. 13°BaCl; could prove to be a viable route.
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Figure 33: Expanding the scope beyond energies commonly available on small medical cyclotrons reveals high cross
section values of >650 mb for the natBa(p,x)135La reaction around 40 MeV.[119,120]
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5.2 Erbium-165

Another promising Auger emitter besides 135La is 165Er. With a higher number of Auger emissions and
lower gamma and fluorescence yield, this lanthanide is perfectly suited for Auger therapy. However,
unlike 135La it suffers from only having lanthanide neighbors, making the separation from the target
material both inefficient and time consuming. The attached paper draft “A Szillard-Chalmers Based
Generator for the Auger Emitter Erbium-165" presents a liquid generator-based production method
based on the escape of 165Er from DOTA subsequent to the auger cascade of its mother isotope 165Tm.
The paper provides an elegant and possibly general method for separating daughter isotopes
following EC decay.

165Er properties

Prominent amongst pure auger emitters as an internal radiotherapeutic nuclide is 1°Er. It has an attractive half-life of,
10.4h, making it suitable for both peptide and antibody labeling.

165Er production and separation

As mentioned, 165Er is produced in a generator system as the daughter of 165Tm. At 16 MeV 165Tm is
produced by proton irradiation of maEr via the natEr(p,2n)!6STm reaction. At higher energies the
production rate increases significantly, likely due to contribution from the production channels
natEr(p,3n)165Tm and possibly natEr(p,4n)165Tm (Figure 34). [121-123]
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Figure 34 Like in the case of 135La the experimentally measured cross section data shows a large increase in
potential production rate when going beyond the 16 MeV[124,125].

Here a 250 um thick Er foil was mounted under a 100 pum Al cover foil, and irradiated at 20 pA, without
taking damage. During bombardment, many other Tm isotopes than 165Tm (161Tm, 162Tm, 163Tm, 164Tm,
166Tm, 167Tm, 168Tm and 179Tm) are coproduced.
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After irradiation the Er foil is dissolved and the bulk of the natEr is removed using LC with a-HIBA
solvent. The remaining Er and Tm is chelated using the cyclic chelator DOTA at 95 °C. When 165Tm
decays by EC, the 165Er daughter is released from the chelator. Since erbium cannot reenter DOTA at
room temperature, it stays in solution, and can be collected by passing the entire solution over cation
exchange resin. The other coproduced Tm isotopes all have short half-lives or stable daughters,
rendering 165Er the only radioisotope trapped. Utilizing the decay mediated release from DOTA, the
165Er can be separated from the matEr in high purity.

The parent/daughter activity relationship between 165Tm and 165Er is given by the equation:

Agr

Ay = ————
Er AEr - ATm

Arm, (e~Armt — e=Aert) 4 AErOe_)‘Ert

with A, and Ag,, denoting 165Tm and 1Er starting activities respectively. This is simply the solution
. . . dN : . :
to the differential equation TEr = ArmNrm — Ag-Ng,- saying that the change in number of 1¢5Er nuclei

is the influx from decaying 165Tm minus the number of decaying 165Er nuclei[126]. The 165Tm/165Er
relationship shows that the 165Er activity peaks after 24 hours at 57% of the starting 165Tm activity
(Figure 35).
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Figure 35: The normalized 165Tm and 165Er activities as a function of time.

This means that given the measured production rate of 165Tm of 233 MBq/pA at saturation, a 4 hour
irradiation at 20 pA can theoretically yield 235 MBq of purified 165Er 24 hours later.

5.2.1 Paper VI
The paper draft “A Szillard-Chalmers Based Generator for the Auger Emitter Erbium-165" is attached,
describing the 165Er generator as well as a-HIBA separation of erbium from thulium in detail.

Discussion

For small animal trials, only small amounts of activity are sufficient to prove the concept of 165Er based
radionuclide therapy. As for 135La however, the published production rate on a 16 MeV cyclotron is
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insufficient for clinical use. But also in this case, greatly increased production rates are available at
higher incident energies. Comparing the thick target yield using 50 MeV protons to the 16 MeV data,
reveals a 43-fold increase in production rate which would allow production of >10 GBq of 165Er (Figure
34).

When using m2tEr targets of the size needed for 16 MeV irradiation, the removal of bulk maEr using LC is
probably not needed. Chelating the entire target mass would require 1-2 g of DOTA which is still
economically feasible compared to the cost and time spent setting up and running the LC method.
However, if the method is to be applied to large-scale production on a 50 MeV cyclotron, the target
mass for a would be approx. 18 times higher[16] making removal of natEr necessary.

Another possible route to higher production yields, could be the (p,n) reaction on monoisotopic 165Ho.
As mentioned the subsequent a-HIBA separation of two neighboring lanthanides is time-consuming
and not highly efficient. Nonetheless, with careful optimization, this route could provide high amounts
of 165Er, for applications where very high specific activity is not essential.
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5.3 Lutetium-177
177Lu properties

With a one-week half-life (6.65 d), 100 % [- -emission and a low gamma dose, 177Lu has excellent
physical properties for targeted radionuclide therapy. It has a 10 % abundant 208 keV gamma
emission suitable for concurrent SPECT imaging and dosimetry evaluation (Figure 36). The average
beta-range in soft tissue of only 670 um makes the isotope ideal for irradiation of small volume tumors
and micro-metastasis[127].
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Figure 36: A simplified decay scheme for 177Lu. Adapted from Dash et al.[127]

177Lu production

177Lu is, unlike the other radioisotopes in this thesis, produced in a reactor. This can be done in two
different ways: The direct route of 176Lu(n,y)7’Lu or the indirect way 176Yb(n,y)!?7Yb with subsequent
decay of the short-lived 177Yb (Ty = 1.9 h) to 177Lu (Figure 37). Under normal conditions, neutron
activation via (n,y) reactions will yield very low specific activity seeing that the target material cannot
be chemically separated from the product. For the 176éLu(n,y)!77Lu reaction this is not the case because
of the unusually high associated reaction cross section of 2090 barns for neutron capture. This allows
normal research reactors to reach approx. 25 % of theoretical specific activity (1.1 TBq/mg) in a 4
week irradiation[127,128]. In theory, the latter production route can yield higher specific activity,
seeing how the target material can be chemically separated, but suffers from much lower neutron
capture cross section and thus much lower production rates.

56



n,
176y % 177y
(2.59%) 6.89 days

Complicated
radiochemical
separation
procedure
Carrier-free route

176Yb 177Yb

(12.7%) 1.9 hours

Figure 37: Diagram showing the two main routes to 17’7’Lu. Enriched 176Yb or 176Lu is irradiated with neutrons to
either directly or indirectly via 177Yb decay produce 17’Lu. Adapted from Dash et al.[127]

5.3.1 Paper VIl

The protein “Active Site Inhibited factor 7” (also ASIS or FVIlai) was labeled with 177Lu for a pre-
clinical therapeutic study. Factor 7 is a natural ligand to tissue factor, a 47 kDa transmembrane
protein, which is the main initiator for the coagulation cascade. However, tissue factor overexpression
is also associated with cancer. In pancreatic cancer, accounting for 3 % of all newly diagnosed cancers,
but 6 % of cancer deaths due to its high associated mortality, tissue factor overexpression has been
linked with metastasis and poor survival. For treatment of pancreatic cancer, tissue factor has been
identified as a potential target for targeted cancer therapy. For that same reason, ASIS has previously
been labeled for diagnostic purposes using ¢4Cu, seeing how targeted therapeutics are only feasible
with confirmed overexpression of tissue factor[129,130].

This project was aimed at targeting tissue factor for radionuclide therapy to treat tissue factor-
expressing pancreatic cancer in mice.

177Lu-cDTPA-ASIS was produced on four separate occasions (cDTPA is shorthand for NCS-p-Bn-CHX-
A”-DTPA). Initially the chelator of choice had been DTPA, but the chelate formed with 177Lu was not
stable against the 0.1% TFA present in the HPLC eluent nor against the citric acid eluent used in TLC,
making quality control difficult. While the lability of the chelate in these solvents may not necessarily
result in 177Lu dissociation in vivo, we decided to label using cDTPA instead which did indeed result in
higher stability at low pH[8,131].

The protein was stored at a concentration of 2.4 mg/mL in calcium-containing isotonic HEPES buffer
(50 mM HEPES, 10 mM CacCl,, 150 mM NacCl). To this solution, 50 pL of 300 mM Na-HEPES pH = 10.5,
and 70 pg of cDTPA were added per mg of the protein. This corresponds to 5:1 chelator to protein
ratio. The cDTPA had been solubilized in DMSO the same day at 15.4 mg/mL allowing the final
concentration of DMSO in the reaction solution to be less than 1%. The pH of the mixture was
measured using PeHanon pH strips and found to be pH = 8. This mixture was allowed to react for two
hours at room temperature and then overnight at 5 °C. The following morning, the conjugation
efficiency was determined by UV-HPLC (Hitachi Chromaster). Standard curves for both the cDTPA and
the ASIS protein allowed quantification of the amount of chelator conjugated to the protein. This was
achieved by simply quantifying the remaining unbound chelator at the end of reaction. This showed
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that 0.88 chelators were consumed per protein, i.e. 17.5 nmol cDTPA per mg protein. By subtracting
the added signal from the conjugated chelators from the protein peak, the specific UV absorbance of
the conjugated protein could be calculated for further measurements. The unreacted chelator was
removed by gel filtration (PD-10, GE Healthcare) in glycylglycine buffer (10 mM glycylglycine, 10 mM
CaClz, 150 mM NaCl; pH = 7.0). Before adding the sample the PD-10 column had ~5 mg of human
serum albumin (HSA) loaded and been washed with >20 mL of the glycylglycine buffer. Gel filtration
was performed using a loading volume of less than 1.5 mL to ensure efficient separation with
minimum loss of protein. After gel filtration, protein concentration was determined by UV-HPLC and
showed that 81% of the original protein mass was collected.

177Lu (molar activity = 48 MBq/nmol) in 0.05 mM HCIl (Perkin Elmer) was dried at 135 °C and re-
suspended in 60 pL 0.1 M HNOs3 and neutralized by addition of 30 pL. 300 mM Na-HEPES. The activity
was added to the protein and this was allowed to react for at least 1.5 hours at 35 °C before addition of
100 pL 50 mM EDTA in H20. EDTA was added in >250-fold excess as a 177Lu scavenger to complex any
remaining unlabeled 177Lu. After an additional 30 minutes at 35 °C, the labeled protein was purified by
gel filtration on the same PD-10 column used earlier. This efficiently removes the 177Lu-EDTA from the
protein. Subsequent UV-HPLC analysis showed a loss in protein mass of 36% in this purification step,
resulting in an overall loss of protein mass of 48% from start to finish. The 177Lu activity was
determined using a calibrated Ge(Li)-detector.

The specific activity of the labeled protein was 482 + 101 MBq/mg (n = 3). The highest specific activity
attainable given the molar activity of the 177Lu (48 MBq/nmol) and the conjugation yield of 17.5
nmol/mg is 840 MBq/mg. The difference in these two numbers can be due to metal impurities in
solvents and columns as well as metal contaminants with affinity for cDTPA in the stock 177Lu other
than natLu.

Gel-electrophoresis (SDS-PAGE) was performed on the 177Lu-ASIS under non-reducing conditions
according to the standard Bio-rad protocol on a Protean mini tetra 2 precast gel. This showed only one
visible band at approx. 50 kDa proving the ASIS still intact and non-aggregated after the labeling
procedure.
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Figure 38: Treatment of mice bearing BxPC-3 tumors with 177Lu-ASIS. A) Treatment with 15 MBq 177Lu-ASIS had a no
influence on survival. B) There was a significant increase in the survival of mice treated with 7.5 MBq 177Lu-ASIS
compared with the controls (p=0.007; Log-rank test). C) Treatment with 2x7.5 MBq 177Lu-ASIS had a no influence on
survival. N=8-16/group. From poster (Abstract nr. 5203) presented at AACR Annual Meeting 2017.

The therapeutic study showed a significant increase in survival in animals receiving a single 7.5 MBq
treatment with 177Lu-ASIS, whereas 2 x 7.5 MBq and 1 x 15 MBq did not show increased survival
(Figure 38).
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Discussion

The developed labeling method proved efficient and reproducible. The result of the therapeutic study
however, is difficult to interpret. In the study, only the cohort receiving the lowest dose had increased
survival. This does not intuitively make sense, unless the reduced survival in the two high dose cohorts
(A and C in Figure 38) is a direct consequence of the increased dose. Noticing the survival curve of the
control group in the low dose cohort (B in Figure 38), it is clear that this group has shorter survival
than the control groups in the two high dose cohorts. This could be the explanation for the significant
increase in survival, observed in the low dose cohort.
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6. Introduction to in vivo generators

Continuing with the aim of developing diagnostic and therapeutic radionuclides, the concept of in vivo
generators was explored. In 1989, Mausner introduced the idea of targeted radionuclide therapy,
using long-lived parent radioisotopes labeled to antibodies and relying on the short-lived daughters’
high-energy emissions for the therapeutic dose. In this way, the therapeutic daughter is produced from
the parent decay in vivo, giving rise to the name in vivo generators. There is a clear inverse correlation
between the half-life of a 3-emitter and the mean energy of the emitted (3-particle, meaning that very
high B-energies are exclusive to isotopes with half-life too short for large vectors like antibodies to
achieve optimal distribution. This correlation can be circumvented by utilizing in vivo generators. As
very short-lived, high energy daughters can have a long half-life parent, this parent isotope can be
bound to the vector, effectively prolonging the daughter half-life[132].

For therapeutic daughters, a very important consideration is the chemical consequence of the parent
decay. The change from parent to daughter element, can cause drastic changes in chemistry, but even
when the parent and daughter chemistry are almost identical (like in the row of lanthanides), parent
decay can cause release of the daughter. In general, the rule is that even when the daughter has similar
affinity for the parent chelator, a, EC and IC decay will cause the daughter to dislocate, while § and IT
decay will not[133-135]. This chemical effect is exactly what was utilized to produce 1¢5Er above,
causing 165Er to dislocate from DOTA.

6.1 Paper VIII

The paper “In Vivo Radionuclide Generators for Diagnostics and Therapy” reviews in detail the field of
in vivo generators.

6.2 Paper 1X

The dislocation of the daughter, commonly considered problematic, could however have diagnostic
potential. We decided to test if the daughter released subsequent to EC decay, could be utilized to
quantify vector internalization. If a vector is bound to the surface of a targeted cell, then upon parent
decay, the daughter would diffuse away from the cell before decaying. If the vector was internalized
prior to the parent decay, the daughter would be trapped and decay inside the cell.
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Figure 39: Simplified decay scheme for 140Nd[136].
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The isotope 140Nd (T, = 3.37 d) decays by EC to the short-lived daughter 14°Pr (T, = 3.4 min) which is a
B+ emitter allowing PET imaging (Figure 39). 140Nd was labelled to the vectors DOTA-TATE and DOTA-
LM3 which are both specific for somatostatin receptors (overexpressed on a number of
neuroendocrine tumors). DOTA-TATE is known to internalize, whereas DOTA-LM3 does not
internalize upon binding [137,138]. The labeled vectors were then injected into mice, which were
scanned over several time-points. After 24 hours, the animals were sacrificed and scanned again. If the
vector was on the cell surface, then the in vivo PET signal was assumed to be non-localized. This is
because the PET isotope would have moved into circulation and away from the tumor. If the vector
was internalized, the PET signal was assumed to be localized to the tumor. The real localization of the
DOTA-TATE and DOTA-LM3 was imaged post-mortem, because without blood flow there was no
mechanism to separate the parent and daughter decays (Figure 40).
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Figure 40: Illustration of the concept when using 14°Nd as a PET isotope. If the 14°Pr daughter is released into
circulation, the 140Pr ion will be moved from the site of parent decay before it decays. If the 140Nd decays after
internalization or the daughter otherwise is restricted from reaching the blood, the resulting daughter decay will
occur in close proximity to the parent decay and thus in close proximity to the vector.

140Nd production

140Nd as well as 134Ce was used during the project and both radioisotopes were produced at the
ISOLDE facility at CERN. 134Ce is only available via exotic production routes, hence its placement on the
isotope map far from stability and surrounded by several isotopes of similar half-life. Proton
irradiation of the nearest stable neighbor 136Ce would indeed yield 134Pr, which with a half-life of only
18 minutes would produce the daughter 13¢Ce. However, it would be impossible to separate the
produced 134Ce from the 13¢Ce starting material. A different strategy could be irradiating either n2tLa or
enriched 138La with high energy protons relying on the reactions natLa(p,xn)!34Ce or 138La(p,5n)134Ce.
The issue with both is that irradiations at energies high enough to yield (p,5n) and (p,6n) reactions are
not very specific and will thus also yield significant amounts of the neighboring nuclides. 140Nd can,
unlike 13%Ce, be produced on a small medical cyclotron by proton irradiation of naturally occurring
monoisotopic Pr. For 140Nd the difficulties are thus not producing the isotope but separating it from
the bulk target material. Separation of neighboring lanthanides is, as mentioned, a very inefficient and
time-consuming task.

The ISOLDE radioactive beam facility (Isotope Separator On-Line DEtector) is located at CERN on the PS
Booster. The facility has since 1967 delivered radioactive beams and isotopes for applications within
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nuclear, solid-state, bio- and astrophysics. The facility utilizes the beam surplus available from the PS
Booster and receives 1.4 GeV protons at beam currents up to 2 pA[139,140].

The primary reaction at 1.4 GeV is spallation. The spallation process is triggered as high-energy
protons collide with nucleons in target nuclei thus transferring its energy and leaving the target nuclei
in highly excited states. The excited nucleus releases excess energy by evaporation of nucleons.
Because protons have to cross the coulomb barrier, the nucleus preferentially evaporates neutrons,
resulting in the proton rich reaction products. The process can be analogized by a hot Irish coffee,
which cools by preferential evaporation of the more volatile component, e.g. alcohol. The highly proton
rich products will then beta decay towards stability[141,142].

The target in which the reactions take place is a thin tantalum tube. The tube is ohmicly heated to
approximately 2000 °C by running a constant DC current of 640 A over it. This extreme heat causes the
produced isotopes to diffuse to the tantalum surface from which they evaporate into the tube cavity.
From here, they are ionized and accelerated out of the tube and into the mass separator. The
ionization process can be improved by laser ionization in which 2-4 laser beams are shined through
the tantalum tube, carefully tuned to ionize a specific element in a stepwise manner. This specific
ionization technique not only increases the intensity of the radioactive beam, it also improves the
purity by preferentially ionizing the requested isotope, causing the ratio to contaminants to increase.

Upon leaving the mass-separator, the isotopes are deposited in a thin Zn film deposited on a gold foil.
Zn is used as it is easily dissolved and separated from the lanthanide product and the gold backing
used because of its inertness[139].

The paper draft “Neodymium-140 as an in vivo generator for preclinical positron emission
tomography” is attached.

Discussion

The results of the small animal tests showed a significant difference in pre- and post-mortem scans for
the non-internalized DOTA-LM3. In the study, we showed that the non-internalizing tracer 140Nd-
DOTA-LM3 accumulates in the pancreas and releases 140Pr3+ into the blood stream where it quickly
redistributes to the liver and lungs. We hope that further work will lead to the development of PET
probes using 140Nd as the radiolabel that allows quantification of internalization. The experimental set
up described here using pre- and post-mortem imaging should facilitate that development.
Determining the internalized fraction might prove possible by comparison of target to lung ratio, if the
used vector does not have lung uptake. Having the ability to quantify the tissue dependent
internalization of pharmaceuticals using PET would provide a valuable tool in drug delivery
investigations of designs where cellular internalization is crucial to drug action.

For this technique to be relevant, the isotope production cannot rely on the exotic production routes
available at CERN/ISOLDE. To be readily available for research the 1#0Nd must be able to be produced
on demand and in larger quantities, not to mention at a lower cost. Therefore, there is probably no
way around performing the a-HIBA separation. While this might have been detrimental in the case of
165Er, the longer half-life of 140Nd can allow the associated time-consumption.
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7. Discussion
7.1 Measurement of dose in targeted radionuclide therapy

When performing radionuclide therapy, dose fractionation and monitoring is not performed to nearly
the same degree as in external beam radiotherapy. This is not because the benefits of fractionation
would not apply in targeted radionuclide therapy, but rather because these procedures are inherently
associated with large uncertainty in estimates of tumor uptake. Commonly used therapeutic isotopes
do not have a * branch, and concurrent imaging therefore has to be performed using SPECT imaging
instead of quantitative PET imaging. One way of assessing the expected dosimetry is by performing
PET scans prior to therapy using the same vector with a diagnostic isotope attached. This is done when
treating with 177Lu-DOTA-TATE, where 64Cu-DOTA-TATE is used for PET scanning to quantify the
uptake before administration of the therapeutic. Several intact antibodies have been used as vectors in
targeted radionuclide therapy using both (3-- and a-emitters to deliver the therapeutic dose. For intact
antibodies, the highest tumor uptake is typically seen 3-4 days post injection. To trace the distribution
and verify expression of the target on all lesions prior to therapy, long-lived isotopes like 89Zr and 52Mn
are necessary, seeing how patient dosimetry does not favor ¢4Cu for scanning later than two days post
injection (Figure 10 & Figure 11).

Pre-treatment imaging in Auger therapy is more complicated. It is of course possible to substitute the
Auger emitter for a chemically similar PET radionuclide and evaluate the uptake in the tumor. The
issue is that the very short range of Auger-electrons, necessitates internalization of the vector for
optimal therapy. Therefore, an image showing quantifiable tumor uptake is not sufficient for reliable
prognosis of the efficacy. The isotopes 14Nd and 134Ce however, could possibly deliver the relevant
information, as the delayed PET signal from the decaying daughters should allow quantification of the
internalized fraction. This would be a valuable tool in the potential move from pre-clinical to clinical
use of Auger therapy. Furthermore, the technique could also be used when considering therapy using
any of the a-emitters with a chain of radioactive daughters like 225Ac and 223Ra. If the isotope is
internalized, the risk of redistribution of radioactive daughters is most likely severely reduced. Thus, a
pre-treatment PET scan using 140Nd or 134Ce could estimate the expected extent of redistribution of the
radioactive daughters.

7.2 Receptor saturation in Auger therapy

Although the main parameter to consider when choosing a radionuclide for therapy is the associated
dose to normal tissue, one could imagine an isotope with emissions so low in energy that it would be
impossible to target a sufficient number of nuclei to the target cell. This is indeed a real concern since
delivery requires the presence of a certain receptor or cell surface moiety. As these, at least to some
degree, are consumed as the specific vectors bind, the number of available receptors must at least be
equal to the number of vectors needed to deliver the lethal dose. An approach to estimating if the
required uptake can be reached is to review reported uptake values from literature. Here antibodies
and antibody-derived formats tend to excel, exhibiting very high and specific uptake. In a recent 2014
paper by Marquez et al. they report 173 %id/g uptake of the HER2 specific antibody pertuzumab, with
an injected activity of 3.7 MBq of 89Zr[143]. Assuming 108 cells/g [144] this results in

No of nuclei delivered per cell = g =2.6 x 10*

1.73 x 3.7 MBq
//189Zr x 10
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This number of nuclides of 135La corresponds to an activity of 0.26 Bq and if placed in the nucleus, a
total dose of 33.6 Gy when integrated over the lifetime of the radionuclide (N«N calculated in
MIRDCell [115]). The data from Marquez et al. furthermore has a labeled molar activity of only 11.1
GBq/umol chelator. The 135La produced in this thesis has a molar activity of 70 GBq/pmol and
therefore the uptake corresponds to not 0.26 Bq but 1.62 Bq. Also important, is that calculating
average cell uptake based on a value like the 89Zr-pertuzumab %ID/g and using that to estimate the
uptake capacity of a single cell is not entirely fair. In a solid tumor, not all individual cells have perfect
access to the vector due to suboptimal perfusion inside the tissue. Disseminated single cells and micro-
metastasis, however, will have much better access to the surrounding blood, and thus an expected
uptake that is higher than reported for solid tumors.

7.3 The importance of specific activity

Unfortunately, not all targets can be expected to be expressed as highly as HER2, which in several cell
lines have > 106 copies per cell [145]. When the number of targets per cell is much lower, the
importance of specific activity increases, as a higher fraction of the available receptors is needed to
deliver the necessary dose. Therefore, specific activity is, especially within therapy but also in
diagnostics, of great importance. In therapeutic applications, the dose that can be delivered to the
target is often directly proportional to the specific activity of the therapeutic radioisotope used [146].
In diagnostic scans, the specific activity can dictate the attained target-to-background signal ratio.

A limitation in all radiometal production is the presence of metal contaminants in the starting
materials. Most solvents can be obtained in very high purity or can be stored with metal binding resins
to remove impurities. Nonetheless, when performing isotope separations requiring large volumes of
solvent, contaminants will accumulate over the course of the separation. The bigger issue however, is
metal contaminants in the target material. These target materials are typically only available from a
very limited number of suppliers, and commonly have significant amounts of competing metal
impurities. Those that are not eliminated during the separation procedure will affect subsequent
labeling yields. The impurities can be removed by performing a “cold” separation and the separated
target material reused either in an electroplated target or as a pressed powder target. This however, is
impractical as not all metals are easily electroplated, and because irradiation of the salts is associated
with reduced production yields due to poor heat conductivity and isotopic dilution.

Another way to optimize specific activity is to irradiate longer or at higher beam-currents. If more
activity is produced in the same target mass, the specific activity is expected to scale linearly with the
produced activity. Irradiating at higher beam-currents further have the benefit of higher production
rates and thus increased production capability. The targets used in this work have been first
generation targets, and have not been optimized for high beam currents. With careful optimization, it
should be possible to at least double or triple the production capability.

7.4 RBE of Auger electrons

One major obstruction for the further development of Auger-based therapy is the lack of an
appropriate dosimetry model. Many groups have measured the RBE of Auger emitters, but the RBE
may not be a great way to characterize the effectiveness of these radioisotopes. Measuring RBE
requires knowledge of the dose delivered to the cells. For both a- and (-emitters, the dose can be said
to be uniform through volumes the size of cells because the range of these particles are much larger
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than the cell diameter. In other words, a known volume can be exposed to a dose that is uniformly
distributed over the entire volume, and the effect this irradiation has on that very volume can be
assessed. This makes the comparison easy, and the RBE can be measured simply by measuring which
dose is needed to Kkill a certain percentage of the cells in a culture. The problem, when trying to
measure the RBE of Auger emitters, is that the ranges of the lowest energy Auger electrons are far
shorter than the size of the cell. Therefore, any vector used that does not exhibit uniform cellular
distribution will have enormous effect on the resulting RBE measured. Therefore, an RBE measured
for an Auger emitter is not just the RBE of the isotope, but the BRE of the entire vector-radioisotope-
construct.

The high importance of the intracellular distribution of the Auger emitters for inducing optimal
damage to the cell also hints at an important benefit of Auger therapy. The extremely localized damage
of Auger emitters should spare non-targeted tissues like liver, kidneys, and spleen: all commonly
highly exposed in targeted radionuclide therapy. Verifying this hypothesis would be an important part
of the overall argument for use of Auger emitters.

7.5 Clinical outlook

The ability to produce a new tracer with proven benefits for diagnosis of a specific illness, is not
always enough to make a clinical product. There are many constricting factors to overcome. The
imaging of intact antibodies serves as an example:

In recent years there has been a lot of attention put on radiometal based antibody imaging, following
the increasing number of antibody based cancer therapies like Trastuzumab (Herceptin) targeting the
HERZ2 receptor, Bevacizumab (Avastin) targeting VEGF etc. [84,147-150]. Seeing that the receptor
phenotype of the primary tumor established via histology is not always conserved in all metastatic
lesions [151], there is a need to map out the receptor availability on all lesions to assess the expected
efficacy, before starting the treatment. Such an evaluation is at first glance simple. The hospitals of
interest would already have the antibody in question. An appropriate isotope like 89Zr is commercially
available, as is the appropriate bifunctional chelator p-NCS-Bz-DFO[152]. Furthermore, the
conjugation strategy is based on robust and well-tested methods making the whole process readily
available for the hospital radiochemists. So why is it not done?

First, one cannot just go ahead and attach a radioisotope to an antibody, and administer the cocktail to
a patient. It all has to be done within the framework of good manufacturing practice (GMP). This
requires rigorous testing and validation of all associated procedures and materials used, as well as
large amounts of paperwork to be filed and approved by authorities before the needed permits can be
obtained. This process is highly time consuming and expensive. Furthermore, the approval given
needs to be maintained with scheduled tests and revalidations, resulting in a sustained cost associated
with each approval. This cost, i.e. the initial cost plus the sustained cost needs to be multiplied by the
number of antibodies used in cancer therapy at the hospital, seeing that each will need an individual
approval. This all sums up to many hours and a lot of money spent, and since the high cost of these
drugs is a heavy weighing part of the argument for pre-treatment imaging, this financial argument is
difficult to get around.

Secondly, a high throughput of patients is needed, not only to make it financially feasible but also to
ensure the diagnostic certainty of the examination. Even though antibodies have unparalleled
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specificity and uptake, interpretation of diagnostic images is not always trivial. The biological targets
of antibodies are not exclusively available but merely overexpressed in tumor tissue and thorough
understanding of the normal uptake and common artefacts is needed for the physician to correctly
evaluate the PET data. This skill takes months to acquire even for high throughput tracers.

Finally, getting the high patient throughput needed to make the examination economically feasible and
to acquire the degree of specialized medical knowledge needed requires that the new examination is
given priority over other important examinations. Capacity in PET departments is already stretched,
and priority is typically given to more versatile tracers that not only have a larger patient base, but
also have a wider array of uses.

So, are all highly specialized tracers redundant? No, but the use of these requires a high level of local
specialization in single departments receiving their patient base from large geographical areas. This
does not mean that patients need to travel across the country, but that the tracer has a half-life that
allows its shipping nationwide and a digital framework that allows a few specialized doctors to
evaluate all images.

Even though dosimetry is weighted heavily in this thesis, dosimetry’s importance is only critical in
clinical applications. Therefore, an isotope like 52Mn, which only in special cases would be considered
for human use, is nonetheless an important radionuclide for preclinical and pharmaceutical
investigations. Here the dosimetry does not matter as long as the doses are below the threshold for
acute damage. Properties that do matter are of a more practical nature, such as availability, versatility,
image resolution, chemical behavior, and ease of handling. All except the first are properties in which
52Mn excels. It has simple labeling chemistry and is stably complexed in the ubiquitous chelator DOTA,
it has a very low B+ energy resulting in excellent image resolution similar to what can be obtained
using 18F, and the long half-life of 5.59 days allows for time-consuming chemistry if needed. The 5.59 d
half-life complies with worldwide shipping while also allowing for only bi-weekly deliveries.
Unfortunately, there is currently no commercial supplier, most likely because isotope development is
primarily performed with the aim of clinical use. This example highlights the importance of continued
development of new radioisotopes for research.

The same applies for the therapeutic isotopes. Due to the constant improvements in vector designs,
the arguments for using targeted radionuclide therapy will only get stronger in the future. Currently,
vectors capable of delivering a radioisotope directly to the DNA or even just to the target cell nuclei,
are not available. However, this does not render the development of the Auger emitters useless. It will
only be a matter of time before these vectors do exist, and at that point, established methods for
production of the Auger emitting isotopes will be necessary. For now, the continued interest and
development in Auger emitters inspires continued efforts in developing the needed vectors, thus
moving the field forward towards pinpoint-accurate Auger therapy.
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