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Preface

The field of radionuclide therapies and targeted drug delivery continues to rapidly evolve,
offering renewed hope for patients with various cancers and other diseases. The recent studies
featured in this Special Issue reflect the dynamic and rapidly advancing field of radionuclide therapy.
From SIRT and PRRT to innovative combinations with chemotherapy and the development of new
theranostic agents, these advancements hold promise in significantly improving cancer treatment
outcomes. Continued research and clinical trials will be essential to fully realize the potential of these
therapies, paving the way for more effective and personalized cancer care.

The study by Runge et al. explored the cytotoxic effects of combining cisplatin with various
radiation qualities, including alpha-emitter >’Ra and beta-emitter ¥*Re [1]. Their isobolographic
analyses highlighted the potential of *’Ra to enhance cisplatin’s efficacy, suggesting a promising
approach for more effective cancer treatments. This combination could offer a new therapeutic
strategy, particularly for cancers resistant to conventional therapies. D’Arienzo et al. addressed the
importance of uncertainty analysis and traceable measurements in *°Y-PET molecular radiotherapy
[2]. Their multicenter study provided a framework for ensuring quantitative accuracy in PET scans,
which is vital for precise dose estimation and effective treatment planning. Nelson et al. highlighted
the development of diagnostic imaging surrogates for TAT [3]. These surrogates are crucial for
improving diagnostic accuracy and facilitating research in radionuclide therapy. The integration of
imaging surrogates enhances the ability to monitor and optimize treatment, ensuring better patient
outcomes. These studies represented just a fraction of the ongoing research in radionuclide therapies
and targeted drug delivery. As our understanding of disease mechanisms deepens and technology
advances, we can expect to see more personalized and effective treatment options emerge.

In our study, we found the target upregulation by the epigenetic stimulation [4] of tumor-specific
receptors (e.g. SSTR2 [5] and PSMA [6]) to be very exciting because the nuclear medicine approach
could shift from palliative to curative after increasing the target by a factor of 40, with a significant
reduction in the side effects on the critical organs [7]. It is also worth noting that one case report
illustrated that radiation is always effective, while chemotherapy creates resistance that requires a
change in agent [8].

There is already an emerging number of radiopharmaceuticals with approval for patient therapy
(e.g. Xofigo, Luthathera, and Pluvicto, to name some), and more are currently in clinical phase II
or even phase III. However, those radiopharmaceuticals were already widely used for individual
patient therapies in many hospitals in accordance with the German Pharmaceutical Act §13.2b. It
is known that the tumor accumulation and biodistribution in organs at risk of those well-studied
radiopharmaceuticals is not at its optimum levels. Therefore, further developments in radiochemistry
might enhance tumor accumulation while maintaining or even lowering the accumulation in organs
at risk. A promising approch is the functionalization of already-known radio ligands to SuFEx
moieties, enabling them to covalently bind to the tumor-specific receptor proteins or other binding
sites to dramatically improve tumor binding [9].

A second improvement would be the functionalization of ligands with albumin binder to reach
a higher blood circulation of the radio ligand and, therefore, a higher tumor accumulation. It has to

be considered that, while preserving the kidneys, the albumin binder leads to a higher blood toxicity.
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One emerging field in radionuclide therapy are alpha emitters, which can overcome
radio-resistance against beta-minus therapy and extend the life and well-being of palliative patients
[10,11]. One case report about > Ac-PSMA-617 shows that a 5-year complete remission is possible
when the patients have a good tumor response to the radiopharmaceutical [12]. It must be said that
such long-term treatments with high alpha dose might lead to chronic side effects like xerostomia or
kidney insuffiency. The ejection of three alpha particles in a short series from ?*>Ac dramatically
reduces the activity used for peptide receptor-targeted therapy by a factor of 1000 [13] and the
ejection of, in sum, one alpha particle from #'2Pb reduces the activity by a factor of 20-30 [14] while
maintaining or even improving the therapeutic outcome. The cytotoxic nature of the alpha particles
is mainly due to the destruction of Golgi, endoplasmic reticulum, mitochondria, or other structures
within the cell plasma rather than direct DNA double-strand breaks, as often cited in the literature
[15], since the 2!2Pb- and ??° Ac-labeled peptides certainly do not reach the cell nuclei but are able to
pass the cell membrane to some extent.

New chelators like lead-specific chelator (PSC) for 2?Pb and macropa (MCP) for 22> Ac are known
to bind the respective alpha nuclides even at room temperature, with up to factor 50 lower precursor
amounts, compared to standard chelators like DOTA and DOTAGA. Therefore, a certain amount of
safe unlabeled precursor could even lead to a rechelation of daughter nuclides like 2!?Bi (to PSC) or
2I3Bi (to MCP) within the final patient solution.

Theoretically, the combination of the above-mentioned albumin binder and improved chelators
would increase the tumor accumulation of known radiopharmaceuticals because of longer blood
circulation and higher molar activities. This might lead to the same therapeutical outcome like for
standard therapies but at much lower doses. Technically, a therapy with ?* Ac might be performed
with just 1 MBq instead of 10 MBq. Ultimately, the toxicity to blood and organs at risk should
significantly decline using therapeutic applications of 1 MBq %’ Ac.

The diversity of the approaches being explored—from optimizing existing therapies to
developing entirely new delivery systems—underscores the dynamic nature of pharmaceutical
research. It is crucial that we continue to support and invest in these areas of study, as they hold the
potential to significantly improve patient outcomes and quality of life. As we move forward, it will be
essential to conduct rigorous clinical trials to validate these promising approaches and translate them
into clinical practice. Collaboration between researchers, clinicians, and industry partners will be key
to ac-celerating progress and bringing these innovative therapies to patients in need. As the Guest
Editors, we hope that the findings included in this Special Issue will inspire further investigations in
this challenging field.
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Abstract: The use of radionuclides for targeted endoradiotherapy is a rapidly growing field in
oncology. In particular, the focus on the biological effects of different radiation qualities is an
important factor in understanding and implementing new therapies. Together with the combined
approach of imaging and therapy, therapeutic nuclear medicine has recently made great progress. A
particular area of research is the use of alpha-emitting radionuclides, which have unique physical
properties associated with outstanding advantages, e.g., for single tumor cell targeting. Here, recent
results and open questions regarding the production of alpha-emitting isotopes as well as their
chemical combination with carrier molecules and clinical experience from compassionate use reports

and clinical trials are discussed.

Keywords: alpha emitter; targeted alpha therapy; actinium-225; high let; theranostic

1. Introduction

The ensemble between diagnostic and therapeutic radionuclides has opened a rapidly
growing area for individualized targeted radionuclide theranostics. Recent developments
and increasing knowledge in the field of radiation biology, radiochemistry, radiopharma-
ceutical sciences, nuclear medicine, and oncology are currently making steps forward to
several more, highly relevant therapy options. One distinct research field is that of the
therapeutic use of alpha particle-emitting radionuclides (alpha emitters). With their unique
physical properties, it has been hypothesized that principles known, e.g., from external

Pharmaceuticals 2024, 17, 76. https:/ /doi.org/10.3390/ph17010076 1
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proton irradiation can be transferred to a systemic targeted internal radiotherapy, also
called targeted endoradiotherapy, down to treating single cells. The physical properties of
alpha emitters determining their biological potential are their short range in tissue with
50-80 pym and their high linear energy transfer (LET) along this track (Figure 1). With
typical particle energies of 5-9 MeV, the resulting LET is approximately 80-100 keV /um,
which is orders of magnitude higher compared to beta or gamma radiation.

LET: ca. 100 keV/um a-particle

Figure 1. Scheme visualizing the prominent advantages of alpha-emitting radionuclides treating
singles cells or a small tumor cell cluster. Due to the high linear energy transfer, alpha-induced DNA
damage is higher than for other radiation like gamma or beta radiation.

The main target of radiation is the cell nucleus and when comparing alpha to beta
particles, 2 to 10-fold higher relative biological effectiveness can be measured [1,2]. High
LET radiation results in both extremely high radiotoxicity per alpha particle and thus in
a cytotoxic effect that is at least partly independent of the formation of reactive oxygen
species. This has been known to be advantageous, particularly for the treatment of hypoxic
tumors. The alpha particle-induced DNA damage often leads to complex double-strand
breaks (DSBs). These DSBs are the assumed mechanism that drives an exponential curve
of dose-response to alpha radiation. This is in contrast to beta or gamma irradiation,
which induces cell death with a dose-response relationship described by a linear quadratic
model. The high LET also leads to the strongly reduced dependency of a damaging effect
on oxygenation. Thus, for hypoxic and radio-resistant cells, alpha radiation has further
advantages as a targeted therapeutic agent over other forms of radiation.

For clinical development and application, the theranostic pairing of diagnostic and
therapeutic isotopes has posed certain limitations when applied to the use of therapeutic al-
pha emitters. Diagnostic radionuclides can be utilized to characterize key pharmacokinetic
parameters such as tumor uptake, clearance, and any accumulation in off-target organs
and tissues. Furthermore, these diagnostic radionuclides can yield additional biological
information about the tumor target and dosimetry predictions of therapeutic radionuclides.
However, dosimetry predictions for internal targeted alpha therapy (TAT) have limitations.
This is due to possible additional factors that are partly unique for alpha radiation. One
is that the heterogeneity of activity distribution on a microscopic level has a much higher
impact on efficacy, since the range of alpha particles is limited to a few cell diameters.
Another obstacle preventing the accurate prediction of effects from imaging is the common
use of alpha-emitting isotopes derived from in vivo isotope generators. That is, after the
decay of the original targeted isotope, additional alpha emitting as well as beta emitting
daughter nuclides are released which contribute to cytotoxic effects. Typically, these daugh-
ter radionuclides have independent and often difficult to model pharmacokinetic profiles
due to local protein or cell binding and heterogeneous clearance [3].

Here, we review current strategies on ways that alpha particle-emitting radionuclides
(Figure 2) can be provided on recent developments of the chemistry to radiolabel them
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to molecules functioning as binding vectors including the new hypothesis of matched
radionuclide pairs that might foster clinical development and on the currently available
clinical experience.

232Th 127Ac 227Th 237Np
1.4-100y 2177y 18.7d 2.110%y

223, 223 233 233
228p 228 ¢ 228TH Er Ra Pa U
57y 61h 18y 22 min 11.4d 26.98d 1610°y
~al  Jal el —al
224 219Rn 297H
164 3965 7932y
a a
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Figure 2. The principle of internal alpha radiation is enhanced with approaches that use radionuclides
decaying via a short decay chain including further alpha-emitting isotopes. The decay schemes of the
commonly used in vivo alpha radionuclides (green box).

2. Current Production and Availability of Alpha-Particle-Emitting Radionuclides

Actinium-225 (%2° Ac) could be seen as the most critical radionuclide because of its high
demand and limited availability. The primary source of ?>>Ac comes from uranium-233
3y, T% = 1.59...10° y) waste which was generated in the frame of nuclear weapons
development 80 years ago. 2>*U decays to thorium-229 (?Th; T% =7.88...10% y), which
serves as a parent radionuclide for radionuclide generators and provides a robust source of
225 A¢ each month [4].

Unfortunately, the amount of available 22*U/??°Th is sufficient to generate 2> Ac
in MBq/mCi quantities, enabling less than a thousand of targeted alpha therapies per
year [5]. This issue comes hand in hand with not only uncertain 22> Ac availability, but
also higher costs and limited research options which hamper the widespread translation
and application of targeted alpha therapies. Thus, solving this shortage by alternative
production routes became one of the main priorities in the community involving both
scientists and physicians. The current focus lies on the cyclotron and reactor production
with accompanying purification strategies while employing existing infrastructure and
approaches as well as securing other infrastructural and technical alternatives. One concrete
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example might be demonstrated by the joint effort of Brookhaven, Los Alamos, and Oak
Ridge National Laboratories to deliver accelerator-produced 225 Ac [6].

There are various nuclear reactions either producing ?2° Ac directly or providing the
parent radionuclide thorium-232, thorium-229 or radium-225, alternatively. These include
but are not limited to: 226Ra(y,,n)zzsRa — 225 Ac (accelerator, electrons); 226Ra(p,2r1)225Ac,
226Ra(o,n)?Th, 222 Th(p,x)**’Th, ??°Ra(p,pn)?*°Ra, (accelerator, low-energy particles);
232Th(p,x)zzSAc, 232Th(p,x)zzSRa — 225 Ac (accelerator, high-energy particles); and 226Ra(3n,
v)*?Ra — 22 Ac — ?*)Th (reactor, thermal neutrons) [7-9].

The main complication of 22> Ac production via the accelerator applying higher ener-
gies results in the co-production of actinium-224 (T% = 2.78 h), actinium-226 (T% =29.37 h),
and actinium-227 (T% =21.77 y)—which cannot be separated from the desired actinium-225.
Since the half-lives of actinium-224 and -226 are very short, both are eliminated by natural
decay. On the other hand, the long half-life of actinium-227 significantly complicates its
related waste disposal, dosimetry, and radiation safety [10]. The actinium-225/actinium-
227 ratio improves with increasing proton energy, but degrades with a longer irradiation
time and careful balance between these two parameters has to be set. In addition, the
irradiation of a highly radiotoxic and not so easily accessible radium-226 (T% =1.600y) in
a cyclotron needs a more sophisticated target with gas-trapping filters and/or leak-tight
equipment due to the presence of radioactive noble gas radon-222 (14 = 3.82 d) [11]. It is
also important to note that the accelerator-produced ?2° Ac differs slightly in comparison
to the one obtained from the radionuclide generator, which, e.g., requires separate drug
master files.

Another possibility is also to focus on the development, evaluation, and application
of another alpha in vivo nanogenerator, thorium-227 (**"Th, T% =18.9 d) [12]. There is,
however, one significant difference between 227Th and ?2° Ac, which is that they have
concretely different equilibria. 22> Ac forms a so-called secular equilibrium (T3, parent >>>
1, decay nuclide) with its decay radionuclide francium-221 having the half-life of 5 min.
227Th forms a so-called transient equilibrium (T%, parent > T%, decay nuclide) with its decay
radionuclide radium-223 having the half-life 11.4 d. By the direct comparison of the 5 min
half-life of francium-221 with the 11.4 d half-life of 11.4 d results in the fact that 2 Th does
not deliver so many alpha particles as quickly as 2> Ac and, by that, it has a much higher
radiobiological effectiveness, which is clearly desired for targeted alpha therapies [13].

3. Radiochemistry and Concept of Theranostic Matched Radionuclide Pairs

A fundamental requirement of using alpha emitters for treatment is their selective
delivery in vivo to a cancer cell target. This is ideally pursued with molecules used as bind-
ing vectors that display high target accumulation and low interactions with off-target sites.
Also, it is essential that the sufficient stability of the labeling is ensured along with minimal
influence on the initial pharmacokinetic properties of the carrier. By matched radionu-
clide pairs, theranostics allow the combination of diagnostic imaging using, for example,
positron-emitting radionuclides with the therapeutic approach using particle-emitting ra-
dionuclides. Matched radionuclide pairs are generally a crucial component of radionuclide
theranostics since the pharmacokinetics of the binding vector and the availability of the
tumor targets are the main factors that determine the efficacy of radioligand-mediated
endoradiotherapy. Theranostic pairs consist of the same binding vector molecule and
matching radionuclides that share in best case identical or at least similar chemical proper-
ties, making them ready to label one and the same precursor compound. Therefore, the
exact prediction of the therapeutic radionuclide distribution can be derived from the more
suited imaging.

The key criteria for the choice of alpha-particle-emitting radionuclides are the half-life,
the stable binding to a chelating system, the particle energy, the possible decay chain
properties, and the kinetics of the daughters, as well as the costs and availability. These
features result in a small number of radionuclides that are suitable, including thorium-227,
actinium-225, radium-223/-224, bismuth-212 /-213, astatine-211, and terbium-149 [14,15].
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Additionally, lead-212 can be mentioned in this list, while delivering one beta particle prior
to the alpha decay. Some attempts were made to use the concomitant gamma radiation
of the alpha radionuclides as the diagnostic modality, but this has been met with limited
success in human applications, mostly due to the activities used for alpha radionuclide
therapy that are orders of magnitude lower than they are for imaging. To fulfill the
theranostic concept, the respective matching radionuclides for imaging were previously
developed using the same conjugate or precursor compound.

3.1. Matched Radionuclide Pair Lanthanum-133/Actinium-225

All isotopes of actinium are radioactive. Among them, 2> Ac has favorable nuclear
properties such as a half-life of 9.9 days and a decay chain delivering 4 alpha and 2 beta
particles [16]. Lanthanum has similar coordination properties and can be used as a nonra-
dioactive match for the design of new radioconjugates and as a diagnostic reference isotope.
Recently, two 8 emitters were introduced with lanthanum-132 (1%2La) and lanthanum-133
(133La) as theranostic matches [17].

Actinium mainly exists as a cation in the oxidation state +3. Different chelating
compounds were developed in the past, especially for radiopharmaceutical applications.
As a hard cation according to the hard—soft acid—base (HSAB) concept, the A cation
prefers oxygen donor atoms for complexation in coordination numbers of >10, but oxygen
and nitrogen mixed ligands were mostly applied. The most sufficient complex stability
is found with open-chain ligands of high denticity like DTPA which is increased when
changing to macrocyclic ligands like DOTA [16] (Figure 3).
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Figure 3. Examples of open-chain (EDTMP, EDTA, CHX-A"”-DTPA) and macrocyclic chelators
(DOTA, DOTAM-Bn-NCS, HEHA-Bn-NCS, BZmacropa-NCS) for 225A¢ and its diagnostic ra-
diometal matches.

The first attempts to determine the in vivo behavior of 22 Ac complexes were made
using citrate, DTPA, and EDTMP as ligands [18]. A rapid radiolabeling kinetic is found
with these acyclic ligands, allowing a fast complexation of the radiometal at ambient
temperatures within minutes. However, these formed complexes are kinetically labile,
leading to a release of the radiometal in vivo. As a result, significant amounts of 2 Ac as
well as of its (grand)daughters were found in the liver and the femur [19,20]. A higher
stability can be reached when using ligands with a higher donor number. For example, the
more stable 2% Ac complex is formed using CHX-A"-DTPA with eight donor functions in
contrast to EDTA with six donor positions. Additionally, the steric effect and the certain
pre-organization of the backbone of the CHX-A”-DTPA ligand have a positive effect on the
complex stability [19].
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The aforementioned pre-organization of the chelating system is always found in
macrocyclic compounds and is known as a macrocyclic effect, mostly leading to the higher
stability of the complexes [21]. In this regard, macrocycles such as HEHA, PEPA, TETA,
TETPA, and DOTPA were employed for 22> Ac complexation. These all differ in cavity size
and donor numbers, but the stability of the formed 22> Ac complexes may still be lacking.
For instance, the 22> Ac-HEHA complex is more stable in vivo compared to DOTA due to
the higher donor number of 12 and the larger cavity for the metal ion. In contrast, the
functionalized HEHA-NCS, which was used for antibody labeling with 2> Ac, has a low
in vivo stability and decomposed to 50% after 24 h when tested in fetal bovine serum [22].

Due to the convenient availability, most experience is cumulated with the macrocyclic
chelator DOTA (1,4,7,10-tetraazacyclododecane-N,N’,N”,N'"’-tetraacetic acid) used in a
series of radiopharmaceuticals suitable for clinical use [23]. DOTA is a 12-membered
macrocycle containing four tertiary amine nitrogen donors and four pendent arms with
carboxylate functional groups that altogether provide an octadentate coordination. Due to
the ability to stably bind the hard cations of charge +3, DOTA is expected to work well as a
chelating agent for Ac>* [24].

The DOTA chelator [25] has been widely used for the alpha-emitting radionuclides
actinium-225, bismuth-213, and terbium-149, frequently for thorium-227, and some trials
were made for radium-223 [12,26-28]. Elevated temperatures of up to 90-100 °C and
a labeling time of 15-30 min were typically required for labeling, making this chelator
unfavorable for sensitive biomacromolecules like proteins or antibodies. For this purpose,
a robust clinical labeling method was developed, consisting of a two-step labeling strategy
(pre-labeling) [29].

A variety of trivalent radiometal cations for diagnostic applications like 1In, 43/44Sc,
or %8Ga were also stably complexed with DOTA, forming matched pairs with 22> Ac and even
with the therapeutic beta emitter 177 Lu, but also mostly under the same unfavorable labeling
conditions [25]. Several EMA- and FDA-approved radioconjugates, such as [**Ga]Ga-
DOTA-TATE, ['77Lu]Lu-DOTA-TATE, or ['7Lu]Lu-PSMA-617, are known to contain DOTA
as a chelating motif.

The sufficient in vivo stability was pointed out in a preliminary biodistribution study
of [2® Ac]Ac-DOTA in normal BALB/c mice only showing a slight accumulation in the
liver (3.29% ID/g) and bone (2.87% ID/g) after 5 days [20]. The high efficiency of the 25 A¢
chelation was further demonstrated using DOTA-NCS in a two-step labeling procedure
to create 2> Ac-DOTA-modified IgG antibodies to avoid denaturation during radiolabel-
ing [29]. In the first step, 22> Ac-DOTA-NCS was prepared from 2B-DOTA-NCS at 55-50 °C
within 30 min. In the second step, 22> Ac-DOTA-NCS was conjugated to the antibody at
37 °C for 52 min via a free lysine function. Notably, the 22 Ac-DOTA complex showed a
slow dissociation with a loss of 10% over one half-life. Several antibodies such as HuM195
(antiCD33), B4 (anti-CD19), trastuzumab (anti-HER2 /neu), and J591 (anti-PSMA), which
target leukemia, lymphoma, breast/ovarian cancer, and prostate cancer, respectively, were
225 Ac-labeled using this procedure and tested in vivo [30]. One recent innovation is the
development of a live-cell-based theranostic carrier, in which a chimeric antigen receptor
(CAR) T cell can chelate the PET diagnostic and ??° Ac therapeutic isotopes for delivery to
the tumor cell and live tracking in vivo [31-33]. These promising initial results triggered a
wave of investigations that resulted in numerous clinical trials [34].

3.2. Chelator Design to Improve the In Vivo Stability of ?*° Ac Complexes

In 2017, a new chelating macrocycle called macropa (N,N'-bis[(6-carboxy-2-pyridyl)
methyl]-4,13-diaza-18-crown-6) was introduced, allowing radiolabeling within a 5 min
labeling time at room temperature with >99% RCC and leading to remarkably stable in vivo
225 Ac-macropa complexes [35] (Table 1). Subsequently, an NCS-modified and two clickable
derivatives were prepared, allowing the conjugation to target vector molecules [36,37].
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Table 1. Chelating systems for 22% Ac to pair with diagnostic radionuclides.

Chelator Labeling Conditions In Vivo Stability Diagnostic RN
EDTA/DTPA 40 °C, 30 min Failed ®8Ga, #3/445¢
HEHA, PEPA, TETA, 95 OC, 60 min (HEHA) . 68 43/44 111
TETPA, and DOTPA 40 °C, 30 min (PEPA) Failed Ga, /%S¢, T n
68Ga 43/44SC 1111n

DOTA 90 °C, 30 min Sufficient (132 /133La)
DO3APic 25 °C, 30 min Sufficient to low 13271331 5
Macropa rt, 5-15 min High 13271331 4

In vitro and in vivo studies showed the remarkable stability of the 22°Ac-mcp-
radioconjugates over a period of 10 days and a high tumor accumulation combined with
a fast renal excretion in LNCaP-tumor bearing mice. In 2022, a 22 Ac-radioconjugate
based on the anti-EGFR antibody ch806 was presented, showing high stability when
challenged with La®* and EDTA in human serum. High tumor accumulation was found in
U87MG.de2-7 xenografts. A therapy study showed 100% survival of the tumor-bearing
treatment group over 80 days post-injection [38]. Recently, [?2°Ac]Ac-MACROPATATE,
the macropa-variant of DOTATATE based on the Tyr-octreotate peptide, was developed to
treat neuroendocrine tumors [39]. The remarkable radiotracer stability of 10 days in human
serum was confirmed and a high accumulation in SSTR-positive tumors was pointed
out in mice bearing SSTR-positive H69 tumor xenografts. However, a higher off-target
accumulation of [22° AcJAc-MACROPATATE was found.

[??° Ac]Ac—crown-aMSH was developed containing a chelator with a tetraazacrown-6
backbone with four pendant acetate side arms, which is connected to a peptide to target
the melanocortin 1 receptor (MC1R) in specifically expressed primary and metastatic
melanoma [40]. The radiolabeling worked under mild conditions (pH 5-7, rt, 10 min,
c=10"" M, >98% RCY). However, the in vivo stability of the resulting tracer was lacking,
which was indicated from the time-dependent HPLC experiments over 16 h. A different
biodistribution profile was obtained when using freshly prepared the 22> Ac-crown-oMSH
in contrast to the overnight prepared sample, showing the insufficient in vitro stability of
this chelator.

Furthermore, BZmacropa-NCS was developed containing a benzyl moiety in the
macrocyclic ring to investigate this modification on the complexation stability. A respective
antibody conjugate GC33-BZmacropa was preclinically investigated showing a slightly
reduced in vivo stability and higher uptake in the liver and femur [41].

One drawback of the macropa-based chelators is the absence of diagnostic radionu-
clides, because the standard radionuclides used for DOTA failed here. Thus, the radioiso-
topes of lanthanum, namely 1321 5 (T% =4.6 h, Eg; mean = 1.29 MeV) and 1331 5 (T% =39h,
Eg+ mean = 046 MeV) were utilized as 3* emitters for PET [17]. Lanthanum has a similar
coordination chemistry to actinium and therefore acts as a surrogate (ionic radii: 1.12 A for
Ac®* and 1.082 A for La®* in six-fold coordination). Highly apparent molar activities up to
330 GBq/umol and a high in vivo stability were observed for '33La-macropa complexes
using a macropa concentration down to 10~/ M [42-44]. PET phantom images were pet-
formed, pointing out that the spatial resolution and contrast of '33La is superior to those of
450 8Ga, and 132La, but comparable to 897r (E+,mean = 0.396 MeV) [45].

13XLa-radioconjugates, namely ['33La]La—PSMA-1&T, ['33La]La-macropa—DUPA,
['3*La]La-DO2APic-DUPA, ['3?La]La-NM600 and ['**La]La-mcp-M-PSMA were pre-
pared on the basis of DOTA, DO3APic, and macropa as chelators [42,43,45,46].

4. Radioisotopes of Lead for Theranostics

Radioisotopes of lead, 212pp (B emitter, T% =10.6h), and 2%Pb (y emitter, T% =51.9h)as
the true matched pair have gained attention for TAT, because 2!2Pb functions as an in vivo
generator for the release of 2124 (T% =1.01h), which is the actual & emitter [47,48]. 212Pb can
be obtained as the decay nuclide from ?2Ra. Different chromatographic generator systems
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were developed to isolate 2!2Pb based either on ??8Th as the mother nuclide or directly
on ??4Ra [49]. 293Pb is available via cyclotron irradiation of enriched 2%3TI [49,50]. As a
borderline cation according to the hard-soft acid-base concept, Pb?* is found in complexes
with oxygen, nitrogen, and sulfur donor atoms and coordination numbers between 2 and
10 [51]. In aqueous environments, Pb is primarily found as a bivalent cation in the oxidation
state +2. The most frequently used chelators for radioconjugate preparation are DOTA [52]
and TCMC or DOTAM (1,4,7,10-tetraaza-1,4,7,10-tetra(2-carbamoylmethyl)cyclododecane)
and the derivatives thereof, whereas DOTAM seems to have a higher in vivo stability
compared to DOTA [14]. A total CN of 8 was found in the Pb complexes of the standard
chelators DOTA, DOTAM, or DTPA with high log K values of >18. In addition to the
true match 2%Pb, other standard diagnostic radionuclides like 43/ #G5e 8Ga, or 11n can
possibly be used for diagnostic purposes depending on the chelating system.

Recently, 293/212Ph came into focus by several first in-human theranostic applications.
In 2014, [22Pb]Pb-TCMC-trastuzumab was used for patients with human epidermal
growth factor receptor type 2 (HER-2)-expressing malignancies [53]. The antibody was
modified with DOTAM as a chelator with preference over DOTA. The in vitro and animal
model testing of [212Pb]Pb-TCMC-trastuzumab to investigate the therapeutic behavior
prior to the human trials was performed to give an explicit preference of DOTAM as the
chelator over DOTA [54].

To treat metastatic SSTR-expressing neuroendocrine tumors, the radioconjugate
[212Pb]Pb-DOTAMTATE was used in a first-in-human dose-escalation clinical trial
with 10 patients [55]. However, the diagnostic imaging was performed with [®®Ga]Ga—
DOTATATE, whereas [2®Pb]Pb—-DOTAMTATE was used for human dose calculations.
The activity dose was administered in four circles leading to an effective reduction in
tumor lesions. Additionally, the Tyr®~octreotide (TOC) variant VMT-o-NET was used for
human applications as a conjugate for 293/212Pb that shows high chelation properties [56].
SPECT/CT images (low dose, 224 MBq) using [2®Pb]Pb-VMT-a-NET were acquired
to assess the feasibility of the [*?Pb]Pb~-VMT-o-NET therapy. A higher NET uptake
combined with a rapid renal excretion within the first hour was observed.

Ligands with the PSMA-617-binding motif containing the chelators p-SCN-Bn—
DOTAM or DO3AM were used for preclinical studies with 2°*Pb [57]. Interestingly, the
slightly different coordination behaviors of the chelating ligands to Pb?* resulted in a
different tumor uptake and internalization in vitro. [293Pb]Pb-PSMA-CA012 was found to
be the best candidate showing a high tumor uptake and internalization combined with a
fast renal excretion.

Astatine-211: The Alpha-Emitting Therapeutic Big Brother of Radioiodine

Since the first discovery of 21 At in 1940, several reports on human therapy treatments
with 211 At are known [58]. A 100% alpha emission with only one alpha particle emitted
per decay was found for 2!' At which prevented the unpredictable dose localization caused
by the formation for radioactive daughters. 2! At is cyclotron-produced by the irradiation
of 2PBi with a-particles accelerated at ~28 MeV. Its chemistry resembles iodine; however,
its covalent bonds are more instable. Furthermore, it also has a tendency to behave like
a metalloid. Nonetheless, naturally occurring >’I is used as a nonradioactive reference
and the radioisotopes of iodine like 23T or 12*I function as diagnostic matches. Oxidation
states from +7 to -1 are possible, but —1 oxidation state is probably the most clearly
established form of astatine with strong similarity to iodide [59]. It can easily be converted
into the +1 oxidation state using mild oxidizing agents, such as Chloramine-T, Iodogen,
or N-halosuccinimide to generate electrophilic I* or At* to perform electrophilic reactions.
In this regard, labeling strategies are related to the formation of covalent bonds with
carbon in most the cases. However, the carbon-astatine bond is much weaker compared
to the carbon-iodine bond, but with a higher stability of astatine-aryl compounds over
astatine-alkyl compounds, as expressed in Table 2.
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Table 2. Comparison of bond energies of iodinated and astatine-alkyl and —aryl compounds.

Alkyl Derivatives Aryl Derivatives
C-I bond energy 220 kJ/mol 270 kJ/mol
C-At bond energy 160 kJ /mol 200 kJ/mol

Several clinical trials were made in the past, with Na [?!! At]At itself (thyroid cancer)
or small organic molecules like [Z'1At]JAt-MABG (meta—[mAt]astatobenzylguanidine) to
treat malignant pheochromocytoma, but also with ?!! At-labeled biomacromolecules like
proteins and antibodies [58]. In contrast to direct radiolabeling procedures with I* using
the tyrosine residues of the respective biomacromolecule, direct labeling with At" is not
possible. Differently labeled building blocks like N-succinimidyl 3-[?!! At]astatobenzoate
(P At]SAB) [60,61] were used in a two-step labeling approach. To further improve
the labeling efficiency, one-step approaches were developed in which the radionu-
clide is directly reacted with a pre-conjugated biomacromolecule. N-succinimidyl
3-(trimethylstannyl)benzoate was first conjugated to the antibody (trastuzumab) and
then labeled with 2! At* leading to a high RCY and Ag in a reduced procedure time. An
improved approach using a cysteine coupling approach with an analogous maleimide-
based precursor provides a more homogeneous bioconjugation to thiol instead of lysine
residue [62]. Further improvements to raise the radioconjugate stability were made using
guanidine-based building blocks like [>T At]At-SAGMB [63] (Figure 4).
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Figure 4. Different chemical strategies using prosthetic labeling groups to stably bind 2! At for a

later conjugation to the target molecule and two promising small-molecule 2! At-radiotherapeutics
[21At]JAt-FAPII and [2!L At]At-FAPI5.

Recently, four new 2!! At-containing small-molecule radiotherapeutics based on the
FAPI binding motif with different linkers (PEG, piperazine) were developed [64]. Cell up-
take was performed using FAP-transfected HEK293 /FAPx and A549/FAPw cell lines, and
biodistribution on PANC-1-cell-bearing mice. Control experiments were performed with
1311 ]abeled derivatives. [2!1 At]At-FAPI1 and [?!! At]At-FAPI5 were the most promising
with the highest tumor uptake and the best therapeutic effect.

In order to limit uptake in thyroid or stomach tissues, alternative attempts were
made towards the use of alternatives to astatine bound to carbon using three-dimensional
carboranes [65], which form thermodynamically stable boron-astatine bonds. The bond
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enthalpy is estimated to be approximately 50% higher than the aryl-At bond [66]. This
radiolabeling approach has been transferred in several successful preclinical therapy studies
using monoclonal antibodies as carriers [58]. The frequently reported activity retention in
the liver and kidney is a limit of these boron—At clusters, especially when using molecules
that are smaller than monoclonal antibodies.

Alternatively, At-metal complexes became more prominent for astatine labeling due
to the soft base character of the At-anion. The first investigations considered the formation
of mercury complexes. Later, complexes with Rh®*" or Ir** as a central cation included in
macrocyclic ligands were developed [67]. However, in vivo studies have not successfully
proven these approaches adequate yet for further (pre)clinical applications [68]. Softer
metal cations like Rh* could improve the in vivo stability when N-heterocyclic carbenes
are used as ligands [64,69].

5. Use of Carrier Molecules for Selective Delivery of Alpha Particle-Emitting Nuclides

The properties of alpha emitters are suitably matched to uses involving the targeting of
various moieties ranging from small molecules over peptides to antibodies that are capable
of selectively targeting receptors or antigens on cancer cells. A unique biological target
that has been successfully addressed by targeted endoradiotherapy is the sodium—-iodine
symporter in thyroid cancer, which has been used for decades for radio-iodine therapy
and can also be coopted for radioastatine-211 therapy since astatine chemically resembles
iodine. When it comes to targeting in a broader sense, other synthetic binding vectors are
introduced to facilitate target-specific transport in vivo (Figure 5). In nuclear medicine,
several approaches for diagnostics and therapy are currently in clinical practice, namely
the targets SSTR2, PSMA, CXCR4, av[33, v 36, and FAPx, among others [70,71]. Extensive
experience of using pharmacokinetics with such small molecules has been documented in
the literature and useful biological targets across several tumor entities are available. Based
on the wide experience of measuring the uptake of these carriers by PET, robust data exist
with regard to target availability that can be applied to targeted alpha therapies.

Other attractive carriers—taken from biological templates—are monoclonal antibodies.
Theranostic approaches have also been suggested towards commonly known targets like
Her2/neu [72]. The utilization of monoclonal antibodies as carriers for alpha-emitting ra-
dionuclides were widely used in the past and are promising for ongoing clinical trials [4,73].
Although monoclonal antibodies are associated with very good binding properties and a
broad range of availability, their size limits renal elimination and therefore long circulation
times are observed, which are associated with relevant toxicity. In contrast, small molecules
can rapidly diffuse to targets leading to rapid accumulation together with fast excretion.
This is then typically associated with a larger window between toxicity and efficacy for
small molecules in contrast to monoclonal antibodies.

For example, the beta-emitting radionuclide lutetium-177 (1’ Lu) was used for label-
ing the PSMA-binding antibody J591, which displayed efficacy at a dose activity of two
applications of 1.67 GBq/m? myelosuppression as dose-limiting toxicity [74]. In contrast,
77Lu, which was used for labeling PSMA-617, was reported as safe in a phase 3 clinical
trial when 4-6 cycles of 7.4 GBq were applied [75]. Small antibody-derived molecules
such as nanobodies or antibody fragments might combine fast pharmacokinetics with
retained high in vivo tumor binding. However, such approaches are still rarely applied
in clinical trials. Also, the concept of separating tumor-binding pharmacokinetics from
radionuclide-carrying pharmacokinetic pre-targeting approaches in order to reduce toxicity
has rarely reached clinical trials to date.

10
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Figure 5. Preclinical examples for targeting with monoclonal antibodies or peptides. (A): [*°Zr]Zr-
Trastuzumab targeting Her2/neu in a mouse model carrying subcutaneous BT474 tumors. PET
imaging was conducted 7 days after radiotracer application. (B): [*Ga]Ga~DOTA-TOC targeting
the somatostatin receptor in a mouse model with subcutaneous AR42] tumor. PET imaging was
performed one hour after tracer application.

6. Clinical Overview and Perspectives

Clinically, one commonly used alpha particle-emitting radionuclide is radium-223,
with a randomized clinical trial in metastasized castration-resistant prostate cancer
(mCRPC) showing a significant benefit in terms of overall survival compared to placebo,
leading to the approval of radium-223 (?>*Ra, Xofigo®) in this indication. The approved
activity is 55 kBq/kg, administered for six cycles every 4 weeks [76]. However, due to
the indirect targeting mechanism aimed at bone remodeling and the insufficient ability to
couple radium-223 with binding vector molecules, radium-223 has not been successfully
used in other indications [77]. Nevertheless, the side effect profile of this treatment is
low and its combination with targeted beta-emitting therapy is possible [78]. With the
introduction of an alpha-emitting radionuclide into clinical routine, radiation safety has
been addressed in particular. Possible doses that might arise from contamination with
radium-223 were calculated. Also, theoretical estimations and measurements for clinical
routines were performed. Although precautionary measures are dependent on the local
regulatory authority, the application of radium-223 does not pose any significant radiation
safety issue [79,80]. At the level of clinical trials or compassionate use programs, there is
also firm experience for the use of many other alpha-emitters for several other indications.

In hematologic diseases, where tumor cells are readily accessible for carrier molecules
and single cells are the main cause of tumor manifestations, the isotope bismuth-213 (T%: 46
min) and the 9.9-day half-life radionuclide 22 Ac were used to couple to the CD33-binding
antibody lintuzumab (HuM195), and leukemia-inhibitory activity was reported [81-83]. In
this case, the radioligand-constructs consisting of an alpha emitter and a monoclonal anti-
body were administered intravenously. The cellular target for lintuzumab is the myeloid-
specific transmembrane receptor CD33, which has high availability on leukemia cells while

11
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lacking expression in hematologic stem cells. A maximum tolerated dose of 37 MBq/kg
was reported for a sequential protocol with cytarabine followed by [*!*Bi]Bi-lintuzumab.
The optimized targeting of lintuzumab was achieved by the administration of 250 ug
unlabeled antibody before the administration of [*2° Ac]Ac-lintuzumab at activity levels
between 18.4 and 148 kBq/kg. Based on a grade 3 hyperbilirubinemia and one episode of
syncope complicated by subarachnoid hemorrhage toxicity, and both patients experiencing
infections in the 148 kBq/kg dose group, the maximum tolerated dose was estimated at 111
kBq/kg as a single infusion of [?° Ac]Ac-lintuzumab. With doses exceeding 37 kBq/kg,
peripheral blasts were eliminated in most patients. However, in this small, severely therapy-
refractory cohort, the measurement of strong efficacy, such as complete remissions, was not
achieved [83]

Since 22°Ra cannot be reliably chelated and then coupled to binding vector molecules,
its parent nuclide thorium-227, with a half-life of 18.7 days, was used in a first human clini-
cal trial for targeted alpha therapy with monoclonal antibodies against CD22 in lymphomas.
In this study, the octadentate chelator 3,2-hydroxypyridinone (3,2-HOPO) was used. A
small number of patients (n = 21) were treated with a maximum cumulative activity of
13.8 MBq, and complete remission (CR) was observed in one patient treated with 3.1 MBq
and partial remission (PR) was observed in four patients treated with 1.5-4.6 MBq [84].
225 Ac was conjugated to the monoclonal antibody J591 targeting PSMA in prostate cancer
is under investigation in a phase I clinical trial (ClinicalTrials.gov Identifier: NCT03276572).

However, in general, peptides as carrier molecules for alpha—emitting radionuclides
are currently more commonly applied for solid tumors. The intravenous injection of longer
half-lived radionuclides might reduce the background radiation of the carrier molecules
show rapid renal elimination [85,86]. Consequently, the combination of the rapidly dis-
tributing somatostatin analogue with the short-lived radionuclide >'3Bi was focused on
intra-arterial application taking advantage of a high first-pass effect [87]. Patients that were
refractory to beta-emitting radionuclides were treated with the cumulative activities of up
to 20 GBq [213Bi]Bi—-DOTA-TOC over several treatment cycles. During the follow-up, one
patient (1/7) developed MDS and acceptable renal function impairment was observed. For
the parent nuclide ?2°Ac, cumulative doses of up to 60-80 MBq [*?° Ac]Ac-DOTA-TOC
resulted in acute hematologic toxicity with a platelet and leucocyte count nadir at 4-6 weeks
with subsequent recovery. No hematological malignancies were observed, but renal tox-
icity was observed and two long-term survivors developed terminal kidney failure [88].
Based on the experience with 22° Ac, clinical trials targeting the somatostatin receptor by
[2% Ac]Ac-DOTA-TOC are under way (ClinicalTrials.gov Identifier: NCT05477576) [89].

Furthermore, not only is [ Ac]JAc-DOTA-TOC under investigation, but there is also
increasing experience with [22 Ac]JAc-DOTA-TATE [90,91]. In a pilot study in metastatic
paragangliomas, the [2°Ac]Ac-DOTA-TATE ((100 kBq/kg) body weight per cycle at
8-weekly intervals up to a cumulative activity of ~74 MBq), in combination with the
radiosensitizer capezetabine, achieved disease control in 8 of 9 patients treated [91].

In the future, it is expected that combined immuno- and endoradiotherapies will
gain significance in personalized medicine, especially for established tumor mutations like
BRCA, RET, and BRAF. A favorable outcome was recently reported in a patient with a G3
BRCA-mutated neuroendocrine tumor through a successful combination of olaparib and
[?° Ac]Ac-DOTA-TATE (see Figure 6). To further elucidate the effectiveness, safety, and
efficacy of the aforementioned treatments, clinical trials are necessary.

In a clinical trial treating NET patients without prior peptide receptor radiother-
apy with four cycles of 2.50 MBq/kg [?"*Pb]Pb-DOTAM-TATE, objective radiological
responses were observed in most patients. However, diagnostic imaging was performed
with [®8Ga]Ga-DOTA-TATE, whereas [2°*Pb]Pb—-DOTAM-TATE was used for human dose
calculations [55]. Additionally, the Tyr3—0ctre0tide (TOC) variant VMT-«-NET was used
for human applications as a conjugate for 2%3/212Pb with high chelation properties [56].
SPECT/CT images (low dose, 224 MBq) with [?®Pb]Pb-VMT-«-NET were acquired to
assess the feasibility of [212Pb]Pb~VMT-a-NET therapy. A recent study demonstrated the
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post-treatment imaging of [2!2Pb]Pb-VMT-a-NET in a patient with metastatic NET [92].
The advantages of [2!2Pb]Pb-VMT-a-NET therapy are rapid renal clearance with poten-
tially less nephrotoxicity than the standard radiopharmaceuticals and the possibility of
dosimetry prediction using the elementally matched isotope %*Pb as an imaging surrogate
(Figure 7).

PET (MIP) Whole-body scan
[**Ga)Ga-DOTA-TATE [*%5Ac]Ac-DOTA-TATE

PET/MR SPECT/CT
[*®*Ga]Ga-DOTA-TATE [**°Ac]Ac-DOTA-TATE

-, |
e =3

Figure 6. [*®Ga]Ga-DOTA-TATE PET/MR (maximum intensity projection (MIP) and PET/MR fusion
image) and post-therapy scintigraphic imaging (whole body and SPECT/CT fusion image) 24 h after
injection of 6.5 MBq [??° Ac]Ac-DOTA-DATE in a patient with a G3 neuroendocrine tumor.

With other solid tumors, target availability is typically a major challenge. Therefore,
many attempts to introduce alpha particle-emitting radionuclides into clinical application
followed locoregional applications where pharmacokinetics in the whole body are less
relevant. A variety of applications have been proposed, for example, to treat the peritoneal
cavity, the urinary bladder, or the intracerebral operation cavities after the resection of
malignant cerebral tumors. Here, a broader choice of nuclides is possible because target-to-
background is already high due to the route of application. 21 At coupled to MX35-F(ab’)2
was applied to the peritoneal cavity for treating ovarian cancer with activities up to 355 MBq
and no signs of radiation-induced toxicity were reported [93]. Also, 21*Pb (T% =10.6 days)
coupled to the Her2 /neu binding monoclonal antibody trastuzumab was considered safe
for patients with peritoneal carcinomatosis up to 27 MBq/m? [94]. 213Bi was proved to be
safe in loco-regional treatment for in situ bladder carcinoma up to 821 MBq [95]. Other
clinical approaches targeted residual tumor cells of high-grade brain tumors after operation.
Here, the radionuclides 213Bi or 225 Ac were labeled to substance-P and applied after surgical
resection and considered as safe and well tolerated [96-98].
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[2°Pb]Pb-VMT-a-NET [212Pb]Pb-VMT-a-NET

Figure 7. Clinical example of the scintigraphic imaging of the theranostic pair 2Pb and 2!>Pb: Pre-
treatment whole body scan of [2%Pb]Pb-VMT-a-NET (348 MBg, 2 h p.i.) and post-treatment imaging
of [212Pb]Pb-VMT-a-NET (86 MBq, 2 h p.i.) in a patient with a G3 hepatic metastatic neuroendocrine
tumor.

For systemic therapy, typically administered by i.v. route, the properties and avail-
ability of the molecular target are undoubtedly dominating factors for successful internal
targeted endoradiotherapy. With the prostate-specific membrane antigen (PSMA), a highly
expressed carboxypeptidase and a well available target on the cell surface is available
and targeted alpha therapy is expected to contribute to further improvements in treating
prostate carcinoma. Here, clinical data mainly from 2% Ac were reported, but the radionu-
clide 2’Th has also been suggested. */Th transported by a monoclonal antibody targeting
PSMA showed preclinical efficacy in several subcutaneous mouse models and is a can-
didate for clinical translation [99]. In thirteen patients treated with [22° Ac]Ac-PSMA-617,
the median overall survival was 8.5 months with a majority of patients showing prostate-
specific antigen (PSA) responses [100]. By standardized quality of life questionnaires, a
moderate improvement in the global health status was documented. One patient even
reported exceeding a 5-year complete remission after [?2°Ac]Ac-PSMA-617 treatment [101].
In addition to PSMA-617, other PSMA-binding small molecules were also used as bind-
ing vectors in clinical application [102]. For example, [>2°Ac]Ac-PSMA-I&T applied in
1-5 cycles (6-8.5 MBq) was compassionately used in 18 patients, among which seven were
experiencing a PSA response with the lowest PSA levels, which were < 50% to baseline.
Despite being a well-suited target and although imaging has become increasingly applied
in the therapeutic management of PSMA-targeted therapies, the imaging of 22°Ac after
therapy is—in contrast to the imaging of 1””Lu—not well suited for diagnostic purposes.
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Low therapeutic activities and gamma ray emissions coming from the daughter nuclides
preclude the quantification of targeting and post-therapeutic imaging might be mainly
suited for quality control (Figure 8). Although the PSA response rates might be high in these
patient cohorts, a number of patients did not show a response to PSMA-targeted alpha
therapy. A molecular analysis of the non-responding tumor tissue with sufficient PSMA
expression from seven patients after therapy with 22> Ac-labeled PSMA-617 shows a high
rate of alterations in the DNA damage-repair or cell cycle checkpoint [103]. This underlies
the importance of the relationship between the tumor biology and targeted alpha therapy.

[Y7Lu]Lu-PSMA-I&T (24 h p.i.) [225Ac]Ac-PSMA-I&T (pelvic region, 24 h p.i.)

ventral dorsal

ventral dorsal
o

Figure 8. Anterior and posterior scintigraphic imaging of a patient treated with 5 GBq [/ Lu]Lu-
PSMA-I&T (A) and subsequently—due to rising PSA levels combined with reduced bone marrow
reserve—with 8 MBq [2%° Ac]Ac-PSMA-1&T 6 months afterwards (B).

Taken together, advances in the development of therapeutic radiopharmaceuticals
likely will trigger the vast expansion of clinical trials in the future. Clinical data from
controlled, non-controlled trials, or clinical observations will be valuable to determine
the extent of therapeutic effects in comparison, for example, to clinical experience and
other reported clinical trials. Although prospective randomized trials are needed, such
trials will be further complemented by, e.g., establishing broad safety profiles and dose—
response relationships from compassionate use applications. In particular, with the aim
of developing newly approved therapies, future randomized clinical trials might further
elucidate the exact role of alpha emitters in patient care.

7. Outlook

One major field of application of a-radionuclide radiopharmaceuticals will be the
clinical validation of several unique aspects that are described in the theoretical models and
preclinical work. The exact impact of off-target and daughter redistribution on a clinical
effect might depend on the pharmacokinetic details of the carrier, its individual variation,
and the extent of internalization upon cell binding, and must be addressed in future work.
In addition, the cytotoxic effects on tumors displaying a different biology and a different
extent on biological variation are fields to be addressed for different tumor entities. Clinical
trial design with regard to individual aspects like dosimetry including micro-dosimetric
aspects will also remain challenging. Another major field will be the incorporation of imag-
ing and a more sophisticated analysis like the parameters of heterogeneity and radiomics.
In this regard, new tools such as artificial intelligence might contribute to both trial design
and individualization by imaging guidance. Future developments will also need to address
the role of alpha-emitting endoradiotherapy in several aspects where synergistic effects are
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expected. Several examples can be hypothesized like adjuvant systemic or locoregional
treatment to maximize the advantage arising from the short high-LET pathways of alpha
particles for single-tumor-cell diseases. Other highly promising scenarios include the com-
bination of systemic alpha therapy with other approaches like chemotherapy or immune
modulation therapy or the combination of internal with external radiation.
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Abstract: The high energy of « emitters, and the strong linear energy transfer that goes along with it,
lead to very efficient cell killing through DNA damage. Moreover, the degree of oxygenation and
the cell cycle state have no impact on these effects. Therefore, x radioisotopes can offer a treatment
choice to individuals who are not responding to 3 — or gamma-radiation therapy or chemotherapy
drugs. Only a few «-particle emitters are suitable for targeted alpha therapy (TAT) and clinical
applications. The majority of available clinical research involves ?*>Ac and its daughter nuclide
213Bi. Additionally, the 22° Ac disintegration cascade generates y decays that can be used in single-
photon emission computed tomography (SPECT) imaging, expanding the potential theranostic
applications in nuclear medicine. Despite the growing interest in applying *>Ac, the restricted
global accessibility of this radioisotope makes it difficult to conduct extensive clinical trials for many
radiopharmaceutical candidates. To boost the availability of 22> Ac, along with its clinical and potential
theranostic applications, this review attempts to highlight the fundamental physical properties of this
a-particle-emitting isotope, as well as its existing and possible production methods.

Keywords: targeted alpha therapy; 22> Ac; physical properties; production routes; theranostic application

1. Introduction

At the end of the 1800s, Pierre and Marie Curie, along with Alexander Graham Bell
in the early 1900s, conducted research linked to cancer-targeted « therapy (TAT), which
represented one of the earliest non-surgical cancer treatments [1]. Furthermore, a-particle
emitters have significant curative effects, particularly in patients with limited therapeutic
options and metastatic spread [2—4]. They can target very small clusters of metastatic
cancer cells.

There are many benefits of using these radioisotopes in cancer therapy over common
methods. o particles can selectively destroy tumour cells while preserving adjacent normal
tissues due to their narrow extent in human tissue, corresponding to less than 0.1 mm [5].
Meanwhile, highly efficient cell destruction through DNA double-strand and DNA cluster
damage is caused by the high energy of o emitters, in addition to the strong linear energy
transfer (LET) (80 keV/um) that goes along with it. These effects are mainly unaffected
by the state of the cell cycle and oxygenation [6-8]. Thus, o radioisotopes can provide a
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therapeutic option for patients who are resistant to therapy with 3 — or gamma radiation or
chemotherapeutic medications [9-11]. According to research estimations, tens of thousands
of 3— particles are needed to reach a single-cell killing rate of 99.99%, whereas only a few
o decays are needed to accomplish a similar killing potential [4,12].

The high-LET radiation’s biological efficacy is explained by its tendency to cause
complex multiple clusters and double-strand or single-strand breaks in a target cells’ DNA,
rendering cellular repair mechanisms ineffective [4,13]. Additionally, reactive oxygen
species (ROS), which are produced when emitted particles interact with water, can react
with biomolecules such as proteins, phospholipids, RNA, and DNA, leading to permanent
cell deterioration [14]. Moreover, during this type of therapy, the primary tumour and
any additional cancerous lesions in the body that the radiation did not directly target may
decrease as a result of “the abscopal effect” [14]. It is thought that the immune system is a
key player in this process, even though the precise biological mechanisms underlying the
phenomenon are as yet unknown [4,15,16] (Figure 1).

Proteins
o particles + H,0 ROS Phiospholipids
DBNA

Targeting
molecule

Linker
Target
protein

Y Cancercell
Radiopharmaceutical
Abscopal effect
Secondary
untreated

tumour

O The immune system activation )

Figure 1. Schematic representation of the biological effects following the use of x-particle emitter
radiopharmaceutical for cancer therapy. SSD = Single-Strand Break, DSB = Double-Strand Break,

ROS = Reactive Oxygen Species.

Considering the clinical application of TAT, only a limited number of x-particle emit-
ters are appropriate [17]. The use of *2Ac and its short-lived daughter nuclide 2'*Bi
represents the vast majority of available experience in clinical research [5]. Furthermore,
applying y decays, which are produced during the radioactive ?*> Ac cascade [5] in SPECT
imaging, raises the possibility of theranostic nuclear medicine applications.

Although interest in using ?>>Ac as an a-emitting radiolabel has been steadily increas-
ing [18], substantial clinical investigations of many radiopharmaceutical candidates cannot
be supported due to 2 Ac’s limited worldwide accessibility [19]. Notwithstanding the
significant financial investments made by numerous laboratories to establish production
pathways, the widespread use of %> Ac-labeled radiopharmaceuticals in human patients is
still not achievable [19]. This ongoing shortage in 22> Ac supply can be explained by the
practical production techniques that need difficult logistical tasks, such as using controlled
nuclear materials or highly irradiating radioactive accelerator targets [19].
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In order to increase the availability of ?°Ac and thus boosting the clinical use of
a-particle-emitter therapeutics and potential theranostic applications, this review aims to
outline the fundamental physical characteristics of 22° Ac in addition to its existing and
potential production routes.

2. 255 Ac: Physical Characteristics

Actinium is a radioactive component with atomic number 89 [20]. Only two of its
32 isotopes, 22 Ac and 2?7 Ac, are naturally produced as a result of the disintegration of
232Th and 2*°U, respectively [20,21]. With its long half-life of 21.7 years and predominant
B— emissions decay, >/ Ac represents the most common actinium isotope. However, 228 Ac,
which is also a — emitter, is highly uncommon [20,21].

225 Ac is the initial element in the actinide family, and its radioactive parents are parts
of the now-extinct “neptunium series” [19,21]. This x-emitter isotope has a long half-life of
9.9 days [5,22].

Starting from 22> Ac to reach 2%Bi (T, /2=19 x 10" y), the decay series includes six
short-lived radionuclide daughters [5,23].

This radioactive cascade is represented by 2?!Fr (T} /, = 4.8 min; 6.3 MeV « particle
and 218 keV y emission), 217 At (T, = 32.3 ms; 7.1 MeV « particle), 2*Bi (T; /, = 45.6 min;
5.9 MeV « particle, 492 keV (3— particle and 440 keV y emission), 213po (T /2 =3.72 us;
8.4 MeV « particle), 2°T1 (T /, = 2.2 min; 178 keV 3 — particle), 22Pb (T, = 3.23 h; 198 keV
[3— particle) [24] (Figure 2) [14].

B_
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209T] 209p1, 209B{
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Figure 2. The decay chain of 23U to 2> Ac and ?!3Bi.

3. 225A¢ and Its Potential Theranostic Use

225 Ac is considered a “nanogenerator”, since one decay of this element produces a
total of four « and three {3 particles, in addition to two y emissions [24]. Taking into account
its o particle emissions, along with the fact that the non-tumour binding activity can be
eliminated before most of its dose is deposited in organs, ?2>Ac is considered an appealing
choice for TAT [24,25]. However, it is important to give attention to the notable 22>Ac
cytotoxicity, including renal toxicity [26], due to its extended half-life and the various o
particles produced throughout its decay chain [5].

A theranostic-based approach, characterised by the imaging-therapeutic duality, is the
process of obtaining positron emission tomography (PET) and SPECT scans by exchanging
the therapeutic a-emitting radionuclide with a positron or gamma diagnostic imaging
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radionuclide. Significant information on dosimetry and TAT reactions is obtained from
these relevant nuclear medicine images.

Chemical characteristics, half-life, radioactive emission type and intensity, related
dosimetry, ease and scalability of production, radionuclidic purity, economics, and radionu-
clide progeny considerations are the factors that determine “the ideal” imaging surrogates
for targeted alpha therapy [27,28].

Therapeutic use of 2> Ac is often paired with imperfect PET imaging surrogates, such
as Ga, 87r, or 11, despite significant differences in their half-lives or chelation chem-
istry [29]. Studies are being conducted to address the limitations of imaging radionuclides
by utilising lanthanum (La) as a potential alternative, especially 1%?La (T, = 4.8 h, 42%
B+) and ¥La (T, = 3.9 h, 7% B+) [30,31]. However, the half-lives of these isotopes
are much shorter than that of 22> Ac, limiting their applicability in PET imaging [29]. In
this regard, the production of 1**Ce (T, = 3.2 d) has recently been started by the U.S.
Department of Energy (DOE) Isotope Program [32]. The long 134Ce Ty /2 and the similar
chemical properties of 22> Ac and !3*Ce were considered potential benefits for monitoring
in vivo pharmacokinetics. For PET imaging of the chelate and the antibody trastuzumab,
134Ce has been demonstrated to bind with diethylenetriamine pentaacetate (DTPA) [32] and
dodecane tetraacetic acid (DOTA) [33]. On the other hand, greater molar ratios and higher
temperatures are needed for isotope combinations with DOTA and DTPA [29]. In con-
trast, N, N’-bis[(6-carboxy-2-pyridyl)methyl]-4,13-diaza-18-crown-6 (macropa) has shown
great stability for nonradioactive cerium and better chelate characteristics for 22°Ac [34],
indicating that it might be useful for the theranostic development of 134Ce /22 Ac [35].

The potential use of y disintegrations, obtained by the decay of the intermediate 22! Fr
(218 keV, 11.6% emission probability) and 2!3Bi (440 keV, 26.1% emission probability) [5], in
SPECT in vivo imaging could lead the 22° Ac radioactive cascade to a possible theranostic
prospective in nuclear medicine applications. Nonetheless, planar SPECT imaging would
be challenging because of the effectiveness of 22° Ac, which results in modest administered
doses (~50-200 kBq/kg [5]), along with low y emissions [24,25]. As a possible solution to
this limitation, we can notice the suitable use of 213Bi, which can be isolated from the 225Ac
decay cascades [24]. Nevertheless, it is mandatory to consider the short half-life of 2!*Bi
(45.6 min), which poses difficulties for processing, radiolabelling, and radiopharmaceutical
delivery [24]. In addition, it is necessary to point out that these radiations make reaction
monitoring complicated. Moreover, the secular equilibrium must be attained (for at least
6 h) before measuring a trustworthy radiochemical yield (RCY) [21]. Actinium’s chemistry
lacks advancement because of its restricted availability; all Ac isotopes need specific
management and facilities [20].

4. Radiochemistry

During the production of radionuclides, it is mandatory to take into consideration a
set of important aspects, such as safety, the co-generation of a few long-lived radionuclidic
impurities, and adjustability, to enable delivery through clinical sites [27]. Once the target
material has been irradiated, potent chemical purification methods are required to isolate
the radioisotope [27,36-38]. Furthermore, the alpha particle may radiolytically damage
the radiopharmaceutical itself, reducing in vivo targeting and producing more radioactive
deposits in nontarget tissue. [27].

Since radiopharmaceuticals are considered typical pharmaceuticals, special manuals
have been developed in the European Pharmacopoeia to deal with quality control issues [39].
Additionally, optimised protocols for preparing 22> Ac agents in therapeutic doses have
been established [40] (Table 1).
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Table 1. Research on 2?5 Ac chemistry. RCY = Radiochemical yield, RCP = Radiochemical purity,
TLC = Thin-layer chromatography, ITLC = Instant thin-layer chromatography.

Study Preparation Method Radiopharmaceutical RCY/RCP

% The labelling of the DOTA-conjugated peptide was
carried out under good manufacturing practice within a
shielded hot cell using a multifunctional automated

R radiosynthesis module (Trasis, AllinOne mini).

**  46.6 MBq of the 22° Ac source dissolved in 0.2 M HCI was
loaded under vacuum in the initial vial for radiolabelling
with the DOTA-conjugated precursor (200 ug) on day 5
postsource purification. The source was transferred to the

Abou. et al., one-pot radiolabelling reactor cassette, in which the 225 A «.DOT, 'A-conjugated
2022 [41] reaction occurred in Tris buffer (1 M, pH 7.2) at 85 °C for
70 min in the presence of 20% v/v L-ascorbic acid at pH
6-8. The radiolabelled peptide was transferred in saline
and passed through a 0.2 pm sterilizing filter, resulting in
, afinalvolume of 9.7 mL.

%* The radiolabelled products were characterised using
thin-layer chromatography, high-pressure liquid
chromatography, gamma counting, and high-energy
resolution gamma spectroscopy.

peptide >99%/>95%

% PSMA-617 precursor was dissolved in 25 uL metal-free
water (0.67 mg/mL) and combined with 500 uL 0.05M
Tris buffer, pH 9. 225 A¢ solution (~65 pCi in 15 pL) was
added and the reaction was heated at 120 °C for
40-50 min. The resulting reaction was cooled and 0.6 mL
gentisic acid solution (4 mg/mL in 0.2 M NH4OAc) was

) ) added. To formulate the dose for injection, sterile saline
Durzra(;r;hg]t als (8 mL) was added and the pH was adjusted by the 22 Ac-PSMA-617 >99%/98 £+ 1%

addition of 100 uL 0.05 M Tris buffer (pH 9) to give a final
pH of ~7.2. The final solution was filtered using a 0.22 um

R GV sterile filter into a sterile dose vial.

%* Radiochemical purity was determined by radio-TLC
(eluent: 50mM sodium citrate, pH 5), and plates were
analysed using an AR2000 scanner.

% 225Ac-PSMA-617 was prepared by adding the peptidic
precursor-PSMA-617 (molar ratios, 25 Ac:
Thakral. et al., PSMA-617 = 30:1) in 1 mL ascorbate buffer to 22°Ac and . .
2021 [43] ,  heating the reaction mixture at 90 °C for 25 min. P Ac-PSMA-617 85-87%/97-99%
%* pHwas determined using pH paper.
\/
**  RCP of 2> Ac-PSMA-617 was determined by ITLC.

225 Ac (9.25 MBq) was obtained from a thorium generator

at Canadian Nuclear Laboratories and supplied as the

dried [2° Ac]AcCl; salt. The [2° Ac]AcCl; was dissolved

in1 mL 1 M NH4OAc, pH 7.0, transferred by pipette to a

50 mL centrifuge tube, and diluted to 45 mL in 1 M s )

NH4OAc. Stock solution (1 mL), containing Ac-PSMA conjugated

approximately 205 kBq [?2° AcJAc(OAc);, was transferred peptide/ 2.7 + 0.55%—

Kelly. etal,, by pipette to a plastic Eppendorf tube placed on a digital ?2 Ac-DOTA conjugated 98.8 4+ 0.09%
2021 [44] T : ; - eptide/ 8 & 0.09%/

ermoMixer heating block. Then, 20 uL of the ligand stock 25 pep ) 1.8-99.5%

solution (0.01-1 mg/mL of PSMA or DOTA or macropa) Ac-macropa conjugated

was added and the reaction was shaken at 300 rpm at peptide

either 25 °C or 95 °C. A 3 pL aliquot of the reaction

mixture was withdrawn and deposited on the origin of a

silica-gel-60-coated aluminium plate (Sigma Aldrich) after

incubating the reaction for 1 min, 5 min, and 15 min.
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Table 1. Cont.

Study

Preparation Method Radiopharmaceutical RCY/RCP

A TLC method was developed to separate the metal

complexed ligand from uncomplexed 22 Ac and its
daughter radionuclides.

1.8-99.5%

Hooijman.
et al., 2021 [45]

225 Ac was diluted into 0.1 M HCL. Stock solutions (10 mL)
were proceeded in quartz-coated sterile vials. All
purchased chemicals were prepared with Milli-Q water.
Stock solutions prepared the day before labelling were

1 M HCI (from 37% HCI), 10 M NaOH, and 0.1 M
TRIS-buffer pH 9. Two stock solutions were prepared on
the day of labelling: First, 20% ascorbic acid was prepared;
the ascorbic acid solution was transformed to ascorbate by
the addition of 10 M NaOH to a pH 5.8. Secondly,
PSMA-1&T (250 ug) was dissolved in 0.1 M TRIS buffer
(pH 9) to a concentration of 600 ng/mL. Directly after
labelling, 4 mg/mL diethylenetriaminepentaacetic acid
(DTPA) was added to the labelling mixture. A solution for
injection was prepared by the addition of ascorbate (50%
v/v) and ethanol (6% v/v, 96%) into saline.

225 Ac-PSMA-1&T >95% />90%

5. 225Ac¢ Radiopharmaceuticals and Clinical Applications

The delivery of the radiopharmaceutical via the circulatory system enables the tar-
geting of both the main tumour and its metastases. Whether a radiopharmaceutical is
intended for therapeutic or diagnostic purposes depends on the decay properties of the
linked radioisotope. For the purpose of curing, controlling, or palliating symptoms, TAT
aims to provide an adequate amount of ionising radiation to intended malignities areas [27].
This means that any TAT agent must have a thorough understanding of its stability, phar-
macokinetics, and dosimetry.

Investigations on 22> Ac have shown potential in treating neuroendocrine tumours,
acute myeloid leukaemia, and metastatic prostate cancer, and more radiopharmaceuticals
are being developed for other cancer types [46-52] (Table 2).

Table 2. Clinical research based on 22> Ac.

Disease Study Radiopharmaceutical
Prostate cancer Parida et al., 2023 [53] 225 Ac-PSMA RLT
Ma et al., 2022 [54] 225 Ac-PSMA-617

Sanli et al., 2021 [55]

Sen et al., 2021 [56]

Zacherl et al., 2021 [50]
Feuerecker et al., 2021 [57]

Van Der Doelen et al., 2021 [58]
Sathekge et al., 2020 [51]
Yadav et al., 2020 [59]
Satapathy et al., 2020 [60]
Sathekge et al., 2019 [61]
Kratochwil et al., 2018 [62]

225 Ac-PSMA-617
225 Ac-PSMA-617
225 A c-PSMA-1&T
225 Ac-PSMA-617
225 Ac-PSMA-617
225 A c-PSMA-617
225 Ac-PSMA-617
225 Ac-PSMA-617
225 A c-PSMA-617
225 Ac-PSMA-617

Neuroendocrine tumours

Ballal et al., 2022 [63]
Yadav et al., 2022 [48]
Kratochwil et al., 2021 [64]

225 A c-DOTATATE
225 Ac-DOTATATE
225 Ac-DOTATATE
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Table 2. Cont.

Disease Study Radiopharmaceutical
Ballal et al., 2020 [65] 225 Ac-DOTATATE
Kratochwil et al., 2015 [66] 225 Ac-DOTATOC
Acute myeloid leukaemia Rosenblat et al., 2022 [67] 225 Ac-lintuzumab
Jurcic, 2018 [68] 225 Ac-lintuzumab
Jurcic et al., 2016 [69] 225 A c-lintuzumab
Jurcic et al., 2011 [70] 225 Ac-lintuzumab

The use of 22>Ac in clinical practice is limited by its low availability. Breaking through
this barrier would allow ?2° Ac therapy to spread widely. Automated synthesis and consis-
tent patient doses are essential, regardless of the production route chosen for this «-isotope
acquisition. 22> Ac can be adapted for the commonly accessible DOTA-conjugated peptides
for therapy [41], which are already capable of labelling 1””Lu or *°Y. Marc Pretze et al. [71]
studied the effectiveness and consistency of the radiosynthesis process for creating > Ac-
labelled DOTA-conjugated peptides. Additionally, the research aimed to establish whether
this process could be adapted for clinical production purposes through an automated syn-
thesis platform (cassette-based module—Modular-Lab EAZY, Eckert & Ziegler) [72]. After
comparing two purification methods, the researchers obtained 22> Ac-labelled peptides
in an RCY of 80-90% for tumour therapy in patients [71]. Thus, the whole process was
meticulously validated in accordance with the regulations of the German Pharmaceuticals
Act §13.2b, knowing that the estimated costs for the automated synthesis of 1 MBq ?2°Ac is
around EUR 300-390, taking into account that the peptides would cost EUR 600-1000, the
cassettes would cost EUR 180-200, and the ML EAZY would cost EUR ~30,000 [71].

6. The Production Routes of 225Ac

As already mentioned, 2% Ac is part of the 2’ Np disintegration family that has van-
ished in nature. This radioactive element could be artificially reproduced [21]. In addition
to direct production paths, 22 Ac is conveniently reachable at numerous points along the
decay chain, in particular via 233U (T /, =159200 y, 100% «), 22°Th (T /» = 7340 y, 100% o),
and %*Ra (T, /2 =14.9d,100% —) [19]. 225 A¢ possesses many fewer nucleons than other
actinide nuclei that are more stable to be employed as production targets, such as 2>Th
and %2°Ra [19]. Thus, production methods should, with rare exceptions, rely on radioactive
decay or greater energy bombardments.

The available production routes of 2> Ac and its parents are listed below (Figure 3) [14]:

23U () Th(a)?Ac 226Ra(n,y) 2°Th(a)?*5Ac
22t (p,x) 225A ¢, "atTh 225A¢ 22 A C 226Ra(y,n) 25Ra(B)**5Ac
2Ra(p,2n) *Ac 26Ra(n,2n) 25Ra(B)***Ac
226Ra(d,3n)?25Ac

Figure 3. The principal production routes for 22> Ac.

6.1. Radiochemical Extraction from > Th

For more than two decades, the main source of 22> Ac has been the accumulation of
229Th (T /2 = 7340 y) from the disintegration of 23U (T 72 = 160,000 y) reserves. At this
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time, all clinical trials and a large number of pre-clinical studies involving 22> Ac and ?!%Bi
have so far used this type of generation route [5].

A large portion of 23U was created between 1954 and 1970 by neutron irradiating
232Th when it was being researched for use in nuclear weapons and reactors that were
never completely implemented [73,74]. A significant stockpile of 2°U was kept after the
thorium fuel cycle was abandoned in favour of fast reactors powered by plutonium at the
end of the 1970s [21]. From supplies kept at the Oak Ridge National Laboratory (ORNL,
Oak Ridge, TN, USA), 29Th produced via 233y disintegration was recovered between
1995 and 2005 [74]. Currently, there are three principal sources for this 22Th: at ORNL
(5.55 GBq (150 mCi), or 704 mg) [74,75], at the Directorate for Nuclear Safety and Security
of the Joint Research Centre (JRC) of the European Commission (JRC, Karlsruhe, Germany)
(1.7 GBq (46 mCi), or 215 mg), formerly known as the Institute for Transuranium Elements
(ITU) [74,76], and at the Leipunskii Institute for Physics and Power Engineering (IPPE,
Obninsk, Russia) (5.55 GBq (150 mCi), or 704 mg) [74,77]. Canadian Nuclear Laboratories
(CNL) has more recently announced the isolation of an important 2°Th source [5]. Very
pure sources of 22 Th were also discovered, prepared, and used for pre-clinical research at
the Belgian Nuclear Research Centre (SCK CEN) in Mol, Belgium [14].

By producing approximately 33 GBq (893,23 mCi) (ORNL) [78] and 13.1 GBq (350 mCi)
(JRC) [74,76] of %> Ac annually, the ORNL and JRC represent, up to now, the principal
worldwide providers of 22 Ac and its parent ?>°Ra (T /2 = 14.9 d). Anion exchange and
extraction chromatography are combined to produce 22> Ac from ?*Th at JRC Karlsruhe,
whereas anion [52] and cation exchange are used in the process at ORNL [78]. Even though
the IPPE source has the same amount of 222Th as the ORNL source, the recorded values
show that the IPPE source intermittently produces ?2° Ac [74,77,79]. According to Samsonov
MD et al., IPPE 2% Ac production could reach 22 GBq per year [80].

Additionally, it has been noted that starting from 2019, a very considerable rise in the
availability of 2 Th will be produced through the extraction of 2>’Th from historical wastes
kept by the US DOE [4,52,78]. According to estimations, there could be up to 45 g of total
229Th available, which could result in a 40-fold boost in the supply of 22> Ac above current
levels [78].

The 225 Ac developed at JRC Karlsruhe and ORNL is considered safe for human use
and has been significantly utilised for patient treatment [5], although there have been no
reports to date about the direct clinical application of 22> Ac made at IPPE [5].

Approximately 68 GBq of 22> Ac from 2*’Th are generated per year on a global scale [5].
Knowing that the 22° Ac-labelled ligands’ given activities typically range from 4 to 50 MBq
per therapeutic dosage [5], the amount of this isotope’s supply is sufficient to treat several
hundred patients annually and permits the performance of pre-clinical research. Although
a major benefit of this production method is that the resulting ?>>Ac is free of other ac-
tinium isotopes, the globally generated >??Th is not enough to satisfy the extensive use
and implementation in healthcare applications across the world [74,81]. Therefore, the
development of 22> Ac radiopharmaceuticals is hindered by the limited supply and high
cost that make 225 Ac inaccessible to many researchers [74]. In addition, the production
of 283U (T, /2 = 160,000 y) is not viewed as a realistic solution for addressing expected
short-term 22° Ac demand, because decades of steady growth are necessary to boost 2Th
(Ty/2 = 7340 y) supply [19,82,83]. As a result, numerous other techniques for generating
225 Ac on a wide scale have been researched.

Exposing radium targets to high fluxes of thermal neutrons is considered an effective
procedure to induce 22°Th production [19]. This approach has been carefully investigated
by ORNL researchers with access to the High Flux Isotope Reactor’s (HFIR) > 1015 n cm 2
s thermal fluxes, noticing the production of 2Th from 22°Ra, 28Ra, and 22 Ac [19]. An
HFIR cycle of 26 days generated 22°Th yields at 74 4 7.4 MBq g~ ! from ??°Ra, 260 + 10 Bq
g 1229Th from ??®Ra, and 1200 + 50 MBq g ! from 2%’ Ac [19,84].

226Ra(n,y)?¥Ra(p—)*¥’ Ac(n,y)*B Ac(B—)?*?8Th(n,y)*®’Th is the predominant gener-
ation pathway from ??°Ra targets and is driven by a combination of neutron capture
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probability and decay kinetics [19]. The short half-lives of ?’Ra (T, /2 =42.2 min, 100% 3 —)
and 22 Ac (T; /, = 6.15 h, 100% B —) represent the important restrictions for these possible
29Th generation routes [19]. The magnitude of the 226Ra(n, v) 22?Th cross section has
the biggest impact on the amount of °Th that can be produced [19]. Unfortunately, this
predominant pathway passes through 22Th. This Th isotope is a dosimetrically undesir-
able contaminant that can only be eliminated from ?*Th by mass isolation or burnup and
lowers the yield of ?Th that may be produced [19]. The handling of the radium target
and the generation of 22Th (T}, = 1.9 y) intermediate represent important challenges of
this process [14,52,85]. In addition, there is still a sizable gap between the theoretically
predicted yields and the measured ones. In HFIR, ideal 5-cycle activations are expected to
provide approximately 0.8 GBq (20 mCi g~ ') of 2 Th for every gram of 2*°Ra [19].

Whereas pure 227 Ac or 2?®Ra targets are projected to generate somewhat more 22°Th,
the current supply of these radionuclides is substantially less than that of ?*°Ra [19].
Although improving the cost effectiveness of centralised recovery and distribution from
229Th stocks, the dedication of even relatively small quantities of 2?°Ra to such irradiations
will significantly help to ease the current 22> Ac shortages. Yet, the full scope of the predicted
need cannot be promptly met using this production technique. Thus, other production
methods will undoubtedly be pursued simultaneously.

6.2. Accelerator-Based Routes
6.2.1. The Spallation of 22Th

This method is based on the spallation of 232Th to produce ?>>Ac. As a target material,
232Th (4.1103 Bq/g, 110 nCi/g) is widely accessible, not excessively radioactive, and
presents fewer radiation risks [74]. Many countries are known to have stocks of tens of
kilograms of thorium metal and hundreds of tonnes of thorium oxide or thorium nitrate,
which are created every year as a byproduct of rare-earth mining and used to make more
thorium metal in large amounts [74,86].

Waste recycling of the irradiated 23 Th target material might not be necessary because
of its important accessibility [74].

The irradiation of 22Th with highly energetic protons (0.6-2 GeV) accessible at large
accelerators has been shown to produce considerable amounts of 225 A¢ [5,87,88]. Production
yields of several GBq have been recorded for 10-day irradiations utilising highly energetic
proton beams [5,89,90]. From the irradiations of 5 g cm~? targets throughout their roughly
8-month annual running durations, Los Alamos National Laboratory (LANL) can create
between 40 and 80 GBq (1-2 Ci) every 10 days. This method is considered to be the
most developed production procedure [78] and was validated at the Institute for Nuclear
Research (INR), Russian Academy of Sciences (RAS) in Troitsk, Russia, and LANL in the
US [78]. Furthermore, the routine use of this technique was introduced by the US DOE
Tri-Lab (ORNL, Brookhaven National Laboratory (BNL), LANL) [78]. Once the targets are
being handled and the completed product is delivered from ORNL, irradiations can be
carried out at BNL (200 MeV at 165 mA) and LANL (100 MeV at 275 mA) [78,91].

The co-production of long-lived >’ Ac (T, = 21.8 y) is the process’ primary con-
straint [27,78]. A large amount of these radionuclidic impurities is simultaneously produced
by the spallation of 22Th and needs to be eliminated using the proper multi-step chemical
separation methods [5,92-94]. The effects of the isotopic impurity on the therapeutic appli-
cation of the produced 22> Ac need to be taken into account because 22 Ac and %2/ Ac cannot
be totally chemically separated (0.1-0.2% of the relative activity of 2> Ac) [21,88]. Even with
this limitation, the 2> Ac produced from high-energy accelerators may still be perfectly
suitable for the manufacturing of 22> Ac/?!3Bi generators, as all actinium daughters will
be kept on the generator [14]. According to preliminary research, the 2’ Ac impurity will
not significantly affect patient dosimetry [78]. Recently, new purifying techniques that
enable a reduction in the 22’ Ac level and the recovery of 22° Ac with better purity, such as
isotope separation (isotope separation on-line (ISOL) at Canada’s particle accelerator centre
(TRIUMF)) or a manufacturing method using ?2°Ra produced after the proton irradiation
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of 222Th, have been developed [4,21,95-97]. Nonetheless, there are still challenges to be
resolved regarding long-lived 2% Ac licensing and accessibility in medical applications. In
addition, due to the 21.8-year half-life, waste management is still a serious issue and will
necessitate measures with possibly high related costs.

6.2.2. The Irradiations of 22°Ra
The Proton Irradiation of 22°Ra

Compared with the 2%2Th spallation reaction, the generation of 2?Ac from ?*Ra
targets by proton irradiation in a cyclotron has several benefits. This method is based
on the reaction 2?°Ra(p,2n)?*?> Ac. In medium-sized cyclotrons, at proton energies below
20 MeV (around 16 MeV), this procedure can be carried out with excellent results and at
a reasonable cost [5,78,98]. About 5 GBq 225 A¢, which is comparable to 500 patient doses
of 10 MBq %% Ac, should be produced after a 24 h exposure of 50 mg ??°Ra to the highest
excitation function at 15-16 MeV with a current of 100 mA protons [78]. It is noteworthy
that research, both fundamental and applied, is believed to have relevance to medical
cyclotrons that produce radioisotopes at energies between 15 and 25 MeV [14,99].

Since no other long-lived actinium isotopes, such as 2%’ Ac, are created during the
chemical purification of the irradiation targets, 22> Ac with high isotopic purity is obtained.
By choosing the right proton energies, it is possible to reduce the co-production of the
short-lived 226 Ac (T, /2 =29 h) and 24 A¢ (T /2 = 2.9 h) impurities produced by the reactions
226Ra(p,n)??°Ac and ?*°Ra(p,3n)??*Ac [5,78]. Furthermore, during the time needed for
target cooling and reprocessing, their activity will continue to decrease to low levels.
Handling targets that contain milligram amounts of radioactive 226Ra (T /2 = 1600 y) and
controlling its highly radiotoxic gaseous decay product ?>’Rn (Ty, = 3.8 d) [5,14,98,100]
pose significant challenges in the production, processing, and control procedures [5,78]. In
addition, due to the limited availability of the target material, it is necessary to consider
its recycling process [20]. Currently, facilities in North and South America, Europe, and
Asia are researching how to utilise this production strategy. For instance, work on the
investigation and development of 2> Ac generation using 2*°Ra (stored as radioactive waste)
has started at the National Institutes for Quantum Science and Technology (QST), Chiba,
Japan [100]. These amounts of 2Ra have previously been used as a sealed source for
brachytherapy. Even in this resource-constrained country, some >?°Ra was accessible as a
target for proton irradiation thanks to the national waste management program [100].

The Deuterons’ Irradiation of 226Ra

An improved method for producing ?2°Ac, which involves irradiating 2?°Ra with
deuterons through the reaction 22°Ra(d,3n)?* Ac, has been proposed [101]. Although exper-
imental measurements of the reaction’s cross sections are still in development, simulations
indicate that the process will have a greater production yield than the ?2°Ra(p,2n)*?® Ac
reaction and a maximum cross section of 864 mb at 18.5 MeV [78]. It is important to consider
the prolonged cooling period by the 226 Ac decay, since deuteron irradiation might result
in an increased co-production of 2°Ac (T /2 =29 h) [78]. Moreover, there are only a few
accelerators that can produce deuteron beams with enough energy.

The photonuclear reaction *°Ra(+y,n)?*°Ra

The photonuclear reaction 226Ra(y,n)225Ra, followed by the beta decay of 225Ra to
225 Ac is a different method for producing ?*° Ac by irradiating 22°Ra. It is noticed that the
photon energy cutoff for the reaction is 6.4 MeV. However, experimentally established
cross-section data are not yet available [78]. Modelling data predict modest reaction yields
and high-intensity electron beams from modern accelerators are required for commercially
viable production. At JRC Karlsruhe, the process’s fundamentals have been experimentally
verified [78]. A zircaloy capsule containing 1 mg of 22°Ra embedded in 800 mg of a BaCl?
matrix underwent 3.5 h of 52 MeV betatron irradiation to generate 0.24 mCi of 225 A¢ [78]. At
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the INR in Dubna, Russia [102], as well as the [llawarra Cancer Centre (ICC) in Wollongong,
Australia [103], the procedure’s viability has also been effectively validated. At a maximum
photon energy of 24 MeV, a radiation yield of 550 Bq/(mAh mg ??°Ra) was recorded [102].
For a more precise estimate of production yields, it is extremely important to quantify the
cross-section data in detail in this reaction.

The main challenges in this method are the recycling requirement of the ?°Ra target
and some handling issues with the 2??Rn daughter [20]. However, large-scale ?*> Ac man-
ufacturing using this procedure is already being implemented at several plants [104]. It
was reported that SCK CEN is capable of generating high-grade GMP-grade 22> Ac and also
continually supplying it using a backup system [18,100]. During the creation of GMP-grade
225 A ¢, SCK CEN has been collaborating with the Institute of Radioelements Environment
& Lifescience Technology (IRE Elit) and Global Morpho Pharma (GMP) (France) [100].
Starting in 2019, SCK-CEN began irradiating their stock of several hundred grammes of
226Ra. This Belgian research centre is also equipped with a BR2 reactor and an accelerator-
driven subcritical reactor named Multi-purpose hYbrid Research Reactor for High-tech
Application (MYRRHA) that are used in this approach [100]. Additionally, utilising an
IBA (Ion Beam Applications S.A., EURONEXT) Rhodotron, SCK CEN could produce GMP-
grade 22 Ac at a weekly rate of 37 GBq (1000 mCi) by irradiating with 40 MeV electrons at
125 kW [100]. The prospects should be kept an eye on, as SCK CEN and IBA established
a research and development partnership agreement for the joint production of ?°Ac in
2021 [105] (Table 3).

Table 3. Advantages and disadvantages of the potential 22> Ac production methods.

Production Methods Advantages Disadvantages
Radiochemical A large portion of 223U was created by °
229 233
?Xtracztzig,?h()f 2257 ¢ neutron irradiating 22Th AN Th and “*°U have long T/, values
rom
A significant stockpile of 223U was kept after “*  The globally generated 22?Th is not enough
the thorium fuel cycle was abandoned in to satisfy the extensive use and
favour of fast reactors powered by implementation in healthcare applications
plutonium across the world
. % The development of 22° Ac
%*  The CNL has more recently announced the radiopharmaceuticals is hindered by the
isolation of an important 22’ Th source limited supply and high cost that make 22> Ac
inaccessible to many researchers
o 1 227 228
X Very pure sources of 22°Th were discovered,  * The short half lives of Ra and " Ac
repared, and used for pre-clinical research represent important restrictions for the
};t tﬁe SCi( CEN possible 22°Ra(n,y) ?*’Ra(B —) 2%’ Ac(n,y)
228 Ac(B—) 228Th(n,y) 22 Th routes
RA . . o
A Star.tmg. from 22(2)919, a Cf>n51derable rise in the ‘:. The cross section of 20Ra(n, v) 2°Th greatly
availability of “~*Th will be produced . 229 . L
. 229 impacts “~’Th production but is hindered by
through the extraction of “~Th from ndesirable contaminant 228Th
historical wastes kept by the US DOE undestrable co !
R - .
% The resulting 2° Ac is free of other actinium ~ * There ' still a smgble &ap between the
. theoretically predicted yields and the
isotopes
measured ones
< Wh 227 A or 228R
X3 Exposing radium targets to high fluxes of * creas pure cor a targets are

projected to generate somewhat more 2>°Th,
the current supply of these radionuclides is
substantially less than that of 226Ra

thermal neutrons is considered an effective
procedure to induce 2?°Th production
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Table 3. Cont.

Production Methods Advantages Disadvantages
X3 Improving the cost effectiveness of
§2egn tralised recovery ?nd. distribution from “*  The full scope of the predicted need cannot
Th stocks, the dedication of even be promptly met usine this production
relatively small quantities of 2?°Ra to such promptly & p
. L oy technique
irradiations will significantly help to ease the
current >2° Ac shortages
. 3 % 22This widely accessible and presents fewer % The co-production of long-lived %27 Ac
Spallation of ~“Th radiation risks (T1/2 = 21.8 y) as a radionuclidic impurity
X3 Many countries are known to have stocks of |
tens of kilograms of thorium metal and %* 225 Ac and 2% Ac cannot be totally
hundreds of tonnes of thorium oxide or chemically separated
thorium nitrate
% Duetoits important accessibility, recycling of X Long-lived 227 Ac licensing and accessibility
232Th target material may not be required in medical applications
%*  The irradiation of 232Th with highly % Waste management is still a serious issue and
energetic protons has been shown to produce will necessitate measures with possibly high
considerable amounts of 225 Ac related costs
%*  Itis considered to be the most developed
production procedure
%* Itis suitable for the manufacturing of
225 A ¢ /213Bj generators, as all actinium
daughters will be kept on the generator
% In medium-sized cyclotrons, at proton X3 Handling targets that contain milligram
Proton irradiation of energies below 20 MeV (around 16 MeV), amounts of radioactive 22°Ra (T; /, = 1600 y)
226Ra this procedure can be carried out with and controlling its highly radiotoxic gaseous
excellent results and at a reasonable cost decay product ?>?Rn (T /, = 3.8 d)
“*  About 5 GBq 225 Ac (500 patient doses of 10
* 5 4 (500p %*  The limited availability of the target material
MBq ““°Ac) should be produced after 24 h . - .
£ 50 26R necessitates its recycling
exposure of 50 mg a
“*  Fundamental and applied research is
thought to apply to medical cyclotrons that
generate radioisotopes
% No other long-lived actinium isotopes, such
as 227 Ac, are created during the chemical
purification of the irradiation targets, thus
225 Ac with high isotopic purity is obtained
%*  Simulations indicate that the process will R . .
Deuterons’ h . . . Experimental measurements of the reaction’s
ave a greater production yield than the . 1lin devel
irradiation of 22°Ra 226R, (p,2n)225 Ac reaction cross sections are still in development
%*  To consider a prolonged cooling period by
the 22 Ac decay since deuteron irradiation
might result in an increased co-production
of %26 Ac
%*  There are a few accelerators that can produce

deuteron beams with enough energy
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Table 3. Cont.

Production Methods

Advantages Disadvantages

Photonuclear reaction
226Ra(y,n) 225Ra

Large-scale 2 Ac manufacturing using this ¢,

. . . *
procedure is already being implemented at
several plants

Experimentally established cross-section
data are not yet available

%*  Modest reaction yields are predicted by
modelling data

\/
*%*  For commercially feasible production,
modern accelerators with high-intensity
electron beams are needed

The recycling requirement of the ??°Ra target

* *
0’0 0’0

Issues with handling the 2?’Rn daughter

6.3. 225 Ac/213Bi Radionuclide Generators

In the middle of the 1990s, the JRC was the first laboratory to offer 225 A /213Bi to
clinical partners [5]. Ever since, the JRC has produced these radioisotopes on an annual basis
for preclinical research and clinical testing carried out at JRC Karlsruhe or in partnership
with a large network of healthcare partners.

In order to produce the short-lived 213B4 (T, /2 =45.6 min) on-site, 225 A¢ can either be
utilised directly as a therapeutic nuclide [50,106] or set onto 25 A /213Bj generators [78,83].
All patient investigations with 2!3Bi up to now have utilised >*> Ac/?!3Bi generators.

There are numerous generator types available, including those based on ion exchange,
extraction chromatography, and inorganic sorbents [106]. The most widely used type is a
single-column “direct” generator that was invented at the ITU and based on the strongly
acidic cation-exchange sorbent AG MP-50 [106].

In this well-known approach, ?!3Bi is obtained starting from ?2° Ac, which is tightly
bound to the sorbent and drowned in 0.05M HNOj solution [14,78,83]. At roughly every
3 h [14,78], 2'%Bi (*13Bil,” and ?13Bil5%) is obtained for immediate use through elution with
a mixture of 0.1 M HC1/0.1 M Nal [104] (Figure 4) [14].

0.1M HCI/0.1M Nal

0.05M HNO,
AG AG
MP-50 MP-50

213B|3+

IHBH_( /‘zuausz—

Pre-elution Post-elution

Figure 4. Schematic representation of the 2!3Bi elution using the single-column “direct”
225 A /213B; generator.
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The high-activity generator technology created at JRC Karlsruhe enables the generator
to function reliably even when supplied with up to 4 GBq ?2° Ac of activities [5,78]. Although
the penetration of 2> Ac is less than 0.2 ppm, the yields of ?1*Bi elution may be more than
80% [107]. The process of distributing 22° Ac activity uniformly over about two-thirds of the
generator resin ensures stable performance over several weeks and minimises radiolytic
degradation of the organic resin [5,78].

Injection-ready therapeutic dosages of 2!3Bi-labeled peptides with activities of up to
2.3 GBq have been successfully prepared using the generator for clinical applications [78]
including the locoregional therapy of brain tumours [5,13]. Due to the relatively long parent
half-life, which enables the transport of the generator to radiopharmacy facilities over vast
distances, these generators may be employed clinically.

7. Conclusions

Taking into account its «-particle emissions, along with the ability to eliminate the non-
tumour binding activity before most of its dose is deposited in organs, 22> Ac is considered
an appealing choice for TAT. Nevertheless, because of its long half-life and the different o
particles created throughout its decay chain, it is crucial to pay attention to the considerable
cytotoxicity of 2° Ac. Additionally, the y disintegrations that result from the intermediate
221Fr and ?13Bi disintegration may be used in SPECT clinical imaging. Thus, the radioactive
cascade of 225 Ac could be used in nuclear medicine, especially in theranostic applications.
However, the small 22°Ac doses given lead to low y emissions, which makes planar SPECT
imaging difficult. A potential alternative for this constraint is to make appropriate use of
213Bi, which can be isolated from the decay cascades of 225 Ac. However, the brief half-life
of 213Bi must be taken into account since it presents challenges for radiopharmaceutical
distribution, processing, and radiolabelling.

Apart from direct production pathways, 22° Ac can be easily accessed at many points in
the decay chain, especially through 28y, 229Th, and ?*°Ra. Compared with other actinide
nuclei, including 232Th and 22°Ra, which are more stable to use as production targets, 25A¢
has many fewer nucleons. As a result, production techniques must, for the most part, rely
on radioactive decay or higher energy bombardments.

All the production techniques discussed in this paper are expensive and will all
struggle to satisfy demand at the expected level if they are used separately.

It is necessary to readjust the facilities that are accessible throughout the world, to use
suitable production methods that are adapted to the available infrastructure, and take into
consideration the advantages and disadvantages of every used production modality. In
addition, fruitful collaboration between the different centres and experienced scientific staff
will pave the way for the widespread clinical use of actinium-based radiopharmaceuticals
as a new standard of care.

The European medical isotope programme: Production of High-Purity Isotopes by
Mass Separation Project (PRISMAP) represents an important initiative of this type of
collaboration. Coordinated by the European Laboratory for Nuclear Research (CERN), the
project partners come from thirteen nations: Austria, Belgium, Denmark, France, Germany,
Italy, Latvia, Norway, Portugal, Poland, Sweden, Switzerland, and the United Kingdom.
Nine significant EU, national, or regional infrastructures, four developing infrastructures,
leader research institutes, medical facilities, the European Joint Research Centre, and one
small and midsize enterprise (SME) are among the twenty-three partners that make up the
PRISMAP Consortium. With the help of these considerable facilities, the programme goal
is to create a sustainable source of high-purity-grade new radionuclides for medical use.
It also aims to offer an accessible point of entry for all researchers working in this field,
including those from SMEs, global pharmaceutical companies, nuclear centres, hospitals,
and universities, by implementing standardised access procedures.

Several PRISMAP partners, including JRC Belgium, Narodowe Centrum Badan
Jadrowych (NCB]J), Poland, Institut Max von Laue—Paul Langevin (ILL), France, and
SCK CEN, Belgium, are additionally implicated in another promising project in the field of
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the sustainability of medical isotope production and its safe application in Europe, named
the Strengthening the European Chain of sUpply for next-generation medical Radionu-
clidEs (SECURE). The project focuses on encouraging advancements in the creation of
irradiation targets and manufacturing processes for both new and existing isotopes used in
nuclear medicine and diagnostics. A list of crucial alpha-emitting radioisotopes in nuclear
medicine was created, and 22> Ac was selected at the top of this list. The research aims
to overcome the primary challenges to ensure the future availability of these isotopes by:
(1) creating a framework of guidelines and recommendations that enable investigating the
full clinical potential of alpha and beta particle therapy and its safe application; (2) offering
significant insights that serve as a model for resolving challenges with upscaling and con-
tinuous isotope production; (3) removing critical obstacles along the production of specific
alpha- and beta-emitting isotopes that restrict a sustainable production.
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Abstract: This article highlights recent developments of SPECT and PET diagnostic imaging surro-
gates for targeted alpha particle therapy (TAT) radiopharmaceuticals. It outlines the rationale for
using imaging surrogates to improve diagnostic-scan accuracy and facilitate research, and the proper-
ties an imaging-surrogate candidate should possess. It evaluates the strengths and limitations of each
potential imaging surrogate. Thirteen surrogates for TAT are explored: 1331 q, 1321 5, 134Ce /1343, and
226 A¢ for 225 Ac TAT; 203Pb for 212Pb TAT; 131Ba for 222Ra and 2%*Ra TAT; 1231, 1241 1317 and 209 At for
2L At TAT; 134Ce/134La for 22/ Th TAT; and '>°Tb and 2Tb for 4°Tb TAT.

Keywords: targeted alpha therapy; alpha particle therapy; PET imaging; SPECT imaging; targeted
radionuclide therapy; theranostics; actinium-225; lanthanum-133; lead-212; lead-203

1. Introduction

Targeted alpha therapy (TAT) involves utilizing radiopharmaceuticals to precisely
eliminate malignancies with alpha particle emissions, while sparing surrounding healthy
tissues. These radiopharmaceuticals consist of alpha (x)-emitting radionuclides conjugated
to a biological-targeting vector such as monoclonal antibodies, peptides, and nanocarri-
ers [1]. Key advantages of TAT include highly selective radiation delivery to the target,
reduced patient side effects, and the ability to assess radiopharmaceutical uptake and,
therefore, patient eligibility using a diagnostic radionuclide before therapy [2].

While beta minus (B ~) radiopharmaceuticals employing radionuclides such as 1’Lu
have made significant advances in clinical care of advanced prostate and neuroendocrine
tumors [3,4], alpha particle emissions are significantly more precise and cytotoxic than 3~
emissions. This is attributed to the much larger size of alpha particles (7300 times the mass
of electrons), their 2+ charge resulting in a highly ionized emission path, and high linear
energy transfer that deposits their energy over a path length of only several cell diameters.
These properties make alpha emitters ideal for combatting metastatic cancers and other
systemic malignancies where traditional treatment avenues have failed [2,5-7].

Approximately 400 alpha-emitting radionuclides (5-100% emission intensity) are
known; however, only radionuclides that possess a sufficiently long half-life, absence of
long-lived toxic progeny, and feasible high-yield production routes are suitable for TAT
consideration [8,9]. Radionuclides that have shown potential for TAT include 227Th, 25 Ac,
224Ra, 223Ra, 212Pb, 211 At, and #°Tb [1,2,10-20].

While the potency of TAT offers significantly enhanced therapeutic efficacy, TAT
must be treated as a double-edged sword with the possibility of severe off-target toxicity to
nontarget organs and tissues. This mandates a comprehensive understanding of the stability,
pharmacokinetics, and dosimetry of any TAT radiopharmaceutical. During preclinical

Pharmaceuticals 2023, 16, 1622. https://doi.org/10.3390/ph16111622 41

https:/ /www.mdpi.com/journal /pharmaceuticals



Pharmaceuticals 2023, 16, 1622

development, these data can be acquired from biodistribution studies in mice, where mice
are sacrificed at multiple time points, and gamma-ray co-emissions are counted in the
dissected organs and tissues.

Additionally, positron emission tomography (PET) and single-photon emission com-
puted tomography (SPECT) scans can be acquired by exchanging the alpha-emitting ra-
dionuclide with a positron or gamma-ray-emitting diagnostic imaging radionuclide. This
imaging-therapeutic duality is termed “theranostics”, and these PET and SPECT scans
provide crucial information on dosimetry and monitor response to TAT.

Most TAT radionuclides lack or possess insufficient co-emitted positrons or gamma
rays for acquiring higher-quality PET or SPECT scans. This motivated the development of
chemically similar diagnostic imaging surrogates for TAT radionuclides. As the current
supply of alpha-emitting radionuclides is scarce, utilizing imaging surrogates also has
the potential to open more opportunities for TAT research to facilities without access
to alpha-emitting radionuclides and serve as a bridge for centers planning to introduce
TAT radiopharmaceuticals. Since many of these surrogates can be synthesized in existing
cyclotron facilities, this can facilitate radiopharmaceutical developments. Additionally,
imaging surrogates fit well into the existing research and clinical setup. As such, TAT
imaging surrogates have the potential to assist the deployment of TAT radiopharmaceuticals
in the clinic and accelerate the development of new TAT targeting vectors.

2. Properties of Ideal Imaging Surrogates for Alpha Emitters

Multiple factors determine what makes a suitable imaging surrogate for targeted
alpha therapy. These include chemical properties, half-life, radioactive emission type
and intensity, associated dosimetry, production ease and scalability, radionuclidic purity,
economics, and radionuclide progeny considerations.

PET and SPECT scans that evaluate the pharmacokinetics and dosimetry of TAT ra-
diopharmaceuticals are often performed with 68Ga and 13F. However, %8Ga, 18F, and other
common imaging radionuclides often have substantially different chemical properties than
alpha-emitting radionuclides. For some targeting vectors, this can result in differing biodis-
tributions between the TAT radiopharmaceutical and its diagnostic counterpart [21-23].
Potential inconsistencies observed in diagnostic imaging scans and subsequent biodistribu-
tion of the therapeutic radiopharmaceutical could result in sub-optimal tumor dosing or
unintended and destructive alpha-irradiation of healthy tissues.

Imaging surrogates should, therefore, possess a similar chemistry and half-life to
ensure their biodistribution and dosimetry are similar to their paired alpha emitters. These
surrogates are ideally isotopes of the same element possessing identical chemistries, such
as 226 Ac paired with 225 A TAT, 29Pb paired with 212pp, TAT, 29 At paired with 2 At and
155Tb or 152Tb paired with 49Tb TAT.

However, if suitable isotopes of the same element are not available, chemically similar
elements in the same chemical group can be employed. These include 133La, 132La, or
134Ce /1341 2 paired with 250, 134Ce /134, paired with 227Th, and 1231, 1241, or 1317, paired
with 21 At.

It is also preferable that the physical half-life of the imaging surrogate is similar to its
TAT counterpart. This permits the acquisition of biodistribution data for the full in vivo
residence of the TAT radiopharmaceutical to assist preclinical development and initial
clinical validation. For TAT employing radionuclides with long physical half-lives (***Ac,
223Ra, 24Ra, 2%’ Th) and targeting vectors with long biological half-lives, using a long-lived
imaging surrogate is crucial to confirm that the radiopharmaceutical remains at the target
site for the extended duration without redistributing to and irradiating healthy tissues.
While additional patient radiation dose might result from using a diagnostic radionuclide
with a longer half-life, some targeting vectors such as antibodies may require longer circula-
tion times to acquire sufficient quality images. For TAT employing long-lived radionuclides
and targeting vectors with short biological half-lives, a radionuclide imaging surrogate
with a shorter physical half-life may be used in certain situations. This can be a valuable
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tool for evaluating patient dosimetry, provided that the targeting vector exhibits rapid
in vivo clearance, minimal off-target binding, and the radionuclide is stably incorporated
within the radiopharmaceutical. Radiopharmaceutical pretargeting approaches may re-
duce the advantage of selecting diagnostic and therapeutic TAT radionuclides with similar
half-lives; however, it is uncertain whether most theranostic targeting vectors will employ
a pretargeting approach.

Regarding radioactive emissions, it is preferable that PET imaging surrogates possess a
high positron branching ratio and low positron emission energy to facilitate high-resolution
PET imaging and minimal co-emitted electrons and gamma/X-rays to reduce the radioac-
tive dose. Radionuclides with lower positron branching ratios may require additional
injected activity to resolve the same quality image. For SPECT imaging, radionuclides
should possess lower energy gamma rays within the optimal energy window of scanners
and minimal co-emitted electrons and gamma/X-rays.

To produce imaging surrogates, sufficient cyclotron or nuclear reactor facilities are
required to synthesize the radionuclide. Target material (natural or isotopically enriched)
should be available in adequate quantity and enrichment to support routine production,
and a favorable nuclear cross-section must exist within the capabilities of production
facilities. Radionuclide production should be performed safely, create few long-lived
radionuclidic impurities, and be scalable to sufficient activities that allow distribution to
clinical sites. Robust chemical-purification techniques must separate the imaging surrogate
from potentially hazardous target material post-irradiation. Finally, the radionuclide
progeny of the imaging surrogate should be considered since this can influence imaging
quality and impact radioactive waste management.

Most radionuclides used in TAT are part of decay chains where each decay results in
the recoil of the daughter nucleus with energy sufficient to liberate the daughter nucleus
from the chelator into solution. Additionally, the alpha particle itself may induce radiolytic
damage to the radiopharmaceutical, reducing the in vivo targeting and leading to further
accumulation of radioactivity in nontarget tissue. These inherent physical properties are not
easily covered by the surrogates in question, so they should be considered in experimental
methods and conclusions.

In this article, a selection of 13 diagnostic imaging surrogates for promising alpha-
emitting radionuclides have been highlighted for their production, purification, applica-
tions, and overall strengths and limitations.

3. Theranostic Imaging Surrogates Proposed for Actinium-225

Actinium-225 (t; /2 = 9.9 d) has been explored extensively for TAT. Its long half-life
permits extended dose delivery and decay via a cascade of six short-lived radionuclide
progeny with four alpha particle emissions to near-stable 2%’Bi, making 22> Ac particularly
attractive for TAT. 22° Ac studies have demonstrated efficacy in metastatic prostate cancer
and neuroendocrine tumors, and additional radiopharmaceuticals are under development
for other cancers [11,24-30] There are considerable efforts underway to significantly increase
the 2% Ac supply to meet the significant anticipated clinical demand [31-34].

However, 2> Ac does not emit gamma rays of sufficient intensity for imaging. Al-
though its 2!3Bi and 2! Fr progeny possess gamma rays of suitable energy and intensity for
SPECT imaging [9], the 2% Ac activities injected into patients (~50-200 kBq/kg [11]) would
be insufficient to resolve a high-quality image within a reasonable scan duration. Addition-
ally, the supply of high-purity 22° Ac from ?*>Ra/?% Ac generators is limited, constraining
AT development efforts [31]. While other sources of 22> Ac from high-energy spallation
reactions are available [32,35,36], these often contain a small activity of co-produced and
inseparable 27 Ac (4 /2 =21y), which complicates radioactive waste management. There-
fore, the desire to enable 22> Ac imaging and enhance research throughput motivates the
development of imaging surrogates.

For SPECT imaging, 22 Ac is an elementally matched surrogate for 22° Ac. Radiolan-
thanum isotopes 133La, 13?La, and '3*La are particularly attractive for PET imaging of 22> Ac
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due to the similar ionic radii of La3* and Ac3* (~1.03 and ~1.12 A, respectively [37,38])
and their resulting similar chemistries. Both lanthanum and actinium possess similar
chelation chemistry with chelators such as DOTA, macropa, and crown ethers, and exhibit
similar in vivo biodistributions [39-44]. The subsequent sections will outline the properties,
strengths, and limitations of 1331 q, 1321 5 134Ce /1341 3, and 220 Ac.

3.1. Lanthanum-133 (PET)

Lanthanum-133 (t;,, = 3.9 h) has been synthesized via the 135Ba(p,3n)133La and
135Ba(p,2n)!33La nuclear reactions on medical cyclotrons [45]. Natural Ba metal can be
used as a target material, with one study producing 231 MBq '**La and 166 MBq '*°La
for 500 pA-min cyclotron irradiations at 22 MeV. Subsequent chemical processing using a
diglycolamide (DGA) resin produced a highly pure [!33La]LaCl; product that, when used to
radiolabel DOTA and macropa chelators, achieved molar activities sufficient for preclinical
and clinical application [40]. Co-production of ¥ La (t; /, = 18.9 h (44)) is unavoidable using
natural barium target material. While '3La has potential applications for Auger-Meitner
electron therapy, it would add additional patient radioactive dose and is undesirable for
133La PET imaging applications.

Alternatively, natural or isotopically enriched BaCO3 can be employed to simplify tar-
get preparation to boost **La yields and selectivity from co-produced *°La. Another study
irradiated [**Ba]BaCOj3 at a 23.3 MeV proton energy, significantly improving 133La/!%La
selectivity relative to natural Ba target material, producing 214 MBq 13*La with 28 MBq
13514 using [135Ba]BaCO3, versus 59 MBq 133La with 35 MBq 1354 using ["*Ba]BaCOj3 [41].
Another approach involved irradiating isotopically enriched [!**Ba]BaCOj3 at a proton
energy of 22 MeV, with subsequent purification yielding up to 1.2-1.8 GBq ['**La]LaCl;
with 0.4% co-produced %La and a radionuclidic purity of >99.5%. The decay of '33La
into its long-lived daughter 133Ba (t; /, = 10.6 y) resulted in 4 kBq **Ba per 100 MBq *’La,
which was deemed uncritical concerning dose and waste management [42].

As shown in Figure 1, 1331 a PET imaging analysis was performed in Derenzo phan-
toms and compared with other common PET radionuclides, with 133La found to have
superior spatial resolution compared to #4Sc, ®®Ga, and another radiolanthanum positron
emitter, 132La [41].

|8F 64Cy BQZr 133

Epmean = 0.250 MeV
Epmax = 0.634 MoV

Eqmean = 0.278 MeV E mean = 0.396 MeV'
sso Epnax = 0.653 MeV 5Ga Eqnax = 0.902 MeV 192
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“e
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Figure 1. Derenzo phantom PET images reconstructed with MAP for different PET radionuclides,
listed in order of increasing positron emission energy. Figure from Nelson et al. [41], with 8F, %4Cu,
#5c and %8Ga data from Ferguson et al. [46].

As depicted in Figure 2, PET imaging was performed with [1%3La]La-PSMA I&T in a
prostate cancer mouse model. The LNCaP prostate cancer tumors were delineated with
high spatial resolution and minimal off-target uptake, demonstrating the potential for
further '33La PET imaging applications [41].
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Figure 2. Representative PET images (MIP—maximum intensity projection) at 60 min of ['33La]La-
PSMA-I&T with and without pre-dose of DCFPyL in LNCaP tumor-bearing mice. Figure from
Nelson et al. [41].

Strengths of 133La include its 3.9 h half-life that allows sufficient time for separation and
distribution to external clinics; a lower positron emission energy compared to ®Ga, #4Sc,
and !¥La that results in a higher PET imaging spatial resolution [47]; and low energy and
intensity co-emitted gamma rays that reduce the radioactive dose. Limitations include the
production requirement of medium-energy cyclotron facilities; its lower positron branching
ratio of 7.2% that may require additional injected activity relative to other PET radionuclides
such as '8F; and its decay into relatively long-lived *3Ba.

3.2. Lanthanum-132 (PET)

Lanthanum-132 (t; /, = 4.6 h) can be produced via the 132B51(19,11)132La nuclear reaction
using natural Ba metal target material [48-51]. This beam energy co-produces significant
activities of '3°La and is just below the threshold of the **La production. One study
reported yields of 0.26 & 0.05 MBq-pA~1-h~11%2La and 5.6 + 1.1 MBq-pA ~1-h~11%5La for
irradiation with 11.9 MeV protons, with '32La activity approximately 5% relative to '*La
activity at the end of bombardment [48,49]. Another study reported yields of 0.8 MBq '*’La
and 17.9 MBq **La for 500 pA-min runs at 11.9 MeV [40]. '3?La can be purified using
DGA resin and complexed with chelators at molar activities suitable for radiopharma-
ceutical application [49]. A study using a tumor-targeting alkylphosphocholine, NM600,
demonstrated significant tumor uptake of ['*?La]La-NM600 and a similar biodistribution
to [?2°AcJAc-NM600 using PET/CT imaging and ex vivo analysis [48].

Strengths of 13?La include its 4.6 h half-life, which allows ease of radiopharmaceutical
preparation and distribution compared to shorter-lived PET emitters such as ®®Ga; its stable
132Ba decay daughter; and its significant 41.2% positron branching ratio [9]. Limitations in-
clude severe cyclotron production constraints owing to the 0.1% natural isotopic abundance
of 132Ba target material; high energy and intensity co-emitted gamma rays that contribute
to excess radioactive dose; and the high maximum positron emission energy of 3.67 MeV,
which leads to a low PET spatial resolution and image blurring as shown in Figure 1.

3.3. Lanthanum-134/Cerium-134 (PET)

Lanthanum-134 (t; /, = 6.5 min) can be produced via irradiation of natural barium
target material; however, its short half-life precludes its direct use for PET imaging. Cerium-
134 (t; 2 = 3.2 d) decays into **La, permitting an in vivo generator configuration where
134Ce can be labelled to a targeting vector, with **La progeny used for PET imaging.
Production involves irradiating "La metal, with yields of 59 MBq-uA~!-h~! at proton
energies of 62.1-72.1 MeV [52]. A subsequent production route utilized 100 MeV protons
to irradiate "*La metal, producing over 3 Ci of **Ce with a 100 pA irradiation for 30 h.
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Chemical purification can be performed with Bio-Rad AGMP-1 resin, where 3*Ce is eluted
with 0.05 M HNOj3. 134Ce can then be used to label DTPA in its 3+ oxidation state, allowing
134Ce to act as a 22° Ac imaging surrogate, while '**Ce can label 3,4,3-LI(1,2-HOPO) in its
4+ oxidation state and act as a 2 Th imaging surrogate [53,54]. A PET imaging phantom
study investigating the spatial resolution and recovery coefficient of 1**La was found to be
inferior and similar to '3F, respectively [52].

Strengths of 1**Ce/!34La include the 3.2 d half-life of 13*Ce, which permits PET imaging
at extended time points after injection to track 22> Ac and ?*’ Th radiopharmaceuticals; the
significant 63.6% positron branching ratio of 13*La [9]; the stable '3*Ba decay daughter of
1341 a; and the ability for 1**Ce to act as a surrogate for both 2> Ac and ?*’Th. Limitations
include a scarcity of production facilities capable of achieving a ~100 MeV proton beam
energy; the high positron emission energy of 1341 3, which would result in lower PET spatial
resolution; unavoidable co-produced radionuclidic impurities (1%¢Ce, t; /2 = 137.6); and the
potential for in vivo 3*La daughter redistribution following decay from '**Ce that could
blur PET imaging [9,39].

3.4. Actinium-226 (SPECT)

Actinium-226 (t; /, = 29.4 h) can be produced via high-energy proton spallation of a
uranium carbide target or lower-energy proton bombardment of 22°Ra (t; /» = 1600 y) target
material. This involved bombarding a uranium carbide target with 480 MeV protons, with
226 Ac separated using isotope separation online. This approach yielded 33.8 & 2.7 MBq
226 A¢ for imaging purposes with high radionuclidic purity [55].

An alternative production route could employ 2*°Ra target material and the
226Ra(p,n)*?° Ac nuclear reaction on a lower energy proton cyclotron [9,55-57].

A phantom assembly with rods between 0.85 and 1.7 mm in diameter and a mi-
croSPECT/CT system was used to assess resolution using a high-energy ultra-high resolu-
tion (HEUHR) collimator and an extra ultra-high sensitivity (UHS) collimator. The primary
158 keV and 230 keV gamma photopeaks were reconstructed, with the 158 keV photopeak
images demonstrating slightly better contrast recovery. For resolution, as depicted in
Figure 3, the HEUHR collimator resolved all rods, while the UHS collimator could only re-
solve rods >1.3 mm and >1.5 mm for the 158 keV and 230 keV photopeaks, respectively [55].
This demonstrated the feasibility of using 2 Ac as a SPECT imaging surrogate for 22> Ac.

HEUHR - 158 keV HEUHR - 230 keV UHS - 158 keV UHS - 230 keV

Figure 3. Inter-rod contrast measurements were used to assess image resolution from 226 Ac SPECT

images acquired using two collimators. Figure from Koniar et al. [55].

Advantages of 22°Ac include its relatively long 29.4 h half-life compared to '*?La and
1331 a, permitting imaging at extended time points, and its identical chemical properties
to 22 Ac. Limitations include challenges associated with routine irradiation of hazardous
226Ra target material, significant B~ co-emissions that would increase patient dose, and its
decay to B~ emitting 2*°Th (t; ;, = 30 min), which further decays via multiple alpha and
B~ emitting progeny before stabilizing at 2%°Pb [9].

4. Theranostic Imaging Surrogates Proposed for Lead-212

Lead-212 (t;/ = 10.6 h) has cultivated a significant interest for TAT due to its payload
of one alpha and two 3~ particles in its decay chain and the rapid decay of its progeny to
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stable 2%Pb. A recent study using a >'?Pb somatostatin analogue demonstrated a significant
antitumor effect in patients with metastatic neuroendocrine tumors, and additional radio-
pharmaceuticals are under development to treat other cancers [1,58-62]. Production of
212Pb involves synthesizing its parent radionuclide, 2?5Th (t; ;, = 1.9 y), via 2*°Ra irradiation
in a nuclear reactor or high-energy proton spallation of 2>’Th target material. 21>Pb can
then be extracted in a convenient generator setup from 228Th or one of its intermediate
progeny, 2**Ra (t; » = 3.6 d) [12,63-67].

Previous clinical trials have employed imaging techniques with conventional radiomet-
als such as %®Ga [58]. While direct SPECT imaging of 21>Pb can be performed using its
239 keV (44%) gamma emissions [9], it is desirable to have an imaging surrogate that can
be used for research owing to the limited supply of 2!2Pb and to provide the most accurate
pre-therapy scans to assess patient eligibility for 2/2Pb TAT radiopharmaceuticals. While
no positron-emitting Pb isotopes are suitable for use as 2!2Pb imaging surrogates, multiple
gamma-ray emitters exist, with 22*Pb being a prime candidate for SPECT imaging.

Lead-203 (SPECT)

Lead-203 (t;» = 51.9 h) emits X-rays and a primary 279 keV (81%) gamma photon
that can be used for SPECT imaging. 2*Pb has been synthesized via 2%TI(p,n)*®Pb,
203T](d,2n)?%Pb, and 205"1"1(p,3r1)203Pb nuclear reactions on cyclotrons [21,45,63,64,68-71].
Natural thallium metal can be used as a target material; however, significant precautions
must be taken owing to the high toxicity of T1, and its low thermal conductivity and melting
point (304 °C) that makes it prone to melt or sublime under intense heat of a cyclotron
beam. Natural Tl metal has been used as a target material, with one technique bombarding
natT] at 25-26 MeV, producing up to 21 GBq 2®*Pb five days after end of bombardment [61].
However, irradiating "1 produces significant activities of 201pp (t, /2 = 9.3 h), which must
be permitted to decay significantly to achieve a 2®*Pb product with high radionuclidic
impurity. 2%Pb can be produced at lower proton energies using natural or isotopically
enriched 2®TI and the 2®Tl(p,n)?®*Pb nuclear reaction 7!, with one process yielding
up to 138.7 & 5.1 MBq 2®Pb [64]. However, yields are limited due to the low nuclear
reaction cross-section in this energy window [45]. Alternatively, isotopically enriched 2%°T1
can be irradiated at 23-24 MeV proton energies to produce 2°*Pb via the 2%Tl(p,3n)>**Pb
reaction. This produces significant activities of 22*Pb (>12 GBq at the end of purification)
with a high radionuclidic purity (>99.9%) made possible by the near absence of 2Tl
and its resulting 2°!Pb co-production 243, Enriched 2Tl can also be bombarded with
deuterons to produce 203Pp via the 2%3T1(d,2n)?"Pb reaction; however, this production route
has a lower maximum cross-section compared to the 2> Tl(p,3n)?***Pb reaction, and 2Tl
(29.5% natural isotopic abundance) is more expensive to enrich than 2 TI (70.5% natural
isotopic abundance).

203PDb can be separated using ion exchange resins such as Pb resin, carboxymethyl
resin, and Dowex-1X8 anion exchange resin. This can yield a concentrated ?**Pb product in
[283Pb]PbCl, or [2*Pb]Pb(OAc),, with direct and rapid room temperature radiolabeling of
[2%3Pb]Pb(OAC), using chelators such as DOTA, PSC, and TCMC. Radiolabeling achieves
very high molar activities, and 2®*Pb chelate complexes have been shown to be highly
stable in human serum up to 120 h [21,63,64,69,70].

Phantom imaging of 2%>Pb has been performed, with imaging spatial-resolution results
comparable to 9mTe for 1.6-4.8 mm diameter fillable rod regions [72]. In vivo preclinical
and clinical SPECT imaging of uncomplexed and chelated 2**Pb has been performed [71,73].
Studies have included 2%%/212Pb-labeled PSMA and gastrin-releasing peptide receptor-
targeting agents for imaging and radiotherapy of prostate-cancer-bearing mice [60,61,74,75],
and 203/212Pp-labeled anti-melanin antibodies and melanocortin subtype 1 receptor tar-
geting ligands for imaging and therapy of melanoma-bearing mice [59,72,73,76-79]. As
shown in Figure 4, a PSMA-targeting 2®>Pb agent, [2Pb]Pb-CA012, exhibited a compa-
rable biodistribution to ['7”Lu]Lu-PSMA 617 with high tumor uptake relative to other
tissues [74].
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Figure 4. Planar scans of a PSMA targeting ligand [293Pb]Pb-CA012 (a), versus a [}’ Lu]Lu-PSMA
617 treatment scan (b). Figure from dos Santos et al. [74].

Strengths of 2%*Pb include its relatively long 51.9 h half-life, which permits imaging
at extended time points to inform 21?Pb TAT dosimetry; its relatively clean X-ray and
gamma photon emission spectrum that enables SPECT imaging using a low or high-energy
collimator; its ability to rapidly and stably radiolabel targeting vectors under mild chemical
conditions at room temperature (similar to 2!2Pb); and established production processes
that provide 2%Pb with high radionuclidic purity in yields suitable for multiple patients
per production run. Limitations include risks associated with preparing and irradiating
highly toxic thallium targets and potential uncertainties with using 2**Pb pharmacokinetic
data for 2!2Pb therapy planning due to the release of >1?Bi progeny during ?!2Pb decay [80].

5. Theranostic Imaging Surrogates Proposed for Radium-223/224

Radium-223 (t;/, = 11.4 d) is used as an alpha therapy for men with bone-metastatic
castration-resistant prostate cancer. It works as a calcium-mimetic by accumulating in and
irradiating osteoblastic lesions, while sparing most surrounding healthy tissue [81]. It is
the only FDA-proved alpha-particle-emitting radiopharmaceutical (Xofigo®) and has been
used to treat over 18,000 patients since 2013 [82]. However, unlike targeted alpha therapy,
22Ra is currently administered as a [22°Ra]RaCl, salt in an aqueous buffer without a
chelator or biological-targeting agent. Therefore, the established clinical efficacy and safety
of ?Ra makes it an attractive TAT candidate [82]. Similarly, 224Ra (ty /2 = 3.6 d) has been
employed in a dual targeting strategy with 212Pb, where 22YRa accumulates at primary bone
cancer sites or bone metastases, while extra-skeletal metastases can be targeted with a >1?Pb-
labeled cancer-specific vector [83,84]. [2%*Ra]RaCl, (marketed as 224SpondylAT® (Eckert &
Ziegler, Berlin, Germany) has also been used to treat bone and joint disease, ankylosing
spondylitis [85], while ?**Ra is also under investigation for a novel brachytherapy called
diffusing alpha-emitter radiation therapy (DaRT). In DaRT, ?**Ra-infused seeds are inserted
into solid tumors, which are then irradiated with alpha emissions released during the
diffusion and subsequent decay cascade of its 2°Rn progeny [86-95]. Both ?*>Ra and ***Ra
are currently produced in significant activities as by-products and decay daughters of
neutron irradiation of ?°Ra in a nuclear reactor. With proven purification techniques, this
positions these radionuclides well for TAT [67,96,97].

223Ra has recently been stably complexed with the chelator macropa, where a [?*Ra]Ra-
macropa complex exhibited rapid clearance and low ?*Ra bone absorption, suggesting
in vivo stability. This has opened the possibility of using ?>>Ra complexed using functional-
ized chelators to target metastases beyond the bone, similar to other radionuclides used in
targeted alpha therapy [82,98].

While 22°Ra possesses several gamma emissions within an energy window suitable
for SPECT imaging (*?*Ra: 269 keV, (13%); 154 keV (6%); 2**Ra: 241 keV (4.1%)), the low
intensity of these gamma photons would likely be insufficient to generate a high-quality
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SPECT image when considering the relatively low injected therapeutic activity (~50 kBq/kg)
injected [9,81]. Similarly, a relatively low injection activity of 2**Ra due to its 3.6 d half-life
could complicate direct SPECT imaging. Therefore, an imaging surrogate is desirable to
assess the viability of 223/224Ra radiopharmaceuticals, with 31Ba emerging as a candidate.

Barium-131 (SPECT)

Barium-131 (t; ; = 11.5 d) decays via electron capture to 181Cs (4 /2 =9.7 d) and subse-
quently to stable 131 Xe, emitting gamma rays suitable for SPECT imaging (496 keV (48%);
216 keV (20%); 124 keV (30%); 371 keV (14%)) [9]. Additionally, approaches designed
to sequester Ra (nanoparticles, chelation via macropa or ligands based on the arene scaf-
fold) [99,100] should be transferrable owing to the proven use of Ba as a non-radioactive
surrogate for Ra [101]. Therefore, the favorable imaging emissions of 3'Ba compared to
other Ba radionuclides (13™Ba, 133™Ba), and the similar half-life and chemistry of *'Ba to
223/224Ra positions ' Ba as a promising surrogate to track in vivo 223/224Ra biodistribution.

131Ba can be produced via neutron irradiation of isotopically enriched '3°Ba (natural
abundance = 0.1%) in a nuclear reactor, which would co-produce significant activities of
133Ba [45,102]. Alternatively, >'Ba can be produced via proton irradiation of natural cesium
target material in a cyclotron via the 1*3Cs(p,3n)!33Ba nuclear reaction with a small '**Ba
contamination (0.01%) at beam energies of 27.5 MeV [45,101]. A 4 h irradiation yielded
190 &+ 26 MBq 13183, and an SR resin was used to separate 13183 from the Cs target material.
131Ba was subsequently successfully radiolabeled to macropa, and exhibited stability in
human serum [101].

SPECT imaging was performed in a cylindrical syringe, which enabled visualization of
the radionuclide distribution. However, image quality was limited due to artifacts caused
by the higher energy gamma photon emissions. As highlighted in Figure 5, small animal
SPECT/CT was performed with ['3'Ba]Ba(NO3),, showing ¥'Ba accumulation within the
entire skeleton 1 h post-injection, which was still present 24 h after injection. Additional
SPECT imaging was performed with [!*'Ba]Ba-macropa, with rapid clearance observed
through the intestines and gallbladder [101]. This demonstrated the feasibility of using
131Ba as a SPECT imaging surrogate for 223/224Ra.
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Figure 5. (A) SPECT/CT images of [131Ba]Ba(NO3)s; (B,C) excretion profile and organ distribution of
[131Ba]Ba(NO3)s; (D) SPECT/CT images of [13lBa]Ba-macropa; and (E,F) excretion profile and organ
distribution of [13! Ba]Ba-macropa [101].
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Advantages of 13!Ba include its relatively long half-life, which is similar to ?*Ra,
permitting imaging at extended time points; the ability to sequester '*!Ba in the macropa
chelator similar to ??>Ra; and established '3'Ba production routes. Limitations include
higher energy gamma photon emissions, which increase unintended patient dose and
can cause image artifacts. The presence of co-produced **Ba may also require additional
dosimetric analysis. Additionally, the decay of 13'Ba to 13!Cs with X-ray emissions adds
a suboptimal patient radioactive dose compared to an imaging radionuclide with direct
decay to stable progeny. Finally, further improvements in the cyclotron production route
would be required to synthesize enough activity for multiple patients in a single batch.

6. Theranostic Imaging Surrogates Proposed for Astatine-211

Astatine-211 (t; /, = 7.2 h) has garnered interest for TAT owing to its decay to either
207Bi (t, /, = 31.6 y) via alpha emission or to 2!'Pb via electron capture followed by alpha
decay to stable 2%Pb [9]. Therefore, each 2! At decay yields one alpha particle. The 2! At
decay chain also emits few high-energy gamma photons, which avoids excess radiation
dose [8]. 2! At can be produced in medium-energy alpha cyclotrons using bismuth target
material and the 2%Bi(«,2n)*'! At nuclear reaction or via heavy ion irradiation and the
209Bi(’Li,5n)*' ' Rn reaction, where 2! At is obtained via decay of its longer-lived parent
2IRn (t;/5 = 14.6 h) in a generator configuration [8,103,104]. Production yields of up to
6.6 GBq have been reported, which would be sufficient for clinical radiopharmaceuti-
cal production for several patients and distribution several hours from the production
site [8,105].

211 At was initially investigated for treating thyroid disorders and is currently being
evaluated in clinical trials for multiple myeloma, leukemia, myelodysplastic syndromes,
thyroid cancer, and malignant pheochromocytoma [106]. While direct SPECT imaging of
211 At is possible using the X-rays emitted during ?!' At decay to ?!'Po, it is desirable to
have an imaging surrogate to perform pre-therapy assessment scans and research, owing
to the limited supply and short half-life of 2!* At that generally precludes its use at facilities
located more than several hours from a production site. Several candidates exist for use as
211 At diagnostic imaging surrogates: chemically identical 2 At, or chemically similar 12°],
1241 and 1311

6.1. Iodine-123 (SPECT)

Todine-123 (t;,, = 13.2 h) decays via electron capture to near-stable '?*Te, and is
commonly used in nuclear medicine and research of various malignancies and biological
processes, including thyroid diseases and tumor imaging [107]. Its X-ray emissions and
primary gamma photopeak of 159 keV (83.6%) are well suited for SPECT imaging [9].

21 is primarily produced via the ?*Xe(p,2n)!%I nuclear reaction using a highly
enriched 1?*Xe gas target, which enables %I production with a high yield and radionu-
clidic purity. The subsequent 1 product is commercially available in dilute NaOH
solutions [108,109].

Strengths of %I include its favorable emission spectrum for SPECT imaging, similar
half-life relative to 211 At, and commercial availability. Limitations include hazards associ-
ated with volatile radioactive products, the lower image quality of SPECT images to PET
imaging, and the low natural abundance (0.095%) of 12*Xe target material.

6.2. Iodine-124 (PET)

Iodine-124 (t; /» = 4.2 d) undergoes positron decay to stable 124Te and is employed for
PET imaging studies. Its relatively long half-life allows extended radiosynthesis, quan-
titative imaging over several days, and distribution to sites far from production facili-
ties [9]. 41 is typically produced using isotopically enriched ?4Te and the 124Te(d,2n)!?41
or 124Te(p,n)!1?*I nuclear reactions [110,111]. Applications in nuclear medicine and research
have been extensive, including thyroid and parathyroid imaging, studies of neurotransmit-
ter receptors, and monoclonal antibody imaging in cancer [110].
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Strengths of 241 include its long half-life that eases logistics and allows imaging at
extended time points. Limitations include hazards associated with volatile radioactive
products; a relatively low positron branching ratio (22.7%); relatively high average positron
emission energy (Emean = 820 keV) that results in a lower spatial resolution compared to
other PET radionuclides; and co-emitted gamma rays (603 keV (63%), 1691 keV (11%)) that
increase dose and shielding requirements [9].

6.3. Iodine-131 (SPECT)

Iodine-131 (t; » = 8.0 d) undergoes 3~ decay to stable 131Xe, and similar to '’ and
1241 it is primarily used for treating thyroid malignancies [107]. 13!I can be produced in a
nuclear reactor by irradiating either '3°Te or uranium targets [112].

Strengths of 13'T include its 8 d half-life that permits imaging at extended time points,
commercial availability, and primary 364 keV (81.5%) gamma emission that is well suited for
SPECT imaging. However, limitations include hazards associated with volatile radioactive
products and significant 3~ emissions that would increase patient dose [9].

6.4. Astatine-209 (SPECT)

Astatine-209 (t;/, = 5.4 h) decays via alpha emissions (4%) to 205Bj (t; s2 =149 d)
followed by decay to stable 205Pb, or via electron capture (96%) to 209Po (f 2 =124y).
During decay to 209po, X-rays and gamma emissions (545 keV (91.0%), 195 keV (22.6%),
and 239 keV (12.4%) enable SPECT imaging. 2% At can be produced via high-energy
proton spallation of a uranium carbide target, followed by online surface ionization and
A =213 isobars separation. This can yield 209 At in activities on the order of 102 MBq [113].
Subsequent chemical purification employs a Te column to obtain purified 2°° At [113,114].
As shown in Figure 6, subsequent studies using % At for phantom imaging demonstrated
that image reconstruction with 2% At X-ray emissions was superior to using its gamma
emissions [114]. Additionally, in vivo imaging measurements of 2 At uptake in mice
matched ex vivo measurements within 10%. This demonstrated the potential of using 2% At
to accurately determine astatine biodistributions [114].
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Figure 6. SPECT images and inter-rod contrast data for a phantom containing 2% At [114].
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Strengths include identical chemistry to 2! At, which would give more certainty to
29 At pharmacokinetic data. Limitations include alpha emissions in 2 At decay that
would require dosimetric evaluation; numerous high-energy gamma rays that complicate
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shielding and increase patient dose; the need to consider longer-lived 2*Bi in dosimetry
evaluations; and production/logistical challenges associated with distributing relatively
short-lived 2% At from a limited number of facilities capable of high-energy proton spalla-
tion and separation of 2! At from actinide targets [8].

7. Theranostic Imaging Surrogates Proposed for Thorium-227

Thorium-227 (t;, = 18.7 d) decays via alpha emission to 223Ra and can be harvested
from a generator containing 22’ Ac (t;/, = 21.8 y) that is produced via nuclear reactor irradi-
ation of 22°Ra [115]. Thorium can be complexed with octadentate 3,2-hydroxypyridinone
(3,2-HOPO) chelators attached to biological-targeting vectors !'°. Ongoing clinical studies
involving 22/Th TAT include targeting tumors expressing human epidermal growth factor
receptor 2 (HER2), PSMA, mesothelin (MSLN), and CD22 [116]. >’ Th does emit a 236 keV
(12.9%) gamma photon that would be suitable for SPECT imaging. However, the long
half-life of 22’ Th relative to other TAT radionuclides would likely result in a low injected
therapeutic activity, which could be insufficient for direct imaging °. Therefore, an imaging
surrogate to assess >’ Th radiopharmaceutical pharmacokinetics is desirable, with the
134Ce/134La PET imaging pair showing promise (see Section 3.3). A significant uncertainty
of using any theranostic imaging pair with 227Th involves its long-lived 223Ra progeny,
which has the potential for substantial redistribution and alpha irradiation of healthy tissue
after decay from ??’Th. This would significantly complicate direct comparisons between
imaging and inferred therapeutic dosimetry and require further study.

8. Theranostic Imaging Surrogates Proposed for Terbium-149

Terbium-149 (t; , = 4.1 h) is a unique radionuclide for TAT. It emits low-energy alpha
particles with a short tissue range and decays via several daughter radionuclides to stable
145Nd and *'Pr, without any subsequent alpha emissions [9]. This absence of alpha-
emitting progeny is regarded as a potential strength for **Tb TAT. 1*Tb is produced via
high-energy proton spallation of a tantalum target followed by online isotope separation
or 3He bombardment of a >'Eu target [19,20,117,118]. 100 MBq of 1497 was obtained in
a solution suitable for preclinical applications and successfully labeled to a DOTANOC
targeting vector [118]. While PET images were successfully obtained using [1*°Tb]Tb-
DOTANOC in a mouse model, **Tb possesses a relatively low positron branching ratio
(21%) and relatively high positron emission energy (Emean = 805 keV). These physical factors
could present challenges to obtaining high-quality clinical PET images. Additionally, due to
limited production and the resulting extreme scarcity of '*Tb, imaging surrogates would
be helpful research tools to evaluate its potential for TAT. Two surrogate candidates are
155Th and 192Tb.

8.1. Terbium-155 (SPECT)

Terbium-155 (t;/, = 5.3 d) decays via electron capture to stable 155Gd, with X-ray
and gamma-ray emissions including 87 keV (32%), 105 keV (25%), 180 keV (7.5%), and
262 keV (5%) [9]. °°Tb can be produced via the 156Gd(p,2n)155Tb reaction at 23 MeV, or the
155Gd(p,n)155”[1:> reaction at 10 MeV [119]. The 156Gd(p,2n)155"[b has higher demonstrated
production yields (up to 1.7 GBq); however, it has a lower radionuclidic purity compared to
the final product of the *Gd(p,n)!>>Tb reaction (200 MBq yield). Subsequently, phantom
and in vivo SPECT/CT studies were successfully performed with ['*>Tb]Tb-DOTATOC,
demonstrating a similar image quality to '''In [119,120].

Advantages of Tb include its accessible production routes that can synthesize
multi-patient activities per run, decay to stable °>Gd, and its long half-life that enables
long-duration imaging. Limitations include relatively low imaging performance compared
to other diagnostic radionuclides, such as PET emitters.
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8.2. Terbium-152 (PET)

Terbium-152 (t; /, = 17.5 h) decays via positron emission to near-stable 152Gd with a
positron branching ratio of 20.3% and an average positron energy of 1140 keV [121]. Several
primary co-emitted gamma rays include 344 keV (63.5%), 271 keV (9.5%), 586 keV (9.2%),
and 779 keV (5.5%). 1>2Tb synthesis is extremely limited, with the existing production route
involving high-energy proton spallation of a tantalum target at 1.4 GeV and online isotope
separation [122]. Following chemical separation, phantom studies revealed increased image
noise due to the smaller positron branching ratio of 1>>Tb, and subsequently ['52Tb]Tb-
DOTANOC was administered to a patient and used to acquire PET scans [121].

Advantages of 1>2Tb include a relatively long half-life permitting imaging at extended
time points and its decay to near-stable 1>2Gd. Limitations include the scarcity of facilities
capable of achieving proton energies for production, the higher average positron emission
energy, and significant co-emitted gamma rays that increase the radioactive dose.

9. Summary and Outlook for Alpha-Emitter Imaging Surrogates

As highlighted in this article, multiple SPECT and PET imaging surrogates have
demonstrated the potential to enhance clinical TAT applications and research. Table 1
presents a summary of proposed theranostic imaging surrogates for alpha emitters, along
with their properties and production status.

Table 1. Summary of prominent TAT radionuclides and their proposed theranostic SPECT and PET
imaging surrogates.

Proposed . . . Production
Al}?ha Imaging Half-Life Key Decay Key ?mfxglng Primary Production Status and
Emitter Progeny Emissions Routes
Surrogate References
20y 217 A¢, 229Th generator, 226Ra Routine
25, 99d 213, 213po, v: 100 keV (1%), proton/photonuclear roduction
’ 209, 209pp, 218 keV (11.4%) reactions, 232Th p [31-34]
209B; (stable) spallation
133, 39h 133p, B*: 460 keV 135Ba or 134Ba Research
’ (mean), 7.2% proton irradiation [40-42]
+. 132
132 132 ™: 1290 keV Ba proton Research
La 48h Ba (stable) (mean), 42.1% irradiation [48-50]
32d/ B*: 1217 keV High-energy '¥La Research
134 /134 134
Ce/™La 6.5 min Ba (stable) (mean), 63.6% proton irradiation [52-54]
226R, 26T},
222, 218
Ra, “*°Rn, 0 226
226 2141 210 v: 230 keV (26.9%), Ra proton
Ac 294h 2101];(.1’,' 21015:: 158 keV (17.5%) irradiation Research [55]
206Pp (stable)
212Bj, 212po, Routine
212pp 10.6 h 20871, 208pp v: 239 keV (44%) 228Th generator production
(stable) [12,63-67]
205
v: 279 keV (81%) i diTlthth;Tl Routine
203py, 51.9h 2037 (stable) X-ray: 73 keV rrapri tlgl:o . production
(37%), 71 keV (22%) deutron irradiation [21,63,64,68-71]
219k 215pg,
215 a4 211 :
223 211A.t, 211 Pb’ Y: 269 keV (130/0), 226Ra nuclear Routlr}e
Ra 11.4d Bi, ' Po, K o . .. production
2077] 207py, 154 keV (6%) reactor irradiation [67,96,97]
(stable)
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Table 1. Cont.

Proposed . . . Production
AlPha Imaging Half-Life Key Decay Key Fm.:agmg Primary Production Status and
Emitter Progeny Emissions Routes
Surrogate References
20Rp, 216p, Rout
212p}, 212B; outine
2%4Ra 3.6d 2121’0, ZOSTI, v: 241 keV (4%) 228Th generator production
208pp, (stable) [67,96,97]
v: 496 keV (48%),
131g, 115d 131 124 keV (30%), 133Cs proton Research
’ 216 keV (20%), irradiation [101,102]
371 keV (14%)
Routine
207g; 211 209R;
2t 72h 207 Bi,” "Po, X-ray: 79 keV (21%) . B% alp}}a . production
Pb (stable) particle irradiation [8,103-105]
Routine
123 124
1231 132h Te (near v: 159 keV (83.6%) _ Xe proton production
stable) irradiation [108,109]
B*: 820 keV 124Te proton or Routine
1241 42d 123Te (stable) ) . . production
(mean),-22.7% deutron irradiation [110,111]
130Te or Routine
1311 8.0d 131IXe (stable) v: 364 keV (89.6%) uranium nuclear production
reactor irradiation [112]
209pg, 209B;, v: 545 keV (91%), .
209 A 54h 2058; 205pp, 239 keV (12.4%), Pﬁ?;jgflcl;i?g:f E‘f;al‘rl‘i]‘
2057 195 keV (22.6%) ’
223Ra, 219RI1,
215 Po, 215At, 26R 1 Routine
27Th 18.7d 201pp 211B;  y: 235 keV (12.9%) . a ““Z.‘*f production
211130, 207T1, reactor irradiation [115]
207Pp (stable)
3.2d/6.5 B+: 1217 keV High-energy 1394 Research
134, /134 134
Ce/™La min Ba (stable) (mean), 63.6% proton irradiation [52-54]
149Gd, 149Eu,
1495m (stable), B+: 720 keV 151Ey helium-3 Research
14971 41h 145gy, 145G, (mean), 7.1% bombardment, proton [19,20,117,118]
145pm, M5Nd  y: 165 keV (26.4%) spallation of Ta e
(stable)
v: 87 keV (32%),
105 keV (25%) 155Gd proton
155 155 ’
o 53d Gd (stable) 100 eV (7.5%), and irradiation Research [119]
262 keV (5%).
152Gd (near B*: 1140 keV
152 .
Tb 17.5h stable) (mean), 20.3% Proton spallation of Ta ~ Research [122]

Production capabilities must be augmented to enable more patients and research
efforts to benefit from TAT imaging surrogates. Existing medium-energy cyclotron facilities
are well positioned to improve the supply chain of imaging surrogates such as 133La, 23Pb,
and 'Tb by adapting and optimizing established production techniques to the unique
capabilities of each facility. A stable supply of isotopically enriched accelerator target mate-
rial will be required to support growing production efforts for many of these radionuclides.
Other imaging surrogates such as 22°Ra, 2Tb, 2 At, and 13*Ce/!%*La require high-energy
accelerators, bombarding hazardous target material, and techniques such as mass sep-
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aration to enable their production. While these surrogates have demonstrated research
potential, their widespread deployment for radiopharmaceutical development and clinical
application may be limited owing to the scarcity of facilities capable of their production.

Except for Tb, which possesses a single alpha emission in its decay chain, most
TAT radionuclides, including 25\, 212pp, 223Rg, 224Ra, 227Th, and 211 At, possess a cascade
of decay progeny that are released from the original target site due to recoil energy and
deposit additional alpha radiation in surrounding healthy tissues. While the highlighted
imaging surrogates are well positioned to provide more accurate dosimetry data for the TAT
parent radionuclide decay, there will be a degree of uncertainty regarding the dose from
alpha-emitting decay progeny. This uncertainty will depend on the type of malignancy,
internalization within targeted cells, and other factors within the disease microenvironment
that influence the radiopharmaceutical pharmacokinetics. However, this limitation does not
negate the improved accuracy of biodistribution dosimetry data conferred by using imaging
surrogates matched to the TAT parent radionuclide, particularly when radionuclides are
stably bound to their targeting vector. Therefore, TAT imaging surrogates have the potential
to assist the preclinical development and clinical deployment of TAT radiopharmaceuticals
and represent a significant improvement over conventional PET and SPECT imaging
radionuclides currently paired with TAT.

10. Conclusions

Recent preclinical and clinical advances in targeted alpha therapy have spurred signifi-
cant interest in utilizing alpha-emitting radiopharmaceuticals to treat metastatic cancers and
other malignancies. Despite their strong potential, TAT radiopharmaceuticals suffer from
an acute supply shortage of alpha-emitting radionuclides due to production constraints.
This severely restricts the availability for patient therapy and slows the development of
new TAT radiopharmaceuticals. Additionally, many alpha-emitting radionuclides do not
possess radioactive emissions suitable for diagnostic imaging. This often leads to diagnostic
radiopharmaceuticals being employed with suboptimally paired imaging radionuclides
that possess different chemistries from their therapeutic counterpart, which can potentially
result in different radiopharmaceutical biodistributions. Therefore, increasing the availabil-
ity of SPECT and PET imaging TAT surrogates has strong potential to improve the accuracy
of dosimetry and treatment tracking, and enhance TAT research output by using more
economical and less potent diagnostic radionuclides for preclinical radiopharmaceutical
development. Therefore, TAT imaging surrogates hold potential to improve the accuracy of
diagnostic scans, equipping clinicians and researchers with more accurate biodistribution
and dosimetry data that they can use to expedite the development and deployment of
novel TAT radiopharmaceuticals.
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Abstract: (1) Background: In neuroendocrine tumors (NETs), somatostatin receptor subtype 2
is highly expressed, which can be targeted by a radioactive ligand such as ['/Lu]Lu-1,4,7,10-
tetraazacyclododecane-N,N’,N"/,N""'-tetraacetic acid-[Tyr?, Thr8]-octreotide (1’ Lu-DOTA-TOC) and,
more recently, by a lead specific chelator (PSC) containing 2°%/212Pb-PSC-PEG,-TOC (PSC-TOC).
The molar activity (Ay) can play a crucial role in tumor uptake, especially in receptor-mediated
uptake, such as in NETs. Therefore, an investigation of the influence of different molar activities
of 203/212pp_PSC-TOC on cell uptake was investigated. (2) Methods: Optimized radiolabeling of
203/212pp-PSC-TOC was performed with 50 pg of precursor in a NaAc/AcOH buffer at pH 5.3-5.5
within 1545 min at 95° C. Cell uptake was studied in AR42 J, HEK293 sst2, and ZR75-1 cells.
(3) Results: 293/212Pb-PSC-TOC was radiolabeled with high radiochemical purity >95% and high
radiochemical yield >95%, with Ay ranging from 0.2 to 61.6 MBq/nmol. The cell uptake of 203pp-
PSC-TOC (A = 38 MBq/nmol) was highest in AR42 J (17.9%), moderate in HEK293 sstr (9.1%) and
lowest in ZR75-1 (0.6%). Cell uptake increased with the level of Ay;. (4) Conclusions: A moderate
Ay of 15-40 MBq/nmol showed the highest cell uptake. No uptake limitation was found in the first
24-48 h. Further escalation experiments with even higher Ay should be performed in the future. It
was shown that Ay plays an important role because of its direct dependence on the cellular uptake
levels, possibly due to less receptor saturation with non-radioactive ligands at higher Ay;.

Keywords: 2%Pb; 212Pb; TOC; cell uptake; AR42 J; molar activity (Ay); neuroendocrine tumor (NET);
somatostatin receptor (S5T2); targeted alpha-therapy (TAT)

1. Introduction

Recently, receptor-targeted x-therapy (TAT) has gained importance in nuclear medicine
clinical routine, especially for tumor patients who develop resistance to 3~-therapy [1,2].
Typically, patients receive multiple doses of *°Y or 1”7Lu (dose of 5-8 GBq per patient) at
periodic intervals of administration (e.g., 8-week intervals) [3]. Unfortunately, a significant
proportion of these patients will eventually experience progressive disease and discontinue
therapy. On the other hand, it has been observed that further responses and prolonged
survival can be achieved by initiating x-therapy after disease progression. For example,
the use of 22 Ac (dose: 100 kBq/kg, four a-particles per decay) can dramatically reduce
the required level of administered radioactivity (by a factor of about 1000 compared to
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77Lu). However, the behavior of a-particles in tumor cells is complicated by a-emitting
radionuclide progeny in the 22° Ac series. Of particular interest are 22! Fr, 27 At, 213Bi, and
213pg, A key issue is the biological fate of 213B; (t, /2 46 min), which is transported out of the
tumor cells (by its own escape or by the escape of 22! Fr or 217 At) and accumulates mainly
in the kidneys, delivering an x-emitting dose of 213pg, which, in turn, could have a higher
negative impact on renal function [4]. Therefore, it is often suggested that only patients
with an efficient renal function can be considered eligible for 2> Ac therapy, while patients
with impaired renal function may not be eligible for these therapies.

212Pb is a promising radionuclide for targeted alpha particle therapy that emits only
one a-particle per B~-decay of 2'?Pb to 2'?Bi and then either 64% to 2'?Po or 36% to
20871 [5,6]. Therefore, a 212Pb-labeled radiopharmaceutical, once accumulated in the tumor
tissue, will deposit its highest dose in the form of the x-particle specifically in the tumor
cells, with a lower probability of further a-decay occurring in healthy organs. Thus, 2'?Pb
represents a more favorable choice for cancer x-therapy patients who are naive to (or who
have progressed on) 3~-therapy, including patients with reduced renal function. Ongoing
preclinical and clinical studies are investigating the potential of 2'2Pb-labeled peptides and
antibodies (at a dose of approximately 2 MBq/kg) [4] or approximately between 7’ Lu
and ?2° Ac administered doses of radioactivity. Lead specific chelator-PEG,-[Tyr?, Thr®]-
octreotide (PSC-PEG,-TOC) (VMT-x-NET) is a somatostatin subtype 2 (S5T2) receptor
targeting peptide for the treatment of neuroendocrine tumors (NETs) that exhibits rapid
tumor accumulation, high tumor retention, and rapid renal excretion [7]. It carries the
chelator PSC [7], which forms highly stable complexes with 23/212Pb and, in contrast to
less stable 1,4,7,10-tetraazacyclododecane-N,N’,N”/,N"'-tetraacetic acid (DOTA) complexes,
remains intact even after 3~ conversion to 212Bi [8]. Recently, the true matched pair 2°3/212Pb
has come into focus through several first in-human theranostic applications [9-11]. While
283Pb (t;,, = 52 h; 279 keV gamma ray; 81% intensity) represents an ideal elementally
matched imaging surrogate, !2Pb itself can be used for SPECT imaging [12]. A true
matched pair could finally overcome the differential pharmacokinetic/pharmacological
properties observed between diagnostic and therapeutic radiotracers with unmatched
radionuclides pairs [13].

In addition to somatostatin analogs, such as PSC-TOC, other radiopharmaceuticals
targeting other receptors (e.g., PSMA derivatives) for radiolabeling with 203/212Pb are under
preclinical investigation and may soon be translated into clinical use [4,14-16]. Emerging
evidence suggests that o-particles have the potential to overcome resistance to 3~-therapy
and could lead to further therapeutic options for patients with palliative effects and, in
some cases, even complete remission [17]. Furthermore, the appearance of Cherenkov
light due to the decay of ?!2Pb may be useful not only for diagnostics but also for further
treatment options [18]. The optimal mass of the precursor peptide for radiopharmaceuticals
is an important parameter in radiopharmaceutical development to ensure that the highest
degree of tumor targeting with the lowest accumulation and retention in normal organs and
healthy tissues is achieved. This parameter is also important in achieving a formulation that
results in smooth radiometallation and a high radiochemical yield and purity. In general,
this parameter is known as the molar activity (Ays), which plays a crucial role for all PET
radiotracers targeting saturable binding sites (e.g., receptors) but is secondary or negligible
for many metabolic PET radiotracers, where the endogenous levels of the compound are in
great excess of the radiotracer itself due to saturation of the receptors at the tumor site [19].

In this work, the influence of the Ay;-to-cell uptake of 203/212Pb-PSC-TOC was investi-
gated in different cell lines (AR42 ], HEK293 sst2, and ZR75-1) to develop a more detailed
understanding of the tracer in preparation for clinical use.

2. Results
2.1. Radiochemistry

The radiochemical yield (RCY) was 74-97% for 203pb-PSC-TOC (Table 1) and 22-99%
for 212Pb-PSC-TOC, depending on the reaction conditions (Tables 2 and 4). The radio-
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chemical purity (RCP) was always >95%. Stabilities greater than 95% of the formulated
203/212pp-PSC-TOC were found up to 16 h at r.t. and for 2*Pb-PSC-TOC up to 11 d at
4 °C by RP-HPLC. For 212Pb-PSC-TOC, HPLC is very useful for determining the identity
of the product but not for the direct determination of RCY, according to the approach
used here. A free 2Tl daughter nuclide was observed up to 20% in the chromatogram
4 h after radiosynthesis. Isothermal titration calorimetry (ITC) experiments confirmed
the stability of the 212Bi daughter radionuclide in the PSC chelator to >95% at 2 h after
radiolabeling. Importantly, the contribution of free 2%®Tl to the total body dose was shown
to be negligible [20].

Table 1. 203Pb-PSC-TOC reactions.

Reactions 1 Starting Activity (MBq)  Product Activity (MBq)  RCY (%) Apn (MBg/nmol)

1 74 72 97 2.3
2 174 128 74 5.4
3 40 36 90 1.3
4 302 249 82 7.9
5 536 488 91 15.3
6 455 438 9 13.7
7 2105 1972 94 61.6

82 125 109 87 1.1
9 1301 1226 94 38.3

1 Reactions were always performed with 50 pug (31.7 nmol) VIM-a-NET for 15 min at 95 °C. 2 Exception: here, it
is 156 pg (98.8 nmol) PSC-TOC.

Table 2. 212Pb-PSC-TOC reactions.

Reactions ! Starting Activity (MBq) Product Activity (MBq) RCY (%) Apm (MBg/nmol)

1 24 10 40 0.8
2 4 2 53 0.2
3 490 * 176 * 36 13.9
4 214 * 48* 22 3.8

52 24 11 48 0.8

! Reactions were always performed with 20 pig (12.7 nmol) VIM-o-NET for 15 min at 95 °C. 2 Exception: here, it
is 20 pg (13.7 nmol) DOTA-TATE. * Normalization was performed (see Table 3).

Table 3. Normalization factors for the activity measurements of 2!?Pb after separation from the
daughter nuclides by Pb resin for the ISOMED 2010 dose calibrator.

Time after Separation (min) Normalization Factor
0 1.86
5 1.80
30 1.58
60 1.37
90 1.26
120 1.18

Table 4. Optimized 2>Pb-PSC-TOC reactions.

Reactions ! Starting Activity (MBq)  Product Activity (MBq)  RCY (%) An (MBg/nmol)

1 522 * 490 * 98 15.5
2 328 315 97 9.9
3 274 260 99 8.2
4 177 165* 93 52
5 146 104 * 71 3.3
6 95 78 % 82 2.5
7 32 31 99 1.

1 Reactions were always performed with 50 pg (31.7 nmol) VIM-o-NET for 45 min at 95 °C. * Normalization was
performed (see Table 3).

The optimization of the radiochemical labeling procedure included steps to overcome

the loss of activity due to several purification steps: The freshly eluted activity from the
224Ra/?12Pb generator is partitioned into Pb resin 10~12%, waste ~2%, and product 84-86%.
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The purification of 2!2Pb by Pb resin removes potential traces of the parent nuclide >**Ra,
as well as the daughter nuclides 212Bj and 20871 [21]. Therefore, activity measurements
with a dose calibrator (ISOMED 2010, Nuvia Instruments GmbH, Dresden, Germany) in
equilibrium of the mother and daughter nuclides show different values before and after
Pb resin purification. Therefore, a normalization factor for the dose calibrator is required
immediately after purification (Table 3). Further purification with C18 or Maxi-Clean (MC)
SPE cartridges results in a further loss of product activity. The C18 contained 6-10% of
the product activity, and the MC cartridge contained up to 40% of the product activity.
It appears that the chelated 2'2Pb-PSC complex has strong binding competition with the
sorbent material of the MC cartridges. Therefore, these cartridges are not suitable for
purification. However, the cartridge purifications were later found to be obsolete due to
further development of optimized radiolabeling conditions.

2.2. Cell Uptake Studies with Different Molar Activities

During the studies with 2%*Pb-PSC-TOC, it was found that SST2-transfected HEK293
cells showed a moderate cell uptake compared to endogenously SST2-positive AR42]
cells, which showed a higher cell uptake. Compared to the routinely used ®*Ga-DOTA-
[Tyr3, Thr®]-octreotate (TATE) with a cell uptake in AR42] of about 8.7 4 0.4% after 1 h, the
uptake of 203/212Pb-PSC-TOC reached a comparable level 24 h after incubation only at the
highest Ay > 7.9 MBq/nmol (***Pb-PSC-TOC) and Ay > 3.3 MBq/nmol (32Pb-PSC-TOC).
ZR75-1 cells were used as a negative control and showed no significant uptake for all
radiotracers used in this work.

It was found that cell uptake was strongly influenced by the number of cells seeded
1-2 days prior to the uptake experiments. With 100,000 cells seeded, very low cell uptake
was observed, and the cell uptake increased with the number of cells seeded. The optimal
number of cells for uptake was 1.0 million cells per well. Seeding cells three days prior to
uptake had no further effect on cell uptake.

The optimum activity of 2*Pb-PSC-TOC for incubation was found to be 100 kBq per
well on a six-well plate, and cell viability was good for over 72 h. For 2!2Pb-PSC-TOC,
activities greater than 50 kBq per well lead to a decrease in cell uptake and even lower cell
viability (11% viability after 72 h), which affected the credibility of the cell uptake values.
Therefore, activities of 25 kBq per well were used for 2>Pb-PSC-TOC.

Figure 1 shows the cell uptake for 2°Pb-PSC-TOC, and Figure 2 shows the cell uptake
for 212Pb-PSC-TOC. It was found that the uptake increased with the Ay for both radioli-
gands. In most of the experiments, only timeframes between 1 and 24 h were considered,
because, for diagnostic purposes, patients are measured only within a timeframe of 24 h,
and, for therapeutic purposes, most of the dose is already deposited (two half-lives = 75%
of the dose, t;/, = 10.64 h). In the case of the highest produced Ay of 203/212pp,pPSC-TOC,
the timeframe was extended to 72 h in order to find a possible plateau or decrease in cell
uptake. 2%*Pb-PSC-TOC showed an increase of relative cell uptake per 1 million cells up
to 24.0 & 0.8% even 149 h after incubation (2.9 x t;, of 28Pb). For 22Pb-PSC-TOC, the
cell uptake still increased up to 25.0 &= 0.5% 72 h after incubation. Increased uptake values
were found at the lowest excess of cold peptide (25%). These results could support the
hypothesis that free binding sites of SST2 receptors are still available (Figure 2).

Tables 5 and 6 show the statistical evaluation of the cell accumulation of 203/212Pb-
PSC-TOC. Each cell line was incubated with the respective Ay, in triplicate. The standard
deviation of the mean accumulation was less than 10%, confirming that the data were
consistent with the conclusions. The standard deviation for ZR75-1 uptake was not shown,
because it was less than 0.04% in each experiment.
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Figure 1. The cell uptake of 2*Pb-PSC-TOC in different cell lines is shown. The values above the
columns represent the relative mean cell uptake in percent. Ay is given in MBq/nmol. Each column

represents the mean value of a triplicate. Shades of green: AR42]; shades of blue: HEK293 sst2; shades
of purple: ZR75-1.
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Figure 2. Cell uptake of 212Pb-PSC-TOC in different cell lines is shown. The values above the columns
represent the relative mean cell uptake in percent. Ay is given in MBq/nmol. Each column represents

the mean value of a triplicate. Shades of green: AR42]; shades of blue: HEK293 sst2; shades of purple:
ZR75-1.

Table 5. Cell uptake statistics for 203Pb-PSC-TOC.

Incubation Molar Activity (MBg/nmol)
Cells Time (h) 11 13 23 5.4 7.9 13.7 153 38.3
1 04401 41+02 42400 26+02 75+04
AR42] uptake (%) ig 0.6 = 0.0 86+05 91+04 49+06 %318 i 8:3
7 165+ 1.3
HEK293 sst2 1 12403 13401 39402 16+03 21+01 28+01 12+03
uptake (%) 24 26+06 10+00 28+02 40+03 43+02 43+09 26+06
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Table 6. Cell uptake statistics for 2?Pb-PSC-TOC.

Cell Incubation Molar Activity (MBg/nmol)
ells Time (h) 0.2 0.8 1.0 3.3 3.8 5.2 13.9 15.5
1 08+£01 14+£01 15+£01 n.d. 38+02 53£03 46+0.3
AR42] 24 26+02 44+04 45400 80+10 15£01 87407 17.0 £ 0.7
uptake (%) 48 32+04 31+£01 9.6+07
72 52+04 250+05
1 51+£05
HEK?293 sst2 24 40£0.5
uptake (%) 48 91+05
72 78 £0.0

3. Discussion
3.1. Radiochemistry

Radiolabeling of PSC-TOC with 2®*Pb proceeded smoothly under standard labeling
conditions. Challenges were observed with 2!2Pb when using the same conditions as for
203Pb that needed to be overcome. However, the addition of a higher mass of peptide
precursor and slightly longer reaction times solved this problem [21]. The quality control
showed an RCY >95% in most cases for 203/212Ph-PSC-TOC. It is noteworthy that, when
the RCP for 212Pb-PSC-TOC was only >90%, this was due to ejected daughter nuclides
that transferred to a solvent form [22]. When the developed TLC was remeasured after
2 h, the RCP increased to >95% (24 h later, the RCP was even >99%), as the free daughter
nuclides decayed on the TLC within this time, confirming the radiochemical purity of
212Pb-PSC-TOC.

3.2. Influence of Molar Activity on Cell Uptake

For the cell uptake experiments performed in this work, it was observed that, the
higher the Ay, the higher the cell uptake. An uptake limit was not found in these experi-
ments, but there may be one, as can be found in the literature [19]. Furthermore, neither
PSMA nor TATE peptides reached tumor saturation in the patients [23]. AR42] cells always
showed the highest cell uptake for each Ays compared to HEK293 sst2 cells, which showed
lower cell uptake. ZR75-1 cells as a negative control did not show significant cell uptake
due to the lack of SST2 receptor. Therefore, AR42] cells may have the highest SST2 receptor
expression of the cells used in this study. For further studies in this direction, transfected
cells with even higher SST2 receptor expression than in AR42] cells could be used [24].

The high uptake of SST2-specific radioligands has been well examined for agonists
and antagonists. It is known that agonists like TOC effectuate the internalization of SST2
receptors after stimulation in vivo and that this is the reason for the high and long-lasting
uptake of SST2 radioligands [25]. However, this high accumulation seems to reduce after
several treatments with $~-radioligands, due to differentiation of the SST2 expressing
tumor cells. With only low SST2 expression at the tumor site, this could be one reason for
the “~ resistance” when only low amounts of radioligands reach the tumor site. The lower
expression of SST2 receptor may merely be overcome by TAT, which seem to have a similar
impact in tumor therapy at much lower doses compared to 3~-therapy [26]. Therefore,
antagonists like JR11, which have a similar accumulation to the agonistic radioligands, even
after several treatments, may be a solution for this issue, since the SST2 expressing tumors
do not differentiate when blocked by antagonists [27]. Another instrument to overcome the
lowering SST2-specific tumor accumulation may be epigenetic stimulation before treatment
or during a series of treatments. Experimental data have shown higher uptake rates in
HEK?293 sst2 cells up to 28 times versus untreated cells [28].

In radioligand therapy, a medium Ay, tracer could reduce radiation exposure to dose-
limiting organs with only a limited effect on radionuclide accumulation in the tumor. In
this case, high Ay is considered to be 200 MBq/nmol, and low Ay, is considered to be
2 MBq/nmol. Therefore, it can be assumed that the moderate Ay level of 15-40 MBq/nmol
(Tables 1 and 4) achieved in this work may be the optimal amount for application. Nev-
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ertheless, further cell studies with even higher Ay should be performed to confirm this.
One way to achieve higher Ay is HPLC purification, which has been shown to increase the
Ay of a %8Ga ligand by a factor of 10,000 [29]. In addition, a pilot therapy study with the
optimal Ay can be performed against low Ay and high Ay to validate the observations
from the cell studies. This experimental comparison may provide evidence to support
the idea that moderate molar activities may indeed provide superior tumor uptake while
minimizing radiation exposure to dose-limiting organs.

The amount of somatostatin analog administered varies with the analog used and
the intended purpose of the administered drug. The TATE analog is administered at a
high tracer level (100 nmol) in «- and p~-therapy, which is in the range of physiologically
applied concentrations. This could lead to a lower tumor uptake if tumor receptors are
blocked with an unlabeled peptide. Conversely, a higher Ay could negatively affect
the tumor-to-organ ratio by saturating the physiologically expressing organs. For 21?Pb
therapy, this would mean that Ay = 1 MBq/nmol is closer to the amount of, e.g., Luthathera
(50 MBq/nmol, 148 nmol for 7.4 GBq [30]) than Ay = 10 MBq/nmol.

A comparable study on the influence of the Ay; applied with ®Ga or 177Lu was not
found in the scientific literature. The results of an Al'®F-labeled PSMA-11 study were
presented [31], where it was found that the administration of a high Ay, tracer increased
the detection of low expression tumors while also increasing uptake in PSMA-expressing
tissues, potentially leading to false-positive findings.

Taken together, variations in Ay may have different implications for diagnostic and
therapeutic use. However, the moderate Ay; of 15-40 MBq/nmol investigated in this
work showed the highest cell uptake and should be used when administered to patients.
For patients, a lower amount of peptide could increase tumor uptake while decreasing
side effects.

4. Materials and Methods

All reagents and solvents were purchased from commercial suppliers at the highest pu-
rity and used without further purification. PSC-PEG,-TOC (VMT-«-NET) and ??*Ra/2!?Pb
generator (VMT-o-GEN) were obtained from Perspective Therapeutics Inc., Coralville, IA,
USA. 203Pp solution in 8 M HCl was obtained from Cross Cancer Institute, Edmonton, AB,
Canada. RCP was monitored by thin-layer chromatography (TLC) on iTLC-SG plates (Agi-
lent, Santa Clara, CA, USA). Measurement of the radionuclide purity (RNP) and evaluation
of the radio-TLC was performed with a thin-layer scanner (MiniScanPRO+, Eckert&Ziegler
Eurotope GmbH, Berlin, Germany) equipped with a Model 43-2 alpha detector ZnS(Ag)
scintillator (Ludlum Measurements, Sweetwater, TX, USA) and a build-in multi-channel an-
alyzer (MCA) for gamma spectroscopy. Radio-HPLC was performed on a Shimadzu HPLC
system (Thermo Scientific, Dreieich, Germany), equipped with a reverse-phase column
(Merck Chromolith RP-18e; 100 x 4.6 mm plus a 5 x 4.6 mm guard column, Darmstadt,
Germany) and a UV diode array detector (220 nm). The solvent system used was a gradient
of acetonitrile:water (containing 0.05% TFA) (0-13 min: 0-60% MeCN) at a flow rate of
1.6 mL/min, unless otherwise stated. The pH was measured using a reflectance photometer
(QUANTOFIX Relax, Macherey-Nagel GmbH & Co. KG, Diiren, Germany).

4.1. Radiochemistry

Radiolabeling of the DOTA and PSC conjugates was performed according to standard
protocols for these chelators [7]. Briefly, 50 ug precursor (DOTA-TATE (M = 1435.6 g/mol)
or PSC-PEG,-TOC (PSC-PEG,-TOC, M = 1578.7 g/mol)) in H, Oésuprapure was added to a
10 mL reaction vial together with 100 uL EtOHpso1ute, 290 pL 1 M NaAc/AcOH buffer (pH
4,99.99% trace metal), and 2 mg sodium ascorbate (Ph.Eur.).

203/212p} jn 5-10 mL 1.6 M HClsuprapure was trapped on a custom-made Pb resin car-
tridge (100 mg PB-B10-F, Triskem, Bruz, France) preconditioned with 1 mL 2 M HClsuprapure-
The captured activity was rinsed with 1 mL 2 M HClsyprapure- The activity was eluted with
2 mL NaAc/AcOH buffer (pH 6, 99.99% trace metal) directly into the reaction vial. The
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solution was heated at 95 °C for 15 min for 2Pb and 15 or 45 min for 2!?Pb. The reaction
solution was then diluted with 4 mL of 0.9% NaCl solution and cooled.

Finally, the product was purified by using a C18 Plus light cartridge (WAT023501,
Waters, Eschborn, Germany) preconditioned with 1 mL EtOH and 3 mL H, O (wet con-
dition). The cooled and diluted product solution (4 mL 0.9% NaCl) was slowly passed
through the C18 cartridge. The C18 cartridge containing the product was rinsed with
2 mL of 0.9% NaCl solution and was directly eluted with 1 mL of 50% EtOH for injection
directly through a vented sterile filter (0.22 pm, SLGVV255F, Millex-GV, Merck-Millipore,
Darmstadt, Germany) into a product vial. Finally, the product was diluted with 7 mL of
0.9% NaCl solution.

Another purification method was performed using a Maxi-Clean (MC) SPE 0.5 mL
IC-Chelate cartridge (5122565, S*Pure, Mainz, Germany) preconditioned with 5 mL Hj
Osuprapure (wet condition). The cooled and diluted product solution (4 mL 0.9% NaCl) was
slowly transferred through a vented sterile filter into the product vial via the MC cartridge
and washed with an additional 2 mL 0.9% NaCl into the product vial.

4.2. Quality Control of Radiotracer
Quality control included several standard tests established in the clinical manufacturing:
e TLC with eluent 0.1 M Na-citrate pH 5 (Start: 203/212Pb-PSC-TOC and particles
(Rf <0.4), end: 203/212pp_chloride) (Figure 3).
e  TLC with eluent IMNH, Ac: MeOH1: 1 (Start: 2%%/212Pb-particles, end: 203/212Pb-PSC-

TOC and 203/212pp-chloride) (Figure 4).
HPLC 203/212p,_PSC-TOC tg = 7.4 min. 293/212Pp-DOTA-TATE fg = 7.1 min.
pH value: 5.3 £ 0.5.
e  RNP: 212Pb: 75 and 238 keV; 212Bi: 727 keV (6.7%); and 29%8T1: 510 (22.6%), 583 (85.0%),
and 860 (12.5%) keV (Figure 5).
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07 10 20 30 40 50 60 70 80 90 Position/mm 110 121.876

Figure 3. Corresponding TLC with Na-citrate as the eluent for the detection of unlabeled 2°%/212Pb at
the front (position 115 mm, 3.9%) of the TLC. 212pp-TOC runs at the origin (position 25 mm, 96.1%).
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Figure 4. Corresponding TLC with NHy Az:MeOH as the eluent for the detection of 203/212Pb-
particles at the origin (position 20 mm, 0.6%) of the TLC. 22Pb-TOC runs at the front (position 80 mm,
99.4%.)
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Figure 5. Corresponding gamma spectrum via MCA for verification of the RNP. Gamma lines found:
212Pb: 75, 238 keV; 2%8T1: 510, 583, 860 keV; 212Bi: 727 keV.

4.3. Cell Uptake Experiments

Cell uptake of 203/212Pb-PSC-TOC was tested against our gold standard ®®Ga-DOTATATE.
AR42] (CRL-1492, ATCC®, Manassas, VA, USA), HEK293 sst2 (stably SST2 receptor trans-
fected cells derived from Andrea Kliewer, University Hospital, Jena, Germany), and ZR75-1
(CRL-1500, ATCC®, Manassas, VA, USA); cells were seeded 1-2 days prior to the assay
in 6-well plates to reach 0.5 x 10° cells per well in a humidified atmosphere containing
5% COs.

Each cell line was grown in its own medium:

o AR42]J: Gibco RPMI 1640 medium (ATCC-Modification) supplemented with 10% fetal
calf serum (FCS)

e  HEK293 sst2 (stably transfected HEK293 cells): Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum (FCS), L-glutamine (2 mM = 1%), G-418
(50 mg/mL)

e  ZR75-1: Gibco RPMI 1640 medium (w/o glutamine) supplemented with 10% fetal calf
serum (FCS), 1% NEAA, 1 mM sodium pyruvate (1%), and 2 mM N-acetyl-alanyl-L-
glutamine (1%)

After incubation with the respective radiotracer for 1 h, 24 h, 48 h, and 72 h, the
medium, wash fraction (2 x 1 mL cold PBS 4 °C), and cell fraction (lysed with 1 mL 0.1 M
NaOH and cell scraper) were collected, and the remaining activity in the fractions was
measured with a gamma counter (HIDEX). The relative cell uptake in percent per 1 million
cells was calculated between the medium, wash fraction, and lysate. Each cell incubation
was performed in triplicate.

5. Conclusions

It was shown that the Ay of 203/212Pb-PSC-TOC has an effect on the cell uptake.
No saturation was found in this work, but it is known from the literature that higher
Ay > 100 MBq/nmol could have a negative effect on tumor uptake due to non-specific
binding of the radioligand. It is noteworthy that higher Ay leads to higher cell uptake due
to receptor-specific binding, and the values found in this work can be used as a reference
for clinical application.

Another interesting radiochemical observation of this investigation is that the 2!>Pb
labeling benefited from a longer reaction time and a larger amount of precursor to achieve
a high RCY. Since ?®*Pb and 2!?Pb are elementally identical, the apparent differences must
necessarily be due to the differences in stable Pb found in the solutions provided (generator
eluant versus 2%Pb solution), and thus, further investigation of the relative specific activity
of the solutions is required.

In conclusion, for high tumor uptake, radiolabeling of 50 pg of PSC-TOC precursor
should be performed with >1000 MBq 2**Pb and with >500 MBq 2!?Pb.

69



Pharmaceuticals 2023, 16, 1605

Author Contributions: Conceptualization, M.P,, EM., R.R. and ] K.; methodology, M.P.,, RR., K.W.
and K.T; software, R.R.; validation, M.P. and R.R.; formal analysis, R.R.; investigation, M.P. and R.R.;
resources, M.K.S. and J.K,; data curation, M.P., KW. and R.R.; writing—original draft preparation,
M.P. and E.B.; writing—review and editing, M.P., EM., RR., KW., K.T.,, M.K.S. and ].K,; visualization,
M.P; supervision, M.P. and R.R,; project administration, E.M. and J.K.; funding acquisition, M.K.S.
and J.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: All data can be referred to on request to the corresponding author.

Acknowledgments: The authors would like to thank Andrea Kliewer from University Hospital Jena
for providing the transfected HEKSsst2 cells. Moreover, we thank Fiorenza Ianzini and Lisa Hiibinger
for the extensive proofreading of the manuscript.

Conflicts of Interest: The MiniScanPRO+ was provided by Eckert&Ziegler especially for the evalu-
ation of a-particles on TLC. M.K.S. is employed by Perspective Therapeutics, which has financial
interest in the VMT-a-NET radiopharmaceutical. The authors declare no further conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

Kratochwil, C.; Bruchertseifer, F.; Giesel, F.L.; Weis, M.; Verburg, F.A.; Mottaghy, F; Kopka, K.; Apostolidis, C.; Haberkorn, U.;
Morgenstern, A. 22> Ac-PSMA-617 for PSMA-targeted a-radiation therapy of metastatic castration-resistant prostate cancer. .
Nucl. Med. 2016, 57, 1941-1944. [CrossRef] [PubMed]

Guerra Liberal, ED.C.; O’Sullivan, ].M.; McMahon, S.J.; Prise, K.M. Targeted alpha therapy: Current clinical applications. Cancer
Biother. Radiopharm. 2020, 35, 404-417. [CrossRef] [PubMed]

Brogsitter, C.; Hartmann, H.; Wunderlich, G.; Schottelius, M.; Wester, H.].; Kotzerke, ]. Twins in spirit part IV—[77Lu] high affinity
DOTATATE. A promising new tracer for peptide receptor radiotherapy? Nuklearmedizin 2017, 56, 1-8. [CrossRef] [PubMed]
Dos Santos, ].C.; Schéfer, M.; Bauder-Wiist, U.; Lehnert, W.; Leotta, K.; Morgenstern, A.; Kopka, K.; Haberkorn, U.; Mier, W,;
Kratochwil, C. Development and dosimetry of 2%°Pb /?12Pb-labelled PSMA ligands: Bringing “the lead” into PSMA-targeted
alpha therapy? Eur. ]. Nucl. Med. Mol. Imaging 2019, 46, 1081-1091. [CrossRef]

Li, M.; Sagastume, E.A.; Lee, D.; McAlister, D.; DeGraffenreid, A.]J.; Olewine, K.R.; Graves, S.; Copping, R.; Mirzadeh, S.;
Zimmerman, B.E.; et al. 203/212Pp theranostic radiopharmaceuticals for image-guided radionuclide therapy for cancer. Curr. Med.
Chem. 2020, 27, 7003-7031. [CrossRef]

McNeil, B.L.; Mastroianni, S.A.; McNeil, SW.; Zeisler, S.; Kumlin, J.; Borjian, S.; McDonagh, A.W.; Cross, M.; Schaffer, P;
Ramogida, C.F. Optimized production, purification, and radiolabeling of the 2°°Pb/?12Pb theranostic pair for nuclear medicine.
Sci. Rep. 2023, 13, 10623. [CrossRef]

Li, M.; Baumhover, N.J.; Liu, D.; Cagle, B.S.; Boschetti, F; Paulin, G.; Lee, D.; Dai, Z.; Obot, E.R.; Marks, B.M.; et al. Preclinical
evaluation of a lead specific chelator (PSC) conjugated to radiopeptides for 2%*Pb and 212Pb-Based theranostics. Pharmaceutics
2023, 15, 414. [CrossRef]

Mirzadeh, S.; Kumar, K.; Gansow, O.A. The chemical fate of 212Bi-DOTA formed by 3~ decay of 212Pb(DOTA)z'. Radiochim. Acta
1993, 60, 1-10. [CrossRef]

Meredith, R.; Torgue, J.; Shen, S.; Fisher, D.R.; Banaga, E.; Bunch, P; Morgan, D.; Fan, J.; Straughn, ].M., Jr. Dose escalation
and dosimetry of first-in-human alpha radiocimmunotherapy with 21?Pb-TCMC-trastuzumab. J. Nucl. Med. 2014, 55, 1636-1642.
[CrossRef]

Delpassand, E.S.; Tworowska, I.; Esfandiari, R.; Torgue, J.; Hurt, J.; Shafie, A.; Ntnez, R. Targeted x-emitter therapy with
212Pb-DOTAMTATE for the treatment of metastatic SSTR-expressing neuroendocrine tumors: First-in-humans dose-escalation
clinical trial. ]. Nucl. Med. 2022, 63, 1326-1333. [CrossRef]

Miiller, D.; Herrmann, H.; Schultz, M.K_; Solbach, C.; Ettrich, T.; Prasad, V. 23Pb-VMT-o-NET scintigraphy of a patient with
neuroendocrine tumor. Clin. Nucl. Med. 2023, 48, 54-55. [CrossRef] [PubMed]

Mikalsen, L.T.G.; Kvassheim, M.; Stokke, C. Optimized SPECT Imaging of 224Ra a-particle therapy by 212pp photon emissions. J.
Nucl. Med. 2023, 64, 1131-1137. [CrossRef]

Kotzerke, J.; Runge, R.; Braune, A.; Wunderlich, G. Different Radionuclides in DOTA-EB-TATE Effect Different Uptake in
Somatostatin Receptor-Positive HEK293 Cells. J. Nucl. Med. 2019, 60, 436. [CrossRef] [PubMed]

Stenberg, V.Y.; Juzeniene, A.; Chen, Q.; Yang, X.; Bruland, O.S.; Larsen, R.H. Preparation of the alpha-emitting prostate-specific
membrane antigen targeted radioligand [>!2Pb]Pb-NGO001 for prostate cancer. J. Label. Comp. Radiopharm. 2020, 63, 129-143.
[CrossRef]

Durand-Panteix, S.; Monteil, J.; Sage, M.; Garot, A.; Clavel, M.; Saidi, A.; Torgue, J.; Cogne, M.; Quelven, I. Preclinical study of
212Pb alpha-radioimmunotherapy targeting CD20 in non-Hodgkin lymphoma. Br. J. Cancer 2021, 125, 1657-1665. [CrossRef]

Li, J.; Huang, T,; Hua, J.; Wang, Q.; Su, Y.; Chen, P; Bidlingmaier, S.; Li, A.; Xie, Z.; Bidkar, A.P.; et al. CD46 targeted 212py, alpha
particle radioimmunotherapy for prostate cancer treatment. J. Exp. Clin. Cancer Res. 2023, 42, 61. [CrossRef] [PubMed]

70



Pharmaceuticals 2023, 16, 1605

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Rathke, H.; Bruchertseifer, F.; Kratochwil, C.; Keller, H.; Giesel, F.L.; Apostolidis, C.; Haberkorn, U.; Morgenstern, A. First patient
exceeding 5-year complete remission after 22> Ac-PSMA-TAT. Eur. ]. Nucl. Med. Mol. Imaging 2021, 48, 311-312. [CrossRef]
Wood, V.; Ackerman, N.L. Cherenkov light production from the alpha-emitting decay chains of 223Ra, 212Pp, and ¥9Tb for
Cherenkov luminescence imaging. Appl. Radiat. Isot. 2016, 118, 354-360. [CrossRef] [PubMed]

Luurtsema, G.; Pichler, V.; Bongarzone, S.; Seimbille, Y.; Elsinga, P.; Gee, A.; Vercouillie, ]. EANM guideline for harmonisation on
molar activity or specific activity of radiopharmaceuticals: Impact on safety and imaging quality. EFNMMI Radiopharm. Chem.
2021, 6, 34. [CrossRef]

Orcutt, K.D.; Henry, K.E.; Habjan, C.; Palmer, K.; Heimann, ]J.; Cupido, ].M.; Gottumukkala, V.; Cissell, D.D.; Lyon, M.C.; Hussein,
AL,; et al. Dosimetry of [22Pb]VMTO1, a MCI1R-targeted alpha therapeutic compound, and effect of free 2087 on tissue absorbed
doses. Molecules 2022, 27, 5831. [CrossRef]

Li, M.; Zhang, X.; Quinn, T.P; Lee, D.; Liu, D.; Kunkel, E; Zimmerman, B.E.; McAlister, D.; Olewein, K.R.; Menda, Y.; et al.
Automated cassette-based production of high specific activity [203/212pp) peptide-based theranostic radiopharmaceuticals for
image-guided radionuclide therapy for cancer. Appl. Radiat. Isot. 2017, 127, 52—60. [CrossRef] [PubMed]

Bobba, K.N.; Bidkar, A.P.; Meher, N.; Fong, C.; Wadhwa, A.; Dhrona, S.; Sorlin, A.; Bidlingmaier, S.; Shuere, B.; He, J.; et al.
Evaluation of 134Ce/1%*La as a PET imaging theranostic pair for 225 A¢ a-radiotherapeutics. J. Nucl. Med. 2023, 64, 1076-1082.
[CrossRef] [PubMed]

Sabet, A.; Nagarajah, J.; Dogan, A.S.; Biersack, H.-J.; Sabet, A.; Guhlke, S.; Ezziddin, S. Does PRRT with standard activities of
177Lu-octreotate really achieve relevant somatostatin receptor saturation in target tumor lesions?: Insights from intra-therapeutic
receptor imaging in patients with metastatic gastroenteropancreatic neuroendocrine tumors. EINMMI Res. 2013, 3, 82. [PubMed]
Tian, R.; Jacobson, O.; Niu, G.; Kiesewetter, D.O.; Wang, Z.; Zhu, G.; Ma, Y,; Liu, G.; Chen, X. Evans Blue attachment enhances
somatostatin receptor subtype-2 imaging and radiotherapy. Theranostics 2018, 8, 735-745. [CrossRef]

Waser, B.; Tamma, M.L.; Cescato, R.; Maecke, H.R.; Reubi, ].C. Highly efficient in vivo agonist-induced internalization of sst;
receptors in somatostatin target tissues. J. Nucl. Med. 2009, 50, 936-941. [CrossRef]

Kratochwil, C.; Apostolidis, L.; Rathke, H.; Apostolidis, C.; Bicu, F,; Bruchertseifer, E; Choyke, P.L.; Haberkorn, U.; Giesel, FL.;
Morgenstern, A. Dosing 22 Ac-DOTATOC in patients with somatostatin-receptor-positive solid tumors: 5-year follow-up of
hematological and renal toxicity. Eur. |. Nucl. Med. Mol. Imaging 2021, 49, 54-63. [CrossRef]

Nicolas, G.P,; Schreiter, N.; Kaul, F; Uiters, J.; Bouterfa, H.; Kaufmann, J.; Erlanger, T.E.; Cathomas, R.; Christ, E.; Fani, M.; et al.
Sensitivity Comparison of ®¥Ga-OPS202 and ®®Ga-DOTATOC PET/CT in patients with gastroenteropancreatic neuroendocrine
tumors: A prospective phase Il imaging study. J. Nucl. Med. 2018, 59, 915-921. [CrossRef]

Kotzerke, ].; Buesser, D.; Naumann, A.; Runge, R.; Huebinger, L.; Kliewer, A.; Freudenberg, R.; Brogsitter, C. Epigenetic-like
stimulation of receptor expression in SSTR2 transfected HEK293 cells as a new therapeutic strategy. Cancers 2022, 14, 2513.
[CrossRef]

von Hacht, J.L.; Erdmann, S.; Niederstadt, L.; Prasad, S.; Wagener, A.; Exner, S.; Beindorff, N.; Brenner, W.; Grétzinger, C.
Increasing molar activity by HPLC purification improves ®*Ga-DOTA-NAPamide tumor accumulation in a B16/F1 melanoma
xenograft model. PLoS ONE 2019, 14, e0217883. [CrossRef]

Hennrich, U.; Kopka, K. Lutathera®: The First FDA- and EMA-approved radiopharmaceutical for peptide receptor radionuclide
therapy. Pharmaceuticals 2019, 12, 114. [CrossRef]

Piron, S.; Verhoeven, J.; De Coster, E.; Descamps, B.; Kersemans, K.; Pieters, L.; Vral, A.; Vanhove, C.; De Vos, E. Impact of the
molar activity and PSMA expression level on ['®F]AIF-PSMA-11 uptake in prostate cancer. Sci. Rep. 2021, 11, 22623. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

71



pharmaceuticals

Review

Towards Effective Targeted Alpha Therapy for Neuroendocrine
Tumours: A Review

Paul M. D. Gape *(0, Michael K. Schultz 3, Graeme J. Stasiuk ! and Samantha Y. A. Terry !

check for
updates

Citation: Gape, PM.D.; Schultz, M.K.;
Stasiuk, G.J.; Terry, S.Y.A. Towards
Effective Targeted Alpha Therapy for
Neuroendocrine Tumours: A Review.
Pharmaceuticals 2024, 17, 334.

https://
doi.org/10.3390/ph17030334

Academic Editor: Hirofumi Hanaoka

Received: 8 February 2024
Revised: 22 February 2024
Accepted: 26 February 2024
Published: 4 March 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Biomedical Engineering & Imaging Sciences, King’s College London, London SE1 7EP, UK;
graeme.stasiuk@kcl.ac.uk (G.J.S.); samantha.terry@kcl.ac.uk (S.Y.A.T.)

Departments of Radiology, Radiation Oncology, Free Radical and Radiation Biology Program, University of
Iowa, Iowa City, IA 52242, USA; mschultz@perspectivetherapeutics.com

3 Perspective Therapeutics, Coralville, IA 52241, USA

Correspondence: paul.m.gape@kcl.ac.uk

Abstract: This review article explores the evolving landscape of Molecular Radiotherapy (MRT),
emphasizing Peptide Receptor Radionuclide Therapy (PRRT) for neuroendocrine tumours (NETs).
The primary focus is on the transition from 3-emitting radiopharmaceuticals to x-emitting agents
in PRRT, offering a critical analysis of the radiobiological basis, clinical applications, and ongoing
developments in Targeted Alpha Therapy (TAT). Through an extensive literature review, the article
delves into the mechanisms and effectiveness of PRRT in targeting somatostatin subtype 2 receptors,
highlighting both its successes and limitations. The discussion extends to the emerging paradigm
of TAT, underlining its higher potency and specificity with «-particle emissions, which promise
enhanced therapeutic efficacy and reduced toxicity. The review critically evaluates preclinical and
clinical data, emphasizing the need for standardised dosimetry and a deeper understanding of the
dose-response relationship in TAT. The review concludes by underscoring the significant poten-
tial of TAT in treating SSTR2-overexpressing cancers, especially in patients refractory to 3-PRRT,
while also acknowledging the current challenges and the necessity for further research to optimize
treatment protocols.

Keywords: molecular radiotherapy; targeted radionuclide therapy; targeted alpha therapy; peptide
receptor radionuclide therapy; neuroendocrine tumours

1. Introduction
1.1. Molecular Radiotherapy

MRT consists of the administration of a radiopharmaceutical, composed of an unsta-
ble radionuclide attached to a targeting ligand via a chelator. The ligand binds cellular
sites that are overexpressed in tumour cells, but have low expression in healthy cells,
therefore delivering cytotoxic radiation specifically to tumour cells and the associated
tumour microenvironment, while sparing healthy tissue. As such, MRT has the potential
to simultaneously irradiate all cancer cells within the patient, in contrast to local external
beam radiation therapies targeting a single site of disease. The use of MRT for the treat-
ment of neuroendocrine tumours has been employed as an effective therapy for several
decades. Until recently, MRT targeted to neuroendocrine tumours has primarily employed
beta(f3)-particle emitters (e.g., 77Lu). However, over the last several years, the use of
alpha(or)-particle emitters for this application has emerged as potentially transformative.
In this review, the transition from 3-emitting radiopharmaceuticals to x-emitting agents in
PRRT is presented. A critical analysis of the radiobiological basis, clinical applications, and
ongoing developments in Targeted Alpha Therapy (TAT) is presented through an extensive
literature review that explores this emerging paradigm of TAT and the promise of enhanced
therapeutic efficacy and reduced toxicity. The review critically evaluates preclinical and
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clinical data, emphasizing the need for standardised dosimetry and a deeper understand-
ing of the dose-response relationship in TAT. The review concludes by underscoring the
significant potential of TAT in treating SSTR2-overexpressing cancers, especially in patients
refractory to 3-PRRT, while also acknowledging the current challenges and the necessity
for further research to optimize treatment protocols. A complete review of the biology and
pathophysiology of neuroendocrine tumours is beyond the scope of this review, which
focuses on the use of MRT for the treatment of this disease. Nonetheless, a brief review of
this family of malignancies is included here to provide context for the ensuing discussion.

1.2. Neuroendocrine Tumours

Neuroendocrine neoplasms are sub-classified by site of origin and pathology. Well-
differentiated neoplasms are often referred to as NETs, and poorly differentiated neoplasms
as neuroendocrine carcinomas [1]. NETs are further sub-classified according to their Ki-67
proliferation rate as G1, G2 or G3. G1 represents low-proliferative NETs, associated with
good prognosis, and G3 represents high grade NETSs, associated with poor prognosis [2].
The most common sites of origin are gastroenteropancreatic (GEP) structures and the lung.
Tumours can also vary according to their functional status, with some NETs secreting excess
hormones. NETs are considered rare cancers, accounting for roughly 0.5% of cancers, but
their prevalence has increased in recent years, although it is generally accepted that the
increase in prevalence can be attributed to some degree to improved imaging agents [3]. It
is common to see NETs referred to as heterogeneous or diverse. This means they arise from
a range of tissues and that patients present with a diverse range of symptoms, requiring
a multidisciplinary approach to treatment [4]. In patients with localised disease, the first
therapeutic option is surgery with curative intent. However, in the case of non-localised
(metastasised disease), surgery is generally not considered feasible. In this patient cohort,
systemic treatment is necessary and typically starts with a somatostatin analogue (SSA),
for example, octreotide or lanreotide. This treatment is not curative in intent but aims to
control symptoms. Further treatment options include systemic chemotherapy, though it
has been shown that chemotherapy is of limited benefit [5]. This is the point in a patient’s
journey at which peptide receptor radionuclide therapy (PRRT) is typically offered [6].

1.3. PRRT for NETs—Targeting the Somatostatin Subtype 2 Receptor

PRRT targeting the somatostatin receptor (SSTR) is a specific example of MRT. SSTRs
of various subtypes are overexpressed on the cell surface of a range of cancers. Most
notably, over 80% of NETs overexpress SSTRs, particularly SSTR subtype 2 (SSTR;), making
this a suitable target for PRRT [7]. However, as well as being expressed on the surface of
neuorendocrine tumour cells, SSTR; is widely expressed in normal tissues, particularly
of the endocrine system [8]. Expression of SSTR; in normal tissue is shown anatomically
in Figure 1 [9]. Imaging agents targeting SSTR; have shown physiological uptake in the
spleen, kidneys, adrenal glands, liver, stomach, and small intestine [10]. While the present
discussion is focused on NETs, SSTRs are also expressed in a range of other malignancies,
such as lymphoma, several brain tumours, and in breast tumours, which are areas for a
future investigation and review [11].

1.4. Evolving Standard of Care in PRRT

The most logical choice of targeting ligand may appear to be somatostatin, the native
peptide hormone consisting of 14 amino acids. However, the somatostatin peptide-hormone
is subject to rapid enzymatic degradation in vivo [12], motivating attempts to develop syn-
thetic somatostatin analogues (S5As) in order to provide tumour targeting with sufficient
stability and affinity.
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Figure 1. Anatomical depiction of SSTR 2 expression in human tissue in female (left) and male (right).
Image credit: Human Protein Atlas version 23.0 (www.proteinatlas.org/ENSG00000180616-SSTR2
/tissue, accessed on 22 February 2024) [9].

These earliest iterations of PRRT focused on the development of [MIn-DTPA-p-Phel]-
octreotide ([!!In]In-pentetreotide), initially for imaging. The utility of the newly devel-
oped radiopharmaceutical was initially demonstrated in 1050 patients [13,14]. The uptake
demonstrated on imaging subsequently motivated the use of [!!'In]In-pentetreotide for
therapy [15]. This demonstrates an early application of the so-called “theragnostic princi-
ple”, by which radiolabelled somatostatin analogues can target the same receptor for use in
imaging and therapy.

Although the decay of 'In results in the release of potentially therapeutic Auger
and conversion electrons, the observed efficacy of the !!In-labelled agent was modest
and several patients developed leukaemia or myelodysplastic syndrome at high activities
(>100 GBq) [16]. Given these shortcomings, 3-emitters were later favoured due to their
higher energy and longer range emissions. Higher energy B-emitters, such as *’Y, were
considered more promising for the treatment of bulky disease [7], whereas lower energy
(thus shorter range) B-emitters, for instance '”/Lu, result in a lower radiation-absorbed
dose to the kidney. 17“Lu also has the advantage of being directly imageable via the gamma
photons in its decay scheme [17].

A novel targeting ligand with higher affinity for SSTR,, [Tyr®]-octreotide, was de-
veloped and combined with the chelator 1,4,7,10-tetra-azacyclododecane-tetra-acetic acid
(DOTA), allowing for reliable and stable radiolabelling of 1l and 2°Y ([°°Y]Y-DOTATOC;
as well as 177Lu- and 8Ga-labelled agents introduced later). The [®°Y]Y-DOTATOC radio-
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pharmaceutical was shown to be effective in stabilizing disease and slowing the rate of
tumour progression, hence becoming the predominant choice of treatment in the early
years of PRRT [18,19].

Later iterations of PRRT have utilised a newer somatostatin analogue, DOTA-[Tyr3]-
octreotate (DOTATATE), due to its higher binding affinity and in vivo uptake in target
tissues compared to competitor SSAs [20]. A number of clinical trials have investigated
the safety and efficacy of [!”/Lu]Lu-DOTATATE, leading to the international phase three
trial, NETTER-1 [21]. This trial established PRRT as standard of care for patients with
metastatic SSTR,-positive GEP-NETs, demonstrating a significantly higher response rate
and extending progression-free survival (PFS) when compared with the control arm (high-
dose of long-acting repeatable octreotide administrations). This positive result led to the
approval of ['7/Lu]Lu-DOTATATE, under the name Lutathera, in Europe by the European
Medicines Agency in late 2017 and in America by the Food and Drug Administration in
early 2018 [22]. Notably, while considered safe and effective by these agencies, the objective
tumour response rate observed was 18% in the NETTER-1 trial (subsequently revised to
13% in post-trial analysis [1,23]), providing a basis for improvement that is being explored
using x-emitting radionuclides. Current clinical practice, as recommended by the joint
IAEA, EANM and SNMMI guidance on PRRT, consists of the systemic administration of
the radiopharmaceutical over multiple cycles with 6-12 week intervals [7]. Administered
activities are generally fixed at 3.7 GBq for [*Y]Y-DOTA-TATE/TOC and 5.5-7.4 GBq for
['77Lu]Lu-DOTATATE and not varied between patients.

Based on the fundamental principle of maximizing the absorbed dose of radiation to
tumour tissue, while minimizing radiation exposure to all other normal healthy organs and
tissues, the next generation of PRRT may be realised through improvements in targeting
ligand, chelator, and/or radionuclide. In the following, the argument for transitioning from
[3-emitters to x-emitters is considered, and the available literature reviewed critically.

2. Targeted Alpha Therapy (TAT)
2.1. Radiobiological Basis for TAT

TAT is a particularly interesting and promising strategy for cancer treatment given
the high potency and specificity associated with a-particle emissions. The x-particle is a
helium nucleus consisting of two protons and two neutrons, creating a composite particle
with a net positive charge and a mass that is much greater than that of a 3~ -particle
(approximately 7000 times greater). The mass and charge of the x-particles make them
highly ionizing and limit their range in tissue to 50-100 um, or approximately 1-3 cell
diameters [24]. The energy deposition of the particle along this path, referred to as the
linear energy transfer (LET), varies between roughly 60 and 200 keV /um. For comparison,
the LET of a 3~ -particle or a photon ranges from 0.1 to 1.0 keV/pum [25], and the LET
of Auger electrons is 4-25 keV/um [26]. This pattern of energy deposition of x-particles
creates a dense track of ionizations along the path of the particle through the biological
material in the vicinity of the decay. Where this biological material is the DNA of a tumour
cell, these ionizations lead to complex damage such as DNA double-strand breaks, which
almost invariably overcome the cell’s repair mechanisms [25]. Conversely, 3-emitters are
more likely to produce simple, repairable damage, such as well-separated DNA single-
strand breaks, due to the sparse nature of their ionization track. Auger electrons produce
a dense, irregular pattern of ionisations clustered within several cubic nm from the site
of the initial decay. Given the high LET of these low-energy electrons, they also have the
potential to produce complex damage that is less reparable than that created by low LET
radiation [27]. However, the short range of the Auger electrons means there is a greater
requirement for the radionuclide to be transported into the cell and ideally incorporated
into the DNA to maximise effectiveness, which may prove difficult in solid tumours [28].
Few «-particles are required to produce a cytotoxic effect, with estimates ranging from 1 to
20 traversals of the nucleus [29,30], resulting in higher potency than lower LET radiations.
As demonstrated in Figure 2, the short range of the a-particle and the Auger electron also
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reduces the irradiation of off-target tissues, potentially reducing the probability of toxicity
in normal organs.

B particle Tu:r:r]ur
Energy: 50 — 2000 keV
Range: 0.1 -10 mm
LET: < 0.5 keV/um
Nuclides: 77Lu, 9, 31|,

1539

Healthy
tissue

o particle

Energy: 5-9 MeV

Range: 50 —100 um

LET: 60 — 200 keV/pm
Nuclides: 227Th, 225Ac, 223Ra,
213p; 212g; 211p¢ 1457

Auger electron

Energy: Majority < 25 keV
Range: < 0.5 um

LET: 1 — 23 keV/um
Nuclides: 131,125, 67Ga,
SsmTc’ lllln’ lslTb’ ZOITI

Brange

Figure 2. Radiobiological basis for TAT. High LET radiation produces a dense track of ionisations
in biological target, producing complex irreparable damage to structures such as DNA. Range of
Auger electron, x-particle and 3-particle depicted (not to scale) to illustrate potential for sparing of
healthy tissue.

Importantly, cell killing with o-emitters is less influenced by oxygen effects than
[3-emitters, where cytotoxicity is a product of the formation of reactive oxygen species
(ROS), which subsequently damage the biological target [31]. The complex nature of the
damage caused by individual a-particles also implies that cell survival should not be
modulated by dose rate, whereas for low-LET radiation the biological effect of the dose
is generally reduced when the dose is given over a longer period of time. This result
was shown in vitro as early as 1964 [32]. In the in vivo setting, numerous other factors
contribute to the effectiveness of x-emitters in potentiating tumour-specific cell death,
including the tumour residence time of the agent and stability of the chelation of the parent
and daughter radionuclides in the a-emitter decay chain. Thus, shorter-lived «-emitting
radionuclides may provide additional benefit in ensuring a greater percentage of «-particles
are localised to tumours within the expected biological residence time of the agent and
daughter radionuclides.

The net effect of these differences between radiation qualities is encapsulated by
the term relative biological effectiveness (RBE). This parameter is defined as the ratio
of absorbed doses of two radiation types required to produce an identical, pre-defined
biological effect. For RBE to be a meaningful quantity, the experimental and reference
radiations must be defined, dosimetry should be performed, and the biological effect
considered should be clearly stated. An RBE value for cell killing by «-particles of between
three and five was recommended by a US Department of Energy Panel [33], but the accurate
determination of the RBE for clinical and preclinical applications remains an important
question. Broadly, the balance between response and toxicity is described by the therapeutic
index, calculated as the ratio of the dose at which the treatment can be deemed effective and
the dose at which the treatment results in undue toxicity. The therapeutic window may be
considered as the difference between these two doses [34]. For the reasons discussed above,
it is hoped that TAT will effectively widen the therapeutic window through improved
tumour response and reduced off-target toxicity.
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2.2. Evaluation of Candidate Radionuclides for TAT

There should not be a “one size fits all” approach for TAT. The radionuclide chosen
should be matched to the requirements of the indication being treated. One example of
this may be to choose an isotope with an appropriate half-life. This depends critically on
the biological targeting ligand (sometimes referred to as vector) and the time taken for
the radiopharmaceutical to accumulate in target tissues and to be cleared from non-target
tissues. As mentioned above, for longer-lived radionuclides, the actual retention time of the
agent in the tumour as well as the fate of the decay progeny in the x-emitter decay series
must also be considered. The biological clearance of the agent may vary from minutes to
days depending on molecular weight (antibodies for example have biological clearance
rates that can be measured in days) [35]. Somatostatin analogues are relatively small
biomolecules and thus clear quickly from the blood, so may be suited to a shorter half-life
isotope [36]. While use of a longer-lived isotope may still be effective, their use is relatively
inefficient due to potential washout of the agent from tumours and release of daughter
radionuclides from the chelation moiety of the agent.

The decay schemes for a series of medically relevant x-emitters are shown in Figure 3
and their properties described in Table 1. Also included are so-called ‘in vivo generators’ of
«-particles such as 2'2Pb. While technically a 3-emitter, the longer half-life of the parent in
this case allows for the delivery of the daughter isotope, an o-emitter, to the site of interest
in the body [37]. Not all a-emitters are discussed, for example 22°Th and 2>°Fm. Although
these isotopes may have been touted as having potential therapeutic applications, due to
difficult production processes, the availability of these isotopes even for research purposes
is severely limited [36].
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- — ->
14 x 10%y 42d |'9033x10% 72h |°%¢ 05s 1.6 x 10° 41h |°%| 93d
al a0t ay a 042 ay aex10° a 017 EC\
228Rg 227Th |8 | 227A¢ 207 |EC| 207pp 229Th 1SEY 149y
— >
58y 18.7d |°% 218y 316y Stable 7.3 %10 59d 93.1d
BV R a 001 al ECY{ ECY
228A¢ 223Ra B | 223Fr 225Ra B | 225Ac 1455 m 149Gm
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62h 11.4d |'°9 220 m 149d (19 10.0d 340d Stable
B a a | 23x10¢ a\26x10 @y ECY
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Figure 3. Decay schemes for medically relevant x-emitters. Blue indicates isotopes with potential
for clinical translation, green indicates stable isotopes. Decay mode (x, 3, electron capture (EC))
indicated, with associated yield where relevant.
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Table 1. Relevant radionuclides for TAT, including in vivo alpha generators. Blue indicates isotopes
with potential for clinical translation, green indicates stable isotopes. Emissions listed are not
exhaustive but represent most of the energy in the decay scheme. ¢ = electron capture. Energy
of B-particles refers to the mean energy. Decay data from ENSDF database as of February 2024
(http:/ /www.nndc.bnl.gov/ensarchivals, accessed on 22 February 2024).

Parent Daughters T Decay Type Energy (MeV) Yield Imaging
227Th 18.7d o 5.76,5.98, 6.04 0.20,0.23,0.24 v: 236 keV (0.13)
223Ra 11.4d o 5.60,5.72 0.25,0.51 v: 269 keV (0.13)
29Rn 3.96s o 6.55, 6.82 0.13,0.79 v: 271 keV (0.11)
215pg 1.78 ms o 7.39 1.00 -
211py, 36.1 min B- 0.16, 0.47 0.06. 0.91 v: 405 keV (0.04)
211p4 2.14 min o 6.28, 6.62 0.16,0.84 v: 351 keV (0.13)
20771 4.77 min p- 0.493 1.00 -
207pp Stable
225 ¢ 10.0d o 5.79,5.83 0.18,0.51 -
21y 4.80 min o 6.13,6.24 6.34 0.15,0.01, 0.83 v: 218 keV (0.13)
217 At 32.6 ms o 7.07 1.00 -
213B4 45.6 min o (0.02) 5.86 0.02 v: 440 keV (0.26)
B- (0.98) 0.32,0.49 0.30, 0.67
213pg 3.72 us o 8.38 1.00 -
2097 2.16 min B- 0.660 0.97 v: 117 keV (0.76)
209pp 3.23h B- 0.198 1.00 -
2098 2.0 x 10y « 2.88,3.08 0.01, 0.99 -
20577 Stable
224Ra 3.66d o 5.45,5.69 0.05,0.95 v: 241 keV (0.04)
220Rn 55.6 s o 6.29 0.99 -
216pg 144 ms o 6.78 1.00 -
212py, 10.6 h B- 0.41,0.93,0.17 0.05,0.81,0.14 -
212g; 60.6 min o (0.36) 6.05, 6.09 0.25,0.10 v: 727 keV (0.07)
B- (0.64) 0.53,0.83 0.04, 0.55
212p, 17.1ns o 10.2 0.42 -
2087 3.05 min B- 0.44, 0.54, 0.65 0.24,0.22,0.49 v: 277 keV (0.07)
208pp Stable
2 At 721h o (0.42) 5.87 0.42 X: 77-92 keV
e (0.58) - - -
2l1pg 0.52s o 7.45 0.99 -
207B; 316y 3 - - v: 570 keV (0.98)
207pp Stable
1491 4.12h o (0.17) 3.97 0.17 B+: 639 keV (0.04)
€ (0.83) v: 165 keV (0.27)
9G4 9.28d £ - - v: 150 keV (0.48)
49Ey 93.1d £ - - -
149gm Stable
45Ey 5.93d £ - - B+: 740 keV (0.02)
145gm, 340 d € - - -
145pm 17.7y o (2.8 x 1077) 2.24 2.80 x 1077 -
e (1.00) - - -
145N d Stable
141py Stable

The only a-emitting isotope currently clinically approved in the USA and Europe
is 2°RaCl, and is indicated for castration-resistant prostate cancer and bone metastases
(in males), following the results of the ALSYMPCA trial [38]. This represents a simpler
scenario, in which the unconjugated radionuclide is injected. ?*>Ra is a calcium mimic
and therefore shows accumulation in sites of increased bone turnover, particularly bone
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metastases. However, this implies that 2°RaCl, is ineffective against soft tissue metastases.
This demonstrates how the efficacy of ??Ra could be improved by conjugation with a
targeting ligand, though this has been limited due to the relative lack of chelators that
demonstrate stability in vivo [39].

Much of the interest in TAT has focused on 2% Ac. This is principally because of the
seven radionuclide daughters in its decay chain (four o and three 37), meaning the total
decay energy is high relative to other candidate isotopes. ?2°Ac is also readily chelated
with DOTA [40], allowing for conjugation with a range of antibodies and small molecules.
However, because 22° Ac is itself an o-emitter, the emission of the a-particle results in the
release from chelation of the entire decay series, with each decay. This is due to the recoil
energy imparted to the daughter nucleus (**'Fr), which is more than sufficient to break all
chemical bonds with each a-emission by 22> Ac. This is further exacerbated in that the first
daughter in this decay series (i.e., 22! Fr) has very little affinity for chelation to DOTA-like
macrocycles [41]. This leads to a redistribution of the free daughters, with potential to
cause significant damage to healthy tissues. For example, 22> Ac decays to 2!*Bi (through
221Er and 217 At), and free Bi is known to accumulate in the kidneys [42]. For most studies
involving long-lived x-emitters, recoiling daughters pose a serious problem and toxic
effects are likely, though the balance between anti-tumour effect and toxicity will vary and
must be understood for each isotope, targeting ligand, and indication [43]. This may be less
so with the use of relatively short-lived ?!2Pb because the recoil energy of the -particle
emission of 212Pb is significantly less than the binding energy of the daughter nucleus to
the chelator. Although reports of Bi instability to decoupling has been reported for DOTA
and TCMC [44,45], recent reports of a new chelator with improved stability of the chelator
212Bj coupling represents an advance that can improve the therapeutic index for targeting
ligands conjugated to this new chelator (known as Pb-Specific-Chelator or PSC) [46—49].

Given the high RBE of the «-particle, knowing the biodistribution of the radiopharma-
ceutical is of heightened importance to ensure targeted delivery and the minimum off-target
exposure. One way to achieve this is through imaging. As shown in Table 1, all the isotopes
considered have some potential to be imaged, either directly or via a daughter. However,
often this potential is limited by low abundance and complicated decay schemes, as for
example with ?2’Ra, where SPECT imaging is feasible but only with long scan times [50].
In a population of patients with metastatic prostate cancer, this may not be tolerable. This
limitation can be overcome through imaging with an imaging surrogate isotope. Radionu-
clides with elementally matched isotopes suitable for imaging offer an advantage here,
because the biodistribution of the imaging agent is more likely to be representative of the
therapeutic. An example of this principle is seen with 22Pb and ?%Pb, which are suitable
for SPECT imaging [47,51]. A recent development that further provides an advantage for
the 212Pb /2%Pb-matched pair of isotopes is the demonstration that 2?Pb SPECT imaging
of NET tumours directly is feasible [52]. Quantitative imaging of a tracer amount of the
therapeutic radionuclide or a theragnostic pair radionuclide enables treatment planning, as
is standard in EBRT, in which target-absorbed doses to tumours and tolerance-absorbed
doses to healthy organs are prescribed and the therapeutic activity is calculated to satisfy
these constraints [53]. Post-therapy imaging and dosimetry then enable verification of the
absorbed doses delivered in MRT.

Aside from the theoretical properties of each candidate radionuclide, translation to the
clinic will be limited by availability and supply. The majority of the radionuclides in Table 1
are generator derived. Supply of ?*Ra via 22’ Ac/??’Th generators is already established for
clinical use. Generators loaded with 228Th form the basis of ?*4Ra production and can also
be used to supply 2'?Pb and 2!2Bi. While radiolytic damage to the generator matrix material
at high activities limits the level of radioactivity that can be loaded to current generators,
the availability and half-life of 228Th (t /2 = 1.9 years) inventories and the potential for conti-
nental distribution of 2Ra (t; ;, = 3.9 days) enables a system of inventory management and
simple wet-chemical purifications that can be readily scaled for commercial radiopharma-
ceutical production facilities of 212pp radiopharmaceuticals [54]. A number of publications
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have demonstrated the potential for an emanation-based approach to the production of
212Pb via the isolation of gaseous 2?’Rn [55]. However, a production of 2!2Pb using this
approach at levels beyond a single clinical dose per day has yet to be demonstrated to our
knowledge, and current emanation devices would require large inventories of 22Th on
site at each finished product radiopharmaceutical manufacturing facility. This is an area
of intense research as the potential of next generation 2!2Pb-based radiopharmaceuticals
is increasingly recognised. To date, the vast majority of 22> Ac is produced from the decay
of 29Th, of which only three sources are currently available worldwide. This amounts
to approximately 68 GBq per year in global production, well below the clinical demand
for PRRT [40]. Accelerator and reactor-based approaches are emerging that are showing
promise for alleviating this shortfall [56]. For example, the Tri-Lab effort, incorporating
US National Laboratories at Oak Ridge, Los Alamos and Brookhaven, will aim to increase
supply using accelerator production via 232 Th(p,x)?*> Ac, with 307 mCi produced in the 2022
financial year and plans to expand production capabilities [57]. Similarly, a partnership
between Canadian Nuclear Laboratories (CNL) and German radiopharmaceutical biotech
company ITM has been established to increase production by a factor of 30 via irradiation
of 226Ra targets [58]. Production of 2! At requires target irradiation by an «-particle beam
of energy above 28 MeV. Few accelerator facilities are able to reach this requirement [59].
Clearly, establishment of other production routes to ensure a stable supply of x-emitters
for TAT is of critical importance. Continued investment in these technologies for the im-
proved production and purity of 22> Ac is sought to satisfy the demand for a-emitters for
radionuclide therapy.

In the following section, all experience, preclinical and clinical, with TAT of SSTR,-
overexpressing cancers is critically reviewed.

3. Literature Review
3.1. Overview

The published literature relating to TAT of SSTRy-overexpressing cancers was re-
viewed via keyword database search (Pubmed, Web of Science, Ovid). Results were
included up to the date of 1 December 2023. Results were screened and categorised by
scope into in vitro, in vivo, clinical, in silico, case report, abstract, or review. Abstracts
and reviews were excluded from further analysis. A total of 43 studies were found; the
distribution of article scope and radionuclide across the studies is shown in Figure 4.

Invito{ 0 0 1 3 il
InVivo{ 1 3 4 3 6
Clinical{ © 0 1 2 6

CaseReport{ O 0 1 0 .
InSilico{ 0 0 1 0 0
£ &S T

Figure 4. Literature review overview showing the scope of included studies and distribution of
radionuclides reported for TAT of SSTR,-overexpressing cancers.

The majority of the current clinical experience with TAT for PRRT in NETs is with 22> Ac.
Despite theoretical feasibility and applications for other indications, no studies were found
relating to 223Ra, 2%4Ra or ??’Th. Most studies used the DOTA chelator (29/43) and the
TOC/TATE (37/43)-targeting ligand. Two SSTR antagonists (LM3, JR11) were investigated,
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in contrast to the conventional agonists [40,60]. Several more recent publications examined
SSAs conjugated to a new chelator (via a PEG linker), developed specifically for 203/212Pb
radiopharmaceuticals, and appear to improve the pharmacokinetic properties and stability
of chelation [46,47,49].

3.2. Preclinical Studies

An overview of all studies containing in vitro and/or in vivo work is given in Table 2.
Analysis of the specific aspects of the studies is continued in the sections below, with a focus
on the relationships between activity (MBq), absorbed dose (Gy) and biological endpoint.

Table 2. Overview of in vitro and in vivo studies in x-PRRT. OS = overall survival, Dy = absorbed

dose to reduce survival to 10%, MPC = murine pheochromocytoma cell.

Author

Radiopharmaceutical

Aim

Findings

Chan [61]

[213Bi]Bi-DOTA-TATE

Determine whether TAT efficacy
in vivo is related to tumour size in
two SSTR, +ve cell lines.

Improved OS, increased tumour doubling
time vs. control in small (50 mm?) and
large (200 mm®) CA20948 and H69
tumours. Several cures in small tumour
cohort. No toxicity.

Chan [62]

[213Bi]Bi-DOTA-TATE

Investigate optimal radiolabelling
conditions (peptide amount,
quencher, pH) for
[25Bi]|Bi-DOTATATE.

>3.5 nmol DOTATATE required for >99%
incorporation with 100 MBq 2!3Bi.
Optimised conditions: pH = 8.3,
TRIS = 0.15 mol/L in 800 uL. Ascorbic acid
(0.9 mmol/L) required to avoid radiolysis.

Chan [63]

[213Bi]Bi-DOTA-TATE

Evaluate the therapeutic effect of
TAT with and without renal
protection using L lysine in vivo.

MTA in healthy mice = 13, 21.7 MBq
with/without renal protection. In
tumour-bearing, median OS > 30 d at
17 MBgq, severe weight loss and mortality at
33 MBgq. Renal protection improved OS.

Chan [64]

[213Bi]Bi-DOTA-TATE

Develop methods to determine
relationship between absorbed dose
and cell killing in vitro. Compare
cytotoxicity across radiations in
various cell lines.

In CA20948, D1p =3 Gy, 18 Gy and 5 Gy for
[213Bi]|Bi-DOTATATE,
[Y7Lu]Lu-DOTATATE and 1¥Cs. In BON,
[Y77Lu]Lu-DOTATATE had no effect, Dy
for [213Bi]Bi-DOTATATE, '%Cs = 2.5 Gy,
4.5 Gy.

Chapeau
[65]

[212Pb]Pb-eSOMA-01

Develop new octreotate derivatives
with non-DOTA chelators and
assess their potential for TAT of
NETs with Pb.

New SSTR;-targetting ligands labelled
successfully with 212/203pp, e SOMA-01
showed favourable biodistribution
compared to DOTAM-TATE.

Cieslik [66]

[22° Ac]Ac-L1-TATE

Assess feasibility of L1 as chelator
with 1771Lu, 211 At, 25 Ac in two
SSTR, +ve cell lines, evaluate
biodistribution in MPC tumour
bearing mice.

L1 can bind radionuclides for imaging and
therapy. Preferable fast and mild labelling
compared to DOTA. [?° Ac]Ac-L1
produced with molar activity >
0.25 MBq/nmol.

Graf [67]

[225 Ac]Ac-DOTA-TOC

Assess YH2AX foci formation as
biomarker of cytotoxicity and
response to [2%5 Ac]Ac-DOTATOC
and ['”Lu]Lu-DOTATOC in vitro
and in vivo.

High tumour control rate with single
treatment of both agents. Number of
YH2AX foci correlated with apoptosis
(in vitro) and tumour growth, showing
potential as biomarker.

Handula
[60]

2% Ac]Ac-DOTA-JR11

Investigate potential of
[?®°Ac]Ac-DOTA-JR11 (antagonist)
for therapy of NETs via mouse
model.

Low tumour-to-kidney ratio of absorbed
dose is limiting for therapeutic use of
2 Ac]Ac-DOTA-JR11.
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Table 2. Cont.

Author

Radiopharmaceutical

Aim

Findings

King [68]

[225 Ac]Ac-MACROPA-TATE

Synthesise and characterise
MACROPA TATE, compare
performance with DOTA TATE in
labelling efficiency, stability,
binding, efficacy.

[22° Ac]Ac-MACROPATATE showed higher
renal and liver uptake and toxicity at lower
activities, DOTATATE deemed superior.

Lee [46]

[212Pb]Pb-PSC-PEG,-TOC

Improve SSTR; targeting over
DOTA-based conjugates via
click-chemistry-based cyclization,
improved chelator design and
insertion of PEG linkers.

Development of lead-specific chelator
(PSC) and insertion of PEG linkers results
in improved tumour uptake, retention and

quicker renal clearance, and
dose-dependent therapeutic effect with
acceptable toxicity.

Li [47]

[212Pb]Pb-PSC-PEG-TOC

Characterise Pb-specific chelator for
radiolabelling yield, stability and
in vivo biodistribution.

212Pp and ?!2Bi stably incorporated in
PSC-PEG-TOC. Biodistribution of
212pp /212Bi-PSC-PEG-TOC were
comparable. 203/212Pp showed comparable
biodistribution.

Miederer
[69]

[2%5 Ac]Ac-DOTA-TOC

Compare biodistribution, toxicity
and anti-tumour effect of
25 Ac]Ac-DOTATOC and
[Y77Lu]Lu-DOTATOC.

Activities > 30 kBq of 22> Ac-induced
tubular necrosis, weight loss. 25 Ac
(20 kBq) showed improved tumour growth
delay vs. 77Lu (0.45 MBgq).

Miiller [70]

[*4°Tb]Tb-DOTA-NOC

Letter to the editor to highlight the
potential of °Tb for ‘« PET".

High quality PET image of mouse injected
with 7 MBgq [#°Tb]Tb-DOTANOC showing
high tumour uptake.

Nayak [71]

[213Bi]Bi-DOTA-TOC

Compare binding, cytotoxicity,
induction of apoptosis between
[#%Bi/'77Lu]Lu-DOTATOC in
human pancreatic adenocarcinoma
cells.

RBE of [213Bi]Bi-DOTATOC,
[Y7Lu]Lu-DOTATOC relative to
137Cs = 3.4, 1.0. 213Bi induced greater
release of apoptosis markers in Capan-2
cells.

Norenberg
[72]

[213Bi]Bi-DOTA-TOC

Evaluate quantitative labelling
methods, stability, biodistribution,
safety, and efficacy in vivo.

Activity-related decrease in tumour growth
rate observed (>11 MBq). Mild acute but
no chronic nephrotoxicity. No
haemato-toxicity.

Pretze [49]

[212Pb]Pb-PSC-PEG,-TOC

Investigate the influence of different
molar activities of
[203/212ph|Pb-PSC,-TOC on cell
uptake.

Uptake increased with molar activity,
15-40 MBq/nmol showed highest cell
uptake.

Qin [73]

21 At]JAt-SAB-Oct

Develop octreotide SAB conjugate
to be labelled with 2! At and
evaluate therapeutic efficacy

against SCLC.

Anti-tumour response against SCLC model
demonstrated, with acceptable toxicity
profile.

Stallons
[74]

[212Pb]Pb-DOTAM-TATE

Determine binding and cell kill
in vitro. Assess biodistribution
in vivo. Establish tolerable regimen
and efficacy as mono and
combination therapy.

Non-toxic at <45 uCi, toxicity overcome by
fractionation into 3 cycles. 79% cure rate
with 3 x 10 uCi in combination with 5FU.
Benefits of ascorbic acid and nephro
protection demonstrated.

Tafreshi
[75]

225 Ac]Ac-DOTA-TATE

Assess toxicity, biodistribution,
dosimetry and efficacy in lung
neuroendocrine model (H727/H69)
in vivo.

Chronic progressive nephropathy at
>111 kBq. Single admin produced tumour
growth delay and reduction in tumour
volume vs. control.
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Table 2. Cont.

Author Radiopharmaceutical Aim Findings
Synthesise octreotate analogue with Single step process to synthesise
Vaidvanathan guanidine-containing template for ~ radioiodinated and astatinated octreotide
[}; 6] [P At]At-GIMBO 211 At labelling, assess in analogue with positive template reported.
comparison with Glu-TOCA Affinity for SSTR, demonstrated, but high
in vitro and in vivo. uptake in normal tissue is limiting.
HynoneupaX was characterised, then
Develop novel bifunctional chelator labelling of 22°Ac and % Tb assessed.
225 ~ -~ P &
Wl[l;;,]ton [ AC]ACTZI%EOHeuan capable of complexing 2?Acand ~ SPECT/CT imaging of >Tb demonstrates
155Th for theragnostics. potential as theragnostic pair isotope for
225 Ac therapy.
. . 211 At]At-SPC-octreotide showed elevated
Investigate possible use of and activity-dependent apoptosis
Zhao [78] [211 At]At-SPC-TOC 211 Ac-labelled octreotide to treat . . y-cep Pop .
NSCLC induction compared to PBS, cold peptide
' and unlabelled 21! At.
3.2.1. In Vitro RBE
Applying RBE to TAT, we may ask what absorbed dose of an «-emitter is required
to produce the same biological effect as a low-LET reference radiation such as photons
or electrons. Three studies report the RBE of TAT in vitro. A summary of these findings
can be found in Table 3, showing the sometimes subtle differences between these studies.
Averaging these estimates results in an RBE of 3.9 (SD 1.9) for cell killing with o-particles
in vitro.
Table 3. Overview of in vitro RBE studies for o-emitters. D29 = absorbed dose required for 10,
20% cell survival. EDs = activity concentration required for 50% cell survival. 7”Lu is included to
demonstrate reported equivalence to irradiation with 137Cs.
Author Cell Line Radiopharmaceutical Reference Radiation End Point RBE
Chan [64] CA20948 (rat pancreatic) [#13Bi]Bi-DTPA 137¢Cs Do 2.0
[213Bi]Bi-DOTATATE 187y Dig 1.5
[213Bi]Bi-DOTATATE [Y77Lu]Lu-DOTATATE Dig 5.4
[213Bi]|Bi-DOTATATE [Y77Lu]Lu-DOTATATE Dy 5.7
BON (human carcinoid) [213Bi]Bi-DTPA 137¢g Dy 1.8
[#1%Bi]Bi-DOTATATE 137Cs Dy 17
Graf [67] ARA42] (rat pancreatic) [2%5 Ac]Ac-DOTATOC [77Lu]Lu-DOTATOC EDso 55
(kBq/mL)
Nayak [71] ~ Capan-2 (human pancreatic)  [?13Bi]Bi-DOTATOC 137¢Cs Dyo 34
[Y7Lu]Lu-DOTATOC 137¢Cs Dy 1.0

The RBE can be seen to depend on several parameters, including cell line, reference
radiation and biological end point. Dependence on cell line may be due to varying levels of
SSTR; expression. The end points considered also differ subtly. Two studies consider the
absorbed dose to produce a cell survival of 10% or 20%. Typically, cell survival curves for
high-LET radiation such as a-emitters are log-linear functions of absorbed dose, meaning
that RBE will vary according to the end point chosen. The parameter RBE2 has been
proposed to overcome this shortcoming, and is defined as the ratio of the linear coefficients
characterising the high-LET dose-response curve and the low-LET MV photon 2 Gy fraction-
equivalent absorbed dose-response curve [79].

Dosimetry in this setting is not routinely carried out and lacks standardization. For
example, Chan and collaborators separately consider the absorbed dose due to specific
irradiation from the bound radionuclide and non-specific irradiation from the radioactive
incubation medium [64]. In the specific case, the MIRD formalism is applied using the
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MIRDcell software V2.0 [80], in which sub-cellular regions are considered as sources
and targets, with dimensions and uptake fractions calculated and used as the basis for
dosimetric estimate [81]. For the non-specific scenario, a bespoke Monte Carlo method
was applied using the radiation transport code MCNPX. In this way, an estimate of the
radiation dose received by the cells (grown as an adherent monolayer) from the radiation
distributed throughout the total volume of liquid in the well was made. When estimating
RBE, these assumptions should be communicated clearly, and it should be acknowledged
that methodological differences may cause discrepancies between estimates [82].

3.2.2. In Vivo Efficacy

A total of 11 studies assessed the efficacy of TAT in vivo, with efficacy being defined
according to a range of endpoints. Most commonly (5/11 studies), parameters relating to
tumour growth rate were assessed, such as tumour regrowth doubling time and tumour
growth delay. Also in 5/11 studies, overall survival (OS) was considered, and 4/11 studies
considered tumour size. Other endpoints investigated included cure rate and various
potential biomarkers of response (percentage of cells undergoing apoptosis, percentage of
YH2AX positive cells, SSTR; expression).

The animal species studied were predominantly mice, apart from one study where
Lewis rats were used [72]. It is noted that when assessing efficacy in athymic mice, any
response attributable to the immune system cannot be studied. Increasingly, the immune
response is known to play an important role in anti-tumour effects [83], leading to a
potentially important discordance between the preclinical and clinical settings.

A source of heterogeneity between studies was the tumour model used. Firstly, a range
of cell lines was used as a xenograft, most commonly the rat pancreatic cancer cell lines
AR42] and CA20948, but also a range of non-small cell lung cancer cells showing SSTR;
expression (H69, H727, A549). The fact that these cell lines are being studied preclinically
is a sign that the indication for PRRT could soon expand beyond midgut NETs studied
in the NETTER-1 trial. Even amongst studies considering the same tumour cell line, the
number of cells inoculated and tumour size at the time of PRRT varied significantly, from
non-visible to 382 mm? in mice and 1720 mm? in rats. Importantly, none of the cell lines
studied represent a model of a human NET. For the best prospect of translation, the level
and heterogeneity of SSTR; expression should bear similarity to the clinical scenario.

Conclusions about the efficacy of TAT, particularly in comparison to 3-PRRT, are of
limited use if the activities and peptide masses administered are arbitrary. The administered
activity should be chosen to maximize the therapeutic index, balancing anti-tumour efficacy
against the risk of toxicity. However, few studies selected a therapeutic activity based on a
prior activity escalation toxicity study, King [68] and Stallons [74] being the only examples.
The majority of studies (8/11) did consider some form of activity escalation when assessing
therapeutic response, though a rationale for the activities chosen was rarely given. One
study based administered activities on renal dose limits from the literature [46], specifically
27 Gy for B-particles (adjusted according to an RBE of 5 for x-particles), and 11 Gy and
20 Gy based on the results of Chan and collaborators [63]. The range of single cycle activity,
cumulated activity and peptide amount per cycle are shown in Figure 5. Differences
between radiopharmaceuticals are to be expected, given the differing pharmacokinetics
and decay scheme energies. However, differences of several orders of magnitude were
observed with the same radiopharmaceutical. The administered mass of peptide has been
shown to alter biodistribution [49,84], therefore care must be taken in interpreting results if
changing peptide mass and radionuclide activity simultaneously. However, Stallons and
collaborators found that decreasing the specific activity by a factor of roughly 25 did not
significantly alter the tumour uptake in a biodistribution study [74]. Roughly half of the
studies (5/11) considered a single administration only. Of the six considering a fractionated
regimen, the interval between cycles varied significantly, from a single day (42, 44 [75]) to
14-21 days [72]. Alternating the fractionation regime was shown to have a significant effect
on overall survival [46,74].
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Figure 5. Range of administered activity, cumulated activity and administered peptide mass in
preclinical efficacy studies.

Despite methodological differences, the results in these studies go some way to explain-
ing the excitement around TAT. A significant anti-tumour response leading to prolonged
survival is repeatedly demonstrated across a range of tumours and tumour sizes. In both
studies by Chan and collaborators investigating [>'3Bi]Bi-DOTATATE, median overall
survival in a treated cohort was extended beyond the length of follow up; in the later
study, complete responses were observed [61,63]. Stallons and collaborators and Lee and
collaborators demonstrate complete responses to 21?Pb [74,82], King and collaborators
reports complete response following ?2°Ac [68]. However, this effect is not seen evenly
across all treated cohorts, stressing the importance of optimising the way these novel
radiopharmaceuticals are given.

3.2.3. In Vivo Healthy Tissue Toxicity

While the previous section demonstrates exciting potential efficacy, an acceptable
toxicity profile is also a prerequisite for TAT. Firstly, it was observed that whether toxicity
was determined in healthy or tumour-bearing animals was a source of discordance between
studies. Toxicity was assessed in healthy animals in 3/10 studies, 6/10 in tumour-bearing
animals and 1 study considered both scenarios. Given that tumour uptake has been shown
to lead to decreased bioavailability in normal tissue [85], this introduces some uncertainty
when extrapolating results from healthy animals.

Through appraising the literature, the commonly observed toxicities arising from TAT
in the preclinical setting were established. The most common observation was weight loss,
a non-specific marker seen in 6/10 studies that assessed toxicity. In each case, weight loss
was associated with increasing administered activity.

Evidence of nephrotoxicity, a known adverse effect of PRRT, was also found in
6/10 studies. This was most commonly seen on pathological examination (5/6). In-
terestingly, 3/10 studies measured changes in blood urea nitrogen (BUN) and creatinine as
potential biomarkers of renal injury but found no relationship between these parameters
and outcome. This indicates that these commonly used biomarkers are not sensitive mark-
ers for nephrotoxicity, meaning more appropriate biomarkers are required, for example
neutrophil gelatinase-associated lipocalin (NGAL), as investigated by Chan and collab-
orators [62] and highlighted as a potential biomarker of tubular damage and long-term
nephrotoxicity evaluated by Li et al. [86]. One study did assess renal function via functional
imaging with *™Tc-DMSA, but no difference in uptake between treated and control cohorts
was observed [61]. Clinically, amino acids are commonly co-administered with PRRT to
inhibit reabsorption of the radiopharmaceutical in proximal tubular cells, therefore signif-
icantly reducing uptake and radiation-absorbed dose [87]. Of the studies included here,
6/10 did not co-administer amino acids for renal protection. The remaining 4/10 investi-
gated toxicity both with and without amino acids. Chan and collaborators [63] show that
the renal-absorbed dose is decreased by a factor of roughly two by the co-administration of
L-lysine with [2!*Bi]Bi-DOTATATE, suggesting that the sparing remains relevant in TAT.
Conclusions around renal toxicity that do not account for the sparing effect of amino acids
should be considered with this potential improvement in mind.
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Aside from renal toxicity, haematological toxicity was assessed in 5/10 studies. Stal-
lons and collaborators observed decreased levels of leukocytes, erythrocytes, albumin and
bone marrow depletion leading to mortality following the highest activity administration
of [12Pb]Pb-DOTAMTATE [74]. However, this study also showed that it was possible
to manage and overcome this toxicity when using a fractionated administration regimen
(3 cycles at 21-day intervals). One study reported mild hypothyroidism as a side effect,
shown through low thyroid hormone level in blood sampling, but this was not consid-
ered significant. No hepatotoxicity was observed, and no toxicity associated with the
administration of unlabelled peptide as a control was reported.

Maximum tolerated activity was investigated in two studies. For [*'3Bi]Bi-DOTATATE,
maximum tolerated activity with and without renal protection was determined as 21.7 and
13.0 MBg, given as three or two cycles with one day intervals, respectively. For [22Pb]Pb-
DOTAMTATE, the maximum tolerated activity was between 0.74 and 1.48 MBq when
given as a single administration, roughly an order of magnitude lower than for 2!3Bi. The
no-observed-effect level activity was found to be 0.37 MBq, and the highest non-severely
toxic dose was 0.74 MBq. Lee et al. did not observe any acute toxicity or lethal effects with
activities up to 3.7 MBq using [>!2Pb]Pb-PSC-PEG,-TOC, perhaps due to the introduction of
the new Pb-specific chelator and PEG; linker and improved chelation and renal clearance
of this agent [46]. While not strictly defined as maximum tolerated activity within the
study, Miederer and collaborators [69] showed that no histopathologic alterations were
found in the kidneys after treatment with [22° Ac]Ac-DOTATOC at activities below 20 kBgq.
No studies performed dosimetry to estimate the relationship between absorbed dose and
toxicity in a specific organ.

3.2.4. In Vivo Dosimetry

In attempting to understand response and toxicity quantitatively, and potentially relate
this knowledge to new contexts, absorbed dose to the tumour and to organs at risk is an
important parameter. Clinically, there is a growing body of evidence implying correlation
between absorbed dose delivered and therapeutic response [88]. Similarly, renal-absorbed
dose is considered a risk factor for long-term renal toxicity after -PRRT [89]. Five studies
estimated absorbed dose to the tumour and six studies estimated absorbed dose to the
kidneys in the preclinical setting. The reported absorbed dose coefficients (ADC) are given
in Table 4. The absorbed dose coefficient varied depending on the cell line used, even when
the tumour size was comparable at the time of administration. The large difference in
absorbed dose coefficients for [22° Ac]Ac-DOTATATE and for [2!3Bi]Bi-DOTATATE reflects
the net emission of four o particles per decay of 2> Ac, compared to one per decay of 21Bi.
The ratio of tumour-absorbed dose to kidney-absorbed dose is a useful metric to potentially
understand the viability of a perspective therapeutic agent. The highest reported ratio is
for [212Pb]Pb-PSC-PEG,-TOC, where structural modifications to the chelator and linker
result in T:K absorbed dose >2.6. Contrastingly, Handula and collaborators conclude that
[22 Ac]Ac-DOTA-JR11 is unsuitable for therapy based on a low T:K of 0.34 [60]. While
T:K is a useful parameter, clearly more work is required to properly understand what
constitutes effective tumour-absorbed doses and safe renal-absorbed doses for this class of
radiopharmaceuticals.

As mentioned, RBE is an important parameter, particularly in comparison with the
RBE determined in vitro. This would go some way towards answering the question of
whether in vitro radiosensitivity is a relevant parameter in the more complex in vivo
setting. Only two studies considered the efficacy of « and p radiation head to head, both
with ['7Lu]Lu-DOTATOC as the B-emitting radiopharmaceutical. Graf and collaborators
showed a growth delay of 20 and 15 days with 22 Ac and '”/Lu when tumour-bearing mice
were treated with equitoxic activities as determined via MTT assay (44 kBq and 34 MBq,
respectively). However, independent in vivo dosimetry was not carried out, meaning RBE
could not be estimated [67]. Miederer and collaborators [69] found that treatment with
20 kBq of [?° Ac]JAc-DOTATOC showed a significantly greater reduction in tumour mass
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than 1 MBq of [Y7Lu]Lu-DOTATOC, but no in vivo dosimetry was performed to quantify
tumour-absorbed dose and estimate RBE directly.

Table 4. Summary of preclinical tumour- and kidney-absorbed dose coefficients for TAT.
ADC = absorbed dose coefficient. Nephroprotection given as administration of L-lysine before
TAT. T:K = tumour-to-kidney ratio.

. ADC (Gy/MBq)
Author Radiopharmaceutical Tumour Bearing  Cell Line  Nephro-Protection T:K
Tumour Kidneys
Chan [61] [?13Bi]Bi-DOTATATE + CA20948 — 0.8 1.6 0.49
+ H69 - 0.5 2.0 0.23
Chan [63] [213Bi]Bi-DOTATATE + AR42J + 0.7 0.6 1.18
+ AR42] - 0.7 1.1 0.64
— N/A + N/A 0.5 N/A
— N/A — N/A 1.0 N/A
Chapeau [65]  [?12Pb]Pb-DOTAM-TATE ~ + H69 — 26.6 140.0 0.19
[22Pb]Pb-eSOMA-01 + H69 — 35.5 121.7 0.29
[>12Pb]Pb-eSOMA-02 + H69 - 147 1474 0.10
Handula [60] [*?°Ac]Ac-DOTA-JR11 + H69 - 328.5 952.6 0.34
Lee [46] [212Pb]Pb-DOTA-TOC + AR42] + 24 7.0 0.35
[22Pb]Pb-PSC-TOC + AR42] + 9.2 5.4 1.70
[22Pb]Pb-PSC-PEG,-TOC  + AR42J + 12.7 6.2 2.04
[22Pb]Pb-PSC-PEG,-TOC  + AR42] + 8.7 32 2.69
Tafreshi [75]  [*°Ac]Ac-DOTATATE — N/A — N/A 6.8 N/A
3.3. Clinical Applications
An overview of published clinical studies is given in Table 5. Only studies reporting
results from a cohort of patients were considered for further analysis, therefore excluding
individual case reports.
Table 5. Overview of clinical studies in targeted alpha therapy. QoL = quality of life, PR = partial
response, SD = stable disease, PD = progressive disease, TEAE = treatment emerging adverse event,
CE-US = contrast enhanced ultrasound, CE-CT = contrast enhanced CT. * n = 14 total, n = 3 213Bi.
Author Indication Radiopharmaceutical N Aim Findings
Present early results on safety, Morphological response assessed
efficacy, QoL following TAT in 24/34 patients, n=15PR, n=9
Ballal [90] GEP-NETs [225 Ac]Ac-DOTA-TATE 32 in patients stable or SD. No disease progression.
refractory to Therapy was well tolerated in this
['7Lu]Lu-DOTATATE population.
Evaluate long-term outcome a1y : :
. : proved OS, even in patients
of TAT in GEP-NET patients . .
Ballal [91] GEP-NETs [2°Ac]Ac-DOTA-TATE 91 in mixed popula tionpo ¢pRRT  refractory todprlor 17716{.1, with
naive and pre-treated. transient and acceptable toxicity.
. TAT well tolerated, no serious
Del d 2 2Elsztabhsh safety of . TEAEs related to the study drug.
0% daaah GEP-NETs L FPIPb-DOTAM- 20 PO-DOTAMTATE in ORR of 80% at 2.50 MBq/kg/cycle,
[92] P zse ose-escalation showing potential benefit over
study. approved therapies.
. Nine patients had PET/CT follow
Retrospective study up. No grade ITI/IV toxicity,
o including 11 patients with 4/9 partial response, 8/9 disease
Demirci [93] NETs [?®Ac]Ac-DOTA-TATE 11 NETs of different primary p POnse,

sites treated with
22 Ac]Ac-DOTA-TATE.

control. 225 Ac is safe and effective
in treatment of patients refractory
to 3-PRRT.
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Table 5. Cont.

Author Indication Radiopharmaceutical N Aim Findings
iﬂﬁfffﬁfﬁﬁ?ﬁff&e of CE-US comparable to CE-CT and
Giesel [94] Hepatic NET [213Bi]Bi-DOTA-TOC 14*  ultrasound in monitoring suitable for monitoring PRRT
mets response. Decrease in perfusion
tumour response to ot/ 3 indicative of tumour response
PRRT. ponse.
Report first in-human Speqf ¢ tlrlrr?’%ur ugtak(zlshogvn'on
Kratochwil S experience in PRRT imaging. TAT produced enduring
[95] NETs [“*°Bi]Bi-DOTA-TOC 8 pre-treated patients with resp}(l)nste Wlfch rrllodf?rat.e -
[213B;]Bi-DOTA-TOC. nephrotoxicity, is effective agains
pB-refractory disease.
~20 MBq/cycle (4-month interval)
: . . d cumulative activity <
. Estimate optimal single cycle 40 - Y=
Kratochwil NETs [225 Ac] Ac-DOTA-TOC 39 and cumulative activity for 60-80 MBq avoided acute and
[96] 25 A 1 A - DOTA-TOC chronic grade I11/IV
[ Ac]Ac- : : haemato-toxicity, some chronic
renal toxicity.
50% PR, 37.5% SD, 12.5% PD, with
Metastatic Evaluate the efficacy and symptoms decreased. No grade
Yadav [97] paragan- [*Ac]Ac-DOTA-TATE 9 safety of TAT in advanced III/1IV renal or haematological
glioma stage paragangliomas. toxicity. Benefit even in patients
refractory to 3-PRRT.
Discuss experience with
first-in-human use of novel
; ; a-PRRT was well tolerated and
Zhang [98] NETs [2%5 Ac]Ac-DOTA-TOC 10 irrzizllfggagrmaceutlcals, effective, including in one patient
225 Ac]Ae-DOTA-TOC, at treated intra-arterially.
Bad Berka.
3.3.1. Clinical Administration Regimen
There is no typical administration regimen for clinical studies of TAT in the published
literature. Randomised controlled trials (RCTs) are so far sparse, meaning many patients
included in this review were treated according to the local physician’s discretion. Typically
a fractionated administration regimen was adopted, except in the study of [>'2Pb]Pb-
DOTAMTATE which was initially considered as a single administration before moving
to multiple administrations during the study [92]. An overview of the administration
regimens used across the included studies is given in Table 6.
Table 6. Summary of clinical administration regimen. Med = median. Amino acids = lysine, arginine.
Diuretic = hydrochlorothiazide. Radiosensitiser = capecitabine.
. . Activity/Cycle Interval Cumulative .
Author Radiopharmaceutical (MBq) N Cycles (Weeks) Activity (MBq) Co-Admin
Ballal [90] [??° Ac]Ac-DOTA-TATE 0.1/kg (8/80 kg) 14 8 23 (8-33) Amino acid
Amino acid,
Ballal [91] [2% Ac]Ac-DOTA-TATE 0.1/kg (8/80 kg) 1-10 (med = 4) 8 36 (22-59) radiosensi-
tiser
212
Delpassand [92] [FPbIPb DOTAM- 1.13/kg (90/80 kg) 1 8 84 Amino acid
1.48/kg (118/80 kg) 1 8 112 Amino acid
1.92/kg (154/80 kg) 3 8 406 Amino acid
2.50/kg (200/80 kg) 4 8 791 Amino acid
Demirci [93] [% Ac]Ac-DOTA-TATE 0.1-0.12/kg 1-3 18 N/A Amino acid
(8-9.6/80 kg)
Giesel [94] [213Bi]Bi-DOTA-TOC N/A N/A N/A N/A N/A
Kratochwil [95] [213Bi]Bi-DOTA-TOC 1000-10,500 1-5 (med = 4.5) 8 45 Amino acid
. 1 i i
Kratochwil [96] 2% Ac]Ac-DOTA-TOC 6-60 1-5 (med = 4.5) 8-52 (med = 16) (33005—/58?600) Argfﬁfeﬁild’
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Table 6. Cont.

. . Activity/Cycle Interval Cumulative .
Author Radiopharmaceutical (MBg) N Cycles (Weeks) Activity (MBg) Co-Admin
Amino acid,
Yadav [97] [22° Ac]Ac-DOTA-TATE 0.1/kg (8/80 kg) 2-9 (med = 3) 8 42.4 (15.5-86.6) radiosensi-
tiser
Zhang [98] [2% Ac]Ac-DOTA-TOC N/A N/A N/A N/A N/A

3.3.2. Clinical Efficacy

In total, 223 patients were reported across 9 studies. The majority of these patients
were treated with [?°Ac]Ac-DOTATATE (n = 143). Treatment outcome according to RECIST
criteria was reported in 6/9 studies, comprising 146/223 patients.

Combining results from the included studies, the rate of response following TAT was
determined and is shown in Figure 6 (left). The objective response rate (ORR), combining
complete and partial responses, was 51%. This rate is impressive when compared with
the objective tumour response rate reported in the NETTER-1 (complete response 1/101,
partial response 17/101) [21].
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Figure 6. Response following TAT for metastatic NETs (left) and stratified by prior PRRT status
(right) [90-93,95,97]. CR = complete response, PR = partial response, SD = stable disease, PD =
progressive disease.

It was also possible to stratify response rate according to the patient’s disease status
prior to PRRT treatment with a 3-emitter, also shown in Figure 6 (right). TAT response in
patients with stable disease prior to PRRT treatment is better than for those with progressive
disease. However, 38% of patients showed an objective response despite being refractory
to B-PRRT, demonstrating the potential of TAT to overcome resistance to agents such as
['77Lu]Lu-DOTATATE.

As well as morphologically, response was observed biochemically via a decrease in
chromogranin A (CgA) (secreted by functional NETs), and in quality of life, via improve-
ments in Karnofsky performance status (KPS) [91].

Despite impressive results, it is still unclear as to what the optimal activity for each
x-emitting radiopharmaceutical is, and no relationship between tumour-absorbed dose
and response has been reported. Imaging is feasible, to varying extents, for each of the
a-emitters covered in these studies; therefore, image-based dosimetry should be performed
in future patients to better understand how absorbed dose and biological effect are related.

3.3.3. Clinical Toxicity

Experience with (3-emitters has shown that the incidence and severity of adverse
events from PRRT is modest. However, the toxicity that does occur is often associated
with the kidneys, acknowledged as the dose-limiting organ in current clinical practice,
and the bone marrow [7]. Incidence of grade IV/V renal toxicity was reported as 9.2%
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in a series of 1109 patients [99]. Bodei and collaborators [100] demonstrated that in a
cohort of 807 patients treated with either [\7”Lu]Lu-DOTATATE, [**Y]Y-DOTATOC or a
combination of both, renal toxicity was least common in patients receiving ’”Lu alone.
This result may lend itself to speculation that renal toxicity is associated with the range of
the B-particle, implying that the lower energy of the 1/”Lu emission is less damaging to
potentially radiosensitive structures in the kidney, for example the glomerulus [101]. This
would imply that TAT, with the short range associated with the x-particle (approximately
0.1 mm), may prevent renal toxicity in the same manner. However, damage to the tubular
cells, via which radiolabelled peptides are re-absorbed, is a known driver of chronic kidney
disease [30]. Given this, and the significant difference in physical parameters such as LET,
the toxicities associated with TAT cannot be considered identical to the toxicities associated
with 3-PRRT.

Of the clinical studies included here, toxicity was reported in 7/9 and was most
commonly assessed in accordance with the common criteria for adverse events (CTCAE)
framework [102]. Toxicity was generally assessed via routine clinical assessment and blood
sampling, though one study did perform renal scintigraphy to assess kidney function
post-therapy [96]. The length of follow-up varied from 3 to 60 months.

Concerning nephrotoxicity, Delpassand and collaborators [92] reported three serious
treatment emergent adverse events (TEAEs) after [22Pb]Pb-DOTAMTATE (two in single
activity escalation cohorts, deemed unrelated, and one in the multiple cycle cohort in a
patient with multiple existing risk factors). Kratchowil and collaborators [95] reported
moderate chronic kidney toxicity in patients treated with [2!*Bi]Bi-DOTATOC, evidenced
by a 30% decline in glomerular filtration rate (GFR) and a 40% decline in tubular excretion
rate (TER) over two years. The same group also reported outcomes in 22 patients treated
with [?°Ac]Ac-DOTATOC with a median follow up of 57 months [96]. Two patients
developed terminal kidney failure after >4 years, though both patients presented with prior
risk factors. Analysis showed eGFR loss of 8.4 mL/min/year and a TER decrease of 7.6%
in the first 6 months after TAT and 14% in the first 18 months. Otherwise, no incidence
of renal toxicity was reported, and no study reported a relationship between treatment
activity and toxicity.

Low-grade haematological toxicity was reported as the most common treatment-related
side effect in two studies by Ballal and collaborators with [2% Ac]Ac-DOTATATE [90,91], and
shown by a statistically significant but recoverable drop in lymphocytes after [2!2Pb]Pb-
DOTAMTATE [92]. Treatment with [%2° Ac]Ac-DOTATOC also resulted in activity-dependent
thrombocytopenia and leucopenia, and severe grade III/IV toxicity was observed with ac-
tivities above 44 kBq given as a single cycle. With repeated administrations, no cumulative
toxicity effect was observed when given at 4-month intervals, but at 2-month intervals,
additive toxicity was observed. The incidence of high-grade haematological toxicity was
modest, with seven grade III/IV adverse events reported across the studies.

A wide range of other adverse events was reported, commonly loss of appetite and
transient nausea, although these side effects are also associated with the administration
of amino acids for renal protection. There was one report of induced Graves’ disease,
considered treatment related because thyroid cells may express SSTR; [94].

When attempting to draw conclusions from these studies, it is noted again that these
patient cohorts represent a heterogeneous group, many of which have already received
[-PRRT. If TAT were to follow prior therapy with a 3-emitter, there are many unanswered
questions about how this potentially cumulative absorbed dose to healthy organs would
affect toxicity and any possible relationship between absorbed dose and response. No
studies in this review reported a relationship between administered activity and toxicity,
though the incidence of toxicity was low, with the majority of studies reporting no grade
II/IV toxicity. This may imply that there is scope for activity escalation, at least in a sub-
cohort of patients, to potentially improve the anti-tumour effect. The understanding of the
balance between efficacy and toxicity for TAT would be aided by dosimetry, but no studies
to date have calculated absorbed doses in clinical x-PRRT. This should be considered a
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limitation, given that it is known that administration of fixed activities leads to a wide
range of absorbed doses to normal organs [103].

A common point made across several studies was that patients with prior risk factors
were more likely to suffer treatment-related adverse events, for example renal toxicity. This
implies that some level of patient stratification, as implemented in the phase Il ILUMINET
trial by applying different absorbed dose limits for patients with and without prior risk
factors receiving 3-PRRT [104], may be beneficial when attempting to widen the therapeutic
window for individual cases.

3.4. Ongoing Clinical Trials

A phase I trial (NCT03466216) of a [?!2Pb]Pb-DOTAMTATE compound, termed Al-
phamedix, was sponsored by Radiomedix and completed in 2021. This trial was considered
successful and a phase II trial (NCT05153772) of this conjugate is ongoing, with PRRT-naive
patients receiving 67.6 uCi/kg per cycle. A phase 1/2a dose escalation trial (NCT05636618)
of [?12Pb]Pb-VMT-a-NET, sponsored by Perspective Therapeutics, began enrolment in July
2023, with an expanded indication to include all NETs. One trial using 22> Ac, sponsored by
RayzeBio, is currently recruiting (NCT05477576). In phase 1, the safety, pharmacokinetics
and recommended phase 3 dose of RYZ101 ([*° Ac]Ac-DOTATATE) will be determined in
patients who have progressed following 17 Lu-SSA. Following this, safety and efficacy will
be assessed.

4. Discussion

Targeted therapy with «-emitters has shown excellent promise in the preclinical setting,
and this is beginning to be translated to the clinic. Complete responses to therapy are
reported extensively in mouse models, and observed at rates beyond those which can be
expected from 3-PRRT in the limited clinical experience currently published. Anti-tumour
efficacy is demonstrated in patients with progressive disease following prior PRRT with a
[-emitter, demonstrating the potential potency of x-emitters for this indication.

However, a review of the relevant literature highlights the lack of understanding
as to the relationships between activity, absorbed dose and biological end point at all
scales. Better understanding of these relationships can provide the basis for treatment
optimisation and individualisation, as well as providing insight into the fundamental
radiobiology underpinning the effectiveness of high-LET radiation.

One interpretation of optimisation in the context of any targeted therapy would be to
maximise anti-tumour efficacy while maintaining the risk of healthy organ toxicity below
an acceptable level. In order to implement this, there must be a fundamental understanding
of how tumour response and toxicity are related to the quantity of the specific radiation
quality administered. This review shows that these relationships are poorly defined for -
emitters, leading to arbitrary choices of therapeutic activity, comparisons between high- and
low-LET radiation at activities that are not equitoxic, and the extrapolation of constraints on
absorbed dose from external beam radiotherapy that are unlikely to translate to TAT [105].

No clinical estimates of absorbed doses to the tumour or to organs at risk in hu-
mans have been published. Dosimetry was performed in a minority of cases in both the
in vitro and in vivo settings. Even when absorbed doses were estimated, methodologies
differed substantially, potentially reducing the scope for comparison between studies. Un-
certainties associated with estimates of absorbed dose were also rarely included, despite
their importance for interpretation of the result [106]. It should also be acknowledged
that the most common dosimetry methods in the preclinical studies reviewed here are
macroscopic and aim at characterising mean organ-absorbed dose. Given the likely hetero-
geneous distribution of the radiopharmaceutical on the cellular scale, it may be that mean
organ-absorbed dose is too crude a measure to correlate with biological endpoint, and
alternative approaches including organ sub-unit dosimetry and microdosimetry are neces-
sary [107,108]. Clearly, standardised methods for dosimetry and uncertainty calculation
should be included in future work.
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Impressive preclinical responses indicate that TAT has a high potential for anti-tumour
efficacy in SSTRj-overexpressing cancers. However, clinical imaging studies have demon-
strated that uniformly positive receptor expression may not be typical in NET patients [109].
Given the short range of the o-particle, cells with lower receptor expression than neigh-
bour high-expressing cells are less likely to be irradiated due to the crossfire effect. This
demonstrates the role of imaging in identifying potentially sub-optimal candidates for TAT,
and the potential role of combination therapies in future patients in a so-called ‘cocktail
approach’ [110].

5. Conclusions

In this review, we hope to have highlighted the substantial benefit that TAT could offer
patients for whom PRRT is indicated. We have laid out the radiobiological advantages of
a-particles over (3-particles due to their high-LET and draw attention to impressive results
with a moderate toxicity profile in both the preclinical and clinical settings. The ORR of
TAT in a population of mixed prior PRRT status was 51%, and efficacy is demonstrated
in patients who are refractory to 3-PRRT. However, we also demonstrate how research in
this area is discordant and treatment remains non-optimised. It is hoped that theragnostic
imaging, dosimetry and a better understanding of the relationships between absorbed dose,
therapeutic response and toxicity will facilitate this optimisation to provide benefit for
future patients.
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Abstract: Background: The combination of platinum-containing cytostatic drugs with different
radiation qualities has been studied for years. Despite their massive side effects, these drugs still
belong to the therapeutic portfolio in cancer treatment. To overcome the disadvantages of cisplatin,
our study investigated the cytotoxic effects of combining radionuclides with cisplatin. Methods:
FaDu cells were treated with cisplatin (concentration ~ 2 uM) and additionally irradiated after
two hours with the alpha-emitter 2?’Ra, the beta-emitter %®Re as well as external X-rays using
dose ranges of 2-6 Gy. Cell survival was followed by colony formation assays and plotted against
cisplatin concentration and radiation dose. The results were interpreted by isobolograms. Results:
Isobolographic analyses revealed a supra-additive cytotoxic effect for the combination of cisplatin
and 223Ra. A sub-additive effect was observed for the combination of cisplatin and 188Re, whereas
a protective effect was found for the combination with X-rays. Conclusions: The combination of
cisplatin and 2>Ra may have the potential to create a successfully working therapy scheme for various
therapy approaches, whereas the combination with 8Re as well as single-dose X-ray treatment
did not lead to a detectable radiosensitizing effect. Thus, the combination with alpha-emitters
might be advantageous and, therefore, should be followed in future studies when combined with
cytostatic drugs.

Keywords: cisplatin; radionuclides; alpha-emitter; cancer therapy; combined treatment; isobolograms

1. Introduction

Cisplatin (cis-diammine-dichloro-platinum (II), CDDP) and its derivatives, carboplatin
and oxaliplatin, have been widely used in the treatment of human cancers, such as bladder,
head and neck, lung, ovarian, and testicular carcinomas [1]. Their mechanism of action is
based on direct interactions of the platinum complexes within the DNA strands, resulting
in the inhibition of cell repair mechanisms and thereby reducing tumor volume. In the
past, the general use of platinum pharmaceuticals in cancer treatment focused on the
rather unselective therapy of different tumor tissues [2,3]. Platinum drugs are used as a
first-line treatment for solid tumors when radiation is not an option or as a second-line
treatment in combination with other chemotherapeutic agents. The major limitations in the
use of cisplatin and its derivatives are the renal side effects as well as the development of
resistance in cancer cells [4].

In the past, extensive clinical studies have demonstrated the high efficacy of targeted ra-
dionuclide therapies such as 1””Lu-PSMA-617 radioligand therapy for metastatic castration-
resistant prostate cancer (VISION) [5]; 17”Lu-DOTATATE for progressive midgut neuroen-
docrine tumors (NETTER-1) [6]; and radionuclide therapy with radium-223-dichloride,
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selectively targeting bone metastases from prostate cancer (ALSYMPCA) [7]. Subsequently,
the successful proof of concept for targeted alpha therapy (TAT) has led to further research
interest in this area [8,9]. In addition, the clinical applications of TAT are continuously
growing, with different radionuclides, such as 225 A¢, 212Pp, and 227Th g promising can-
didates. Alpha-particles are characterized by high linear energy transfer (LET), leading
predominantly to a direct radiation response and impaired DNA repair [10].

To overcome the normal tissue side effects, the focus has been directed on the op-
timization of commonly used approaches, namely cisplatin-based chemo-radiotherapy.
In recent years, several radiosensitizing effects have been reported, providing promising
data. In particular, increased DNA damage has been observed in tumor cells after the
combination of platinum drugs and external irradiation [11-14]. Numerous clinical studies
have been performed on this topic. Marcu et al. proposed techniques to increase the
tumor control probability (TCP) of head and neck cancer while protecting normal tissue
in a phase II study [15]. In addition, a higher rate of complete pathologic response was
observed in patients treated with platinum-based chemo-radiotherapy compared with
patients receiving chemotherapy alone [12].

Additionally, the preclinical evaluation of nanoparticle encapsulated cisplatin (BNC-
LP-CDDP) as chemo-radiotherapy treatment revealed the elimination of the nephrotoxic
properties in vitro and in vivo, and thus, the nanoparticles can improve the local deposition
of higher doses in the target region [16]. Sisin et al. found increased efficacy of tumor
control for the combination of cisplatin and bismuth oxide nanoparticles (BIONP) on MCF-7
cells under ?Ir-high dose rate brachytherapy [17].

It may be advantageous to combine cytostatics with different radiation qualities, such
as beta and alpha radiation, as well as external X-rays. Due to the special physical properties
of radionuclides, their low-dose rate of radiation is an important aspect when considering
the high-dose rate of X-rays. Thus, the biological effects assessed from radionuclide
exposure may, at least in part, underly different signaling pathways than those induced by
X-rays.

To date, only a few studies have been performed using radionuclides that are com-
monly used in nuclear medicine [18-21]. The enhancement of radiobiological effects of
radiometals, especially the underlying mechanism of Auger effects, has been reviewed by
Kobayashi et al. and Nias et al. [22,23]. Another interesting aspect of platinum is the avail-
ability of radioactive platinum isotopes, which would even allow the use of a radiolabeled
platinum complex. The DNA-destructive effect of radioactive platinum isotopes has also
been reported [22,24,25].

Overall, the growing interest in the use of radiotherapy, especially the TAT approaches,
indicates the need for further basic research in this area.

As a consequence, our investigations may contribute to discovering if the chemo-
radiotherapeutic approach has the potential for successful application in cancer therapy:.

In this particular study, human-derived head and neck cancer cells (FaDu) were
incubated with cisplatin and additionally irradiated with 23*Ra as alpha-emitter, 1*®Re as
beta-emitter, or external X-rays. Cytotoxicity was measured by observing cell viability
using colony formation assays. Results were interpreted by isobolographic analyses to
distinguish between supra-additive, additive, or protective effects [26,27].

2. Results
2.1. Dose—Response Curves of Single Cytotoxin Incubations

To evaluate the damaging potential of the cytostatic drug and all radiation qualities,
single incubations were performed on FaDu cells, and dose-response relationships were
measured via clonogenic cell survival. The dose-response curves are shown in Figure 1.
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Figure 1. Cell survival fractions of FaDu cells after exposure to cisplatin (A), 223Ra (B), 18Re (C) or
X-ray (D). Data are expressed as mean and standard deviation (£SD).

A clear dependence of the cell survival on concentration and radiation dose was ob-
served for all different cytotoxins—cisplatin and radionuclides. In particular, the incubation
of 223Ra seems to cause more damage compared to '®Re and X-rays at similar doses.

Additionally, the cisplatin concentrations that reduced the survival fractions to 0.37 or
0.50 (Csy, Csp) and the corresponding radiation doses D3y and D5y were calculated and are
shown in Table 1.

Table 1. Calculated C37 and Csgy as well as D3y and D5 values for combined treatments of FaDu
cells—mean value (95% confidence interval in brackets).

Treatment Conditions Csp (uM)/Ds5y (Gy) Cz7 (uM)/D37 (Gy)

Cisplatin (M) 1.90 (1.85-1.95) 2.72 (2.65-2.80)
223Ra (Gy) 0.163 (0.156-0.169) 0.232 (0.223-0.242)
18Re (Gy) 1.69 (1.61-1.78) 2.42 (2.31-2.55)
X-ray (Gy) 1.75 (1.66-1.85) 2.39 (2.28-2.50)

Cisplatin, X-rays, and 188Re show similar D3y and Ds, values, whereas about 10-fold-
lower D37 and Ds values were observed for 22°Ra.

2.2. Dose-Response Curves of Combined Treatments

To determine the nature of the interaction between cisplatin and radiation, isobolo-
grams were constructed for two survival levels (SF = 0.37 or SF = 0.5). The interactions
become supra-additive (radiosensitizing) when the effect of the combined therapy is greater
than the sum of the responses of the respective single agents. Mode I represents the simple
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additivity of responses, while Mode II takes into account dose additivity as described in
Section 4.

2.2.1. Combination of Cisplatin and ?*Ra

Combination experiments of cisplatin and ?*>Ra at certain concentration ratios are
displayed in Figure 2A. It can be seen that the combined treatment resulted in a significant
reduction in the survival fractions. The measured values for >>Ra and the combination
were fitted according to the linear—-quadratic model (LQ-Fit). The theoretical isoeffective
curves for the combination of both agents were calculated for Mode I and II (see Section 4).
However, the resulting lines for these two agents are almost indistinguishable. Isobolo-
grams for the interaction of both drugs are shown in Figure 2B,C. According to Figure 2A,
the combination of cisplatin and ??>Ra caused a small supra-additive effect. It can be
assumed that a cisplatin-induced blockade of DNA replication and DNA repair enhances
cell death, leading to an increase in irreparable damage to DNA, which in turn causes
cell death [28,29]. It is well known that the efficiency of radiation therapy depends on the
early induction of cell damage (apoptosis), and thus, the alpha-emitter ?2>Ra may enhance
cell death more efficiently than ¥ Re or X-rays as radiation characterized by low-LET
emitters [30].
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Figure 2. Survival curves of single and combined treatment experiments with cisplatin and ?*3Ra are
displayed, and the measured values are shown as mean & SD (A). Isobolograms are displayed for
survival fractions 0.37 (B) and 0.50 (C). The solid line represents the line of additivity; the dashed lines
are the calculated errors with respect to the lower (LCI) and upper (UCI) 95% confidence intervals.

2.2.2. Combination of Cisplatin and 'Re

Combination experiments of cisplatin and '®Re at specific concentration ratios are
shown in Figure 3A. The logarithms of the survival were fitted by a linear function (L-Fit)
in both cases. Compared to the curves for cisplatin and %®Re alone, the SF values for
the combined treatment are significantly smaller. Approximately 2.4 Gy are required to
achieve an SF value of 0.37, whereas only about 1.4 Gy is required for the combination with

101



Pharmaceuticals 2023, 16, 1720

cisplatin. Isobolograms for the interaction of both drugs for a surviving cell fraction of 0.37
or 0.50 are shown in Figure 3B,C.

A C (uM); D (Gy)
0 2.5 5 7.5 10
1.000 . L : -
. +
0.100 < - Q”lif

‘
/
r
I
/
-
1
/
’
I
/
’
’

0.010

0.001
= Combination —L-Fit
= Cisplatin ---L-Fit-Cisplatin
= Re-188 - L-Fit Re-188

B Isobologram SF=0.37 C Isobologram SF=0.5

C (uM)

0.0 1.0 2.0 3.0 0.0 1.0 2.0

D (Gy) D (Gy)
—Mode | ----LCl - UCI = Combination —Mode | ---LCl--UCI = Combination

Figure 3. Survival curves of single and combined treatment experiments with cisplatin and '®Re
are displayed, and the measured values are shown as mean + SD (A). Isobolograms show survival
fractions of 0.37 (B) and 0.50 (C). The solid line represents the line of additivity; the dashed lines are
the calculated errors in terms of the lower (LCI) and upper (UCI) 95% confidence intervals.

The corresponding survival for the combination of both drugs (red boxes in Figure 3B,C) is
slightly above the 95% confidence interval of the cytotoxicity of irradiation and cisplatin alone,
indicating that there was a sub-additive effect when cisplatin and '8 Re were combined. Because
we assumed linear dose-response curves for both cisplatin and '#8Re, there is no difference
between Mode I and II in the calculated lines of additivity in this isobolographic analysis (see
Section 4).

2.2.3. Combination of Cisplatin and External X-rays

Combination experiments of cisplatin and external X-ray at specific concentration
ratios are shown in Figure 4A. The survival curves for X-ray and the combination were best
described by the linear—quadratic model. There are very similar proportions of surviving
cells induced by X-rays and cisplatin alone, as well as for their combination at the respective
dose points. Isobolograms for the interaction of both drugs are shown in Figure 4B,C. In
the isobolograms, the envelope of additivity, i.e., the difference between Mode I and Mode
II calculations, is clearly visible.

102



Pharmaceuticals 2023, 16, 1720

A C (uM); D (Gy)
0 2.5 5 7.5 10
1 000 L L L L
0.100 - *;“ ———
0.010 .
0.001
= Combination —LQ-Fit
= Cisplatin ---L-Fit-Cisplatin
= X-Ray - LQ-Fit X-Ray
B Isobologram SF=0.37 C Isobologram SF= 0.5
3.0 25
) + 2.0 = I
2.0 :
s ~ 15
= 1.0 x
© 10 o .
0.5 ™
0.0 RS 0.0 \
0.0 1.0 2.0 3.0 00 05 1.0 15 20 25
D (Gy) D (Gy)
—Mode | --Mode Il —Mode | --Mode Il
---LCI —:UCI ---LClI -UCI
= Combination = Combination

Figure 4. Survival curves of single and combined treatment experiments with cisplatin and X-rays
are shown. Measurements are expressed as mean & SD (A). Isobolograms show survival fractions of
0.37 (B) and 0.50 (C). The solid line represents the line of additivity; the dashed lines are the calculated
errors with respect to the lower (LCI) and upper (UCI) 95% confidence intervals.

According to the results shown in Figure 4A, the combination of cisplatin and external
X-rays did not lead to an additive effect (Figure 4B,C). In contrast, a clear protective effect
was observed by interpreting the isobolograms (red boxes).

3. Discussion

In our study, we investigated the combined treatment using cisplatin and the radionu-
clides 2%3Ra, 188Re, as well as external X-rays. Head and neck tumor cells (FaDu) served as
biological models. To interpret the results as supra-additive, additive, or protective, the
concept of isobolographic analyses was used.

Looking at the results for the single treatment with 22°Ra, the survival curve leads to
the assumption that the alpha-emitter is more effective in cell eradication compared to Re
and X-rays at similar doses. Ten times lower D37 and Dsj values were observed for 225Ra
compared to '88Re and X-rays. This is primarily due to the different mechanisms of DNA
damage induction. While 8 Re and X-rays induce strand breaks mainly via indirect effects
and the generation of free radical species, ?*’Ra is capable of inducing direct DNA double-
strand breaks (DSB) by emitting high-energy particles. Similar results were found for the
alpha-emitter >Ra compared to 8 Re in PCCL3 cells [31]. Recently, our group published
a study that investigated the effects of cisplatin in combination with radionuclides using
plasmid pUC19 as a biophysical model. No significant increase in the number of DNA
strand breaks has been found [32].

A study by Dewey et al. summarized that a significant amount of apoptosis recruits tu-
mor cells into the apoptotic-susceptible fraction between daily external radiation doses [30].
The authors postulated that fractionated radiation therapy increases cell killing by apopto-
sis more than large single doses. This may be one explanation for the radioprotective effect
of cisplatin in combination with a single dose of X-rays in our experiments.
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In conclusion, our results of the combinatorial treatments showed a supra-additive
effect only for the combination of cisplatin and ?2*Ra, which again could be caused by the
mechanism of action of cisplatin and the already higher effect of ?*Ra. In more detail,
cisplatin molecules form adducts with nucleophilic sites of DNA, which can block DNA
replication, transcription and damage repair [29]. Damage could also result from the
emission of Auger electrons and photoelectrons generated by radiation in high-Z atoms
such as platinum [22]. Thus, the enhancement of cell death in combined treatments is most
likely provoked by the enhancement of irreparable damage to DNA, leading to an increase
in initial lesions. Additionally, the high-LET emitter >Ra may enhance cell death more
efficiently than low-LET emitters such as '%Re caused by impaired repair of the DNA
damage [28].

Geldof et al. demonstrated supra-additive treatment effects in prostate cancer cells
by combining 86Re-HEDP and cisplatin [20]. The combined treatment of HepG2 tumor
cells with '3!I-Nal as a radiotherapeutic agent and cisplatin also resulted in improved cell
death in a supra-additive manner [19], suggesting successful radiosensitizing effects when
cisplatin is combined with low-LET emitters.

Recently, a preclinical and a clinical study evaluated combined chemo- and radionu-
clide therapy approaches. Timin et al. implemented these concepts using radionuclide
carriers (1””Lu-labeled core-shell particles) and cisplatin to treat metastatic lung cancer
in animals [21]. This combination increased the therapeutic efficacy of tumor treatment
compared to monotherapy. A clinical trial evaluated the efficacy of *°Y-transarterial ra-
dioembolization with cisplatin for the first-line treatment of locally advanced intrahepatic
cholangiocarcinoma (iCCA). The authors found this approach to be an effective treatment
for iCCA with a high rate of downstaging to tumor resection [18].

Many studies have investigated the combination of external beam radiation and
a chemotherapeutic agent. Gorodetsky et al. showed both radiosensitizing and radio-
protective effects depending on the chosen treatment sequence of the noxes X-ray and
cisplatin [14]. Akudugu and Slabbert investigated the modulation of radiosensitivity by
cisplatin in V79 Chinese hamster lung fibroblasts [33]. Their results show that the mode of
interaction between cisplatin and gamma irradiation depends on the concentration and
exposure time of cisplatin, as well as the timing of irradiation after cisplatin administration.
Increased radiosensitivity was found when cisplatin was present in the cells for 8-12 h and
20-24 h. This experimental setting is in contrast to our study, which used a drug incubation
interval of 4 h.

Additionally, the importance of different LET values on radiosensitizing effects with
cisplatin has been investigated. Shiba et al. found that low-LET carbon—ion irradiation in
combination with cisplatin produced higher cytotoxic effects than high-LET carbon—ion
irradiation in cervical cancer cells [34]. On the other hand, carbon ion irradiation combined
with cisplatin showed superior potential to kill breast cancer cells with irreparable DNA
damage [35]. Benzina et al. combined cisplatin as well as oxaliplatin in two different
studies with high-LET irradiation by p (65) + Be neutrons (dose rate 0.2 Gy /min) using
glioblastoma cells. Their approaches enhanced the cytotoxicity in a more than additive way
or caused a marked reduction in tumor growth in nude mice xenografts, respectively [28,36].
In addition, high-LET CIERT was more effective than photon irradiation in preventing the
proliferation of HNSCC cell lines [37].

Overall, several studies have shown the improved efficacy of cancer therapy in vitro
and in vivo, even when radionuclides are used in combination with cisplatin. Similarly,
our in vitro study showed, at least for >Ra in combination with cisplatin, improved tu-
mor cell eradication, which can be interpreted as a supra-additive effect. We are aware
that our results were obtained using the same combination protocol for all experiments.
By changing the first and second cytotoxin, as described by some authors [8,14,33], such
changes in the cytotoxin sequence could lead to results different from ours. Furthermore,
in our experiments, cisplatin and radiotherapy treatments were administered only once,
whereas realistic therapies for both cytostatic drugs and external irradiation are likely to
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be administered in cycles. Thus, it can be expected that the clinical effects of fraction-
ated radiotherapy and chemotherapy applied in cycles may lead to different effects on
tumor survival. Overall, experiments using in vitro cell models are only partly applicable
to living organisms. Further studies should focus on potential clinical applications in
nuclear medicine.

From a biological point of view, other endpoints, such as apoptosis or cell cycle
analysis, might be helpful to gain more insights into the cellular response to combined
chemo-radiotherapy. A better understanding of the molecular response of cells could lead
to research based on treatments that combine pharmacological interventions with ionizing
radiation to more specifically target tumor tissue, namely, multiple DNA repair pathways,
cell cycle checkpoints, or modulation of signal transduction pathways [38].

For our study, it can be assumed that the radiation qualities other than ?>>Ra, namely
188Re and X-rays, could have similar effects when different experimental schemes are
applied. This is something to be tested in more detail to complement this study, which
has demonstrated that the applied statistical methods and settings used are well-suited to
detect different drug interactions in this particular area of interest.

4. Materials and Methods
4.1. Radionuclides and X-ray Irradiation

The B-emitter '8Re-perrhenate (1%ReO, ) was obtained by elution of a 40-GBq alumina-
based #W /188Re generator (Isotope Technologies Garching GmbH, Garching Germany). Phys-
ical properties of 1%Re are half-life T/, = 17 h and maximum B-energy = 2.1 MeV.

The o-particle emitter 2’Ra-radium dichloride (***RaCl,, Xofigo) was provided by
Bayer Vital GmbH (Leverkusen, Germany) with an activity concentration of 1000 kBq/mL.
223Ra (half-life 11.4 days) decays through a cascade of short-lived o- and B-particle emitters.
Each decay of ?*>Ra produces four a-particles, resulting in the emission of approximately
28 MeV of energy, with 95% of the energy from the o-emissions.

Each of the radioactive samples was measured with an Isomed 2010 (Nuvia Instru-
ments, Dresden, Germany) dose calibrator.

For the external irradiations at the OncoRay site (National Center for Radiation Re-
search in Oncology, Medical Faculty Dresden, Germany), an X-ray tube (Y.TU 320, Yxlon
International, Hamburg, Germany) with 200 kV X-rays (20 mA, dose rate ~ 1.24 Gy/min,
filtered with 0.5 mm Cu) was used.

4.2. Cell Culture

FaDu cells are epithelial, squamous cell carcinoma cells of the pharynx. They were
established in 1968 from a biopsy of an undifferentiated human squamous cell carcinoma
growing as a monolayer (HTB-43™, American Type Culture Collection (ATCC®), Man-
assas, VA, USA) [39]. Our experiments were performed with the sub-cell line FaDupp,
kindly provided by the Department of Radiotherapy and Radiation Oncology, Medical
Faculty, Technische Universitdt Dresden. This cell line has been used in cancer research,
particularly in radiobiological experiments, since the 1980s. [40]. The cells were maintained
in Dulbecco’s minimum essential medium (DMEM, Fisher Scientific, Wesel, Germany)
containing 2% (v/v) HEPES buffer, 1% (v/v) of non-essential amino acids, 1% (v/v) of
sodium pyruvate, and 10% (v/v) of fetal calf serum. All chemicals added to the cell culture
medium were purchased from Sigma Aldrich (Sigma Aldrich, Taufkirchen, Germany).
Exponentially growing cells were split twice weekly using trypsin (Sigma Aldrich) and cul-
tured in a humidified incubator at 37 °C and 5% CO,. To prevent cell dedifferentiation, the
experiments were performed at identical passage numbers. Cells were routinely screened
for mycoplasma infection.

4.3. Cisplatin Incubation, Irradiation Procedure, and Colony Formation Assay

To study the cytotoxicity of cisplatin (Merck KGaA, Darmstadt, Germany), X-rays,
and the radionuclides ®Re or ?2°Ra as single agents, 0.5 x 10 FaDu cells were plated in
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each well of 6-well multititer plates (MTP) one day before the start of the experiment. To
investigate the cytotoxic effects of cisplatin (0.01; 0.1; 0.5; 1.0; 2.5; 5.0; 10; and 20 uM), FaDu
cells were treated for 4 h. The 18Re-, 222Ra-radioactive solutions, 0.69-16.5 MBq/mL, and
0.008-0.127 MBq/mL, respectively, were added to the cells to achieve doses of 0.25-6.0 Gy.
In the case of X-ray irradiation, the cells were exposed to 0.5-6.0 Gy. Untreated control
samples were included in each experiment.

After calculating the respective D5y and Csq values for each of the radionuclides
and for cisplatin, the iso-effective doses or concentrations were chosen to establish the
relationship between them. For the combined treatment experiments, we decided to use
a relation of 1:1 for radionuclide doses and cisplatin concentrations (0.25; 0.5; 1.0; 2.0; 3.0;
4.0; 6.0 Gy or cisplatin in uM, factor 1.0). An exception was necessary for 22>Ra due to the
Ds value of 0.163 Gy. Therefore, the ratio of 0.125 Gy ??*Ra to 1 uM cisplatin was used,
resulting in a factor of 0.125. After a 2 h preincubation period with cisplatin alone, the
188Re- and ??*Ra-radioactive solutions were added to the cells for a further 2 h incubation
period to achieve dosages of 0.25-6.0 Gy or 0.25-6.0 uM, respectively. Similarly, for X-ray,
cells were preincubated with cisplatin for 2 h and then exposed to 0.5-6.0 Gy (23.5-282 s).
To ensure the same 4 h incubation time of cisplatin after X-ray irradiation, the incubation of
the cells was continued for the remaining time window.

To determine the cytotoxic effects of the chemo-radio-therapeutic approach, the clono-
genic cell survival was analyzed. Colony formation assays were performed as previously
described [41]. Following irradiation, the radioactive supernatant was discarded, and the
cells were washed with phosphate-buffered saline (PBS, 37 °C) and detached by trypsin.
An aliquot of the cell suspension was seeded at a low density for colony formation at
respective cell numbers adjusted to the doses or concentrations (200-50,000 cells) into T25
cell culture flasks (Greiner Bio-one, Frickenhausen, Germany) for an incubation period of
10 days. To stop colony formation, the cells were fixed in 80% (v/v) ethanol and stained
with crystal violet solution. All chemicals were obtained by Merck KGaA.

Finally, cell colonies (>50 cells) were counted manually under a light microscope. The
plating efficiency (PE) was calculated for treated and untreated cells based on the number
of seeded cells. The surviving fraction (SF) was calculated as the relative plating efficiency
of treated vs. untreated samples [42].

4.4. Isobologram Analysis

The possible interactions between radiation and chemotherapy were defined by Steel
and Peckham [43]. For the isoeffective plots, the calculation of the theoretical lines of
additivity was performed in two ways: Mode I and Mode II [26,43,44].

In short, Mode I assumes an independent action of the agents; the expected survival is
the product of the individual survival for a given combination of concentration (cisplatin)
and dose (irradiation). In Mode II, there may be an interaction between the agents, so an
isoequivalent approach is performed. The first agent (cisplatin) causes damage, leading to
surviving fraction (SF), and the radiation dose that would have had the same effect in an
independent treatment is sought. It is then necessary to determine the additional dose that
would have been required to achieve the desired level of survival. In the isobologram, the
Mode I and II additivity curves are different and form an additivity envelope when the
log survival curve is non-linear for at least one agent. In summary, this envelope refers to
additive effects, but combined treatment could lead to supra-additive or protective effects.

4.5. Dosimetry

The dose calculation for radioactivity (Re, 2°Ra) was performed with Geant4
simulations for a 10 um cell monolayer at the bottom of the well (9.6 cm?) in 2 mL cell
culture medium. The dose from a source volume to a target volume is calculated as the
product of the time-integrated activity in the source volume and a source-target-specific S
value [31]. According to this model, only the extracellular irradiation of the medium was
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considered [45]. Thus, the applied X-ray radiation (external irradiation) is comparable to
the dose of radioactivity generated.

For an effective dose of 1 Gy after 2 h of irradiation, the following activity concentra-
tions were calculated: 5.5 MBq/2 mL 188Re, 0.127 MBq/2 mL 223Ra. The variation of the
effective dose was achieved by increasing or decreasing the volume activity at a constant
irradiation time of 2 h.

4.6. Statistical Analysis

All experiments were performed in three to four independent experiments. Triplicate
samples were prepared for each dose point. The mean values of cell survival, including the
calculated standard deviations, are presented against the respective cisplatin concentration or
radiation dose. All data were statistically evaluated using the SPSS Statistics 24.0 software (IBM
Corporation, Armonk, NY, USA). Curve fitting was performed by linear regression analysis.

In addition to standard statistics, isobolographic analyses were performed to better
understand the drug—drug interaction of irradiation and cisplatin. For each treatment
condition, the functional relationship between concentration or dose and the measured
cell survival was analyzed according to the linear or linear-quadratic model. This curve
fitting of log survival as dependent and either concentration or dose (and dose square)
as independent variables was performed with the Linear Regression Tool of SPSS. The
obtained regression coefficients for each treatment condition allowed the calculation of
theoretical values of concentration and dose for a considered level of survival.

The generation of isobolograms was performed in Microsoft EXCEL 2010. The enve-
lope of additivity was calculated according to Section 4.4. from the experiments with single
noxes of radiation and cisplatin. The combined treatment, in our case with a fixed ratio of
concentration and dose, delivers a single point in the isobologram. Its position in relation
to the additivity envelope was visually interpreted. To determine the uncertainties in terms
of confidence levels, we repeated the isobolographic calculation using the upper and lower
confidence intervals of the predicted values from the regression analyses. Therefore, the
presented isobolograms show the effect of the combination experiments to interpret the
overall cell survival as a function of these different drugs.

5. Conclusions

It has been shown that a general supra-additive effect is not to be expected after the
combination of cisplatin and different radiation qualities. Nevertheless, the combination
of ?2’Ra as a high-LET emitting radionuclide with the cytostatic drug cisplatin resulted
in a supra-additive effect that can now be further evaluated. With the development of a
well-functioning scheme for therapy at the cellular level, patients may also benefit from
more knowledge about these combination approaches, and higher tumor-destroying effects
may be achieved with lower radiation or drug doses.
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Abstract: Adrenocortical carcinoma (ACC) represents a rare tumor entity with limited treatment
options and usually rapid tumor progression in case of metastatic disease. As further treatment
options are needed and ACC metastases are sensitive to external beam radiation, novel theranostic
approaches could complement established therapeutic concepts. Recent developments focus on
targeting adrenal cortex-specific enzymes like the theranostic twin [123/131]]IMAZA that shows a
good image quality and a promising therapeutic effect in selected patients. But other established
molecular targets in nuclear medicine such as the C-X-C motif chemokine receptor 4 (CXCR4) could
possibly enhance the therapeutic regimen as well in a subgroup of patients. The aims of this review
are to give an overview of innovative radiopharmaceuticals for the treatment of ACC and to present
the different molecular targets, as well as to show future perspectives for further developments since
a radiopharmaceutical with a broad application range is still warranted.

Keywords: adrenocortical carcinoma; theranostics; endoradiotherapy; IMAZA

1. Introduction

Adrenocortical carcinoma (ACC) is a rare tumor entity with an estimated incidence
of about 0.5-2 new cases per million people per year [1,2]. ACC occurs at any age and
shows a peak incidence between 40 and 60 years, whereby women are more often affected
(55-60%) [3]. The tumor arises from the cortex of the adrenal gland and 50-60% of patients
with ACC have clinical hormone excess. Treatment options are limited and complete
resection is the only means of cure. Still, retrospective studies reported that 40-70% of
ACCs eventually recur even after complete resection [4-7]. In general, the prognosis is
heterogeneous and the median overall survival of all ACC patients is about 34 years. For
tumors confined to the adrenal gland five-year survival rates are between 60-80%, for
locally advanced disease 35-50%, and much lower in case of metastases with reported
survival rates ranging from 0 to 28% [8-14].

Due to the rareness of the disease and the limited resources dedicated to the implemen-
tation of new therapeutic options, there is little progress in the medical therapy of ACC [15].
International guidelines recommend to use of adjuvant mitotane in most patients [3,16].
The results of a large phase 3 trial led to a combination treatment of mitotane, etoposide,
doxorubicin, and cisplatin as a first-line therapy [11]. Unfortunately, the combination of
these chemotherapeutics only led to an objective response rate of 23% with a progression-
free survival of only 5.1 months despite severe toxicity. Hence, further therapeutic options
for second- and third-line treatment are warranted. ACC used to be considered resistant to
radiation [17,18]. However, recent data show a benefit in regards to local tumor control, the
palliative treatment of symptomatic cerebral or osseous metastases and in case of vena cava
obstruction as well as a reduction of local recurrence after primary resection [19-25]. In
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this sense, endoradiotherapy is a possible therapeutic option in patients with metastasized
ACC after first-line treatment. The concept of endoradiotherapy is based upon theranostic
radiopharmaceuticals that can be used for diagnostic and therapeutic purposes, depending
on the labeled radionuclide. It is possible to use either the same molecule or a very similar
compound. These molecules are radiolabeled with gamma and positron emitters for imag-
ing purposes or beta minus emitters and (rarer) alpha emitters for endoradiotherapy. Some
radionuclides, such as iodine-131 and lutetium-177 are beta and gamma emitters and can
be used for both imaging and therapy, whereas the gamma emitter iodine-123 can be used
only for diagnostics [26]. Other radionuclides for imaging are fluorine-18 or gallium-68
(both positron emitters) and Yttrium-90 (beta minus emitter) for therapy. The use of an
image-based patient selection allows for a personalized medicine approach with a possible
higher therapeutic efficacy. Furthermore, reduced side effects and high tumor doses can be
administered because of the precise radiation deposition and the short tissue penetration
of only a few millimeters of beta minus emitters [27].

The present review aims to give an overview of theranostic radiopharmaceuticals for
the treatment of ACC, to present various molecular targets and to show future perspectives.

2. Molecular Imaging and Theranostic Approaches in ACC

For molecular imaging of ACC, positron emission tomography (PET)/computed
tomography (CT) with [18F]ﬂuorodeoxyglucose (FDG) can be used [28] but is not considered
standard of care [3], in contrast to CT or magnetic resonance imaging. Nevertheless, FDG
PET/CT is useful for prognostic evaluation as a higher uptake is associated with a shorter
survival [29,30]. However, FDG does not provide a theranostic approach. For a detailed
description of molecular imaging approaches in ACC, please refer to a recent review of
adrenal imaging [31].

Peptide receptor radionuclide therapy targeting the somatostatin receptor (SSTR) us-
ing, i.e., [177Lu]Lu—DOTA-O-TyrB—Octreotate (DOTATATE) is established in the treatment
of well-differentiated neuroendocrine midgut tumors [32] and other neuroendocrine tu-
mors [33]. A recent ex vivo study described a heterogeneous SSTR expression in some ACC
tissue samples [34]. However, to date, only one study exists that reports the results of a
case series of 19 patients with 2 patients receiving either [°°Y]Y- or [V77Lu]Lu-DOTATOC
(DOTA(0)-Phe(1)-Tyr(3))octreotid), which resulted in disease control of 4 and 12 months,
respectively [35].

In analogy, endoradiotherapy targeting the prostate-specific membrane antigen (PSMA)
is not just a treatment option for metastasized castration-resistant prostate cancer using,
ie., [177Lu]Lu—Vipivotide tetraxetan (PSMA-617) [36], but also for other tumor entities.
In an ex vivo analysis, PSMA was significantly overexpressed in ACC tissue samples
compared to normal adrenal glands and adrenocortical adenomas [37]. To our knowledge,
there is no report providing data on PSMA radioligand therapy in ACC. Only one case
report describes a patient with ACC having a PSMA expression in tumor sites equal to
physiological liver background on [*¥Ga]Ga-PSMA-11 PET/CT, which was not considered
sufficient for PSMA-directed radioligand therapy [38].

C-X-C motif chemokine receptor 4 (CXCR4) is a G-protein coupled receptor that can
be found in many hematological malignancies as well as solid tumors and constitutes
a possible theranostic target [39]. CXCR4 expression can be found in ACC samples as
well [40]. A strong membranous expression of CXCR4 in ACC specimens was found in half
of the cases (94 of 187 specimens) in an ex vivo study. Interestingly, immunohistochemical
staining of CXCR4 was higher in samples derived from metastases than from primary
tumors [41]. A high in vivo CXCR4 expression on CXCR4-directed PET/CT was found in
30 patients with ACC [42]. A possible theranostic application was found by Bluemel et al.,
who rated 17 (57%) of 30 patients as suitable and 4 patients (13%) as potentially suitable
for CXCR4-directed treatment [43]. Of note, CXCR4-directed therapy using, i.e., [Y7Lu]Lu-
/[°°Y]Y-anditixafortide (PentixaTher) leads to bone marrow ablation and can only be
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applied in case of available hematopoietic stem cells which are usually harvested during
previous chemotherapeutic protocols [44].

The enzymes CYP11B1 (113-hydroxylase) and CYP11B2 (aldosterone synthase) are
part of the cortisol and aldosterone synthesis in the adrenal gland and can be blocked by im-
idazole drugs such as etomidate or ketoconazole [45]. As these enzymes are highly specific
for the adrenal gland, they are potential targets for molecular imaging [46]. Bergstrom et al.
developed the PET imaging agent [!!Cletomidate and its methyl ester [!C]metomidate
(["'CIMTO) and showed their potential to specifically visualize the normal adrenal cortex
in an animal study [47]. This approach was transferred to a clinical setting and the authors
could demonstrate that ["!CJMTO PET can distinguish between lesions of adrenocortical
and nonadrenocortical origin in a cohort of 15 patients [48], and in another cohort of 173 pa-
tients [49]. The latter study included 13 patients with ACC which showed a relatively high
tracer uptake.

In order to develop a possible theranostic radiopharmaceutical, the compound [
iodometomidate (['2I]IMTO) that inhibits CYP11B1/2 was developed. High imaging
quality was shown in animal studies [50-52] and a high and specific tracer uptake of
the radiopharmaceutical was found for adrenocortical tissue [51]. These promising re-
sults could be transferred into clinical application: ['2*IJIMTO planar whole-body scans
and single photon emission computed tomography (SPECT)/CT images showed high
sensitivity and specificity for the differentiation of adrenocortical tumors from lesions of
non-adrenocortical origin in case of a lesion size of 2 cm or more [53]. The theranostic
counterpart of [1Z31]IMTO is [F3H]IMTO, which can be used in patients with advanced ACC.
Disease control was achieved in 6 of 11 patients with ACC treated with [BIIMTO with a
median progression-free survival of 14 months (range 5-33 months) in responders. Of these,
5 patients showed a stable disease on follow-up CT scans, and a partial response was found
in one patient [54]. As IMTO shows a rapid metabolic inactivation, the metabolically more
stable derivative (R)-1-[1-(4-iodophenyl)ethyl]-1H-imidazole-5-carboxylic acid azetidinyl
amide (IMAZA) was developed by replacing the methyl ester in IMTO by a carboxylic
amide. IMAZA outperformed IMTO in regards to pharmacokinetic and imaging properties
in mice and in a dual tracer approach in three patients [55]. Hahner et al. screened 69 pa-
tients with advanced ACC refractory to standard treatments using ['>*I]IMAZA SPECT/CT
and identified 13 patients with intense uptake in all tumor lesions [56]. These patients
were treated with a median of 25.7 GBq ['3!T]IMAZA (range 18.1-30.7 GBq). Response to
therapy was assessed according to Response Evaluation Criteria in Solid Tumors (RECIST
version 1.1) [57]. Two patients experienced a decrease in RECIST target lesions of up to
26%. A median progression-free survival of 14.3 months (range 8.3-21.9) was noted for five
patients with stable disease. Median overall survival in all 13 patients was 14.1 months
(4.0-56.5). The treatment was well tolerated by the patients, and no severe toxicities
(CTCAE grade > 3) were noted. Figure 1 shows a patient who underwent [3'T[IMAZA
therapy. Figure 2 summarizes the different theranostic targets in ACC and Figure 3 shows
the corresponding radiopharmaceuticals.

1231]
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Figure 1. ['3'I[IMAZA therapy in a 53-year-old patient with metastatic adrenocortical cancer. FDG
PET maximum intensity projection (MIP) is shown at baseline (A). Post-therapeutic whole-body
scintigraphy 2 days after first therapy (B) shows concordant tracer accumulation to FDG PET/CT.
Response assessment after 3 and 8 months (C,D) shows a significant decrease in metabolic activity
and a reduction in the diameter of the target lesion of 26%. After a progression-free survival of
18 months, a second therapy with [13'T]IMAZA was applied. The patient died after an overall
survival of 56 months after the first [P IJIMAZA therapy.

[*7Lu]Lu-DOTATATE

[P°Y]Y-PentixaTher

[Y7Lu]Lu-PSMA-617

SSTR {®

CXCR4

Adrenocortical Steroid
carcinoma hormone
Synth esis Created with biorender.com

Figure 2. Schematic depiction of possible theranostic targets in adrenocortical carcinoma (black font)
and the respective therapeutic radiopharmaceuticals (exemplary, blue font).
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Figure 3. Chemical structure of possible theranostic radiopharmaceuticals for treatment of ACC. To
date, ['3'TJIMAZA is the only compound that has been already used in patients.

3. Radiosynthesis of [B1IIIMAZA

The radiosynthesis and quality control of ['23/131T]IMAZA for scintigraphy, dosimetry
and therapy has already been published [55]. Here, destannylation reactions were used for
labeling. Since this method yields the labeled products under very mild reaction conditions
and with very high radiochemical yields, this method is frequently used and should be
easily established in radiochemical laboratories that have experience with radioiodina-
tion. However, this does not apply to radioiodinations with > 30 GBq 1-131, which are
challenging in terms of radiation protection due to the high volatility of radioiodine in
combination with the extremely high activity levels and the relatively high gamma energy
of 364 keV. Therefore, labeling of ['*'I[IMAZA for endoradiotherapy had to be performed
by an automated synthesis module (custom-made by Scintomics GmbH, Fiirstenfeldbruck,
Germany) inside a well-ventilated lead cell (see Figure 4).

To the delivery vial in which the [3M]iodide is dissolved in 1 mL 0.01 N NaOH (IBSSO;
GE Healthcare, Braunschweig, Germany) were consecutively injected 5 mg trimethylstan-
nylazetidinylamide in 1 mL ethanol, 120 pL 2 N hydrochloric acid and 2.25 mg chloramine
T trihydrate in 150 uL water. The reaction solution was allowed to stand for three minutes.
Thereafter, the reaction was quenched by adding 135 pL 2 N HCl and a solution of 4.50 mg
NayS;0s in 150 pL water and the mixture was injected directly into the injection valve of
the semi-preparative high-performance liquid chromatography system (HPLC) equipped
with a RP-18 HPLC column (250 x 8 mm). An ethanol/phosphate buffer (40/60 v/v)
mixture served as the HPLC solvent with a flow of 2.0 mL/min. Using typical starting
activities of 34 GBq [31Jiodide, reproducibly > 25 GBq [131T]IMAZA were obtained, which
were administered to the patients after successful quality control.
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Figure 4. Photo and scheme of module for radiosynthesis of [ T[IMAZA.

For each radiosynthesis, the exhaust air from the lead box was passed through acti-
vated carbon filters and checked for possible contamination. The personnel involved were
monitored by means of personal dosimeters, finger ring dosimeters and a thyroid monitor.
In all cases, only very low levels of contamination were detectable, so that the high-dose
endoradiotherapies with ['*'T[IMAZA could be carried out safely. Regarding the radiosyn-
thesis of the commercially available products [Y7Lu]Lu-DOTATATE, [*77Lu]Lu-/[*°Y]Y-
PentixaTher and [ Lu]Lu-PSMA-617, please refer to the respective publications [58-61].

4. Future Perspectives

The investigations of patients with metastatic ACC with ['Z’I[IMAZA showed an
uptake in all known lesions (metastases and/or primary tumor) in only about 40% of the
patients. This is likely due to dedifferentiation of the tumor cells resulting in low or no
expression of the target enzymes CYP11B1 and CYP11B2. Therefore, only a minority of
patients with high tracer uptake are candidates for subsequent endoradiotherapy with
the analog ['3'TJIMAZA. Currently, alternative enzymatic and non-enzymatic targets with
broader expression in ACC tissue are under investigation.

5. Summary

Adrenocortical carcinoma is a rare tumor entity and further therapeutic options in
metastatic disease are desperately warranted. Several possible theranostic approaches
exist, of which radiopharmaceuticals targeting specific enzymes of the adrenal cortex are
currently the most promising and are the only theranostic radiopharmaceuticals ever used
in patients to date. The theranostic twin [?>/131T]IMAZA has shown good image quality
and a good therapeutic effect in selected patients with advanced ACC, but cannot be used
in all patients with ACC. Therefore, future developments are needed in order to provide a
radiopharmaceutical with broader applications.
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Abstract: Transarterial chemoembolization (TACE) is currently the standard of care in patients
with unresectable hepatocellular carcinoma (HCC), and selective internal radionuclide therapy
(SIRT) with *°Y microspheres is mainly used as an alternative modality in patients considered
poor candidates for TACE. Treatment with sorafenib is the recommended option for patients with
progressive disease after TACE. This study aims to evaluate the safety and efficacy of SIRT with
glass microspheres in patients with progressive HCC after repeated TACE who are not eligible
for treatment with sorafenib. Forty-seven patients with progressive HCC after a median of three
TACE sessions (range 2-14) underwent SIRT (3.5 + 1.5 GBq; liver target dose 110-120 Gy). Toxicity
was recorded 4 and 12 weeks after treatment and reported according to the Common Terminology
Criteria for Adverse Events Version 5.0. Treatment response was assessed three months after SIRT
using multiphase computed tomography and modified criteria in solid tumors (mRECIST). Survival
analyses were performed using Kaplan-Meier curves and a Cox proportional hazards model for
uni- and multivariate analyses. Significant but reversible hepatotoxicity (>grade 3) occurred in five
patients (11%). No radioembolization-induced liver disease (REILD) was observed. The number of
previous TACE sessions and cumulative administered activity did not predict the incidence of post-
SIRT significant hepatotoxicity. Treatment responses consisted of partial responses in 26 (55%), stable
disease in 12 (26%), and progressive disease in 9 (19%) patients. The median overall survival (OS)
was 11 months (95% confidence interval (CI), 9-13), and objective responses to SIRT were associated
with a longer OS (p = 0.008). Significant hepatotoxicity (>grade 3) after SIRT was a contributor to
impaired survival (median OS 6 months (95% CI, 4-8) vs. 12 months (95% CI, 10-14), p < 0.001). SIRT
with glass microspheres is a safe and effective salvage treatment for patients with progressive HCC
refractory to TACE who are considered poor candidates for sorafenib treatment.
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1. Introduction

The current Practice Guidance by the American Association for the Study of Liver
Diseases recommends further diagnostic work-up for hepatocellular carcinoma (HCC) in
the presence of a hepatic lesion >1 cm and an increase in alpha-fetoprotein >20 ng/mL in
serum. Multiphase CT or MRI are used as imaging modalities, and histological analysis
represents the gold standard [1]. In unresectable HCC, palliative liver-directed treatment
options like transarterial chemoembolization (TACE) or selective internal radionuclide
therapy (SIRT) can significantly reduce hepatic tumor burden and may increase survival in
patients with liver-dominant disease [2—4].

TACE is currently the standard treatment for patients with locally advanced HCC
without vascular invasion or extrahepatic spread (intermediate stage) [3,5-7]. However, a
sufficient response after a single TACE session is rare, and often repeated TACE is required
to achieve a good response [8]. Accordingly, at least two TACE sessions should be per-
formed before abandoning the procedure [9]. Despite increasing evidence supporting the
favorable efficacy of SIRT with *°Yttrium (*°Y) microspheres in patients with intermediate
to advanced HCC [10-15], the lack of prospective randomized clinical trials has currently
limited its role as an alternative method for patients considered poor candidates for TACE.
For patients refractory to repeated TACE, systemic treatment with the multikinase inhibitor
sorafenib is recommended, but sometimes with suboptimal tolerability outweighing the
survival benefits [16-18]. This leaves SIRT as the only treatment option after failure of
TACE in this setting [19,20].

Repeated TACE can be associated with vascular injury and sometimes with liver
function deterioration. Furthermore, profound TACE-induced tumor dearterialization may
reduce the selective deployment of *’Y microspheres inside the tumor vasculature [21-23].
Therefore, SIRT might be associated with a higher risk of treatment failure and severe
hepatic toxicity in patients previously treated with repeated TACE. Conversely, a pro-
gressive tumor probably develops new tumor vessels, which might compensate for the
TACE-induced devascularization. Thus, this study aims to assess the safety and efficacy of
SIRT with glass 0y microspheres (TheraSphere™, Boston Scientific Corporation, Ottawa,
ON, Canada) in patients with progressive HCC refractory to repeated TACE but not eligible
for sorafenib treatment.

2. Results
2.1. Toxicity

The mean treatment activity per patient was 3.3 &+ 1.5 GBq, and the mean follow-up
time was 17 4= 2 months. Three of the 47 patients were still alive at the time of analy-
sis. Recorded acute adverse events were as follows: fatigue in 18 (38%), nausea without
vomiting in 10 (21%), fever in 9 (19%), and transient abdominal pain in 5 patients (11%).
No patient needed hospitalization due to the reported adverse events, and all symptoms
resolved within the first six weeks after SIRT. Prior to the treatment, 24 patients had im-
paired liver function (grade I: 24, grade II: 7, >grade III: 0). Post-SIRT hepatotoxicity was
defined as newly impaired liver function (albumin, bilirubin, AST/ALT, INR, ascites) or as
deterioration in CTCAE-grading after SIRT. Post-SIRT hepatotoxicity was observed in 36 pa-
tients. In 10 patients, liver function parameters deteriorated (grade II), and in 5 patients,
a significant new hepatic toxicity of grade III-IV occurred. Detailed information about
toxicity after treatment is given in Table 1: 12 patients showed elevated liver transaminase
(10 grade I, 2 grade II) within six weeks after treatment, and 20 patients had biliary toxicity
(4 grade I; 12 grade Il and 4 grade III-1V). Fourteen patients showed relevant hepatic
toxicity (grade II) based on both liver transaminase and bilirubin concentrations. Portal
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vein thrombosis and high hepatic tumor load (>25%) were the independent contributing
factors to treatment-induced significant hepatotoxicity, as depicted in Table 2.

Table 1. Toxicity after SIRT according to the CTCAE v.5.0.

Toxicity Post-SIRT Altered LFT, n (%) SIRT-Induced Toxicity, n (%)
(Grade) 1 I III-1v I I1 I-1v
Bilirubin 9 (19) 14 (30) 4(9) 4(9) 12 (26) 4(9)
Albumin 7 (15) 6 (13) 0(0) 49) 5(11) 0 (0)
AST/ALT 33 (70) 4(9) 0 (0) 12 (26) 2 (4) 0 (0)
AST 30 (70) 4(9) 0(0) 10 (21) 2 (4) 0 (0)
ALT 24 (51) 0(0) 0(0) 12 (26) 0 (0) 0 (0)
INR 13 (28) 3(6) 0 (0) 9 (19) 3 (6) 0 (0)
Creatinine 0 (0) 0(0) 3(6) 0(0) 0 (0) 2 (4)
Ascites 8 (17) 3 (6) 0(0) 3 (6) 3(6) 0 (0)

Toxicity of any kind 22 (47) 14 (30) 7 (15) 21 (45) 10 (21) 5(11)

SIRT: selective internal radiation therapy; LFT: liver function test; AST: aspartate aminotransferase; ALT: alanine
transaminase; INR: International Normalized Ratio.

Table 2. Contributing factors to toxicity after SIRT.

Statistical Analysis

Univariate Multivariate
p Value p Value (95% CI)
<65 years 0.402
Age >65 years
T load <25% 0.041 0.029 0.023-0.398
umor loa S25%
. . . <3.5GBq 0.706
Cumulative activity >35GBq
Tumor spread Unilobar 0.227
P Bilobar
.\ No 0.256
Hepatitis Yes
BCLC staging g 0.307
A 0.559
Child classification B
. No 0.224
Lymph node involvement Yes
. No 0.256
Hepatitis Yes
PVT I;To 0.074 0.029 0.024-0.420
es
Grade 0-1 0.283
Altered LFT Grade II_IV
RFA 0.364
Pre-treatment Resection/LT
Embolization/PEI

BCLC: Barcelona Clinic Liver Cancer; Child classification: Child-Pugh system; PVT: portal vein thrombosis; LFT:
liver function test; RFA: radiofrequency ablation; LT: liver transplantation; PEI: percutaneous ethanol ablation.

All five patients with newly induced hepatic toxicity had <3 TACE sessions prior to
SIRT, and no increase in the incidence of significant toxicity was observed in patients with
>3 prior TACE sessions (Figure 1). High cumulative activity (>3.5 GBq) during SIRT and a
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higher number of previous TACE sessions was also not associated with increased hepatic
toxicity (p = 0.706). Significant hepatic toxicity was resolved within 12 weeks in all but
one patient who died because of acute renal failure. No severe radioembolization-induced
liver disease (REILD) was documented, which was defined as new relevant serum total
bilirubin elevation (>3 mg/dL) combined with new ascites 1-2 months after treatment
without tumor progression or bile duct obstruction. No radiation-induced pneumonitis,
gastroduodenal ulceration, or other organ toxicity was observed.

ity

= 25%
20%
15%
10%

5%

Patients with grade =3 toxici

0%

O oo & &
600 ‘)00 «vo /\vo
o0 2
Activity No. of previous TACE

Figure 1. The relation of significant (grade >3) hepatotoxicity and (1) administered activity and
(2) number of previous transarterial chemoembolization (TACE) sessions.

2.2. Response and Survival

Restaging according to mRECIST yielded a partial remission (PR) in 26 (55%), stable
disease (SD) in 12 (26%), and progressive disease (PD) in 9 (19%) patients. Complete
remission was not observed in our cohort. An example of a patient with a partial response
according to mRECIST is displayed in Figure 2.

Baseline

Follow-Up

Figure 2. Computer tomography images of a patient showing a partial response after selective
internal radiotherapy (red arrow indicates the tumor lesion).

The median time to progression after SIRT was 7 months (95% CI, 6-8) and the median
OS was 11 months (95% CI, 9-13). Patients showing objective responses to SIRT (i.e., PR)
had a median OS of 14 months (95% CI, 11-17) as opposed to 7 months (95% CI, 5-9) in
the remaining patients (p = 0.008), as illustrated in Figure 3A. In contrast, progression after
SIRT (i.e., PD) was associated with a shorter survival (median OS, 8 months (95% CI, 2-14)
versus 12 months (95% CI, 9-15), p = 0.013, Figure 3B).

Significant hepatotoxicity (>grade III) after SIRT was also a contributor to impaired
survival (median OS, 6 months (95% CI, 4-8) versus 12 months (95% CI, 10-14), p < 0.001,
Figure 4A). Patients developing grade II hepatotoxicity showed a trend towards a shorter
survival (median OS, 7 months (95% CI, 6-8) versus 14 (95% CI, 11-17), p = 0.007, Figure 4B).
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OS 14 vs. 7 months (p=0.008) 0OS 12 vs. 8 months (p=0.013)

A 10 — Survival Function B 10 — Survival Function
3 I Censored 3 I Censored
§ 0.8 —— SD+PD g 08 —— PR+SD
ﬁ 0.6 — PR (g 0.6 — PD
2 2
g 0.4 g 0.4
E E
o 0.2+ 3 0.2

0.0 T T T T T T T 1 0.0 T T T T T T T 1
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Overall Survival (months) Overall Survival (months)

Figure 3. (A) Objective remission (partial response (PR)) after selective internal radiotherapy prolongs
overall survival (OS), and (B) early progressive disease (PD) impairs overall survival.

0OS 12 vs. 6 months (p<0.001) OS 14 vs. 7 months (p=0.007)

A 10 — Survival Function B 10 — Survival Function
S ’ I Censored s ’ I Censored
g 087 ~= Grade 0-ll g 087 —= Grade 01
@ 0.6 ~— Grade lIl-IV % 0.6 ~— Grade I
S 0.4 . 0.4+
: E
O 02 3 0.2

0.0 T T T T T T T 1 0.0 T T T T T 1 T 1
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Overall Survival (months) Overall Survival (months)

Figure 4. (A) Significant (grade > 3) toxicity after selective internal radiotherapy reduced survival,
and (B) moderate changes in liver function (CTC II) impaired overall survival (OS).

Among the baseline characteristics, a relevant decrease in hepatic functional reserve
(>grade II) was the only independent predictor of survival, as depicted by the multivariate
analysis (HR; 95% CIL, 5.5 (1.5-19.9), p = 0.009). The analysis of various baseline factors for
potential contribution to OS is shown in Table 3.

Table 3. Contributing factors to survival after SIRT.

Survival Analysis Statistical Analysis
Median HR Univariate ITI: l(tglg;rlcatli
0s (95% CI)  p Value o=
p Value

<65 years 14 11-17

Age 0.685
>65 years 14 5-23
<25% 14 10-18

T load 0.518
Hmorfoa >25% 14 11-17
<3.5 GBq 14 8-20

Cumulative activity 0.323
>3.5 GBq 14 13-15
Unilobar 14 6-22

Tumor spread 0.620
Bilobar 14 12-16
No 15 10-20

Hepatitis 0.247
Yes 11 3-19
B 13 11-15

BCLC staging 0.389
C 8 3-14
A 12 10-15

Child classification 0.736
B 10 6-14

123



Pharmaceuticals 2024, 17, 101

Table 3. Cont.

Survival Analysis Statistical Analysis
Median HR Univariate IIEI/[I: l(tgl;,;nétli
0s (95% CI)  p Value o=
p Value
Lymph node No 11 9-13 0,686
involvement Yes 11 0-39 '
No 12 9-15
Hepatitis 0.288
Yes 10 4-16
No 13 11-15
PVT 0.352
Yes 7 3-11
Grade 0-1 12 10-14 5.5
Altered LFT 0.002 0.009
Grade II-IV 6 5-8 (1.5-19.9)
Grade 0-1I 14 12-17
Toxicity after SIRT <0.001
Grade [II-1V 6 5-7

OS: overall survival; HR: hazard ratio; CI: confidence interval; BCLC: Barcelona Clinic Liver Cancer; Child
classification: Child-Pugh system; PVT: portal vein thrombosis; LFT: liver function test; SIRT: selective internal
radiation therapy.

3. Discussion

This retrospective study provides the first results regarding the risk factors for the hepa-
totoxicity of SIRT with glass-based °Y microspheres (TheraSphere™") in a well-characterized
patient cohort (n = 47) with unresectable HCC failing repeated TACE. In clinical practice,
previous TACE is considered a major risk factor for serious SIRT-induced toxicity. Fitting
to this, the detected rate of significant hepatotoxicity in our cohort (11%) was higher than
the previously reported rate of 4-9% in treatment-naive patients or heterogeneous cohorts
regarding previous treatment modalities [2,24-33]. However, treatment-induced hepatotox-
icity was almost always reversible, and liver function parameters returned to pre-treatment
levels in all but one patient.

Portal vein thrombosis (PVT) is an absolute contraindication for TACE. On the contrary,
SIRT with glass microspheres has a very low embolic tendency and can be safely applied
to patients with PVT [34-36]. Although PVT was associated with a higher incidence of
moderate hepatotoxicity in our cohort, the survival outcome of patients who had developed
PVT under TACE did not differ from patients without PVT. Among all other analyzed
baseline characteristics, only a hepatic tumor load of >25% was a risk factor for significant
hepatotoxicity. This observation is in line with the reported data after treatment with
DY resin microspheres in a large prospective observational study (CIRT study). In a
recent study on 1027 patients in a heterogenous patient cohort with various liver tumors,
including HCC in 422 patients, a tumor load of >20% was a significant predictor of increased
hepatotoxicity (p = 0.0283) [37]. Notably, the number of previous TACE sessions was not a
predictor of hepatotoxicity in our cohort, encouraging the consideration of SIRT in patients
heavily pre-treated with TACE, similar to previous findings in a smaller patient group
(n =29), indicating the suitability of SIRT after TACE not to be limited by increased risk of
toxicity [38].

Achievement of disease control in 81% is promising and compares favorably with
the other treatment modalities. Sorafenib, as the recommended agent for TACE-refractory
HCC lesions [16,17,39,40], is commonly associated with adverse effects leading to treatment
interruption or even permanent drug discontinuation [16,17,39]. Moreover, an objective
radiological response is rarely observed after treatment with sorafenib. The reported overall
survival in the main clinical phase III trial of sorafenib (SHARP trial) was 10.7 months [17].
Although comparing our retrospective data with results from prospective trials is of limited
validity, the objective response rate (ORR) of 55% and median OS of 11 months (CI 95%,

124



Pharmaceuticals 2024, 17, 101

9-13) in our patients ineligible for treatment with sorafenib is very encouraging. Further-
more, responders (i.e., PR) had a significantly longer survival in our cohort (median OS
14 versus 7 months, p = 0.008), underlining the impact of ORR on the survival outcomes of
HCC patients after SIRT [15]. The rate of hepatotoxicity in our study was lower than the
reported rate after sorafenib treatment. Johnson et al. analyzed the efficacy and safety of
SIRT as a salvage therapy after >1 TACE, resulting in a slightly inferior OS of 8.4 months;
however, BCLC stage C was more prevalent in their cohort (72.5% vs. 47%) [38]. Fitting to
this, in a study by Reeves et al., a subgroup of BCLC stage B patients with 1-7 TACE before
SIRT (n = 7) reached an OS of 14.8 months [41].

In addition to tumor progression, therapy-induced hepatotoxicity may affect the sur-
vival of patients with HCC [15,17]. In a retrospective study, grade II toxicity has been
suggested as a risk factor for poor survival outcomes. Correspondingly, relevant hepatotox-
icity impaired the survival outcome in our cohort (p < 0.007). Significant hyperbilirubinemia
(grade III/1V), as a hallmark of REILD, has been reported in 14% of patients undergoing
DY glass microsphere SIRT [24]. Although 9% of our cohort developed grade III transient
biliary toxicity, no REILD was observed in our cohort.

Our findings support the application of SIRT with glass microspheres after undergoing
repeated TACE who are ineligible for treatment with sorafenib. SIRT could induce disease
stabilization in most patients, leading to an improved survival outcome. Hepatotoxicity
was reversible and the number of previous TACE was not a risk factor. However, the
retrospective design and small patient group limit the statistical power and ability to
generalize from our results regarding the subgroup analysis and baseline factors with a
potential impact on survival. Furthermore, pathological data were, unfortunately, not
available to be included in this clinical observational study. It would be interesting to
analyze pathological parameters and the treatment efficacy, which might be the subject of
further studies.

4. Materials and Methods
4.1. Patient Characteristics

Forty-seven patients with TACE-refractory HCC (38 men, 9 women; age range:
40-85 years; mean age: 69 years) treated with SIRT in the Department of Nuclear Medicine,
University Duisburg-Essen, were included in this retrospective analysis [42]. The decision
to perform SIRT was based on interdisciplinary consent after discussion in a multidisci-
plinary tumor board. All patients had progressive liver tumors despite repeated TACE
procedures (median: 3, range 2-14) and were not suitable for sorafenib treatment. Apart
from repeated TACE, previous treatments were comprised of radiofrequency ablation
(n =9), surgical resection (n = 7), liver transplantation (1 = 4), and transarterial emboliza-
tion or ethanol injection (n = 2). All patients fulfilled the general inclusion criteria for
radioembolization [43,44]. Twenty-three patients presented with a unilobar, and 24 patients
with a bilobar hepatic tumor spread. At the time of SIRT, 25 patients were classified as
stage B and 22 as stage C according to the Barcelona Clinic Liver Cancer (BCLC) staging
classification. In 39 patients, HCC was confined to the liver, while 8 patients showed a
liver-dominant disease with extrahepatic metastases. In these eight patients, the tumor
board identified the extrahepatic metastases as not predominately prognostically relevant
regarding survival, size, quantity, and localization of the metastases. The baseline patient
characteristics are presented in Table 4. The local committee on ethics approved this ret-
rospective study, and all subjects signed a written informed consent to treatment prior to
evaluation and radioembolization session.

Table 4. Baseline patient characteristics.

All Patients (n = 47)

Age
>65 years 32 (68)
<65 years 15 (32)
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Table 4. Cont.

All Patients (n = 47)

Hepatic tumor load

>25% 23 (49)

<25% 24 (51)
Cumulative applied activity during SIRT session(s)

>3.5 GBq 21 (45)

<3.5GBq 26 (55)
Hepatic tumor spread

Bilobar 24 (51)

Unilobar 23 (49)
BCLC staging

Stage C 22 (47)

Stage B 25 (53)
Child classification

Child B 21 (45)

Child A 26 (55)
Extrahepatic lymph node metastasis

No 39 (83)

Yes 8 (17)
Hepatitis

Yes 21 (45)

No 26 (55)
Etiology of hepatitis

Alcohol-related 6 (13)

NASH 12 (26)

Viral 18 (38)

Cryptogenic 11 (23)
PVT

Yes 16 (33)

No 31 (66)
Pre-treatment

RFA 9 (19)

Embolization/PEI 2(4)

Resection/LT 11 (24)
LFT in all patients

Total bilirubin (mg/dL, normal range: 0.3-1.0) 1.0£05

Albumin (g/dL, normal range: 3.4-5.4) 394+05

AST (U/L, normal range: 5-40) 77.6 £ 624

ALT (U/L, normal range: 7-56) 59.5 +£41.1

INR (normal range: 0.8-1.1) 1.1+0.1
Altered LFT (CTC )

Total bilirubin (>ULN-1.5 x ULN, mg/dL) 16 (34)

Albumin (<LLN-3 g/dL) 6 (13)

AST/ALT (>ULN-3 x ULN, U/L) 26 (55)

INR (>1.2-1.5 x baseline) 4(9)

Ascites 5(11)
Altered LFT (CTC II)

Total bilirubin (>1.5-3.0 x ULN, mg/dL) 2(4)

Albumin (3-2 g/dL) 2(4)

AST/ALT (>3-5 x ULN, U/L) 2 (4)

INR (>1.5-2.5) 0 (0)

Ascites 0 (0)

Data presented as 1 (%). SIRT: selective internal radiotherapy; GBq: gigabecquerel; BCLC: Barcelona Clinic
Liver Cancer; Child classification: Child—Pugh system; NASH: non-alcoholic steatohepatitis; PVT: portal vein
thrombosis; RFA: radiofrequency ablation; PEI: percutaneous ethanol ablation; LT: liver transplantation; LFT:
liver function test; CTC: Common Terminology for Common Adverse Events (v.5.0); ULN: upper limit of normal;
LLN: lower limit of normal; AST: aspartate aminotransferase; ALT: alanine transaminase; INR: International
Normalized Ratio.
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4.2. Radioembolization Procedure

Intra-abdominal and excessive pulmonary (lung-shunt fraction) deposition were ex-
cluded prior to radioembolization by a pre-treatment diagnostic angiogram with planar
and SPECT/CT ?*™Technetium-HSA (human serum albumin microspheres) imaging after
an intra-arterial injection of 150 MBq of ™ Tc-HSA [45]. Radioembolization was performed
within an interval of 1-4 weeks following diagnostic angiography using glass-based *°Y mi-
crospheres (TheraSphere™). The prescription of activity was derived from the MIRD-based
dose calculation method provided by the manufacturer (Boston Scientific Corporation,
Marlborough, MA, USA, former BTG plc, London, UK, former Nordion Inc., Ottawa, ON,
Canada) to achieve a standard target dose of 100-120 Gy. The liver was treated in a sin-
gle session (unilobar, n = 23, whole liver, n = 1) or in a sequential lobar fashion (n =23
patients). Post-treatment *°Y bremsstrahlung imaging was performed to document target
accumulation. Parameters for liver function (albumin, bilirubin, AST/ALT, INR, ascites)
were determined before as well as 4 and 12 weeks after each SIRT. Hepatic toxicity was
classified according to the Common Terminology Criteria for Adverse Events Version
5.0 (CTCAE v.5.0). Morphological response to SIRT was assessed using contrast-agent-
enhanced computed tomography (CT, early arterial and venous phase) 3 months after SIRT
using modified response criteria in solid tumors (mRECIST) [46,47].

4.3. Statistical Analysis

Statistical analyses were performed using the SPSS software package version 29.0
(IBM, Armonk, NY, USA). Graph-Pad Prism version 10.1 (GraphPad Software, San Diego,
CA, USA) was used to plot graphs. The results were presented as mean + standard
deviation for continuous variables; categorical variables are presented as frequencies
with respective percentages. The association of treatment-induced hepatic toxicity (grade
I-IV) with the baseline characteristics of the study population, number of previous TACE
sessions, and administered activity were examined, applying non-parametric tests for
independent samples as well as multiple regression analysis. Survival assessment from
the start of radioembolization was performed using the Kaplan—-Meier method. Overall
survival (OS) was assessed from the first radioembolization session, and the death of
patients was considered as an event for OS irrespective of the cause. Survival outcomes
were stratified by various variables and compared using the log-rank test. Multivariate
analysis (Cox proportional hazards model) was performed with those variables showing at
least a trend (p < 0.1) of influence on the univariate analysis (log-rank test). A p value < 0.05
was considered significant.

5. Conclusions

SIRT with glass microspheres is an effective salvage treatment in patients with pro-
gressive HCC refractory to TACE who are ineligible for treatment with sorafenib. SIRT
provides disease stabilization and improves survival. The rate of significant hepatotoxicity
was acceptable, considering the lack of alternative treatment options. Furthermore, the
number of previous TACE sessions should not preclude the consideration of SIRT in heavily
pre-treated patients fulfilling the established prerequisites.
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Abstract: Molecular Radiation Therapy (MRT) is a valid therapeutic option for a wide range of
malignancies, such as neuroendocrine tumors and liver cancers. In its practice, it is generally
acknowledged that there is a need to evaluate the influence of different factors affecting the accuracy
of dose estimates and to define the actions necessary to maintain treatment uncertainties at acceptable
levels. The present study addresses the problem of uncertainty propagation in OY_PET quantification.
We assessed the quantitative accuracy in reference conditions of three PET scanners (namely, Siemens
Biograph mCT, Siemens Biograph mCT flow, and GE Discovery DST) available at three different
Italian Nuclear Medicine centers. Specific aspects of uncertainty within the quantification chain have
been addressed, including the uncertainty in the calibration procedure. A framework based on the
Guide to the Expression of Uncertainty in Measurement (GUM) approach is proposed for modeling
the uncertainty in the quantification processes, and ultimately, an estimation of the uncertainty
achievable in clinical conditions is reported.

Keywords: 20Y; PET; dosimetry; radionuclide therapy; quantitative accuracy; uncertainty analysis;
MRT; scanner; multicenter

1. Introduction

Over the last two decades, there has been a massive increase in the development and
use of radiopharmaceuticals for treating cancer, and the number of Molecular Radiation
Therapy (MRT) treatments worldwide is soaring at an unprecedented rate [1]. Despite
growing awareness of the expansion rate of MRT practice, it is generally recognized that
quantitative imaging in MRT suffers from considerable inaccuracy and that dosimetry is
significantly affected by uncertainties at every step of the dosimetric workflow [2-5]. As a
consequence, when compared with conventional external beam radiotherapy, in which
there are internationally agreed requirements for dose accuracy (<3% of a reference value),
dosimetry in MRT still needs collaborative efforts to bring dosimetry practice to an accept-
able standard.

In past years, two major international collaborative EURopean Association on national
METrology institutes (EURAMET) projects have addressed the issues of traceability, accuracy,
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and uncertainties in MRT practice, developing some innovative solutions and proposing new
approaches to the problem. The Metrology for Molecular Radiation Therapy (MetroMRT)
project [6], concluded in 2015, aimed to develop the background metrology to support routine
individual MRT patient dosimetry. The project identified major sources of error in the metro-
logical processes involved in the evaluation of the absorbed dose and assessed uncertainty
budgets in the dosimetric workflow. The following Metrology for Clinical Implementation
of Dosimetry in Molecular Radiotherapy (MRTDosimetry) project [7] built on the results
and outputs from the preceding MetroMRT project and ran for three years, finishing on
31 May 2019. These pan-European initiatives brought together expertise in metrology and
nuclear medicine research to address the problem of the clinical implementation of dosimetry
in molecular radiotherapy. With this in mind, both projects assessed the major processes
and variables within the dose calculation procedure, evaluating their potential effect on the
output result.

Quantitative “Y-PET imaging has received much attention in the past decade [8-12],
and the assessment of uncertainties in relation to the dose measurement chain (i.e., from a
primary standard to a dosimetry calculation platform) has become a central issue for the
evaluation of the efficacy and toxicity of Transarterial Radioembolization (TARE) [13-17].
Of note, one of the specific objectives of the MRTDosimetry project was to assess the internal
pair production branching ratio and emission probabilities of *’Y, with the aim to enable
improved quantitative imaging accuracy and dose estimation. The reason is that an accurate
determination of the branching ratio for pair production is essential for accurate quantification
and dosimetry.

Furthermore, recent studies carried out in the context of the above-mentioned EURAMET
projects have addressed the issue of assessing an accurate uncertainty propagation schema
in the quantification process [3] and in the dosimetry workflow [2]. D’Arienzo and Cox [3]
performed uncertainty analysis in the calibration of an emission tomography system for
quantitative imaging. In their study, using the general formula given in the Guide to the
Expression of Uncertainty in Measurement (GUM) [18,19] for aggregating uncertainty compo-
nents, the authors derived a practical relation to assess the combined standard uncertainty
for the calibration factor of an emission tomography system. In another study, Gears and
colleagues [2] proposed a comprehensive and accurate uncertainty propagation schema to
evaluate the standard uncertainty in absorbed dose to a target. The paper has been published
as an EANM guideline on uncertainty analysis for MRT absorbed dose calculations.

The aim of the present study is twofold. Firstly, it attempts to identify and describe a
traceable validation procedure for “Y-PET quantitative imaging in reference conditions.
Secondly, the present research focuses on the problem of uncertainty propagation in the
quantification workflow. As uncertainties propagate along each step of the quantification
process, establishing a reliable scanner calibration procedure is essential to accurate activity
quantification. With this in mind, we assessed the quantitative accuracy in reference condi-
tions (cylindrical uniform geometry) of three PET scanners available at three different Italian
Nuclear Medicine centers (namely, TOF Siemens Biograph mCT, TOF Siemens Biograph
mCT flow, and GE Discovery DST). Specific aspects of uncertainty within the quantification
chain have been addressed, including the uncertainty in the calibration procedure.

In the present paper, the three centers are referred to as indicated in Table 1. The work-
flow was organized as follows:

1.  Three PET scanners available at three Italian centers were calibrated with the aim to
recover the °Y activity from °Y-PET images. For all the PET scanners, the calibra-
tion procedure was performed using a water phantom uniformly filled with a known
concentration of '8F-FDG to correlate the count rate to the phantom activity (Section 2.1).

2. After the calibration, for each scanner, a uniform cylindrical phantom containing *°Y
was prepared with the aim to assess the quantitative accuracy of the scanner in refer-
ence conditions. Each uniform phantom was prepared following a traceable calibration
methodology (Section 2.2). For the first two centers (GH, IRST), accurate activity
concentration measurements of a stock °Y radionuclidic solution were performed
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directly at the hospital using the ENEA-INMRI portable Triple-to-Double-Coincidence
Ratio (TDCR). For one center (SMG), the activity concentration of the stock solu-
tion was measured using the on-site dose calibrator, traceable to a primary standard
(Section 2.3).

3. Finally, the ability of each scanner to recover the activity concentration on the uniform
phantom was assessed taking into account all possible correction factors (Section 2.4)
and sources of uncertainty in the quantification processes (Section 2.5). The two TOF
PET scanners available at the GH and IRST sites directly supported *°Y as a viable
PET radionuclide, while *°Y was not present in the list of radionuclides accepted by
the PET scanner available at the SMG center.

4. Ultimately, a framework is proposed for modeling the uncertainty in the quantification
processes, along with an estimation of the uncertainty achievable in clinical conditions
(Section 4).

In this study, the quantitative accuracy of “’Y-PET/CT was assessed on the following

scanners (Table 1):

¢ Siemens Biograph mCT Flow: TOF PET/CT scanner (Siemens Medical Solutions,
USA) available at IRCCS—Istituto Scientifico Romagnolo per lo Studio dei Tumori
(IRST) “Dino Amadori” (Meldola, Italy);

*  Siemens Biograph mCT: TOF PET/CT scanner (Siemens Medical Solutions USA) avail-
able at Fondazione Policlinino Universitario Agostino Gemelli IRCCS (Rome,Italy)

*  GE Discovery DST BGO scanner (General Electric, Milwaukee, WI, USA) available at
Ospedale Santa Maria Goretti (Latina, Italy)

Table 1. Italian centers participating in the study, along with their scanners and related calibra-

tion source.

Site Scanner Model 90Y-Supported PET Calibration Source
Santa Maria Goretti Hospital (SMG), GE Discovery DST (General No Cylindrical phantom, 18F solution
Latina * Electric, Milwaukee, WI, USA) (2% uncertainty, k = 1)
TOF Siemens Biograph mCT Cylindrical phantom, 18F solution
: : i grap y P ,
Gemelli Hospital (GH), Rome (Siemens Medical Solutions USA) Yes (1.7% uncertainty, k = 1)
TOF Siemens Biograph mCT Flow Cylindrical phantom, 18F solution
i grap y P ,
IRST Tumor Center (IRST), Meldola (Siemens Medical Solutions USA) Yes (1.7% uncertainty, k = 1)

 The GE Discovery DST scanner used in the present study does not provide an option for specifying imaging-
related parameters for the °°Y radionuclide. ¥ Siemens Biograph mCT scanners support *°Y as a viable radionuclide
option (i.e., Y is available from the scanner console’s radionuclide list).

2. Materials and Methods
2.1. Absolute Scanner Calibration

Absolute activity calibration factors are required to convert voxel values into a measure
of absolute activity per voxel. A standard source configuration is generally recommended
consisting of a phantom containing a known homogeneous activity concentration. The latter
can be measured with the on-site dose calibrator. Traceability to the national standards
laboratory for the geometry being measured is essential for activity determination and for
uncertainty reduction. However, if activity is determined by a national laboratory, the final
uncertainty can be reduced significantly.

Generally, all manufacturers have a standard procedure for the acquisition of radioac-
tivity concentration calibration data, and PET absolute activity calibration is referred to
in different terms by different manufacturers (e.g., well-counter calibration, radioactivity
calibration factors, or SUV calibration). All PET scanners reported in Table 1 were calibrated
using a traceable cylindrical phantom filled with a known amount of 8F (10 min-long scan
for each calibration procedure).
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The decay-corrected scanner calibration factor, f, can be defined as in Equation (1) [20]:

Rc[counts]
kB
e[t
with R representing the total counts inside a given Volume Of Interest (VOI) of the

calibration phantom and A, the decay-corrected activity concentration in the calibration
phantom, given by [21]:

Ag (Tcal —Tp ) <Tl/2> |: < Tacq ):|
Ac= —exp| —In2 | =& | |1 —exp| — In2 2
¢ Vph p T1/2 In2 P T1/2 ( )

Ay is the radionuclide activity used in the calibration procedure,
Vpn, is the volume of the phantom used in the calibration procedure,
Tp is the acquisition start time,

T, is the reference calibration time,

Ty /, is the radionuclide physical half-life, and

Tacq is the acquisition duration.

f= )

where

Equation (2) shows that accurate and precise activity measurements of the quantity Ay
are an essential pre-requisite of quantitative imaging and dosimetry. The 8F activity (A in
Equation (2)) was measured using on-site dose calibrators, traceable to primary standards.
Activity concentration measurements were performed with an accuracy within 1.7% (at k =
1 level) for the GH and IRST center and 2% (at k = 1 level) for the SMG center (Table 1).

2.2. Preparation of a Traceable Phantom for °Y-PET Studies

Quantitative imaging studies rely on phantoms containing a traceable amount of
activity concentration. As a general rule, the preparation of a calibrated phantom may be
prone to a number of uncertainties. However, the preparation of reference phantoms with
a metrological approach provides traceability to measurement results.

In the present study, Diethylenetriaminepentaacetic Acid (DTPA) at a concentration
of about 50 pug/g was used to prevent radioactive °Y from sticking to the phantom walls
and to guarantee a homogeneous radionuclide solution. A cylindrical uniform phantom
(without any insert) was pre-filled with this carrier solution 12 h prior to the addition of
YCl3, thereby contributing to sealing the phantom’s inner walls and reducing sticking or
plating activity.

The knowledge of the P°Y activity concentration is required to assess the calibration
factor (f) through Equation (1). Therefore, accurate volume measurements were required
for accurate activity concentration estimates. The volume V of a liquid solution can
be conveniently assessed from mass measurements using a calibrated balance and then
introducing the liquid density p as follows:

14 P ®)
where m is the mass of the radionuclide solution. In the present study, we assumed
p =1g/cm?. In order to minimize weighing uncertainties, small masses were measured
using a digital four-decimal place balance provided with a draft shield to prevent air
turbulence. Phantom volumes were assessed by the difference, weighing the phantom
prior to and after its filling.

As a general rule, the significant factors that contribute to measurement uncertainty
across the weighing range are repeatability, eccentricity (the error associated with not
placing the weight in the center of the weighing pan), nonlinearity (the error due to the
nonlinear behavior of the balance upon increasing the load on the weighing pan), and sen-
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sitivity (i.e., systematic deviation). If analytic balances are used for the measurements of
small masses, uncertainties below 0.001% can be achieved.

2.3. Y Activity Concentration Measurements

For the two centers (GH and IRST) using the Siemens Biograph mCT and Siemens Bio-
graph mCT Flow system, accurate activity concentration measurements of the *°Y radionu-
clidic solution were performed on-site using the ENEA-INMRI portable TDCR. The TDCR
method is a primary absolute activity measurement technique specially developed for pure
beta- and pure EC-emitters’ activity determination [22]. The activity concentration of the
stock 2°Y solution was determined with an uncertainty of +-1% (at k = 1 level). For the
center SMG, the activity concentration of the stock Y solution was measured using the
on-site dose calibrator, traceable to a primary standard. In this case, activity concentration
measurements were performed with an accuracy within +2.5% (at k = 1 level).

2.4. Quantitative Imaging on %Y Clinical Acquisitions

In order to validate the calibration procedure, the uniform *°Y cylindrical phantom
(see Section 2.2 for details on the preparation) was imaged, and PET/CT phantom images
acquired by each center were reconstructed as reported in Table 2. Each dataset was
analyzed using the PMOD software (Version 3.9, PMOD Technologies Ltd., Switzerland).
A cylindrical VOI was coaxially outlined at the center of the phantom. To minimize edge
effects, the cylindrical VOI was selected excluding the inner boundaries of the phantom
(3 cm distance from the edges).

Considering that quantification for different positron-emitting radionuclides by PET
systems can be performed with a simple rescaling of pixel values based on (i) the half-life
and (ii) the branching ratio for positron emission of the investigated /injected radionuclide,
the counts within the VOI need to be corrected as described below.

Table 2. PET/CT image acquisition and reconstruction parameters used by the centers.

Site True Y Reconstruction Applied CT Scan
Activity Algorithm Corrections Parameters
Uniformity,
SMG—Latina 3D OSEM attenuation
(GE Discovery 273 kBq/mL (15 subsets, scatter, decay, 120 kV, 60 mAs
DST), 16 h scan 2 iterations) dead-time, and
randomness
Uniformity,
(ECI)_IIJ_SiIZSnHeIES 3D TOF-OSEM attenuation
. 213 kBq/mL (21 subsets, scatter, decay, 120 kV, 50 mAs
Biograph mCT), . . .
1 iteration) dead-time, and
10 h scan
randomness
Uniformity,
I?FSOTF_SI\igiiﬁlsa 3D TOF-OSEM attenuation
Biograph mCT 308 kBq/mL (21 subsets, scatter, decay, 120 kV, 80 mAs

Flow), 10 h scan

1 iteration)

dead-time, and
randomness

2.4.1. Half-Life Correction

In the case of PY clinical imaging, an adjusted decay constant must be introduced in the
system in order to account for the different half-lives of the radionuclide used in the calibration
procedure and that of *°Y. This correction is generally performed by the PET scanner. If the
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scanner does not support this option, a Decay Correction Factor (DCF) must be applied to the
reconstructed data using the surrogate radionuclide X reported in Equation (4) [23]:

TﬂC
T12(X) . 1—exp [—ln(Z) ' Tl/z(qx)}

Tl/2 (9OY) Tm:q

DCF(X — Y) =
1—exp [—ln(Z) T 200V

(4)
|

T1/2(X) being the physical half-life of the radionuclide X and T, the PET acquisition duration.

2.4.2. Branching Ratio Correction

In addition, the number of counts needs to be rescaled by the ratio of the f* emission
probability of the surrogate radionuclide and that of Y. In order to obtain the Y activity
concentration in terms of kBq/mL, the total number of counts in the selected VOI (R) needs
to be ultimately rescaled by the ratio of the f* emission probability of the used radionuclide

(wfsﬁ) and that of 20Y (w/950+y) as:

R- (w§+)
Rooy = (w90y

[counts] (5)
g+ )

where Ropy is the number of counts of °Y assessed on the VOL. For scanners that do not
support Y as a viable radionuclide option, a number of surrogate radionuclides have
been used in the published literature. The GE Discovery DST scanner used in the present
study does not provide an option for specifying imaging-related parameters for the *°Y
isotope, while both Siemens Biograph mCT scanners support °Y as a viable radionuclide
option (i.e., 90Y is available from the scanner console’s radionuclide list).

2.4.3. %Y Quantification

Once the PET scanner has been properly calibrated and *°Y images have been ac-
quired, the absolute 0y activity concentration in any clinical setting, Agl’”, can be assessed
combining Equations (1), (2), and (5):

ae)

w Ry R (W) A Tew — T T Thc
Actin — Y — = 20 ex < cal — 70 an) (—1/2) {1 —ex <— d an)] 6
‘ f R. (wz‘?) Vi P Th/z In2 P Tiy2 (©)

2.5. Evaluation of Uncertainty

The Guide to the Expression of Uncertainty in Measurement (GUM) [19] is the standard
for the evaluation of measurement uncertainty in metrology. Let Q1, Q2, ..., Qy denote a
set of n “input” quantities and Y an “output” quantity or measurand. The GUM considers
the generic measurement model:

Y:f(QllQZI"‘/Qn)/

that is a known functional relationship between the input and the output quantities. Given
estimates g1, 42, . . ., g» of the input quantities, the GUM uses

v=f(q1,92,---,qn)

as the corresponding estimate of Y. Further, given standard uncertainties u(q1), u(q2), ...,
u(qn) associated with g1, 9o, ...,q,, the GUM applies the Law of Propagation of Uncer-
tainty (LPU) to evaluate the combined standard uncertainty u(y) associated with y. For
independent input quantities, the LPU is described by the following expression:
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w2(y) = (jqfl)z () + (j{z)Zuzwz) bt (aajn)zu%qn), %

in which d0f/dg; denotes df /9Q; evaluated at q1,42,...,qx.
Equation (7) was used in the present study to assess the relative uncertainty in the
activity concentration, u( A¢"), as determined by Equation (6).

3. Results

Equation (7) gives the general form for the relative standard uncertainty associated
with y. By applying this relation to Equation (6), the combined standard uncertainty in
the final activity concentration, u(A¢"), can be obtained. D’Arienzo and Cox [3] have
demonstrated that if the acquisition time is much smaller than the radionuclide half-life
(e, Tacq < Ty p, asitis for 20Y), in terms of relative standard uncertainties, the uncertainty
in the calibration factor, f, reduces to:

Ul (f) = uly (R) + uly (Vy,) + 12y (Ao)

Ty — Toy) In272
+ |:(leaz):| {Mfel(TO - Tcal) + u%el(T1/2)} + M%el(Tva)- (8)

where 11,,(R) is the relative uncertainty in the detected counts, u,, (Vph) the relative stan-
dard uncertainty associated with the volume measurement (which typically translates into
weighing of masses) and u,,(Ap) the relative uncertainty in the calibration activity. The
quantity u,.(Ty — Teq) in Equation (8) is the relative standard uncertainty associated with
the time difference between the acquisition start time Ty and the reference calibration time
T.a- The relative time offset between the two clocks used to determine Ty and T, can be
considered representative of i, (Tp — Tcar). Ultimately, ttye1(T1/2) and uye(Tacq) represent
the uncertainty in the radionuclide half-life and the acquisition time, respectively.

The final combined relative uncertainty in the activity concentration, i, (ASH"), can be
obtained by adding in quadrature the relative uncertainties of the branching ratios (w;f+ ),

90 . .
Urel (W ﬁ+Y) and the relative uncertainty on the total detected *°Y counts, u,,;(R.), as:

i
u%el(Atcr m) ~ u%el(R) + u%el(vph) + u%el(AO)

Ty — Tea) In2]7
+ [(leaz)} {M%el(To — Tear) + u%el(Tl/Z)} + ufel(Tva)

90
+ “%el(w§+) + u%el(w/ﬁy) + it (Re)- )

Following the above-mentioned procedure, we validated the vendor calibration pro-
cedure assessing the ability of each PET scanner to accurately recover the °Y activity
concentration in the uniform *°Y phantom. Overnight PET acquisitions of the uniform
phantoms (Figure 1) were performed.

Table 3 compares the reconstructed *°Y activity concentrations versus the measured
values for each center, while Table 4 reports the relative uncertainties computed for each
center, together with the relative activity uncertainty based on Equation (9).
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Figure 1. “°Y-PET acquisition of the uniform phantom on the Siemens Biograph mCT Flow.

Table 3. “°Y-PET quantitative accuracy for each center. The *°Y true phantom activity concentration
was measured with the on-site dose calibrator for the SMG hospital and with the portable ENEA
TDCR for both the IRST and GH centers. Uncertainties in the true phantom activity are reported with
a coverage factor of k = 1.

GE Discovery DST Siemens Biograph Siemens Biograph

(SMG) mCT Flow (IRST) mCT (GH)
True phantom A, (273 £7) kBq/mL (308 +3) kBq/mL (213 +2) kBg/mL
Recovered A, (257 £17) kBq/mL (325 £ 24) kBq/mL (207 £12) kBq/mL
Deviation —5.9% +5.5% —2.8%

Table 4. VY-PET quantitative accuracy in the uniform cylindrical phantom. Relative uncertainties
evaluated for each center and variables considered in this study.

Uncertainty GE Discovery DST Siemens Biograph Siemens Biograph
Component (SMG) mCT Flow (IRST) mCT (GH)
el (Re) 0.5% 0.5% 0.5%
e (R) 6.2% 7.0% 5.5%

trel(Vipn) 0.5% 0.5% 0.5%

trel (Ap) 2.0% 1.7% 1.7%

el (To) 0.1% 0.1% 0.1%
trel(Tear) 0.1% 0.1% 0.1%
trel(T1/2) 0.1% 0.1% 0.1%
tyel (Tacq) 0.1% 0.1% 0.1%
et (W) 1.2% 1.2% 1.2%
tre1 (W} ) 0.2% 0.2% 0.2%
Acquisition time 16h 10h 10h
e (ASM) 6.6% 7.3% 5.9%
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The uncertainty in the number of counts, u(R), can be determined with different
approaches, depending on the counting statistics. Assuming that the process is dominated
by Poisson distributed noise, the uncertainty on the total detected counts can be considered
equal to the square root of the total number of detected counts (i.e., u(R) = v/R). As a
general rule, "8F-PET imaging is well described by a Poisson-like distribution. Therefore, in
this study, the relative uncertainty in the total counts inside a given VOI of the calibration
phantom was determined as u,,(R.) = v/R./R.. In particular, u,,;(R.) was conservatively
estimated to be about 0.5% for all centers. In fact, the calibration procedure is generally
performed using '8F and collecting at least 10 counts in the VOI. However, this approach
should be used with caution for low counting statistics, as in the case of 90Y-PET, where ex-
tremely low count rates are generally observed especially during clinical acquisitions. In the
present study, the uncertainty in the *°Y reconstructed images, u(R), was determined in
terms of the Coefficient Of Variation (COV) (i.e., the ratio of the standard deviation (sd) to
the mean value, i.e., u,,/(R) = sd/R). The uncertainty in the volume of the phantom used
in the calibration procedure, urel(Vph), was estimated to be about 0.5%. The uncertainty in
the calibration activity, ue (Ap), was determined to be 2.0% (k = 1) for the SMG center and
1.7% (k = 1) for IRST and GH. All participating centers measured the calibration activity
using the on-site radionuclide dose calibrator traceable to national laboratories. Methods to
determine dose calibrator uncertainty are extensively described by Gadd et al. [24]. With a
conservative approach, the uncertainty in tye] (Teg1), trel(T0), tirel(Tacq), and tye (Th/2) was
assumed to be in the order of 0.1%. Ultimately, the uncertainty in the decay branching ratio

of urel(wzgy) and urel(w§+) was assumed to be 1.2% [25] and 0.2% [26], respectively.

The relative difference in the reconstructed activity concentration varied from —5.9%
(SMG) to +5.5% (IRST). Of note, the two centers (GH and IRST) operating with the same
PET scanner used different post-reconstruction Gaussian filter sizes (i.e., 6 mm for GH and
2 mm for IRST). Most likely, the lower uncertainty in the counts associated with the GH
center (ug = 5.5%) can be attributed to the use of a larger Gaussian filter, responsible for a
greater smoothing of the image. This ultimately resulted in an overall lower uncertainty on
the recovered activity, u,,;(AS™) (5.9% vs. 7.3%; Figure 2 and Table 4).

400
® Activity concentration from 90Y-PET acquisitions

380 | o Measured activity concentration N

360 -
€ 340 | -
S - 325 kBag/ml 1
g 320 — 308 kiq/ml Ure/= 7.3% -
8 300 | -
'ﬁ F 273 kBg/mi 1
= 280 -
s [ ¢ ]
§ 260 |- ‘ i
o o : -
> 240 | : T 207 kBg/ml i
= | m = 9
£ 0 | P 213 kBg/ml  Urel= 5:9%
2 B i Urg|= 6.6% . T

200 { -

180 F -

160 -

SMG IRST GH
Non-TOF GE discovery DST ~ TOF Siemens mCT Flow TOF Siemens mCT
(16 hours acquisition time) (10 hours acquisition time) (10 hours acquisition time)

Figure 2. Comparison of recovered activity concentration values in the uniform phantom versus true
activity concentration values at the three Italian sites. Acquisition time: 16 h for SMG; 10 h for IRST
and GH.
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Figure 3 compares the activity concentration recovered with the PMOD 3.9 software
(Ac,pmop) in the uniform phantom imaged at the GH center with the activity concentration
provided by the supplier (£5% uncertainty at the k = 1 level (A1) and the activity
concentration measured with the ENEA-INMRI portable TDCR system (£1.0% at the k =1
level (A.,rpcRr))- For the same center, Figure 4 shows the relative standard deviation in the
recovered activity concentration as a function of the acquisition time. A total of thirteen
acquisitions were performed: from 30 min to 4 h (increasing each new acquisition by 30 min)
and from 4 h to 10 h (increasing each new acquisition by 1 h). Of note, for typical clinical
acquisitions (30 min), the COV is in the order of 30% due to the extremely low counts and
high random fraction associated with *°Y-B* decay. This may possibly introduce a relevant
source of uncertainty in patient dosimetry.

60p—T——T T T T T T T T T 1

250 | i
=
E 20| |
O
m
=
c 230 | ®
k) .
©
S 220 |
2 3 ]
(o]
(8]
> 210 1
> 7]
k3]
< 200 |

190 |

& I,QQQ\ S
v.og\x‘ L'l ?“ﬁ

Figure 3. An example of activity concentration assessment performed during the study. The activity
concentration recovered with the PMOD 3.9 software (A, ppop) in the uniform phantom imaged at
GH was compared with the activity concentration provided by the supplier (A, pp1) (£5% uncertainty,
coverage factor of k = 1) and the activity concentration measured with the ENEA-INMRI portable TDCR
portable system (A, rpcr) (£1.0%, coverage factor of k = 1). All activity concentration values lie within
the stated uncertainties, with the latter method (TDCR) providing the most-accurate measurement.
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Figure 4. COV evaluation of the activity concentration versus PET acquisition time. Acquisition on
the cylindrical phantom uniformly filled with *°Y.

4. Discussion

The determination of the absorbed dose in MRT practice is an essential part of the
management of the treatment of each individual patient. In fact, it is a requirement in
EC Directive 97 /43 Euratom, which states that, for radiotherapeutic purposes, “exposures
of target volumes shall be individually planned” . The purpose of this study is to establish a
traceable workflow for accurate quantitative °Y-PET imaging with the intention of relating
the uncertainty of the output quantity (recovered activity concentration) to the uncertainty
of the input data. In fact, in clinical practice, quantitative data are used for radiation dose
assessment; therefore, uncertainties in the initial quantities propagate directly into the dose
calculation.

The issue of the role and involvement of metrology institutes in quantitative imaging
and the entire dosimetric process is not new and has been addressed by several authors in
past [4,6,7] and recent [27] research. In conventional External Beam Radiotherapy (EBRT),
individual patient dosimetry is mandatory, strictly controlled according to agreed protocols,
and there is full traceability to primary standards. In contrast, for nuclear medicine, the role
of the metrology institutes is less clear and the calculation of the administered absorbed
doses is not traceable in the same manner as EBRT [27]. The need for metrology support is
particularly true for difficult-to-measure radionuclides such as *°Y [27].

In the present study, the low counting statistics related to *°Y-PET acquisitions (i,e (R)),
the uncertainty of the source activity used in the PET system calibration (i, (Ap)), and the
uncertainty in the °°Y internal pair production branching ratio (ire (wzgy)) are the main
factors contributing to the final uncertainty of the recovered activity concentration.

The issue of poor image quality related to the low counting statistics associated with
the *°Y internal pair production has already been addressed in several literature works and
will not be covered here. The reader is referred to [28-31] for further insights

Past research [32] showed the measurement of the calibration factor as being one of
the major sources of uncertainties in the dose measurements (together with the uncertainty
related to the positive bias due to the intrinsic radioactivity of scanner’s crystals). In this
work, thanks to the long acquisition time, the relative uncertainties in the recovered *°Y
activity concentration were found to be in the range of ~6-7% depending on the scanner
model and, most importantly, on the availability of the TOF technology. It should be noted
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that, in the present study, the overnight phantom acquisition reflected a relatively uniform
image, thereby providing a coefficient of variation in the counting statistics (u,1(R)) (Equa-
tion (9)) in the order of 5.5-7%. In clinical conditions, a shorter acquisition time is likely to
produce larger uncertainties, which may impair both qualitative and quantitative results.

Most notably, few researchers have addressed the importance of phantom prepara-
tion. In a past study, Sunderland and colleagues [33] demonstrated that technical error in
phantom filling is one of the primary reasons for the exclusion of PET/CT scanners from
clinical trials. In addition, the adsorption of radionuclides on the inner walls of plastic
phantoms may lead to an inhomogeneous radionuclide distribution, which can negatively
affect quantitative imaging studies [34]. Therefore, the preparation of a carrier solution is
recommended. The use of tap water should be avoided as minerals and other chemical
impurities might stick to the phantom walls or combine with the radiopharmaceuticals,
changing the radionuclide distribution. For “°Y-PET studies, “°YCl; in an aqueous solu-
tion of 0.1 mol/dm? hydrochloric acid also containing inactive Yttrium at a concentration
of about 50 ug/g can be used as a carrier solution. Alternatively, Diethylenetriamine-
pentaacetic Acid (DTPA) or Ethylenediaminetetraacetic Acid (ETPA) at a concentration
of about 50 pg/g can be used to prevent radioactive *°Y from sticking to the phantom
walls and to guarantee a homogeneous radionuclide solution. It is recommended that all
containers be pre-filled with the carrier 12 h prior to the addition of radioactive *°YCl;.
This will help to “seal” the surface and reduce sticking or plating activity. All containers
should be emptied, dried, and the used carrier discarded before activity is added. As a
general rule, the preparation of a stock solution is recommended. Radioactive Y provided
by the supplier should be diluted using the carrier solution to the desired volume and
concentration. The activity concentration should be determined by measuring an aliquot
of the stock solution in terms of the activity per unit mass (or volume). This can then be
used to determine the activity of all subsequent sources produced from this stock solution.
Filling of the phantoms should be performed using a calibrated (preferably four decimal
places) analytic scientific scale and with routine double or triple weighting of the sources.
The overall uncertainty in the activity concentration determined using this method is de-
pendent on the precision of the scale being used, as well as the accuracy of the method used
to determine the activity concentration of the solution. Radioactivity should be dispensed
using calibrated pipette devices or syringes and ensuring that no air bubbles remain in the
phantom. If large background volumes are used for calibration purposes, the phantom
can be filled with non-radioactive water to measure the fillable volume (and to confirm
the phantom is watertight with no leaks). When filling large phantom volumes, a funnel
should be used. When the phantom is nearly full, the funnel can be removed and a syringe
used to complete the filling process, thereby preventing spillage of radioactive water from
the background compartment.

One of the major drawbacks of quantitative imaging with °°Y microspheres is related
to the quick microsphere sedimentation over time. Therefore, in order to have a homo-
geneous solution, phantom calibration studies need to be performed with *°Y chloride
(*®YCl3) instead of *°Y microspheres. The instrument typically used to measure the ad-
ministered activity to patients in nuclear medicine procedures is the radionuclide dose
calibrator. Recent [35-37] and previous [38] findings reported difficulties of measuring
Y chloride and other beta emitters using clinically available ionization chambers. This is
because dose calibrators available in the clinical nuclear medicine contextperform activ-
ity measurements of beta-emitting radionuclides indirectly, by detecting bremsstrahlung
emissions. Bremsstrahlung production is highly dependent on the source material, its
container, and the calibrator chamber wall. The ionization current also depends on the
probability of electron detection within the chamber, which varies with electron energy
and individual dose calibrator construction. Moreover, slight variations in the container
wall thickness, solution volume, or location within the well can lead to an increase in the
overall assay uncertainty when using the manufacturer-supplied calibration factor, which
is typically traceable to national standards. For activity measurements of “*YCl; at a clinical
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level, it is expected that radionuclide dose calibrators provide accuracy within £5% (at k =
2 level) [24,39]. However, if the activity is determined by a national metrology institute,
uncertainty on the activity concentration can be reduced dramatically. Primary activity
standards for *°Y are widely available, and measurement uncertainties below 1% can be
achieved [40,41].

Ultimately, another key factor impacting the achievable quantitative accuracy is the
uncertainty in the *°Y branching ratio. In 2007, Selwyn et al. [42] determined the branching
ratio related to /B~ pair production during *°Y decay to be (31.86 & 0.47) x 10~°, fol-
lowing de-excitation from the 0" excited state of *°Zr. Recently, the internal pair production
branching ratio of *’Y was experimentally determined by the Czech Metrology Institute
(CMI) and the National Institute of Standards and Technology (NIST). Dryak and Solc [25]
provided a branching ratio of (32.6 - 0.4) x 107°. Along the same lines, Pibida and col-
leagues [43] estimated the internal pair production branching ratio to be (32 +1.5) x 107°
(k = 1), resulting in being within one standard uncertainty with the recommended value of
(32.6 £0.7) x 107° (k = 1) from the Decay Data Evaluation Project (DDEP) database [26].

Accurate determination of the absorbed dose from “°Y-PET requires accurate evalua-
tion of the radiopharmaceutical localization, adding considerable additional complexity to
the dosimetry workflow. The translation of “°Y-PET quantitative data into an accurate dose
distribution within the patient is complex, and at present, there is no clear understanding
or quantification of the uncertainty involved in *°Y-PET image-based dosimetry in clinical
conditions. For clinical reasons, an overall uncertainty below 10% is desirable, and future
research should be devoted to identifying major sources of error in the processes involved
in the measurement of the absorbed dose and quantify them in terms of the modeling and
uncertainty analysis.

5. Conclusions

In this study, we have proposed a workflow for 90Y-PET validation, along with a proce-
dure to assess the uncertainty in the recovered activity, based on the law of propagation of
uncertainties (GUM uncertainty approach). In this work, the relative standard uncertainty
in the recovered activity was in the range ~6-7%. However, the shorter acquisition time
generally used during clinical acquisition is likely to produce larger uncertainties, which
may impair both qualitative and quantitative results. More generally, the low counting
statistics related to °Y-PET acquisitions, the uncertainty of the source activity used in the
PET system calibration, and the uncertainty in the °Y internal pair production branching
ratio appear to be the main factors contributing to the final uncertainty of the recovered
activity concentration.
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Abbreviations

The following abbreviations are used in this manuscript:

MRT Molecular Radiation Therapy
MetroMRT Metrology for Molecular Radiation Therapy
MRTDosimetry  Molecular Radiation Therapy Dosimetry
TARE Transarterial Radioembolization
GUM Guide to the Expression of Uncertainty in Measurements
EANM European Association of Nuclear Medicine
TDCR Triple-to-Double-Coincidence Ratio
DTPA Diethylenetriaminepentaacetic Acid
PET Positron Emission Tomography
TOF Time Of Flight
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Abstract: Background: Osteosarcoma (OS) represents the most common primary bone tumor in
humans and in companion dogs, being practically phenotypically identical. There is a need for
effective treatments to extend the survival of patients with OS. Here, we examine the dosimetry in
beagle dogs and cross-reactivity with human tissues of a novel human antibody, IF3, that targets
the insulin growth factor receptor type 2 (IGF2R), which is overexpressed on OS cells, making it a
candidate for radioimmunotherapy of OS. Methods: [3°Zr]Zr-DFO-IF3 was injected into three healthy
beagle dogs. PET/CT was conducted at 4, 24, 48, and 72 h. RAPID analysis was used to determine the
dosimetry of ['77Lu]Lu-CHXA”-IF3 for a clinical trial in companion dogs with OS. TF3 antibody was
biotinylated, and a multitude of human tissues were assessed with immunohistochemistry. Results:
PET/CT revealed that only the liver, bone marrow, and adrenal glands had high uptake. Clearance
was initially through renal and hepatobiliary excretion in the first 72 h followed by primarily physical
decay. RAPID analysis showed bone marrow to be the dose-limiting organ with a therapeutic range
for 177Lu calculated to be 0.487-0.583 GBq. Immunohistochemistry demonstrated the absence of
IGE2R expression on the surface of healthy human cells, thus suggesting that radioimmunotherapy
with ['77Lu]Lu-CHXA”-IF3 will be well tolerated. Conclusions: Image-based dosimetry has defined
a safe therapeutic range for canine clinical trials, while immunohistochemistry has suggested that the
antibody will not cross-react with healthy human tissues.

Keywords: IGF2R; osteosarcoma; image-based dosimetry RAPID; 8 Zr; 177 Lu; tissue cross-reactivity;
PET/CT

1. Introduction

Osteosarcoma (OS) represents the most common malignant primary bone tumor in
dogs and humans and is responsible for 85-98% of malignancies forming in the skeleton
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in dogs [1] and 55% in children and adolescents [2]. Canine OS carries a poor prognosis
with approximately 90% of affected dogs developing pulmonary metastases. The median
survival time of dogs treated with amputation alone is only 4 months [3]. In human patients,
the overall survival has similarly plateaued at approximately 70% with no meaningful
improvement achieved within the last 25 years [2]. Thus, new therapeutic approaches to
treating OS are urgently needed for both human and canine patients. The significance of
the current study is the evaluation of a human antibody as a potential radioimmunotherapy
agent for OS in vivo in canines and in vitro in human tissues.

A decade ago, insulin growth factor receptor type 2 (IGF2R) was identified as being
overexpressed on the surface of all commercially available and human patient-derived OS
cells [4]. These findings were later expanded to 34 consecutive cases of dogs with OS with
all of them displaying some degree of IGF2R expression in the majority of the neoplastic
osteoblasts [5]. As murine antibodies are not suitable for clinical trials in human patients
because of immunogenicity issues, we created and molecularly characterized novel human
antibodies to IGF2R that bind to human, canine, and murine forms of IGF2R [6]. The
binding of these human antibodies to murine IGF2R would enable the initial evaluation
of RIT efficacy and safety in mice with human OS xenografts, while the binding to canine
IGF2R would afford a comparative oncology approach by treating OS-afflicted companion
dogs with RIT. We have subsequently evaluated one of these antibodies, IF3, in severe
combined immunodeficiency (SCID) mice bearing canine OS xenografts. In vivo single
photon emission computed tomography/computed tomography (SPECT/CT) imaging
revealed uptake of the IF3 antibody in the neoplastic cells of these xenografts [7]. When
radiolabeled with therapeutic radionuclide 17”Lu, the IF3 antibody significantly slowed
down the growth of the xenograft tumors [7]. However, the biodistribution of IF3 in a
larger animal model such as dogs and its potential cross-reactivity with human tissues
remained to be investigated.

It is critical to study the safety and efficacy of theranostic agents that deliver ther-
apeutic agents near organs at risk, particularly lymphoid organs (bone marrow, spleen,
thymus, draining lymphatics). Furthermore, dosimetry calculations using canines should
be more reliable for extrapolation to humans than mouse models. Here, we addressed
the need for biodistribution and dosimetry data as well as for antibody cross-reactivity by
performing image-based dosimetry estimations for ['””Lu]Lu-CHXA”-IF3 antibody derived
from the positron emission tomography/computed tomography (PET/CT) imaging of
healthy beagle dogs with [¥Zr]Zr-DFO-IF3 using PET/CT as well as tissue cross-reactivity
evaluation of IF3 antibody with normal human tissues.

2. Results
2.1. [89Zr]Zr-DFO-IF3 Antibody Demonstrated Urinary and Hepatobiliary Excretion

Figure 1A,B shows the urinary and hepatobiliary excretion of [¥Zr]Zr-DFO-IF3 after IV
administration to the dogs. Most of the excretion took place within 73 h after administration,
while after hours physical decay was primarily responsible for the elimination of 8Zr. The
dose rate at 30 cm from the dog’s body surface fell from 12 uSv/h right after [3°Zr]Zr-
DFO-IF3 administration to 5 uSv/h at 48 h post administration (Figure 1C), which would
allow the dogs to be released to their owners if companion dogs would be used in place of
research dogs.

2.2. PET/CT Imaging Revealed Liver, Adrenals, and Bone Marrow as the Highest Uptake Organs

Figures 2—4 display the maximum image projections (MIPs) of the dogs at four time
points post [8Zr]Zr-DFO-IF3 administration and the pharmacokinetics information de-
rived from those images. The organs with the highest [*°Zr]Zr-DFO-IF3 uptake were, in
decreasing order, the liver, adrenals, and marrow in the spine and the shoulders. The
antibody was quickly cleared from the heart, and its retention in the testis and whole body
was very low.
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Figure 1. Excretion of [3°Zr]Zr-DFO-IF3 after administration to beagle dogs and dose rate at 30 cm
from the canine body surface. (A) Urine measurement via PET. (B) Feces collected over the course of
monitoring. (C) Average dose measured at 30 cm from the dog over isolation period.

4.09h 244h 48.4h 733h
A : :

0 897r-Antibody Activity (SUV) 5.0

41 w244 m484 l73.3|

89Zr-antibody Uptake (suv) 09

Figure 2. (A) F-1—MIPs of PET image volumes. (B) Uptake of [3°Zr]Zr-DFO-IF3 (SUV) in ROIs as a
function of scan times; (C) CT-derived position of dog organs.

148



Pharmaceuticals 2023, 16, 979

A 411h 24.3h 48.2h 73.6h

0 897r-Antibody Activity (SUV) 5.0

16 1 41 m243 m4g2 W36

89Zr-antibody Uptake (SUv) 09

Figure 3. (A) M-1—MIPs of PET image volumes. (B) Uptake of [#°Zr]Zr-DFO-IF3 (SUV) in ROIs as a
function of scan times.
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Figure 4. (A) M-2—MIPs of PET image volumes. (B) Uptake of [¥°Zr]Zr-DFO-IF3 (SUV) in ROIs as a
function of scan times.
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2.3. Image-Based Dosimetry Indicated the Bone Marrow as a Dose-Limiting Organ during RIT
with [/ LulLu-CHXA"-IF3

The results of image-based dosimetry for ['7”Lu]Lu-CHXA”-IF3 are shown in Table 1.
The ['7Lu]Lu-CHXA"-IF3 activity for each dog was estimated with the goal of not ex-
ceeding a 3 Gy absorbed dose to the bone marrow, which is a dose-limiting organ for this
radiopharmaceutical. The therapeutic activities of ['””Lu]Lu-CHXA"”-IF3 were found to be
in the 0.487-0.563 GBq range in beagles.

Table 1. Results of dosimetry calculations for [Y77Lu]Lu-CHXA"”-IF3 for individual dogs.

F-1 M-1 M-2
ROI Rx Dose 0.487 GBq Rx Dose 0.555 GBq Rx Dose 0.563 GBq
(Gy/GBq) ['7Lu]Lu-IF3 (Gy) (Gy/GBq) [ Lu]Lu-IF3 (Gy) (Gy/GBq) [ Lu]Lu-IF3 (Gy)
Heart 2.28 1.11 1.43 0.79 1.66 0.94
Liver 26.89 13.10 23.49 13.04 24.34 13.71
Spleen 5.14 2.51 3.93 2.18 5.31 2.99
Adrenal_left 12.35 6.01 7.42 4.12 9.74 5.48
Adrenal_right 13.52 6.59 9.18 5.10 9.08 5.11
Kidney_left 3.97 1.93 2.75 1.53 2.76 1.56
Kidney_right 5.32 2.59 3.69 2.05 5.41 3.05
Marrow_spine 7.87 3.83 4.44 247 5.00 2.82
Marrow_left_shoulder 6.16 3.00 5.40 3.00 5.33 3.00
Marrow_right_shoulder 6.27 3.05 5.67 3.15 5.00 2.82
Testes - - 0.90 0.50 0.80 0.45

2.4. Healthy Human Cells Do Not Express IGF2R on Their Surface

Biotinylated B-IF3 antibody produced weak to moderate cytoplasmic/cytoplasmic
granule staining of occasional to frequent positive control 143B cells. B-IF3 antibody did not
bind in a specific manner to K7M2 cells, which were utilized as the negative control. In its
turn, the isotype control antibody, B-hIgG1, did not bind in a specific way to either IGF2R-
positive 143B cells or IGF2R-negative K7M2 cells. Taken together, the B-IF3 binding to
143B cells, the absence of its binding to K”M2 cells, and the lack of B-hIgG1 isotype control
antibody binding to either proved the specific and sensitive nature of the cell binding assay.
Figure 5 displays the representative images of several major organs stained with B-IF3
and control B-hIgG1. Supplemental Table S1 summarizes the intensity and frequency of
the staining scores. Binding with B-IF3 was observed in the human tissue panel to the
cytoplasm and/or cytoplasmic granules in the following organs:

e  epithelial cells in the kidney (tubules), large intestine (colon) (mucosa), liver (hepa-
tocytes), mammary gland (breast) (glands), pancreas (islets, acini, ducts), placenta
(trophoblasts), skin (epidermis, sebaceous and sweat glands), small intestine (mucosa),
and stomach (mucosa)

precursor cells in the bone marrow

mononuclear leukocytes in the esophagus, large intestine (colon) (gut-associated
lymphoid tissue [GALT]), ovary, skin, and spleen

Kupffer cells in the liver

spindle cells in the placenta (located in chorionic villi and, most likely, Hofbauer cells)
reticulo-endothelial cells in the spleen

cells of glomerular tufts in the kidney

meningeal cells in the brain—cerebrum (falx cerebri)

arachnoid cap cells in the brain—cerebrum

neurons in the brain—cerebrum, small intestine (ganglia), and stomach (ganglia)
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Figure 5. IHC of human tissues (40x) with biotinylated IF3 antibody and human isotype matching
control hIgG1l. Bone: (A) no staining with B-IF3, (B) no staining with B-hIgG1l. Bone marrow:
(C) positive staining of precursor cells with B-IF3, (D) no staining with B-hIgG1. Liver: (E) positive
staining of Kupffer cells and hepatocytes with B-IF3, (F) no staining with B-hIgG1. Spleen: (G) positive
staining of reticuloendothelial cells with B-IF3, (H) no staining with B-hIgG1. Kidney: (I) positive
staining of glomerular tuft cells with B-IF3, (J) no staining with B-hIgG1. Ovary: (K) positive staining
of mononuclear leukocytes with B-IF3, (L) no staining with B-hIgG1. Placenta: (M) positive staining
of spindloid cells with B-IE3, (N) no staining with B-hIgG1. Large intestine: (O) positive staining of
epithelial cells with B-IF3, (P) no staining with B-hIgG1. Pancreas: (Q) positive staining of islet cells
with B-IF3, (R) no staining with B-hIgG1. Human testis: (S) positive staining of germinal epithelial
cells and interstitial cells with B-IF3, (T) no staining with B- hIgG1.

3. Discussion

As part of the preparation for a clinical trial of OS RIT with ['7”Lu]Lu-CHXA”-IF3
antibody in companion dogs with OS and subsequently in humans, we performed PET/CT
imaging of healthy beagle dogs to enable image-based dosimetry estimations of ['”/Lu]Lu-
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CHXA”-IF3. In addition, the tissue cross-reactivity of IF3 antibody with normal human
tissues was evaluated according to the requirements of the FDA Center for Biologics
Evaluation and Research (CBER) document “Points to Consider in the Manufacture and
Testing of Monoclonal Antibody Products for Human Use”.

The imaging performed over the period of 4 days confirmed hepatobiliary clearance of
IF3 antibody, which is typical for antibodies as this is where antibodies are catabolized [8].
As the accumulation in the liver is not insignificant, it will need be taken into account
for determining future patient dosing regimens to ensure that this organ will continue to
remain non-dose limiting. IF3 did not concentrate in the spleen to any degree (Figures 2—4)
in contrast to previous murine work, confirming that IGF2R expression is specific for the
spleens of Fox Chase SCID mice and, thus, will not be a targeting sink in canine or human
patients. There was also no uptake in the normal bone; however, uptake was observed in
what is believed to be bone marrow, as the majority of the activity is located within the
center of the bone (spine, shoulders). This potentially can be attributed to the osteophilic
properties of the 897Zr catabolites or [¥7Zr]Zr(Ox), [8,9]. As an increase in SUV in both the
shoulder and spine ROI is observed over time (Figures 2—4), it can support osteophilic
catabolite accumulation as a source for this uptake. The RAPID platform used in this
work to perform the image-based dosimetry estimations affords the estimation of absorbed
doses, which will be delivered to normal organs and tumors [8-11]. Very recently, RAPID
was used to calculate the doses of *°Y-small molecule NM600 for treatment of companion
dogs with various advanced cancers [12]. For [Y7Lu]Lu-CHXA”-IF3, RAPID predicted
the bone marrow to be a dose-limiting organ, which is often observed for the variety of
radiotherapeutic antibodies in humans [13] and, based on this prediction, allowed for the
estimation of the projected therapeutic doses of [7/Lu]Lu-CHXA”-IF3 in companion dogs
with OS.

It is generally accepted that the results from clinical trials in dogs in terms of safety and
efficacy can be extrapolated to humans better than any other preclinical models. Companion
canines with spontaneous tumors are attractive comparative models to humans for several
reasons [14,15], including naturally occurring cancers, many with high recurrence and
metastatic potential; strong genetic and molecular target similarities to human cancers;
immune competence and native immuno-editing interactions between the tumor and
host immune system; relevant tumor histologies with intratumoral and inter-individual
heterogeneity; similar environmental carcinogen exposure to human cancers; and a more
natural outbred population compared to inbred rodent model laboratory-derived canine
populations. The inclusion of companion animals in the development and use of novel RIT
agents also has advantages owing to their physical size and spatial distribution of tumors
(primary and metastatic) and normal organs/tissues, which more closely mimics that in
humans with cancer [16].

The analysis of the binding of biotinylated B-IF3 to normal human tissues revealed that
all binding observed with B-IF3 was due to the IGF2R in the cytoplasm with none expressed
on the surface of the normal cells. This is in contrast to the high expression of IGF2R on
the surface of human and canine OS tumor cells [4-7]. As monoclonal antibodies cannot
penetrate through the membranes of live cells, they cannot bind to their respective antigens
located in the cytoplasm, and for this reason, such cytoplasmic antigens do not contribute to
tissue cross-reactivity [17,18]. The observed staining with B-IF3 in mononuclear leukocytes,
Kupffer cells in the liver, bone marrow precursor cells, and neurons was consistent with the
reported expression of IGF2R [19-21]. This is an important observation, which means that
the radiolabeled IF3 antibody will be binding in vivo only to the cancer cells that express
IGF2R on their surface [4-7], while intracellular expression of IGF2R in normal tissue will
remain invisible to the antibody, thus avoiding toxicity to normal tissues.

In the past, several bone-seeking radiopharmaceuticals were tried for treatment of
OS; however, they cannot be of use for treatment of non-osseous metastases [22]. More
recently, two clinical trials have been initiated that will investigate RIT of solid tumors
with antibodies to IGFIR and HER-2 antigens labeled with alpha-emitters 22°Ac and

152



Pharmaceuticals 2023, 16, 979

227Th, respectively (NCT03746431 and NCT04147819) [23]. Such trials will generate useful
information for developing the RIT approach to treatment of OS [23]. While these are
also attractive targets in terms of OS, it is beneficial to have a wide variety of potential
treatments giving clinicians more opportunity to treat individuals who may have different
levels of antigen expression, allowing for a more personalized medical approach.

4. Materials and Methods
4.1. Animal Ethics and Approval

The study design was approved by the University of Saskatchewan’s Animal Research
Ethics Board and adhered to the Canadian Council on Animal Care guidelines for humane
animal use. The study was in compliance with appropriate ARRIVE guidelines.

4.2. Conjugation IF3 Antibody

IF3 human antibody to IGF2R [6] produced at the University of Saskatchewan was con-
jugated to the bifunctional chelator 1-(4-isothiocyanatophenyl)-3-[6,17-dihydroxy-7,10,18,21-
tetraoxo-27-(N-acetylhydroxylamino)-6,11,17,22-tetraazaheptaeicosine] thiourea (p-SCN-
Bn-DFO) (Macrocyclics, Plano, TX, USA) via modified literature methods [24]. In short,
800 png of IF3 was exchanged into carbonate conjugation buffer, pH = 8.5, via spin filtration
(30 kDa molecular weight cut off spin filter) and conjugated to the chelator using a 3-fold
molar excess of p-SCN-Bn-DFO (2 mg/mL in DMSO) and incubated at 37 °C for 1.5 hrs.
The IF3-DFO conjugate was then washed 10 times via spin filtration with 0.5 M HEPES
buffer at 4 °C to remove excess p-SCN-Bn-DFO giving the IF3-DFO conjugate.

4.3. Labeling of IF3-DFO Conjugate

A total of 74 MBq of [%Zr]Zr(Ox), in 1 M oxalic acid (Sylvia Fedoruk Canadian Centre
for Nuclear Innovation, Saskatoon, SK, Canada) was dissolved in 0.5 M HEPES buffer
(which was previously passed through a Chelex-100 column to remove any trace metals)
and neutralized using 1M Na,COs. A total of 400 pg of IF3-DFO was then added to achieve
a 0.185:1 MBq:ug specific activity. The reaction mixture was heated at 37° for 1 h and then
quenched using 3 pL of 0.05 M DTPA solution; the percentage of radiolabeling yield was
measured with instant thin layer chromatography (iTLC) (Agilent Technologies, Santa
Clara, CA, USA) using 0.5 M EDTA as the eluant. The iTLC was cut in half and measured
using a 2470 Wizard2 Gamma counter (Perkin Elmer, Waltham, MA, USA) calibrated for
89Zr emission spectra. Radiolabeling yields were calculated by dividing the counts per
minute at the bottom half of the iTLC CPM by the total counts per minute (top + bottom),
as the labeled antibody has a Rf = 0 vs. Rf = 1 for [¥Zr]Zr-DTPA/EDTA. Radiolabeling
yields were greater than 99%. The radiolabeled antibody was then exchanged into sterile
phosphate-buffered saline (PBS) prior to injection.

4.4. PET/CT Imaging of Dogs

Animals were sedated with acepromazine 0.02 mg/kg combined with butorphanol
0.2 mg/kg IM with a top-up of a quarter to half of the original dose extra if necessary (if
sedation was not adequate). A 20-22 G over-the-needle catheter was aseptically secured
into the cephalic vein, and Ketamine 5 mg/kg combined with Midazolam 0.25 mg/kg
was injected by IV in increments to achieve a surgical plane of anesthesia. The trachea
was intubated with the dog in the sternal position with a cuffed endotracheal tube using
a laryngoscope for visualization. The endotracheal tube was secured to the patient with
k-ling. The endotracheal tube was attached to the anesthetic machine, which delivered
isoflurane at an appropriate concentration to maintain a suitable anesthetic depth using a
rebreathing system. Three doses of 11.1 MBq of purified labeled antibody were prepared
just prior to injection of three beagle dogs: one female (F-1) weighing 10 kg and two
males (M-1 and M-2) weighing 13 kg and 12 kg, respectively. Syringe radioactivity was
measured before and after injection giving a total injected activity of 9.88 MBq, 10.0 MBgq,
and 9.47 MBq for F-1, M-1, and M-2, respectively. PET/CT scans were performed on a

153



Pharmaceuticals 2023, 16, 979

GE Discovery MI DR PET/CT scanner (GE healthcare, Waukesha, WI, USA) at 4, 24, 48,
and 73 h post injection of [3°Zr]Zr-DFO-IF3 (+0.6 h). The animals were immobilized in
sternal recumbency after induction. A 256 x 256 matrix was used, DFOV 40 c¢m, acquired at
7 min/bed position (49-56 min total), immediately following a full body CT (2.5 mm/slice).
The PET/CT images were registered and reconstructed automatically using GE’s Q. Clear
algorithm, a Bayesian penalized-likelihood iterative image reconstruction, a 3 value of 550,
and incorporating PSF and TOF corrections. A whole-body ROI was drawn around the
subject (no excretion was confirmed prior) to confirm that the measured injected activity
was consistent with the PET scanner and found to be £10%.

4.5. Image-Based Dosimetry

Regions of interest (ROI) were drawn manually using the CT data for organ segmen-
tation at each time point using 3D Slicer v5.0.3 (slicer.org) and exported as RTSS DICOM
files for dosimetry analysis. The bone marrow dose was measured by drawing ROI on
each shoulder and the spine as they showed a high amount of activity concentration. The
dose rates were calculated at each of the imaging time points using a Monte Carlo (MC)
dosimetry platform called RAPID (Radiopharmaceutical Assessment Platform for Internal
Dosimetry) [25]. Following acquisition of the entire imaging series, the PET/CT imaging
data were co-registered and resampled to the first time point of the CT image. Next, the
activity concentration in each voxel was decay corrected from the imaging radionuclide
(#Zr) to represent the therapeutic radionuclide (}”/Lu). The processed CT and PET imaging
dataset was used in the MC simulations to define the geometry and source distributions
at each time point, respectively. MC simulations were performed to determine the mean
absorbed dose rate at each time point using the MC code Geant4 v9.6. A total of 8000 decays
were simulated for each activity-rich voxel so that the uncertainty in average voxel dose
rate was 1.07%. The mean absorbed dose rate of the corresponding voxels was integrated
using a trapezoidal method to obtain the mean absorbed dose in each voxel. The estimation
of activity concentration and standardized uptake values (SUV) were calculated in each
ROI at each time point using voxel-level data. SUV was calculated using:

[Avoxel]@Tn / Vioxel
e—ATy
0

SUv =

@)
[Ainjected} @T, /msubject

where [Ayorei]qr, is the tracer radioactivity concentration in ROI voxels at nth time point,
Vioxel 18 the volume of the ROI voxels, {Ainjected] or is the injection activity, A is the decay
0

constant of imaging isotope, T, is the post-injection time, and 1, pje s is the mass weight of
the subject.

4.6. Tissue Cross-Reactivity Study with Biotinylated IF3 with Normal Human Tissues

Biotinylated IF3 (B-IF3) and biotinylated isotype control human higG1 (B-hIgG1)
were generated by adMare Biolnnovations (Vancouver, Canada). The human tissue cross-
reactivity study was performed by Charles River (Morrisville, NC, USA) (Table 2). Cryosec-
tions of human OS 143B cells (ATCC, Manassas, VA, USA) were used as the positive control,
while cryosections of murine IGF2R-negative OS K7M2 cells (ATCC, USA) served as the
negative control. Positive and negative control cells were stored in a freezer set to maintain
—65 °C or below.

A direct immunoperoxidase procedure was performed. Acetone-fixed cryosections
were rinsed twice with PBS, pH 7.2. Slides were then incubated with an avidin solution
for 15 min, rinsed once with PBS, incubated with a biotin solution for 15 min, and rinsed
once with PBS. The slides were then treated for 20 min with a protein block designed to
reduce nonspecific binding. The protein block was prepared as follows: PBS + 1% bovine
serum albumin (BSA); 0.5% casein; 1.5% human gamma globulins (HGG); and 1 mg/mL
heat aggregated human gamma globulins (HAHGG) (prepared by heating a 5 mg/mL
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solution to 63 °C for 20 min and then cooling to room temperature). Following treatment
with the protein block, the biotinylated primary antibodies (B-IF3, B-hIgG1, or none [buffer
alone as the assay control]) were applied to the slides at concentrations of 10 pg/mL for 1 h.
Next, the slides were rinsed twice with PBS. Endogenous peroxidase was then quenched
by incubation of the slides with the Dako peroxidase blocking solution for 5 min. Then, the
slides were rinsed twice with PBS, treated with the ABC Elite reagent for 30 min, rinsed
twice with PBS, and then treated with DAB for 4 min as a substrate for the peroxidase
reaction. All slides were rinsed with tap water, counterstained, dehydrated, and mounted.
PBS + 1% BSA served as the diluent for all antibodies and the ABC Elite reagent.

Table 2. Human Tissue (Normal) from One Individual.

Tissues

Bone Breast (mammary gland) Ovary
Bladder (urinary) Gastrointestinal (GI) Tract Pancreas
Blood Vessels (endothelium) @ Heart Placenta

Bone Marrow Kidney (glomerulus, tubule) Skin
Li
Brain—cerebrum leer Spleen
ung

2 Evaluated from all tissues where present. ° Includes esophagus, large intestine/colon, small intestine, and
stomach (including underlying smooth muscle).

After staining, the slides were visualized under light microscopy for immunopathology.
Each stained cell type or tissue element was identified, the subcellular (or extracellular)
location of the staining was recorded, and the intensity (strength) of staining (Table 3) was
assigned for each slide. The frequency of cell type staining (Table 4) was also assigned to
provide the approximate percentage of cells of that particular cell type or tissue element
with staining.

Table 3. Scoring scale for the intensity of IHC staining.

Staining Intensity

Score Result

Neg Negative (no stained cells)
+ Equivocal (very faint stain)
1+ Weak (light stain)
2+ Moderate (light-medium stain)
3+ Strong (medium stain)
4+ Intense (dark stain)

Table 4. Scoring scale for the frequency of IHC staining.

Staining Frequency

Score Result
Neg Negative (no stained cells)
Very rare <1% stained cells of a particular cell type or tissue element
Rare 1-5% stained cells of a particular cell type or tissue element
Rare to Occasional >5-25% stained cells of a particular cell type or tissue element
Occasional >25-50% stained cells of a particular cell type or tissue element
Occasional to Frequent >50-75% stained cells of a particular cell type or tissue element
Frequent >75-100% stained cells of a particular cell type or tissue element

5. Conclusions

In this study, we performed image-based dosimetry for 8°Zr/1”’Lu-labeled IF3 human
antibody to IGF2R and evaluated IF3 binding to normal human tissues. The results of the
study demonstrate that IF3 has a typical human antibody biodistribution profile and does
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not cross-react with any normal human tissues, thus informing future radioimmunotherapy
studies in canine and human patients with OS.

6. Patents

ED and MU are co-inventors on the Provisional US Patent Application “Antibodies to
IGF2R and Methods” filed on 30 March 2021.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ph16070979/s1, Table S1: Cross-Reactivity of B-IF3 with Normal
Human Tissues.

Author Contributions: K.J H.A,, OK, MRH,, ]J.G,FA.C,RM.V, XSS, LF and C.B.P. acquired
the data. S.M.C., B.P.B. and E.D. contributed to the conception of the study. KJ.H.A., O.K,, ED., R.D.,
V.M.-D. and M.U. analyzed the data. K.J.H.A. and E.D. wrote the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: Funding was provided by the Canadian Institutes for Health Research (CIHR) grant PJT-
162433 to E.D. and M.U. and the Centre for Probe Development and Commercialization and adMare
BioInnovations Radiopharmaceutical Initiative (CARI). For O.K, J.J.G., and B.P.B., this work was
supported by NIH National Cancer Institute (NCI) Grant P01 CA250972.

Institutional Review Board Statement: The study design was approved by the University of
Saskatchewan’s Animal Research Ethics Board and adhered to the Canadian Council on Animal Care
guidelines for humane animal use and followed the appropriate ARRIVE guidelines.

Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article and supplementary material.

Acknowledgments: The authors acknowledge the support of the personnel at the Fedoruk Center
for Nuclear Innovation at the University of Saskatchewan.

Conflicts of Interest: ED has received research support and is a consultant for Actinium Pharmaceu-
ticals. No other potential conflicts of interest relevant to this article exist.

References

1. Ehrhart, N.P; Christensen, N.I.; Fan, T.M. 25—Tumors of the Skeletal System. In Withrow and MacEwen’s Small Animal Clinical
Oncology, 6th ed.; Vail, D.M., Thamm, D.H., Liptak, ].M., Eds.; W.B. Saunders: St. Louis, MO, USA, 2020; pp. 524-564.

2. Gill, J.; Gorlick, R. Advancing therapy for osteosarcoma. Nat. Rev. Clin. Oncol. 2021, 18, 609-624. [CrossRef] [PubMed]

3. Poon, A.C.; Matsuyama, A.; Mutsaers, A.J. Recent and current clinical trials in canine appendicular osteosarcoma. Am. Jew. Hist.
2020, 61, 301-308.

4. Hassan, S.E,; Ba, M.B,; Kim, M.Y,; Lin, J.; Piperdi, S.; Gorlick, R.; Geller, D.S. Cell surface receptor expression patterns in
osteosarcoma. Cancer 2011, 118, 740-749. [CrossRef] [PubMed]

5. Boisclair, C.; Dickinson, R.; Giri, S.; Dadachova, E.; MacDonald-Dickinson, V. Characterization of IGF2R Molecular Expression in
Canine Osteosarcoma as Part of a Novel Comparative Oncology Approach. Int. J. Mol. Sci. 2023, 24, 1867. [CrossRef]

6. Broqueza, ].; Prabaharan, C.B.; Andrahennadi, S.; Allen, K.J.H.; Dickinson, R.; MacDonald-Dickinson, V.; Dadachova, E.;
Uppalapati, M. Novel Human Antibodies to Insulin Growth Factor 2 Receptor (IGF2R) for Radioimmunoimaging and Therapy of
Canine and Human Osteosarcoma. Cancers 2021, 13, 2208. [CrossRef]

7. Broqueza, J.; Prabaharan, C.B.; Allen, K.J.H.; Jiao, R.; Fisher, D.R.; Dickinson, R.; MacDonald-Dickinson, V.; Uppalapati, M.;
Dadachova, E. Radioimmunotherapy Targeting IGF2R on Canine-Patient-Derived Osteosarcoma Tumors in Mice and Radiation
Dosimetry in Canine and Pediatric Models. Pharmaceuticals 2021, 15, 10. [CrossRef]

8.  Berg, E,; Gill, H.; Marik, J.; Ogasawara, A.; Williams, S.P.; van Dongen, G.A.; Vugts, D.J.; Cherry, S.R.; Tarantal, A.F. Total-Body
PET and Highly Stable Chelators Together Enable Meaningful 8 Zr-Antibody PET Studies up to 30 Days After Injection. J. Nucl.
Med. 2019, 61, 453—-460. [CrossRef]

9. Holland, J.P; Divilov, V.; Bander, N.H.; Smith-Jones, PM.; Larson, S.M.; Lewis, ].S. 8Zr-DFO-J591 for ImmunoPET of Prostate-
Specific Membrane Antigen Expression In Vivo. J. Nucl. Med. 2010, 51, 1293-1300. [CrossRef]

10. Marsh, LR,; Grudzinski, ].J.; Baiu, D.C.; E Besemer, A.; Hernandez, R.; Jeffery, ].J.; Weichert, J.P.; Otto, M.; Bednarz, B.P. Preclinical
Pharmacokinetics and Dosimetry Studies of 1241/1311-CLR1404 for Treatment of Pediatric Solid Tumors in Murine Xenograft
Models. J. Nucl. Med. 2019, 60, 1414-1420. [CrossRef]

11. Bednarz, B.; Grudzinski, J.; Marsh, I.; Besemer, A.; Baiu, D.; Weichert, J.; Otto, M. Murine-specific Internal Dosimetry for

Preclinical Investigations of Imaging and Therapeutic Agents. Health Phys. 2018, 114, 450—-459. [CrossRef]

156



Pharmaceuticals 2023, 16, 979

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

Magee, K.; Marsh, LR.; Turek, M.M.; Grudzinski, J.; Aluicio-Sarduy, E.; Engle, ] W.; Kurzman, 1.D.; Zuleger, C.L.; Oseid, E.A;
Jaskowiak, C.; et al. Safety and feasibility of an in situ vaccination and immunomodulatory targeted radionuclide combination
immuno-radiotherapy approach in a comparative (companion dog) setting. PLoS ONE 2021, 16, e0255798. [CrossRef] [PubMed]
der Weg, WW.-V; Schoffelen, R.; Hobbs, R.F,; Gotthardt, M.; Goldenberg, D.M.; Sharkey, RM.; Slump, C.H.; van der Graaf, W.T.;
Oyen, WJ.; Boerman, O.C.; et al. Tumor and red bone marrow dosimetry: Comparison of methods for prospective treatment
planning in pretargeted radioimmunotherapy. EINMMI Phys. 2015, 2, 5. [CrossRef] [PubMed]

Khanna, C.; London, C.; Vail, D.; Mazcko, C.; Hirschfeld, S. Guiding the Optimal Translation of New Cancer Treatments from
Canine to Human Cancer Patients. Clin. Cancer Res. 2009, 15, 5671-5677. [CrossRef] [PubMed]

National Academies of Sciences, Engineering, and Medicine. The Role of Clinical Studies for Pets with Naturally Occurring Tumors in
Translational Cancer Research: Workshop Summary; The National Academies Press: Washington, DC, USA, 2015.

Vail, D.M.; Leblanc, A K; Jeraj, R. Advanced Cancer Imaging Applied in the Comparative Setting. Front. Oncol. 2020, 10, 84.
[CrossRef]

Hall, W.C.; Price-Schiavi, S.A.; Wicks, ].; Rojko, J.L. Tissue Cross-Reactivity Studies for Monoclonal Antibodies: Predictive Value
and Use for Selection of Relevant Animal Species for Toxicity Testing. In Pharmaceutical Sciences Encyclopedia: Drug Discovery,
Development, and Manufacturing; Wiley: Hoboken, NJ, USA, 2010; pp. 1-34. [CrossRef]

Leach, M.W,; Halpern, W.G,; Johnson, C.W.; Rojko, J.L.; MacLachlan, T.K.; Chan, C.M.; Galbreath, E J.; Ndifor, A.M.; Blanset, D.L.;
Polack, E.; et al. Use of Tissue Cross-reactivity Studies in the Development of Antibody-based Biopharmaceuticals. Toxicol. Pathol.
2010, 38, 1138-1166. [CrossRef] [PubMed]

Barroca, V.; Lewandowski, D.; Jaracz-Ros, A.; Hardouin, S.-N. Paternal Insulin-like Growth Factor 2 (Igf2) Regulates Stem Cell
Activity During Adulthood. Ebiomedicine 2016, 15, 150-162. [CrossRef]

Wang, X.; Lin, L.; Lan, B.; Wang, Y.; Du, L.; Chen, X,; Li, Q.; Liu, K.; Hu, M.; Xue, Y,; et al. IGF2R-initiated proton rechanneling
dictates an anti-inflammatory property in macrophages. Sci. Adv. 2020, 6, eabb7389. [CrossRef]

Wilczak, N.; De Bleser, P.; Luiten, P.; Geerts, A.; Teelken, A.; De Keyser, J. Insulin-like growth factor II receptors in human brain
and their absence in astrogliotic plaques in multiple sclerosis. Brain Res. 2000, 863, 282-288. [CrossRef]

Anderson, PM. Radiopharmaceuticals for Treatment of Osteosarcoma. Adv. Exp. Med. Biol. 2020, 1257, 45-53. [CrossRef]
Anderson, PM.; Subbiah, V.; Trucco, M.M. Current and future targeted alpha particle therapies for osteosarcoma: Radium-223,
actinium-225, and thorium-227. Front. Med. 2022, 9, 1030094. [CrossRef]

Allen, K.J.H,; Jiao, R.; Li, J.; Beckford-Vera, D.R.; Dadachova, E. In Vitro and In Vivo Characterization of 8° Zirconium-Labeled
Lintuzumab Molecule. Molecules 2022, 27, 6589. [CrossRef] [PubMed]

Besemer, A.E; Yang, Y.; Grudzinski, ].J.; Hall, L.T.; Bednarz, B.P. Development and Validation of RAPID: A Patient-Specific Monte
Carlo Three-Dimensional Internal Dosimetry Platform. Cancer Biotherapy Radiopharm. 2018, 33, 155-165. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

157



pharmaceuticals

Article
Radiosynthesis of Stable ”® Au-Nanoparticles by Neutron
Activation of oy 33-Specific AuNPs for Therapy of

Tumor Angiogenesis

Giillii Davarci !, Carmen Wingler 2300, Klaus Eberhardt 4, Christopher Geppert 4, Ralf Schirrmacher >0,

Robert Freudenberg ¢, Marc Pretze 151

check for
updates

Citation: Davarci, G.; Wéngler, C.;
Eberhardt, K.; Geppert, C.;
Schirrmacher, R.; Freudenberg, R.;
Pretze, M.; Wangler, B.
Radiosynthesis of Stable

198 Au-Nanoparticles by Neutron
Activation of o, 33-Specific AuNPs
for Therapy of Tumor Angiogenesis.
Pharmaceuticals 2023, 16, 1670.
https:/ /doi.org/10.3390/ph16121670

Academic Editor: Hirofumi Hanaoka

Received: 6 November 2023
Revised: 24 November 2023
Accepted: 28 November 2023
Published: 30 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Bjorn Wingler 1-*1

Molecular Imaging and Radiochemistry, Clinic of Radiology and Nuclear Medicine, Medical Faculty
Mannheim of Heidelberg University, 68167 Mannheim, Germany; guellue.davarci@medma.uni-heidelberg.de
Biomedical Chemistry, Clinic of Radiology and Nuclear Medicine, Medical Faculty Mannheim of Heidelberg
University, 68167 Mannheim, Germany; carmen.waengler@medma.uni-heidelberg.de

Mannheim Institute for Intelligent Systems in Medicine MIISM, Medical Faculty Mannheim of Heidelberg
University, 68167 Mannheim, Germany

Research Reactor TRIGA Mainz, Institute for Nuclear Chemistry, Johannes-Gutenberg-Universitit Mainz,
55128 Mainz, Germany; eberha@uni-mainz.de (K.E.); cgeppert@uni-mainz.de (C.G.)

Department of Oncology, Division of Oncological Imaging, University of Alberta,

Edmonton, AB T6G 2R3, Canada; schirrma@ualberta.ca

Department of Nuclear Medicine, University Hospital Carl Gustav Carus, TU Dresden,

01307 Dresden, Germany; robert.freudenberg@ukdd.de

*  Correspondence: marc.pretze@ukdd.de (M.P.); bjoern.waengler@medma.uni-heidelberg.de (B.W.)

These authors contributed equally to this work.

Abstract: This paper reports on the development of stable tumor-specific gold nanoparticles (AuNPs)
activated by neutron irradiation as a therapeutic option for the treatment of cancer with high tumor
angiogenesis. The AuNPs were designed with different mono- or dithiol-ligands and decorated with
different amounts of Arg-Gly-Asp (RGD) peptides as a tumor-targeting vector for « (33 integrin,
which is overexpressed in tissues with high tumor angiogenesis. The AuNPs were evaluated for avid-
ity in vitro and showed favorable properties with respect to tumor cell accumulation. Furthermore,
the therapeutic properties of the [198 Au]JAuNPs were evaluated in vitro on US7MG cells in terms of
cell survival, suggesting that these [1% Au]JAuNPs are a useful basis for future therapeutic concepts.

Keywords: gold nanoparticles; [1°® AuJAuNPs; radioactive; tumor therapy; tumor angiogenesis;
RGD peptide

1. Introduction

In recent years, gold nanoparticles (AuNPs) have received serious attention since their
first use as radioactive ! Au-nanocolloids for nanobrachytherapy in the early 1950s [1,2].
The synthesis of ultra-small AuNPs (<5 nm) [3] with multimerization of target-specific
effectors on their surface leads to a new form of targeted AuNPs with higher target avidity
compared to the effectors only [4]. The combination of the target-specific accumulation
and a phenomenon typically known as the “enhanced permeability and retention” (EPR)
effect [5], leads to a higher tumor accumulation [6]. Therefore, AuNPs with a higher renal
clearance [7] for theranostic purposes [8§-10] were developed in recent years, equipped with
small molecules [11], peptides [12], near-infrared dyes [13,14], and radionuclides [15-19].
PEGylation of the AuNPs leads to a higher bioavailability as it prevents the formation of
a protein corona around the AuNPs in vivo [20,21]. The high affinity of sulfur for gold
surfaces and the formation of stable and covalent Au-S bonds [22] allows a fast and easy
functionalization of AuNPs with (di-)thiol-modified (bio)molecules [23]. In addition, the
use of dithiols as a surface binding motif leads to a higher stability of the AuNPs [24]. Of
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particular interest is their therapeutic application [25], especially their ability to be used as
radiosensitizers by Auger—Meitner electron emission induced by gamma activation [26-28]
or by direct neutron activation of natural 197 AuNPs generating [198 Au]AuNPs (t /2=2.69d,
B~ max 961 keV, 98.99%; v 412 keV, 95.62%) [12,29-32].

The focus of this work was the development of highly stable targeted gold nanoparti-
cles for neutron activation [33]. Therefore, AuNPs with mono- and di-thiol linkers with
low and high loading of target-specific peptides were synthesized to compare their specific
avidity in cell binding assays and their stability during and after neutron irradiation. To
achieve target-specific accumulation in tissues with high tumor angiogenesis, the AuNPs
were functionalized with a ¢c(RGDfK) derivative [32,34]. The Arg-Gly-Asp (RGD) peptide
motif is known to bind to the transmembrane «, 33 integrin [35,36], which is overex-
pressed in tumor angiogenesis in tumors of various origins, for example, on glioma cells
(U87MG) [37-39].

2. Results
2.1. Synthesis and Functionalization of Gold Nanoparticles

Integrin « 33, a transmembrane protein expressed on endothelial cells, binds the RGD
triple amino acid peptide motif of extracellular matrix proteins. Growing malignant tumors
require continuous angiogenesis, and the integrin o 33 is overexpressed for this purpose.
As a result, oy B3 is preferentially expressed in tumor angiogenesis and is a potential target
for AuNPs decorated with RGD peptides [36]. Therefore, ultra-small AuNPs 3 and 6
(3 £ 2 nm) were synthesized by Turcu et al. [40] and Brust and Schiffrin [41], respectively.
The AuNPs contained thiol-PEG3-OH or a thioctic acid(TA)-PEG3-OH derivative 2 used as
the stabilizing ligands and to achieve enhanced biocompatibility (Figure 1). The AuNPs
were further functionalized by ligand exchange with low and high amounts (4-8 mg)
of TA-PEG4-c(RGDfK) derivative 5 to obtain mixed AuNP-thio-PEG-dithio-PEG-RGD 7a
(high RGD loading), 7b (low RGD loading) and AuNP-dithio-RGD 8a (high RGD loading),
and 8b (low RGD loading), respectively. The AuNPs were purified by dialysis and size-
exclusion chromatography. The size and stability of AuNPs 7a,b, and 8a,b were confirmed
by UV /Vis spectroscopy and high performance liquid chromatography (HPLC).
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Figure 1. Synthesis of the different RGD-functionalized AuNPs 7a, 7b, 8a and 8b. The synthesis of
c¢(RGDfK) is described in Appendix A.
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The organic shell of the AuNPs was characterized by mass loss using thermogravimetric
analyses for each functionalization step. After knowing the number of newly attached
molecules, a formula by Zhu et al. was used to calculate the total molar mass of the AuNPs [42]
(Table 1). A brief description of the synthesis and characterization can be found in Appendix A.
All AuNPs were fully characterized by thermogravimetric analysis (TGA) (Table 1), electron
microscopy (EM) (Figures A1 and A2), UV/Vis spectroscopy (Figure A9), HPLC (Figure A10),
and nuclear magnetic resonance spectroscopy (NMR) (Figures A11-A16). The AuNPs could
be stored in lyophilized form at —20 °C for >12 months without loss of integrity. In contrast,
when stored in solution at room temperature, aggregation in the form of precipitation could
occur within weeks, especially for peptide-decorated particles [43].

Table 1. Calculated number of ligands and resulting molecular mass of the AuNPs.

Molecular Mass

Probe Description Number of Ligands [kDa]
6 AuNP-PEG 250 x thio-PEG 210
7a AuNP-PEG-RGDhigh 152 x thio-PEG, 35 x 5 239
7b AuNP-PEG-RGDy,, 196 x thio-PEG, 15 x 5 222
3 AuNP-dithio-PEG 240 x 3 246
8a AuNP-dithio-PEG-RGDygn 218 x 3,24 x 5 262
8b AuNP-dithio-PEG-RGDy,, 220 x 3,18 x 5 257

2.2. Neutron Irradiation Experiments

First neutron irradiation experiments with thermal neutrons at the TRIGA Mainz
reactor were performed with non-tumor specific AuNP-dithio-PEG 3 (3-1-3-5) and AuNP-
thio-PEG 6 (6-1-6-3) in different weights and concentrations. Samples were frozen and
removed from the freezer immediately before irradiation. Irradiation was performed at
100 kW for 1-2 h with a neutron flux of 1.6 x 102 cm~2 x s~!. With the reactor running,
the background dose rate (DR) at the measurement position was ~2 uSv/h. Gamma
measurements were not possible for probes >500 ug on the day of irradiation due to the
high activity. The dead time for samples 3-5 (Table 2) was about 30 min at the end of
the bombardment and still 7.5 min at 20 cm distance. Therefore, most of the gamma
measurements of [\ AuJAuNPs had to be performed one day after irradiation. Sample
['%8 Au]3-5 still had ~3% dead time in 20 cm distance (Table 2). Precipitation was observed
for [”8 Au]6 but not for [?® Au]3 in the solution or on the vessel wall in any case (Figure 2).
The activated samples were stored in the freezer for transport and further experiments.
In addition, the half-life of [\? Au]3 was determined experimentally (mean 2.80 + 0.07 d)
by measuring the activity of different concentrations with a gamma counter for 28 d
(Figure A8). UV-Vis measurements showed a strong broadening of the plasmon bands for
[198 Au]6-1 and [P Au]6-2, indicating aggregation (Figure 3). For [198 Au]3-1 and [1?®Au]3-2
a typical absorption for AuNPs at 514 nm was observed, indicating stable AuNPs even
5 months after neutron activation (['*® Au]3-3, Figure A9). The production of ~100 MBq
['*® Au]3 showed stable AuNPs even at high activity concentration for at least 15 d by
HPLC measurements (Figure A10).

Table 2. Summary of neutron activation of various AuNPs, mass, and calculated half-life.

DR ! [uSv/h] in 1 cm/30 cm after

. Precipitation
Probe Weight [mg] 5 min 10 min 30 min 60 min Observed tz [d] (Cale)
[198Au]3-1 0.05 55/4 35/3 25/3 25/3 no 2.6866
[198 Au3-2 0.50 125/5 125/5 115/4 100/4 no 2.8177
[198 Au3-3 0.75 170/5 160/5 155/4 150/4 no 2.8525
[198 Au]3-4 1.00 250/6 215/5 210/5 212/5 no 2.7837
[198 Au]3-5 2.00 500/8 450/8 420/8 410/8 no 2.8761
[198 Aul6-1 0.05 76/3.7 n.d.?2 n.d.?2 nd.? yes nd.?
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Table 2. Cont.

DR ! [uSv/h] in 1 ¢cm/30 cm after

. Precipitation
Weight t1/2 [d] (Calc.
Probe cight mg] 5 min 10 min 30 min 60 min Observed vz [d] (Cale)
[198 Au]6-2 0.50 150/n.d. 2 15/6 nd.2/5.3 nd.? es nd.?
¥
[198 Aul6-3 5.06 nd.? nd.? 1000/n.d. 2 nd.? yes nd.?
[198 Au]8a-1 0.05 nd.?2 nd.?2 15/5 nd.? no nd.?

1 DR: dose rate; 2 n.d.: not determined.

25

[9%Auj3-1 [Auj3-2 [FAu]3-3 [BAuj3-4 [PAuj3-5  [Aul6-1 [SAu]6-2 [18Aul6-3

Figure 2. Different amounts of AuNPs before (top) and after (bottom) neutron activation. 198 Aul6-3
(right) shows a suspension immediately after irradiation (top), followed by precipitation within
0.5 min (middle) and 1 min (bottom).
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Figure 3. UV-Vis spectra of neutron-activated AuNPs. Intact ['*8Au]3-1 (black line, 25 pg/mL,
irradiation 60 min) and [?® Au]8a-1 (red line, 25 j1g/mL, irradiation 60 min). Particle aggregation can
be seen as broadening of the typical plasmon band at 514 nm for [*® Au]6-1 (green line, 25 pg/mL,
irradiation 15 min) and ['?8 Au]6-2 (blue line, 25 pg/mL, irradiation 60 min).
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2.3. Cell Experiments
2.3.1. Determination of Target Avidities

Several different IC5 values for RGD derivatives have been reported in the literature,
ranging from 0.1 nM up to 6.7 pM. The main reason for the observed differences is the assay
method used to determine the ICsy values. ICsy values of 0.1-1 nM can be found for RGD
peptides having been determined by ELISA assays [38] and ICs( values around 20 nM have
been reported for solid-phase ay 33 binding assays for monomeric RGD derivatives [37].
Those IC5 values were derived by non-living experiments. However, cell experiments
are closer to in vivo conditions. Therefore, for the AuNPs 7 and 8, the 33 integrin-
avidities were determined by competitive displacement experiments on «y [33-expressing
U87MG cells using ?°I-echistatin as the o B3-specific radioligand and competitor. The
RGD monomer c¢(RGDfK) was evaluated as an internal reference. The evaluation of RGD
derivatives by displacement experiments yielded ICsy values comparable to those reported
in the literature [34]. For the c¢(RGDfK) monomer, a mean ICsy value of 0.7 uM was
determined (Table 3, Figure A3). The multi-RGD decoration on the surface of AuNPs 7a
and 7b resulted in a lower mean ICsy value of 27.8 and 38.3 nM, respectively (Figures A4
and A5). Mean IC5p values of 82.4 and 103.6 nM were found for AuNPs 8a and 8b,
respectively (Figures A6 and A7). It was observed that the higher the loading with o, 33-
specific RGD peptide, the lower the ICsg values.

Table 3. Avidity experiments.

Probe Description 1Cs5¢ [nM]
c(RGDfK) oy 3 antagonist 700.4 £ 155.9

7a AuNP-PEG-RGDygp 27.8 +34

7b AuNP-PEG-RGD) 383+11.9

8a AuNP-dithio-PEG-RGDy;gp, 824 +9.2

8b AuNP-dithio-PEG-RGD),, 103.6 + 3.5

2.3.2. Determination of Cell Survival

Colony formation assays were performed with [*® Au]3 with U87MG cells. For this
proof-of-concept experiment, 5-10 Gy was chosen as the incubation dose. To achieve this
dose, 1-2 MBq [**®Au]3 per well in a 24-well plate within a 96 h incubation period was
calculated using Formula (1).

. A x T1/2 t
D(A,t) =S x n2) {1 —exp<—ln(2) X Tl/zﬂ 1)

Formula (1)—Calculation of dose to a cell monolayer at the bottom of a multi-well
plate or Eppendorf tube for 1*® Au using Geant4-simulation [44]. D: energy dose, S: S-value,
A: activity, Tq /5 half-life of the radionuclide, ¢: irradiation time.

This dose corresponds to concentrations of [198 Au]AuNPs of 0.515-0.939 uM, which is
at least 10 times higher than the ICsy of AuNP-dithio-RGD 7 and 8. It was observed that
the survival fraction (sf) of the cells was significantly reduced for ['8Au]3 and that higher
doses of 10 Gy (sf = 18.2%) were more effective in damaging the tumor cells than 5 Gy
(sf = 33.9%) (Figure 4).
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Figure 4. Survival fractions of the colony formation assays of 5 Gy [*?8 Aul3 and 10 Gy 198 Aul3.

3. Discussion

c¢(RGDfK) is a highly potent and selective integrin «, 33 antagonist and therefore could
disrupt cell viability by inhibiting angiogenesis [45]. Radiolabeled RGD derivatives can
be used as tracers for tumor angiogenesis [46]. Multimerization leads to better tumor
accumulation [47,48]. Therefore, AuNPs decorated with a multitude of ¢(RGDfK) motifs
could lead to better tumor accumulation, which is important for therapy.

Methods for the preparation of ['? Au]AuNPs are already known in the literature [11,29,32].
However, the synthesis starts with neutron activation of gold foil, which is then dissolved
in aqua regia, followed by nanoparticle synthesis and further functionalizations with target-
specific ligands. All these steps are performed with radioactive ' Au, resulting in higher
dose accumulation for the personnel and more radioactive waste as the consequence. In
this work, it was decided to first complete the synthesis of tumor-specific AuNPs with a
high target avidity and high stability, and to perform neutron activation as the last step in
order to reduce the personnel dose and enable a highly efficient synthesis pathway, which
is mandatory for high clinical relevance. The challenge was to synthesize AuNPs that
withstand neutron activation without aggregation and loss of the ligand shell.

Stable oty f3-specific AuNPs 7 and 8 were successfully synthesized with a better avidity
compared to the monomeric peptide ligand ¢(RGDfK). During the irradiation experiments,
it was observed that AuNPs containing monothiol ligands were unstable against neu-
tron activation. However, all AuNP derivatives containing only dithiol ligands were
stable against neutron activation even at the highest concentrations and irradiation times
(~7.5 mg/mL within 2 h). It is known that sulfur can also be activated by neutrons via the
32S(n,p)g’zlj’ reaction [49,50]. Presumably, once a sulfur atom is activated to 32P it loses its
covalent bond to the AuNP surface and a monothiol ligand is lost to the environment. In
contrast, a dithiol ligand could remain bound to the surface even if a binding interaction is
lost by activation of one of the sulfur atoms.

To determine the therapeutic influence of [198 Au]AuNPs, cell survival was addressed
by a colony formation assay. The activity and incubation time to reach relevant doses be-
tween 5 and 10 Gy were calculated for monolayer cell culture in 24-well plates (Formula (1)).
To reach these doses of 5-10 Gy concentrations of a factor >10 times higher than the ICsg
for AuNP-RGD 8a and 8b had to be used within 96 h of incubation. Therefore, cell viability
should be considered to be very low when using such high concentrations of ['®Au]8
in cell survival experiments, as the antagonist RGD may interfere with angiogenesis and
thus cell viability [45]. To circumvent this problem, future experiments should use higher
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activity concentrations (due to longer activation of AuNPs) or longer cell incubation with
lower doses >5 Gy, when evaluating cell survival. However, in the proof-of-concept cell sur-
vival experiments, non-specific ['*® Au]3 showed a significant effect on US7MG cells with a
survival fraction as low as 18.2% at 10 Gy. Therefore, the combination of 3 ~-emission from
198 Au and the antagonistic effect of RGD could dramatically reduce the therapeutically
relevant dose of applied ['*® Au]AuNP-RGDs.

4. Materials and Methods

General procedures. All reagents and solvents were purchased from commercial
suppliers (Sigma, Merck) and were used without further purification. NMR spectra were
recorded on a 300 MHz Mercury Plus and a 500 MHz NMR System spectrometer (Varian,
Palo Alto, CA, USA). Chemical shifts (J) are given in ppm and are referenced to the residual
solvent resonance signals relative to (CH3)4S5i (*H, 13C). Mass spectra were obtained on a
microflex MALDI-TOF mass spectrometer (Bruker Daltonics, Bremen, Germany) and HR-
ESI-MS spectra on a LTQ FT Ultra Fourier Transform Ion Cyclotron Resonance spectrometer
(Thermo Finnigan, Dreieich, Germany). When applicable, purity was determined by
HPLC. The purity of all final compounds was 95% or higher. HPLC was performed on
a Dionex UltiMate 3000 HPLC system (Thermo Scientific, Dreieich, Germany), equipped
with a reverse phase column (Analytical: Merck Chromolith RP-18e; 100 x 4.6 mm plus
a guard column 5 x 4.6 mm; semipreparative: Chromolith RP-18e; 100 x 10 mm plus
a guard column 10 X 4.6 mm), and a UV-diode array detector (210 nm, 254 nm). The
solvent system used was a gradient of acetonitrile:water (containing 0.1% TFA) (0-5 min:
0-100% MeCN) at a flow rate of 4 mL/min, unless otherwise stated. The purity and
stability of AuNPs/['?Au]AuNPs were investigated by size exclusion HPLC using a
PolySep™-SEC GFC-P 4000, LC column 300 x 7.8 mm, and a 35 mm PolySep guard column
(Phenomenex, Aschaffenburg, Germany) with water (0.8 mL/min) as eluent (Figure A10).
Purification of AuNPs was performed by dialysis (tubes with molecular weight cut-off
of 14,000 g/mol, Visking, Roth, Karlsruhe, Germany) against distilled water and by size-
exclusion chromatography using Sephadex G25 PD10 columns (Fisher Scientific, Schwerte,
Germany) and distilled water as eluent.

A brief description of the AuNP syntheses can be found in Appendix A.

Determination of the number of ligands on the surface of the AuNPs. The thermo-
gravimetric analyses were performed using a Mettler Toledo TGA 2 STAR® system. AuNPs
(1-2 mg) were weighed into 70-pL-aluminum oxide crucibles (Mettler Toledo, GiefSen, Ger-
many) and heated from 25-750 °C (10 K/min) in a stream of N, or CO; (30 mL/min). The
loading of the different AuNPs is shown in Table 1 and was calculated from the different
mass losses, which increase as the AulNPs are functionalized. Therefore, the amount of
different ligands per particle can be calculated according to the formula of Zhu et al. [42].
Since the nanoparticles have an average diameter of ~3 nm, the calculated amount of gold
atoms is ~834 Au atoms per nanoparticle. This gives a molecular weight of an AuNP of
164,298 g/mol. Using TGA, the following ligand numbers were determined:

e  The mass loss of the AuNP 6 was ~19.8%. This corresponds to ~250 PEG ligands on
the AuNP surface. M~210 kDA.

e  The mass loss of AuNP-RGD 7a was ~24.8% and the RGD accounts for ~5% mass loss
(~35 RGD ligands per AuNP). Therefore, the molar mass for AUNP-RGDy,;g, 7a was
calculated to be ~239 kDa.

Furthermore, the AuNP-RGDy,,, 7b contained ~15 RGD ligands ~222 kDa.
The mass loss of the AuNP 3 was ~33.27%. results in ~240 PEG ligands on the AuNP
surface. M~246 kDa.

e The mass loss of AuUNP-PEG-RGDygp, 8a was ~37.1% and the RGD accounts for ~4%
mass loss (~24 RGD ligands per AuNP). Therefore, the molar mass for AuNP-RGDpgp
8a was calculated to be ~262 kDa.

e  Furthermore, the AuNP-RGD),, 8b contained ~18 RGD ligands ~257 kDa.
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Avidity experiments. The xy [33-binding affinities of the respective RGD peptides and
AuNPs were determined using in vitro competitive displacement experiments on US7MG
tumor cells (HTB-14, ATCC®, Manassas, VA, USA). US7MG cells were harvested and
resuspended in the binding buffer at a cell concentration of 2 x 10°/mL to reach 10° cells
per well.

A special binding buffer in sterile distilled water (Tris-HCl 25 mM, NaCl 150 mM,
CaCl; 1 mM, MgCl, 0.5 mM, MnCl, 1 mM, pH 7.4, BSA 0.5%) was used for incubation
with 0.25-0.40 kBq/well '2I-Echistatin (81.4 GBq/pmol) as the o B3 specific radioligand
in the presence of increasing concentrations (0-100 M) of competing c(RGDfK) peptide or
¢(RGDfK)-modified AuNPs (0-20 uM). ICs values were obtained using GraphPad Prism
v6.05 (nonlinear fit) software.

Neutron irradiation experiments. Production of 198 Au]AuNPs by neutron activation
of 0.05-15.5 mg AuNPs was performed in pneumatic transfer tube one for 1-2 h at 100 kW
with a thermal neutron flux of 1.6 x 102 cm=2 x s~! in the TRIGA research reactor (Mainz,
Germany). For calibration of the dose calibrator ISOMED 2010 (NUVIA Instruments,
Dresden, Germany) 12.7 mg solid Au was irradiated for 1 h to produce 87 MBq (calculated)
[198 Au]Au with a measured dose rate of 57 uSv/h. 26 h later, the activity was measured
with the dose calibrator, and 60 MBq was obtained (using the '¥Cs-channel, 66 MBq
calculated). In addition, the solid [ Au]Au (40 MBq) was carefully dissolved in 2 mL
aqua regia at 50 °C within 15 min in order to find the correct calibration factors of the dose
calibrator for different volumes in vials and syringes.

Irradiation of AuNPs was performed under optimized conditions in 2 mL 10%
EtOH/H,0O and 25 mg ascorbic acid as a stabilizer against radiolysis [51]. Theoretically,
10 mg of pure % Au irradiated with a thermal neutron flux of 1.6 x 102 cm~2 x s~!
would produce 48-96 MBq ?® Au within 1-2 h of irradiation. In the experiment, neutron
activation of 5.0 mg AuNPs 3 and 8 for 2 h produced 48 MBq ['*®Au]3 (66.7% Au) and
50 MBq [ Au]8 (62.9% Au). Neutron activation of 15.56 mg AuNP 3 for 2 h produced
~100 MBq ['*®Au]3 (67% Au). The production of *® Au was confirmed by gamma spec-
troscopy, which found up to three gamma lines at 411 keV (95.6%), 676 keV (0.8%), and
1088 keV (0.2%).

Colony formation assay. Three days before the experiments, 150,000 cells were seeded
in 24-well plates. US7MG cells were incubated for 96 h in the presence of the o, 33-specific
or non-radioactive AuNPs or 1-2 MBq ['98 Au]AuNPs to achieve the calculated doses of
5-10 Gy. After incubation, the cell medium was removed, the cells were washed and
harvested, and a colony formation assay was performed in triplicate for each irradiation
point with 1000 cells per well in a 6-well plate. Colonies were cultured in cell medium for
28 days, then washed with 1 mL PBS, fixed with 2 mL 4% formaldehyde in PBS for 15 min,
and incubated with 2 mL 0.5% crystal violet dye solution for 30 min. Afterward, colonies
were washed with distilled water, dried, and counted by light microscopy. Colonies of
more than 50 cells were considered viable, and the plating efficiency for each sample
was estimated based on the initial number of cells seeded. Clonogenic cell survival was
calculated as the relative plating efficiency of treated versus untreated samples. Triplicate
samples were prepared for each treatment and experimental condition.

5. Conclusions

oy B3-specific RGD-containing AuNPs with a higher target avidity compared to o, 33-
specific RGD were successfully synthesized. This proof-of-concept work should demon-
strate, that activation of AuNPs with a ligand shell is possible without losing their organic
shell and integrity. Irradiation experiments demonstrated the stability and consistency
of [' Au]AuNPs with dithiol ligands compared to '8 Au]AuNPs with monothiol lig-
ands, which always aggregated at each applied concentration after neutron activation.
In vitro experiments determine the therapeutic effect of ['*® AuJAuNPs by addressing the
survival fraction of U87MG cells proved a significant influence on cell death. Therefore, the
[8 Au]AuNPs could serve as a tool for endoradiotherapy.
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Further experiments to determine the therapeutic effects of [1* AuJAuNPs in vivo by
different modes of application (local vs. systemic) are currently underway.
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Appendix A
Appendix A.1. Organic Syntheses
c¢(RGDfK) [52]

The peptide c(RGDfK) c(Arg-Gly-Asp-D-Phe-Lys) was synthesized according to stan-
dard protocols by solid-phase peptide synthesis on solid support using the Fmoc-strategy
on H-Asp(tBu)-2-chlortrityl resin (loading 0.73 mmol/g, 137 mg, 0.1 mmol). For amino acid
conjugation, HBTU (N,N,N’,N'-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluo-
rophosphate) (3.9 eq., 0.39 mmol, 148.7 mg), Fmoc-protected amino acids (4.0 eq., 0.4 mmol)
and DIPEA (4.0 eq., 0.4 mmol, 68 pL) were used in DMF as solvent. Each amino acid was
coupled for 45 min. After coupling of the last amino acid and Fmoc-removal with 50% of
piperidine solution in DMF, the linear protected peptide was cleaved from the resin using
1% TFA in CH,Cl,. After removal of the volatile components of the mixture, the crude
intermediate was isolated and dissolved in dry DMF (85 mL). After addition of DIPEA
(3.5 eq., 0.35 mmol, 59.5 uL) the solution was cooled to 0 °C and DPPA (1.25 eq., 0.125 mmol,
26.9 uL) was added. The reaction was allowed to warm to ambient temperature and stirred
for 3 days until the cyclization was complete. The volatile components of the mixture were
evaporated under reduced pressure, and the residue was treated with a mixture of TFA /TIS
97.5:2.5 for 3 h to completely deprotect the peptide. The crude product was precipitated in
cold diethyl ether and washed twice with diethyl ether and dried under reduced pressure.
The product was purified by semi-preparative HPLC and lyophilized to give a colorless
solid (yield: 88.79%, 53.6 mg, 0.089 mmol). HR-ESI-MS (m/z) for [M + H]* (calculated):
604.3 (604.3). MALDI-MS (m/z) for [M]* (calculated): 603.7 (603.3).

TA-NHS 1 [53]

Thioctic acid (TA) (1 eq., 2.425 mmol, 0.50 g) was dissolved in acetone (12.5 mL) under
an argon atmosphere. N,N-Disuccinimidyl carbonate (1.25 eq., 3.031 mmol, 0.78 g) and

166



Pharmaceuticals 2023, 16, 1670

DIPEA (1.25 eq., 3.031 mmol, 0.5 mL) were added and the mixture was stirred overnight
at room temperature. After removal of acetone under reduced pressure, the residue was
dissolved in 10 mL of water and DCM (1:1). The aqueous phase was removed and the
organic phase was washed twice with 4 mL water. After drying the organic phase with
MgSQy, the solvent, DCM, was removed and TA-NHS was obtained as a yellowish solid.
(78.01%, 574 mg, 1.89 mmol). 'H-NMR (300 MHz, DMSO-dg) J = 3.67-3.58 (m, 1H, H-3),
3.24-3.08 (m, 2H, H-5), 2.81 (s, 4H, H-15, H-16), 2.69 (t, *] = 7.2 Hz, 2H, H-9), 2.47-2.37 (m,
1H, H-4), 1.94-1.83 (m, 1H, H-4), 1.77-1.42 ppm (m, 6H, H-6, H-7, H-8).

TA-PEG;-OH 2

TA-NHS dissolved in 3 mL DCM (1.2 eq., 0.96 mmol, 0.29 g) was added to a solution
of HyN-PEG3;-OH (1 eq., 0.80 mmol, 0.12 g) in DCM (1 mL). After the addition of DIPEA
(4 eq., 3.2 mmol, 545 pL) was added and the mixture was stirred overnight at ambient
temperature. The solvent was removed under reduced pressure, and the crude product was
purified by semi-preparative HPLC. Finally, the product TA-NH-PEG3-OH was isolated as
yellowish viscous liquid (yield: 65.04%, 180 mg, 0.533 mol). 'H-NMR (500 MHz, DMSO-d;)
6 =7.89-777 (m, 1H, H-11), 3.43-3.37 (m, 12H, H-13, H-14, H-16, H-17, H-19, H-20),
3.22-3.15 (m, 2H, H-5), 2.87-2.71 (m, 2H, H-3, H-21), 2.13-2.03 (m, 2H, H-9), 1.99-1.81 (m,
2H, H-4), 1.60-1.21 ppm (m, 6H, H-6, H-7, H-8). HR-ESI-MS (m/z) for [M + H]* (calculated):
338.1 (338. 1), [M + Na]* (calculated): 360.1 (360.1). MALDI-MS (m/z) for [M]* (calculated):
337.3 (337.1), [M + HJ* (calculated): 338.1 (338. 1).

TA-PEG4-COOH 4

TA-NHS dissolved in 2 mL DCM (1.1 eq., 0.88 mmol, 0.27 g) was added to a suspension
of HyN-PEG4-COOH (1 eq., 0.80 mmol, 0.12 g) in DMF (2 mL). DIPEA (4 eq., 3.2 mmol,
545 uL) was added and the mixture was stirred overnight at ambient temperature. The
solvent was removed under reduced pressure, and the crude product was purified by semi-
preparative HPLC. After lyophilization the product TA-NH-PEG4-COOH was obtained
as colorless solid (yield: 48.92%, 160.3 mg, 0.39 mmol). HR-ESI-MS (m/z) for [M + H]*
(calculated): 410.1 (410.1), [M + Na]* (calculated): 432.1 (432.1). MALDI-MS (m/z) for [M]*
(calculated): 409.4 (409.1), [M + K]* (calculated): 447.4 (448.1).

TA-PEG4-c¢(RGDfK) 5

TA-NH-PEG4-COOH dissolved in 0.5 mL of DMF (1.1 eq., 0.055 mmol, 22.4 mg) was
added to a solution of PyBOP (1.9 eq., 0.094 mmol, 49.1 g) in 0.5 mL of DMFE. DIPEA
(3 eq., 0.149 mmol, 26 uL) was added and the mixture was stirred at ambient temperature
until the reaction was completed. DMF was then removed under reduced pressure, and the
crude product was purified by semi-preparative HPLC. After lyophilization the product TA-
NH-PEG4-c(RGDfK) was obtained as colorless solid (yield: 28.91%, 14.3 mg, 0.014 mmol).
HR-ESI-MS (m/z) for [M + H]* (calculated): 995.4 (995.4). MALDI-MS (m/z) for [M]*
(calculated): 994.8 (994.4), [M + K]* (calculated): 1033.7 (1033.4).

AuNP-dithio-PEG3-OH 3 [40]

Hydrogen tetrachloroaurate (1 eq., 0.525 mmol, 207 mg) was dissolved in 205 mL
MeOH to give a bright yellow solution and under stirring a solution of TA-NH-PEG;-OH
dissolved in 205 mL of MeOH was added and stirred for 2 h until the reaction color became
nearly colorless. A solution of sodium borohydride dissolved in 20.5 mL of water was
quickly added to the reaction. The solution immediately turned black. The reaction mixture
was stirred overnight, MeOH was removed under reduced pressure, and the residue was
redissolved in 9 mL of tracepure water and dialyzed in distilled water for 4 days. After
lyophilisation TA-AuNP was obtained as black powder. (39.47%, 180.7 mg).

AuNP-thio-PEG 6 [6]

General procedure for the preparation of PEGylated AuNPs: Briefly, hydrogen tetra-
chloroaurate(Ill) trihydrate (1 eq., 0.4 mmol, 157.5 mg, >99.9% trace metal basis) was
dissolved in 12.5 mL of trace pure water resulting in a bright yellow solution, and then
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extracted by mixing with 125 mL of a tetraoctylammonium bromide (TOABr, 1.2 eq.,
0.48 mmol, 263 mg) toluene solution. The contents were stirred vigorously for 20 min at
room temperature to facilitate the phase transfer of the Au(lll) into the toluene layer, which
resulted in the organic layer turning to a dark orange color and the aqueous layer becoming
clear colorless. After the phase transfer was complete, the aqueous layer was removed.
The organic layer was dried with MgSOy and filtered to remove excess of water. The solu-
tion was cooled to 0 °C in an ice bath. Freshly-prepared HO-PEG3-thiol (3 eq., 1.2 mmol,
199 mg) in 6.3 mL of dichloromethane was added and stirred until the orange solution
turned to colorless (~1 h). A fresh solution of tetrabutylammonium borohydride (TBABH)
(10 eq., 4.0 mmol, 1.03 g) in 6.3 mL dichloromethane was then added to the rapidly stirring
toluene solution over 5 s. The solution immediately turned black. The PEG-AulNP began to
precipitate from the toluene after 1 h. After stirring the mixture for 16 h from 0 °C to 20 °C,
6.3 mL of trace pure water was added under slow stirring to extract the PEGylated AuNPs
for 120 min. The organic layer was decanted and the aqueous layer was washed alternately
with 3 x 13 mL toluene/1.3 mL MeCN and 3 x 13 mL toluene/1.3 mL isopropanol. The
black aqueous layer was transferred to a Visking cellulose dialysis tube (molecular cut-off
14,000 Da) with 3 x 6.3 mL trace pure water and dialyzed in 3 x 10 L of distilled water for
1h,2.5hand 16 h. The AuNPs were lyophilized to yield 69.5 mg (25.10%) of black powder.
'H-NMR (500 MHz, DMSO-d6) 6 = 4.67-4.48 (m, 1H, H-10), 3.93-3.38 (m, 10H, H-3, H-5,
H-6, H-8, H-9), 1.36-1.25 ppm (m, 2H, H-2).

AuNP-PEG-RGDs by ligand exchange

General procedure for the preparation of RGD-decorated AuNPs: Briefly, the function-
alization of AuNPs 3 and 6 was performed by a place-exchange reaction with TA-PEG4-
¢(RGDfK) 5. TA-PEG4-c(RGDfK) 5 was dissolved in a mixture trace pure HyO:MeOH (1:1)
and was added to AuNPs 3 or 6 in 2 mL trace pure H,O and stirred overnight. Purification
of AuNDPs was performed in two steps: First, the AuNP solution was transferred into a
Visking cellulose dialysis tube (molecular cut-off 14,000 Da) with 3 x 1 mL trace pure water
and dialyzed in distilled water for 4 days, and second, the AuNP solution was eluted by
size-exclusion chromatography using Sephadex G25 PD10 columns and distilled water.
The AuNPs were then lyophilized and obtained as a black powder.

AuNP-thiO-PEG;; -dithiO-PEG4 'RGDhigh 7a

TA-PEG4-c(RGDfK) 5 (8 mg, 8.04 umol) was dissolved in 0.4 mL of trace pure HyO:MeOH
(1:1) and was added to AuNP 6 (20 mg) in 2 mL of trace pure H,O and stirred overnight.
After purification and lyophilization 13.1 mg (57.9%) of 7a was obtained as black powder.
'H-NMR (500 MHz, DMSO-dg) 6 = 8.43-7.66 (m, 7H, H-11, H -25, H-29, H-34, H-39, H-43,
H-47),7.21-7.18 (m, 5H, H-64, H-65, H-66, H-67, H-68), 6.65 (s, 2H, H-57), 4.58-4.54 (m, 1H,
H-j), 4.00-3.42 (m, 16H, H-13, H-14, H-16, H-17, H-19, H-20, H-22, H-23), 3.02-2.92 (m, 1H,
H-3),2.04-1.86 (m, 2H, H-5), 1.78-0.76 ppm (m, 10H, H-4, H-6, H-7, H-8, H-9).

AuNP-thio-PEG;-dithio-PEG4-RGD),,, 7b

TA-PEG4-c(RGDfK) 5 (4 mg, 4.02 umol) was dissolved in 0.4 mL of trace pure HyO:MeOH
(1:1) and was added to AuNP 6 (20 mg) in 2 mL of trace pure H,O and stirred overnight.
After purification and lyophilization 14.4 mg (68.4%) of 7b was obtained as black powder.

AuNP-dithio-PEG-RGDhgh 82

TA-PEG4-c(RGDfK) 5 (8 mg, 8.04 umol) was dissolved in 0.4 mL of trace pure HyO:MeOH
(1:1) and was added to AuNP 3 (20 mg) in 2 mL of trace pure H,O and stirred overnight.
After purification and lyophilization 20.8 (97.5%) of 8a was obtained as black powder.
'H-NMR (500 MHz, DMSO-dg) J = 8.02-7.59 (m, 7H, H-11, H -25, H-29, H-34, H-39, H-43,
H-47),7.22-7.16 (m, 5H, H-64, H-65, H-66, H-67, H-68), 6.65 (s, 2H, H-57), 4.77-4.43 (m,
1H, H-u), 3.61-3.35 (m, 10H, H-13, H-14, H-16, H-17, H-19, H-20), 3.22-3.00 (m, 4H, H-22,
H-23),2.92-2.69 (m, 1H, H-3), 2.13-1.95 (m, 2H, H-5), 1.76-0.73 ppm (m, 10H, H-4, H-6, H-7,
H-8, H-9).
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AuNP-dithio-PEG-RGDy,,, 8b

TA-PEG4-c(RGDfK) 5 (4 mg, 4.02 umol) was dissolved in 0.4 mL of trace pure HyO:MeOH
(1:1) and was added to AuNP 3 (20 mg) in 2 mL of trace pure H,O and stirred overnight.
After purification and lyophilization 19.7 mg (95.1%) of 8b was obtained as black powder.

Appendix A.2. Electron Microscopy

AuNP samples were diluted at will in deionized water (fade red solution), particles
were adsorbed onto glow-discharged carbon-coated EM grids and directly observed by
TEM (Zeiss EM912, Carl Zeiss Oberkochen, Germany). Images were digitally captured
with a CCD camera (Sharp eye, TRS, Moorenweiss, Germany). Particle number and size
were measured using the FIJI software (v1.50e).

60

N | ||II|II
Vv » ™ “ © A ®

occurence [nm]

counts
w
o

N
(=]

ey
o

Figure Al. Transmission electron microscope image of AuNP 6 and corresponding histogram of
AuNP diameter distribution.
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Figure A2. Transmission electron microscope image of AuNP 3 and corresponding histogram of
AuNP diameter distribution.
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Appendix A.3. Determination of Avidity of Non-Radioactive o, 33-Specific AuNPs

The oy 3-binding affinities of the respective RGD peptides and AuNPs were deter-
mined by in vitro competitive displacement experiments with U87MG tumor cells.
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Figure A3. Binding curves of c(RGDfK). Different color means different experiment.

100

50

% specifically bound 'ZI-Echistatin

0 T T T T 1
-9 -8 -7 -6 -5

log ¢

Figure A4. Binding curves of AuNPs 7a. Different color means different experiment.
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Figure A5. Binding curves of AuNPs 7b. Different color means different experiment.
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Figure A6. Binding curves of AuNPs 8a. Different color means different experiment.
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Figure A7. Binding curves of AuNPs 8b. Different color means different experiment.

Appendix A.4. Determination of Half-Life of ['93 Aul3

The half-life of ['*Au]3 was determined for 0.025-1.0 mg/mL by measuring five
different probes for 28 days with a gamma counter (2470 WIZARD?, Perkin Elmer). A
half-life of 2.80 £ 0.07 days was found (real: 2.69 days). Therefore, the half-life found in
this experiment deviated by 4% from the real value (Figure A8).

4500000 ® [198Au13_1 Y — 5 % 10»0.238.\'
4000000
3500000 [ ] [lgsAu]3-2 y = 9 X 10-0.246)(
E 3000000 Y [JQSAu]3_3 y= 1 x lU—U.Z43x
), 2500000 * o
o ® [l%Au]?)-ﬁl y = 2 x 1(00-249x
s 2000000
g ., O[FAUB5 y =4 x 1002
500000 . e, .
*., "-~..:,=,:|”_ e g
o S T - : i i e iy

d after irradiation

Figure A8. Decay curves of [198 Au]3 with different initial activities.
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Appendix A.5. Determination of Stability of [['"® Au]AuNPs
Appendix A.5.1. UV/Vis Measurements

UV/Vis measurements were performed using an BioSpektrometer Kinetic (Eppendorf,
Hamburg, Germany). The absorbance of ["®Au]3 at a concentration of 375 ug/mL was
measured for up to 5 months (Figure A9) to estimate the particle size and stability. The
absorption at surface plasmon resonance (maximum, 514 nm) divided by the absorption at
450 nm (minimum) gives a factor that can be compared with tables from the literature [54].
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Figure A9. Representative absorption spectrum of [® Au]3 at different time points after neutron acti-
vation with a typical absorption maximum for ultrasmall AuNPs at 514 nm indicating no aggregation
of the particles.

Appendix A.5.2. HPLC Measurements

10 pL of ['*8Aul3 (7.75 mg/mL, 50 MBq/mL) was diluted with 50 uL. H,O. 10 L
of the diluted solution was injected into an HPLC equipped with a Sephadex column.
Measurements were performed up to 77 days after irradiation (Figure A10).
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Figure A10. Representative (radio-)chromatogramms of [1%8 Au]3 showing no degradation or aggre-
gation within 77 days. The ['%8Au]3 tg = 5.7 min. Ascorbic acid tg = 11.6 min.

Appendix A.6. NMR Spectra
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Figure A11. 'H NMR spectrum of TA-NHS 1 in dg-DMSO.
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Figure A12. '"H NMR spectrum of TA-PEG3-OH 2 in dg-DMSO.
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Figure A13. 'H NMR spectrum of AuNP-dithio-PEG 3 in dg-DMSO.
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Appendix A.7. AuNP-Dithiol-RGD 8
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Figure A14. '"H NMR spectrum of AuNP-dithio-RGDy;gp, 8a in dg-DMSO: characteristic signals of
peptide-bond-NH (7.83 ppm), Phe-CHarom (7.22-7.16 ppm), Arg-C=NH (6.65 ppm), and Asp-CH
(5.32 ppm) can be found.
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Figure A15. 'H NMR spectrum of AuNP-thio-PEG 6 in dg-DMSO.

Appendix A.8. AuNP-Thiol-Dithiol-RGD 7
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