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Abstract: This review summarizes recent progress and developments as well as the most important
pitfalls in targeted alpha-particle therapy, covering single alpha-particle emitters as well as
in vivo alpha-particle generators. It discusses the production of radionuclides like 21 At, 22°Ra,
225 Ac/?13Bi, labelling and delivery employing various targeting vectors (small molecules, chelators
for alpha-emitting nuclides and their biomolecular targets as well as nanocarriers), general
radiopharmaceutical issues, preclinical studies, and clinical trials including the possibilities of
therapy prognosis and follow-up imaging. Special attention is given to the nuclear recoil effect
and its impacts on the possible use of alpha emitters for cancer treatment, proper dose estimation,
and labelling chemistry. The most recent and important achievements in the development of alpha
emitters carrying vectors for preclinical and clinical use are highlighted along with an outlook for
future developments.

Keywords: targeted alpha therapy; nuclear recoil; in vivo generators; radium; ?*’Ra; actinium;
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1. Introduction

Targeted alpha-particle therapy (TAT) is the most rapidly developing field in nuclear medicine
and radiopharmacy. The basic advantage of TAT over commonly used 3~ emitting radionuclides
therapy lies in the irradiation of fewer cancer cells, micrometastases or tumors by an emission of a
single alpha particle or by a cascade of heavy alpha particles from close vicinity. The 2* charged «
particles with high linear-energy transfer (LET) lose the maximum of their energy close to the Bragg
peak at the end of their track. The range in tissues is about 50-100 pm depending on the alpha-particle
energy. The energy deposition then occurs in a very small tissue volume and with high relative
biological effectiveness (RBE) [1]. This is fully true for single « particle decays. However, so called
in vivo generators [2] that provide, typically, four o decays, depending on the selected radionuclide
system, suffer from the nuclear recoil effect, causing at least partial release of daughter radioactive
nuclei from the targeting molecule or a delivery vehicle. In such cases, an unwanted radioactive
burden is spread over the body and its elimination is limited [3].

Even though recent developments brought significant clinical results [4,5] and novel insights into
the problem of the nuclear recoil effect were gained [6-9], neither a detailed analysis nor exhaustive
discussion has been undertaken to solve this problem. Furthermore, proper targeting and dosimetry
on a subcellular level has become crucial, and advantageous use of theranostic isotopes or theranostic
isotope pairs is becoming very important in therapy prognosis [10].
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The nuclear recoil effect causes the release of radioactive daughter nuclei from the original
radiopharmaceutical preparations. It may lead to unwanted irradiation of healthy tissues that
may cause severe radiotoxic effects like organ dysfunction (e.g., kidneys), secondary tumorigenesis,
etc. [11]. The released activity and radioactive daughter nuclei fraction as well as their metabolic
fate, therefore, need to be estimated and carefully evaluated. Additionally, the key in vivo parameters
of the radiopharmaceuticals for TAT like e.g., biological half-life, carrier in vivo stability, uptake
in the reticulo-endothelial system (RES), plasma clearance, elimination routes, etc. may play an
important role.

Dosimetric studies should separately evaluate in detail the contributions of a radiolabelled
targeted vector, its labelled metabolites, liberated mother nuclide as well as daughter recoils.
The evaluation should be performed either experimentally or using mathematical models. Various
techniques were used for ex vivo evaluation of activity distribution in tissue samples. They include,
e.g., an alpha camera [12] or a timepix detector [13] to assess the distribution in sub-organ or cellular
levels. Also the possibility of the Cherenkov radiation luminescence imaging technique for « emitters
employing the co-emitted 3~ radiations [14] was reported.

Several different approaches were developed regarding the carriers for TAT. Small molecules,
particularly those labelled with single o emitters, brought the advantage of fast kinetics even though
their in vivo stability was not always good. Additional approaches to mitigate radiotoxic effects
were studied, e.g., to protect kidneys [15]. Immunoactive molecules like antibodies, antibody
fragments, nanobodies or receptor-specific peptides represent another group of highly selective
targeting vectors [16].

A relatively novel concept of at least partially recoil-resistant carriers for TAT was developed.
It employs nanoconstructs composed of various nanoparticulate materials [6,8,17] that allow further
surface chemistry, including antibody targeting. However, the major disadvantageous property of
large molecular vectors, e.g., of TiO, nanoparticles (NPs) [18], is their typical uptake in RES and slower
in vivo kinetics, e.g., when using antibody without surface detergent modulation [19].

This review tries to cover all aspects of TAT from the research and development of production
of alpha emitters and labelling techniques to the preclinical and clinical research and applications
of the developed radiopharmaceuticals. In order to estimate the potential risks and benefits of TAT,
we survey important features of different stages of radiopharmaceutical preparation and the directions
of required investigation and development.

2. Production of Alpha Emitters

Production of alpha-particle emitters includes, in general, practically all methods for preparation
of radionuclide sources—irradiation with charged particles in accelerators, neutron irradiation in a
nuclear reactor, separation from long-lived natural radionuclides and various combinations thereof [20-35].
The great advantage of nuclides decaying in a series over single alpha particle emitters is not only in
the higher energy deposition in target tissue but, thanks to the good nuclear characteristics, also the
possibility of construction of a radionuclide generator. Selected characteristics and the main production
methods for the most common alpha emitters used in various phases of research and use in nuclear
medicine are summarized in Table 1. The challenges encountered in the production of alpha emitters
were discussed in a recent review [21]; however, a wider clinical spread of alpha emitters depends
more on the end-users’ confidence and better understanding of the TAT concept that should help in
overcoming the sometimes negative historical experience (e.g., with ?2°Ra).
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Table 1. Summary and properties of the most relevant alpha particle emitters suitable for nuclear
medicine applications.

Radionuclide System * Half-Life E amax!Echain [MeV] Production Status References
1497, 412h 3.97 152Gd(p, 4n)*°Tb Research [22,23]
21 At 72h 5.87 209Bj(qx, 3n)211 At Clinical trials [24,25]

229Th/ 7340 years 29Th decay

25M¢// 10 days 5.83/27.62 226Ra(p, 2n)** Ac Clinical trials [26-28]
21384 46 min 22Th(p, x)*® Ac

27 Ac/ 27 years

27Th/ 18 days 5.87/26.70 227 Ac/?’Th/?Ra decay  Clinical praxis [29-32]
223Ra 11 days

o Th/ 1.9 years Formerly in

24Ra/ 3.7 days 5.69/27.54 228Th /224Ra decay Y [33-35]

212pp 10.6 h c.p., Research

* Note that in the case of chain decaying nuclides, not all members of the decay chain are included. Further
characteristics of the mainly used chain nuclide are provided in bold.

3. General Radiopharmaceutical Issues

Direct and indirect radiolabeling methods are available for single alpha-particle emitters. Since the
nuclear recoil effect does not affect the spread of radioactive burden originating from the recoiling
radioactive daughters, particularly the ?!1 At, a halogen that uses chemistry similar to iodine is very
attractive. Furthermore, the radiometals like 1*Tb and several latter decay series members like
2I3Bj appear to be very promising. Radionuclides decaying by a series of several o decays release
radioactive daughter nuclei from the radiopharmaceutical preparations due to the nuclear recoil effect.
This effect complicates the labelling strategies and successful dose targeting. In its presence, both
the pharmacokinetic properties of the radiopharmaceuticals and the strategies for elimination of the
released radioactive burden need to be optimized.

3.1. Nuclear Recoil Effect and the Release of Daughter Nuclei

Due to the momentum conservation law, part of the decay energy is transferred to a daughter
nucleus. An approximate value of this energy can be calculated by the mathematical relation:

E, = &%
r M,

@
where E; is the recoil energy, m the rest mass of an « particle, M, mass of the recoil and Q is the
decay energy. The energy distribution ratio between the alpha particle and the recoiling atom is
typically 98% to 2%. The amount of energy that the recoil atom reaches is some 100 keV and that is
not negligible. Such energy is sufficient to break some 10,000 chemical bonds (assuming 10 eV/one
bond). An example of such 109 keV recoil is the 2Rn with the range of some 88 nm in a water-like
environment (e.g., cells or extracellular matrix). The comparison of LET and ion ranges of « particles
and 2°Rn recoils originating from ?*Ra decay is shown in Figure 1 and the ranges of !°Rn recoils
in various materials are summarized in Table 2. Simulations were performed using SRIM code [36].
These factors have a direct impact on radiopharmaceutical stability and purity, as well as on dosimetry
and daughter recoils’ distribution in tissues, especially when so called in vivo generators are employed.
In some cases the radioactive recoils are removed from the radiopharmaceutical preparations and their
final formulations before use [37,38].
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Figure 1. (a) Log/log plot of linear-energy transfer (LET) of « particles and 2'°Rn ions vs. their path
(distance) in water up to the rest; (b) Semi-log 3D plot of final at rest positions of & particles and 2'°Rn
ions with their xy, xz and yz plane projections. The recoil, in fact, travels in opposite direction to the

emitted « particle (common decay-event origin at x,y,z = 0,0,0).

Table 2. Ranges of 109 keV 219Rn ions in selected materials.

Material Range (nm)

Au 11
ZrO, ICRU-712 26
Al,O3 ICRU-106 27
TiO, ICRU-652 28
SiO, ICRU-245 46
adult cortical bone 53
human blood 85
prostate tissue 87
water 89

nitrogen gas 76,000

To mitigate the consequences of the nuclear recoil effect in the body, we propose three methods
based on the corresponding theorems:

Theorem 1. Recoils spread mitigation by time—the spread of daughter radioactive ions takes time, so their
spread in the organism would also depend on their half-life.

Proof of Theorem 1. The blood flow measured in terms of red blood cells velocity in capillaries ranges
between about 1-3 mm/s [39]. Taking into account this value as a reference for passive transport of
radiopharmaceuticals in extracellular matrix or in a capillary blood stream, one may compare this
displacement time and the half-life of the corresponding released daughter nuclide. While only one half
of 29Rn atoms (T = 3.96 s) decay roughly in 4 s, the number of atoms of further decay series member
215po (T = 1.78 ms) decreases to ! /1ogp of its initial amount in 17.8 ms, and it thus has practically no
time to escape or to be translocated. Thus, the selection of nuclides with favorable decay properties

determines this approach.

Theorem 2. Recoils spread mitigation by nanoconstruct size/material—daughter-recoiling nuclide consumes
some of its energy while getting through the nanoconstruct.
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Proof of Theorem 2. Depending on the nanoconstruct design the stopping power of various materials
affects the recoils range. The material and size of the nanoconstruct thus determine the energy loss
of recoils in nanoconstruct material. Not only the atomic structure but also the molecular structure
and chemical-bond environment affect the stopping ability of the nanoconstruct as a whole [36].
Furthermore, the recoil ion range in nanoconstruct material is limited and its energy is significantly
decreased. In general, the stopping power increases with various parameters like atomic weight,
electronic density, bond structure, etc. The advantage of spherical nanoconstruct geometry in terms
of the stopping efficiency of the nanoconstructs is obvious, and the mother nuclide should be
preferably placed in the nanoconstruct core. On the other hand, in case of surface-bonded radionuclide,
the probability of daughter recoil ion back-implantation into the nanoconstruct is about 50%.

Theorem 3. Recoils spread mitigation by the nanoconstructs number/depot—even though the recoil ion
may escape a nanoconstruct, the probability of its back-implantation or its implantation into surrounding
nanoconstruct units is relatively high.

Proof of Theorem 3. In cases when time, nanoconstruct material and size are not sufficient to
degrade the recoils energy completely, the released ions may be trapped by a depot of surrounding
nanoconstructs or even as mentioned in Theorem 2, by the nanoconstruct itself. This proof is also
supported by the fact that both surface and intrinsic labelling strategies yielded quite similar data on in
vitro stabilities results in terms of total released activity [17]. This method is, however, limited to topical
applications of radiopharmaceuticals based on larger nanoconstruct aggregates or agglomerates.

3.2. Labelling Chemistry

A fundamental concept of small molecule labelling, e.g., the antibody fragments, peptides and also
surface-modified nanocarriers, is based on chelators conjugated throughout a spacer with the vector
or the nanocarriers themselves. Spacers are aliphatic or aromatic moieties (C4—C10 or longer) able to
establish chemical bonds (e.g., amides, esters, etc.) via nucleophilic substitution, amide formation using
carboimides (e.g., dicyclohexylcarbodiimide, diisopropylcarbodiimide) or the Schotten—-Baumann
reaction of acylhalogenides with amines. The “click reactions” of azides with moieties containing triple
bonds play the most important role, e.g., the Huisgen’s 1,3-dipolar addition at elevated temperatures
resulting in 1,5- or 1,4-isomers, or Cu(I) catalyzed azide-alkine cycloaddition (preferably resulting
in 1,4-product). Cycloaddition reactions help to establish a bond between the spacers and targeted
moieties very quickly and efficiently.

Excellent chelators of trivalent metals are the azamacrocyclic ligands based on DOTA,
NOTA or TETA analogues (e.g., carboxylic or phosphonic)—see Figure 2. Most of them are
commercially available with various spacer lengths and as protected (e.g., t-butyl or benzyl) or
unprotected derivatives.

o
HOOCﬁ HOZCHZCHﬁgj ,,\
N
Yy el
N N N\)N " =0
\
HOOC—" \—/ \—cooH o:p( HO' CH,CH,COLH
7\
NOTA HO,CH,CH,C OH
/\ TRAP-Pr
HOOC—\|  \ COOH HOOC—, ,— ,—COOH
Oy w3 Y
NN N N
HOOC v COOH HOOC—" “— “—COOH
TETA DOTA

Figure 2. Chemical formulas of cyclic chelators.
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These chelators provide very fast trivalent ions complexation kinetics (e.g., Ga, Lu, Tb, Ac, Bi, etc.)
depending on pH and temperature. Most of them are used with coordinated stable metals (e.g., Gd) as
contrast agents in magnetic resonance imaging (MRI) and they are very often employed as chelators
for diagnostic positron emission tomography (PET) radionuclides (e.g., ®®Ga) as well as beta decaying
therapeutical nuclides (e.g., 1”Lu) [40—44]. During the past few years macrocyclic ligands were also
used in TAT as chelators suitable for 225 Ac or 213Bi [44,45]. Thus, DOTA/NOTA like bifunctional
chelators are fulfilling the theranostic concept according to which one chelator may be employed
for multimodal diagnostic purposes or as /3~ therapeutic agents. Concerning the « emitters, it is
interesting that even though the energy released during « decay exceeds several hundred times the
Me-C, Me-O or Me-N bond energy (Me—radiometal) and the recoils are released from the carrier,
in vivo experiments indicate that the use of such delivery systems is also feasible [4,46].

As already mentioned, labelling procedures proceed quite rapidly, taking dozens of minutes at
laboratory or elevated temperatures (up to 95 °C) at pH = 1-5 depending on the central atom and also
ligand structure. Several studies indicate that coordination of trivalent gallium by TRAP-Pr at pH = 1-3
and room temperature is more efficient than NOTA, DOTA, TETA analogues under similar conditions.
Optimal labelling protocol was established within 10-30 min for ®®Ga at pH = 34 (acetate or citrate
buffer) at elevated temperatures (90-95 °C). It was also observed that the presence of trace metal
impurities like Zn?t, Cu?*, Fe3*, A3, Ti** or Sn** does not significantly decrease the radiochemical
yield while gallium labelling proceeds [47,48]. This ligand is, thus, promising also for other radiometals
like 2!3Bi, 225 Ac. However, under certain conditions macrocyclic ligands form mostly in-cage structures.
Depending on the reaction conditions and basicity of the ligands, less thermodynamically stable
out-of-cage structures may occur usually when the reaction has been performed at lower temperatures.
Employing microwave irradiation may also significantly help to ensure faster formation of in-cage
complexes. Experimental 22> Ac-DOTA-PSMA-617 was synthesized in a microwave reactor at pH = 9
(TRIS buffer) within 5 min with radiochemical purity over 98% and specific activity 0.17 MBq/nmol.
Similar protocols were employed when synthesized 2!*Bi-DOTATOC and 2!3Bi-Substance P were
synthesized, hexadentate DOTA-peptide conjugate being used [49,50]. Both 2'3Bi and 2!?Bi are
considered for the purpose. A 2!2Pb-TCMC-trastuzumab conjugate was studied on patients with HER-2
receptor carcinoma and its toxicity, pharmacokinetics and dosimetry were investigated. However,
the use of DOTA analogues as chelators of > Ac or 2!3Bi did not solve the toxicity of daughter
recoils. A very interesting alternative to the presented o emitters is the *°Tb, currently studied in a
preclinical immunotherapy. Terbium-149 was separated from isobaric and other impurities including
stable zinc by extraction with a-hydroxyisobutiric acid solution (pH = 4) and was directly added
to DOTANOC (incubation: 15 min at 95 °C). Subsequent high-performance liquid chromatography
(HPLC) confirmed an over 98% purity and high specific activity (5 MBq/nmol) of 14Tb-DOTANOC.
A similar approach was used for 9TH-DOTA-folate (incubation: 10 min at 95 °C) [51,52]. Labelling of
monoclonal antibody CD20 rituximab with 199Th in a mixture of ammonium acetate, ascorbic acid and
phosphate-buffered saline (PBS) buffer (pH = 5.5) and 10 min incubation at room temperature resulted
in 99% yield and specific activity of 1.11 GBq/mg. Conjugate 4*Tb-rituximab was prepared using
cyclohexane diethylene triamine pentaacetic acid (CHX-A”-DTPA) [53]. This pentaacetic acid analogue
is a very interesting ring-opening chelator used in several studies with 2!3Bi-HuM195 on patients with
human myeloid leukemia. The TCMC and CHX-A”-DTPA chelators are shown in Figure 3.

While 2°Ac, 21%Bi, 49Tb and other radionuclides may be easily coordinated using macrocyclic
or DTPA chelating agents, efficient chelator for 2*Ra, which is currently used in palliative treatment
of bone metastasis of prostate cancer, is still not available. Thus, direct sorption of ?2>Ra onto surface
or intrinsic labelling of nanocariers, e.g., nanohydroxyapatites, LaPO,, SPIONs and others was
investigated [6,8,17]. Due to the problematic chemistry of 2! At several studies were focused on
the possibility of trapping astatine into a nanoconstruct (e.g., gold or silver nanoparticles (NPs),
21 AtCl@US-tubes, TiOy), attached to targeting vector via a linker [54-57]. Synthesized nanoconstructs
might be stabilised with polyethyleneoxide or polyethylene glycol (PEG). Retention of the « emitter is
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also significant in liposomes, where about 81% 22° Ac retention was observed but the recoil retention
was not evaluated [58]. Whereas both the labelling of nanoconstructs or liposomes and stabilization of
recoils are quite efficient in comparison with small molecules, the stability of their dispersions (e.g.,
the hydrodynamic diameter) may significantly vary depending on used material.

HN—2O  Ox NH,
TJ
N N

SCN

[N N]/\©\NCS ; :
\___/ />N N N‘\
HO,C ) ) ( COH
HNTSO 07 NH, HO,C HO,C  CO,H
TCcMC CHX-A""-DTPA

Figure 3. Chemical formulas of TCMC and CHXA”-DTPA chelators.

3.3. Targeting and Clearance

Investigation of how to deliver short-range, high LET radiation to target sites is of key importance.
Short « particle range in soft tissues favors their use in the therapy of small lesions, metastases or
system-spread diseases like some kinds of leukemia. Depending on the biochemical properties of the
radiopharmaceuticals, three targeting strategies could be defined:

1. “self-targeting” based on physiological affinity of the radioisotope to a given tissue; thus radium
tends to accumulate in bones or pertechnetate, astatine or iodide in the thyroid;

2. “passive targeting” or “blood circulation and extravasation” is based on accumulation of
nanoparticles in the areas around the tumors with leaky vasculature; commonly referred to
as the enhanced permeation and retention (EPR) effect [59];

3. “active induced targeting” based on specific ligand-receptor interactions between labelled small
molecules, peptides, mAbs and their fragments and target cells; externally activated exposure is
also possible (temperature, magnetic field or other activators) [60].

Taking into account the half-lives of the therapeutic nuclides and the recoiling daughters, their
circulation time, biodistribution and clearance play a critical role. Matching radionuclide half-lives and
pharmacokinetic profiles of the vehicle systems remains a significant criterion [61]. Radionuclides with
half-lives long enough to allow differential tumor accumulation and possibly cellular internalization
of radiolabeled molecules have some advantages in therapeutic application, but their toxicity for
non-targeted sites should be minimized. The features of recoils’ distribution in the body was discussed
by de Kruijff et al. [62]. Pharmacokinetics of the injected radiopharmaceutical could be a function of
both time and tumor size. As an example, the data of a preclinical study with 2!3Bi-DOTATATE in
animals bearing small and large tumors (50 and 200 mm?) using two tumor models: H69 (human small
cell lung carcinoma) and CA20948 (rat pancreatic tumor) are demonstrated in Figure 4 [63].

Different approaches have been explored to inhibit the accumulation of both parent and
daughter radionuclides in critical organs or acceleration of their clearance: co-injection of lysine
with 213Bi-labelled conjugate can reduce kidney uptake of 213Bi [64], bismuth citrate pre-treatment
blocks renal retention of 2!3Bi [65], and oral administration of BaSO, known as a coprecipitating
agent of radium reduces the 223Ra accumulation in the large intestine [66]. In some cases only
locoregional therapy (not intravenous injection) is suited because of the large size or high hydrophilicity
of the delivery agent, e.g., encapsulated liposomes or multi-layered nanoconstructs [67]. Imaging
methods with the potential for in vivo evaluation of the pharmacokinetics of the radionuclides, such as
single-photon emission computed tomography (SPECT)/PET/CT imaging are of great importance for
assessing the outcome of the therapy.
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Figure 4. Selected pharmacokinetics of 213Bi-DOTATATE in H69 (A-C) and CA20948 (D-F)
tumor-bearing animals: uptake in tumors (A,D) and kidney (B,E), and radioactivity in blood (C,F) [63].

3.4. Dosimetry

The absorbed dose is defined as an energy delivered to a unit of mass (see Equation (2)).

Ex [T}

D= ——+—
My, [kg]

(Gy] 2
where the dose, D is defined as a ratio of the energy E, deposited by the radiation passage to the matter
in a unit of mass m;,,. This definition is however quite general and does not reflect the specific situation
when « emitters and chain decays are used in TAT. This requires precise and accurate dose estimation
on all levels, starting from whole body biodistribution down to subcellular level. The example of >Ra
decay that produces one o particle and recoiling !°Rn ion gives a clear picture of such situation. Let us
assume that the cell density equals 1 g/cm?, the mass m;,,. taken into dose calculation is expressed as
the mass of a sphere with the diameter of the 2!Rn recoil path, and the energy E, equals the recoil total
energy deposition (109.5 keV). In the case of « particle, a sphere with the diameter of 20 pm (single
cell dimension) and only partial energy deposition calculated on the basis of LET is considered. Thus
the absorbed dose D delivered by the 2'Rn recoil corresponds to 40 kGy in such small volume (total
deposited energy of 109.5 keV) while for the « particle it amounts only to 70 mGy over its single-cell
path (though the total energy deposited by an alpha particle is 1.83 MeV). To compare the dose in the
same mass (or volume), e.g., of one cell, the ratio of the doses delivered by a single « particle and ?!Rn
recoil turns then to 70 mGy to 4 mGy, respectively. Thus the implications for radionuclide targeting on
the subcellular level (e.g., internalization into the nucleus or destruction of cell organelles) play an
important role and the contribution of recoil ions should not be neglected. In general, the dosimetry
should be evaluated separately in the following levels.

3.4.1. Body Level

In vivo whole body scans with « emitters may provide very helpful and quite detailed information
on the pharmacokinetic and pharmacodynamic properties of radiopharmaceuticals [68,69]. Organ
intake values, renal clearance or fecal excretion may be evaluated in this way and the recoil release
could be possibly visualized by employing the multiple energetic windows data analysis.

3.4.2. Organ and Sub-Organ Levels

The ex vivo sample measurements in animal models and also the in vivo imaging can provide
overall information on the biodistribution and organ uptake of radiopharmaceuticals [12,70].
Sub-organ distribution may also be visualized and more detailed information on target organ uptake
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compartments may be gained. Such information is again very important for the estimation of tumor
therapy prognosis since some tumors do not express their specific antigens or do not accumulate the
targeting vectors in their whole volume.

3.4.3. Cellular and Subcellular Level

Dosimetry on a cellular level should clarify the cell-death mechanisms induced by radiation and
damage of cellular compartments including DNA damage. Direct (e.g., DNA double strand breaks)
and indirect damage mechanisms (e.g., reactive oxygen species generation) should be considered and
further analysis is needed, taking into account also the recoil effects. The standard condition of the
radionuclide internalization in the cell need not be necessary. The dose distribution on a subcellular
level differs significantly for « particles and for the recoil ion—see Section 3.1. The studies published
so far did not evaluate the complete decay and the energy distribution in decay products even though
microautoradiographic techniques, in a combination with immuno-staining methods, are available [71].
Single « particle-induced damage visualized in real time was also reported [72] and the stochastic
simulation of ?’Ra « particle irradiation effects on subcellular level was recently performed [73];
however, recoils were not taken into account. The cell-to-cell fluctuations in dose deposition ranged
up to about 40%. Interesting results were reported in [74]. In a simplified cellular model, the average
number of hits by « particles resulting in a 90% probability of killing exactly one cell was estimated to
range from 3.5 to 17.6. However, a better understanding of « particles and the damage induced by the
hot recoil atoms is needed to achieve precise proper dose estimation.

Contrary to the efforts of trapping the recoils, an innovative approach that is actually based on
the controlled release of recoiling atoms with radioactive nuclei was developed. A novel concept of
diffusing o emitter radiation therapy (DaRT) was proposed as a new form of brachytherapy. To treat
solid tumors, the method uses « particles employing implantable ?*Ra-loaded wire sources that
continually release short-lived « particle emitting recoils that spread over a few millimeters inside the
tumor [75]. Immunogenic cell death seems to significantly influence the overall effect of the therapy.

4. Vectors for Targeted Alpha Particle Therapy

Efficient and specifically targeted carriers need to be developed in order to realize the potential
and favorable properties of o emitters. A variety of conventional and novel drug-delivery systems have
been investigated for these purposes: biological macromolecules (antibodies, antibody fragments),
small molecule compounds (peptides, affibodies) and nanocarriers/nanoconstructs.

4.1. Small Molecules

4.1.1. MABG

[2!1 At]-meta-astatobenzylguanidine (! At-MABG) was synthesized to improve the therapeutic
effect for the treatment of malignant pheochromocytoma (PCC) and other diseases [76]. Compared
with ¥1-MIBG, sufficient cellular uptake and suppression of tumor size after single administration of
211 At-MABG (555 kBq/head) have been reported [77]. A kit method for the high-level synthesis of
211 At-MABG was also developed [78].

4.1.2. Prostate-Specific Membrane Antigen (PSMA)

Clinical salvage therapy with 22> Ac-PSMA-617 was introduced for patients with advanced mCRPC
in whom approved therapies had been ineffective. PSMA (prostate-specific membrane antigen) is
a 750 amino acid type II transmembrane glycoprotein; after binding at the tumor cell surface the
PSMA ligands are internalized allowing radioisotopes to be concentrated within the cell. A standard
treatment activity of 100 kBq/kg administered every 8 weeks presents remarkable anti-tumor activity
along with tolerable bystander effects and moderate hematological toxicity [4,5]. Figure 5 shows a
patient case with impressive results of TAT in comparison with non-effective 17/Lu therapy. It was also
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shown, that 2!3Bi labelled PSMA targeting agents induce DNA double-strand breaks in prostate cancer
xenografts [79].

A B C D
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Figure 5. ®®Ga-PSMA-11 positron emission tomography (PET)/computed tomography (CT) scans
of a patient comparing the initial tumor spread (A); restaging after 2 cycles of 3~ emitting
177Lu-PSMA-617 reveals progression (B). In contrast, restaging after second (C) and third (D) cycles
of o emitting 22> Ac-PSMA-617 shows impressive response. This research was originally published
in JNM. Kratochwil et al. 225 Ac-PSMA-617 for PSMA-Targeted a-Radiation Therapy of Metastatic
Castration-Resistant Prostate Cancer. J. Nucl. Med. 2016, 57(12), 1941-1944. © by the Society of Nuclear
Medicine and Molecular Imaging, Inc. [4].

4.1.3. Substance P

Clinical experience with the use of peptide carrier Substance P in TAT has recently been
reported [80,81]. Patients with recurrent glioblastoma multiforme were treated with 1-7 doses of
approx. 2 GBq ?!®Bi-DOTA-Substance P or 1-4 doses of 10 MBq 2% Ac-DOTAGA-Substance P at
two-month intervals. Favorable toxicity profile and prolonged median survival compared to standard
therapy were observed.

4.2. Biomolecules—Antibodies

A detailed description of mAbs radiolabeling with « emitters has been recently given
elsewhere [82,83]. Here we mention only some of the clinical and preclinical studies.

Actimab-A, which represents 22> Ac conjugated to lintuzumab (anti-CD33 mAb), demonstrated
safety and efficacy against acute myeloid leukemia (AML) in two phase 1 trials. Total administered
activities ranged from 37-148 kBq/kg and it was found that baseline peripheral blast count is a
highly significant predictor of objective response [84]. The phase 2 trial is currently active at 16
clinical trial sites with patients with AML, age 60 and older, who are ineligible for standard induction
chemotherapy [85].

213Bi-anti-EGFR-mADb radioimmunoconjugate was prepared by coupling 2!*Bi and cetuximab
via the chelating agent CHX-A”-DTPA. Intravesical instillation of 366-821 MBq of the
2I3Bi-anti-EGFR-mAD in 40 mL of PBS was applied in recurrent bladder cancer patients revealing
well-tolerated therapeutic efficacy [86].
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The first-in-human clinical studies of 2}2Pb-AR-RMX (AlphaMedixm, Houston, TX, USA) for
therapy of neuroendocrine tumors were announced to have begun. The biodistribution and safety of
this peptide derivative vehicle targeting SSTR2-(+) neuroendocrine cancer cells were clinically evaluated
using *Pb-AR-RMX. No acute or delayed hematological or renal toxicity was observed [87,88].

Preclinical trials of 22> Ac-DOTA-anti-PD-L1-BC conjugate have demonstrated promising results
in the radioimmunotherapeutic treatment of breast cancer. PD-L1, programmed cell Death Ligand 1, is
part of an immune checkpoint system preventing autoimmunity. Anti-PD-L1 antibody (anti-PD-L1-BC)
was coupled with p-SCN-Bn-DOTA, and the resulting DOTA-anti-PD-L1-BC conjugate was then
labelled with %5 Ac in sodium acetate. According to the pilot therapeutic studies a single dose of
15 kBq of the 225 Ac-DOTA-anti-PD-L1-BC (3 mg/kg) increased median survival in a metastatic breast
cancer mouse model [12].

8C3 mADb, a 2nd-generation murine antibody to melanin of the IgG isotype, was labelled with
188Re or 213Bi directly or via CHXA”-DTPA chelator, respectively to prepare a new agent for therapy
of metastatic melanoma. There was statistically significant reduction of lesions in the lungs of mice
treated with either 400 mCi '88Re8C3 or 400 mCi 2!3Bi-8C3 mAb without any undesirable side effects.
The unlabeled mAb did not have any effect on the number of the lesions. A statistically significant
difference between the 188Re and the 213Bi treatment was not observed [89].

The efficacy of IgClk 35A7 mAb (anti-carcinoembryonic antigen, CEA) and trastuzumab
(anti-HER?2) labelled with 2'?Pb was estimated in vitro and in vivo in the treatment of small-volume
peritoneal carcinomatosis. A strong dose gradient was measured for 2'>Pb-35A7 mAb; it was much
more homogeneous for 21?Pb-trastuzumab. The heterogeneity in mAb distribution was found to be
counterbalanced by the presence of bystander effects [90]. Trastuzumab was also labelled with 22> Ac
and studied in a breast cancer spheroids model in vitro [91] and with 21 At in athymic rat model with
implanted MCF-7/HER2-18 breast carcinoma cells, in which the median survival almost doubled [92].

The small molecule of antibody fragment anti-HER2 2Rs15d Nb was studied as a vehicle
of 2°Ac [93] and 2!!At [94]. The labelling was performed via the bifunctional chelating agent
p-SCN-Bn-DOTA for 22’ Ac and three different prosthetic groups m-eATE, SGMAB, MSB for 21 At
using random and site-specific labelling approaches. All prepared conjugates showed efficient degree
of internalization in HER2 + SKOV-3 cells justifying their further in vivo evaluation.

Poly(ADP-ribose)polymerase-1 (PARP-1), the nuclear protein which exhibits the ability to
target directly chromatin, was functionalized with 2! At for the therapy of high-risk neuroblastoma.
The prepared 2! At-MM4 conjugate demonstrated cytotoxicity to several cell lines [95].

4.3. Macromolecules and Nanoconstructs

Conceptual differences in clinical translation of the above vehicles were pointed out. For instance,
antibody conjugates target the cell surface and tend to have limited access to solid tumors [96],
whereas radiolabeled peptides are more desirable due to straightforward chemical synthesis, versatility,
easier radiolabeling, optimum clearance from the circulation, faster penetration and more uniform
distribution into tissues, and also lower immunogenicity [97,98]. Nanoparticle-based systems
have been designed to improve biodistribution, stability, specificity, pharmacological and targeting
properties, daughter retention, as well as to exploit the theranostic approach [99-101].

Nanoparticles with two layers of cold LaPOy4 deposited on the core surface (LaPO4 core and core
+2 shells) were synthesized and labelled with either 2>Ra or ?2°Ra/??° Ac. The NPs were additionally
coated with GdPO4 and gold shells demonstrating retention of both parents and daughters (over
27-35 days) without diminishing the tumoricidal properties of emitted « particles. Consequent
conjugation of LaPO4 NPs to 201b mAb, targeting trombomodulin in lung endothelium was carried out
using a lipoamide polyethylene glycol (APEG)-COOH linker. Efficacy of the NPs-antibody conjugate
system was demonstrated on reduced EMT-6 lung colonies [102,103].

Novel nuclear-recoil-resistant carriers of 2?Ra based on hydroxyapatite were developed [17,
104]. Two strategies were used to prepare the nanoconstructs: the surface and the intrinsic (volume)
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labelling. High labelling yields as well acceptable in vitro and in vivo stabilities over the period of ?*Ra
half-life make the developed nanoconstructs promising for targeted cancer therapy, e.g., bone matrix
targeting [17]. Similarly, the 2?>Ra labelled CaCO3 microparticles were successfully tested in a mice
model with ES-2 and SKOV3-luc intraperitoneal ovarian cancer xenografts resulting in considerably
reduced tumor volume or a survival benefit [105].

The Au-S-PEG-Substance P (5-11) bioconjugates were proposed to utilize the formation of a
strong bond between metallic gold and astatine for binding >!! At to the biomolecule. Gold NPs were
conjugated with Substance P (5-11), neuropeptide fragment with high affinity to neurokinin type 1
receptors on the glioma cells, through HS-PEG-NHS linker. They were then labelled with 2!' At by
chemisorption on the gold surface. The radiobioconjugates were stable for 24 h in human serum
and cerebrospinal fluid, exhibiting high toxicity to glioma cancer cells. However, only local drug
application, not intravenous injection, was recommended because of their relatively large size and
high hydrophilicity [57,106].

Substance P (5-11) (SP) was also used for functionalization of nanozeolite-A loaded with ?2°Ra
for targeting glioma cancer cells. The small (<5%) release of the daughter radionuclides from the
prepared bioconjugate *?>Ra-A-silane-PEG-SP (5-11) and the ability of zeolite NPs to re-adsorption
of recoiled ??*Ra decay products (as a molecular sieve and as a cation-exchanger) along with high
receptor affinity toward NK-1 receptor expressing glioma cells in vitro make ?>>Ra-A-silane-PEG-SP
(5-11) promising tool for TAT [107]. Nevertheless, like the preceding vehicle it was not recommended
for intravenous injection.

Nanocarriers composed of amphiphilic block copolymers, i.e., loaded polymersomes, make it
possible to keep the recoiling 22° Ac daughters and causing complete destruction of spheroidal tumors.
Nevertheless, more studies are necessary to evaluate the in vivo recoil-retention effectivity [108].

Nanocarriers in the form of lipid vesicles targeted to PSMA were labelled with 22> Ac and compared
with to a PSMA-targeted radiolabeled antibody. It was found that targeted vesicles localize closer
to the nucleus while antibodies localize near the plasma membrane. Targeted vesicles cause larger
numbers of dsDNA breaks per nucleus of treated cells compared with radiolabeled mAb [109].

Interstitial vehicles in the form of pH-tunable liposomes encapsulating chelated 22> Ac were
designed to enhance the penetration in solid tumors, which is usually limited for radionuclide carriers.
The liposomes were composed of 21PC:DSPA:cholesterol(chol):DSPE-PEG:Rhd-lipid. In the slightly
acidic tumor interstitium (7.4 > pH > 6.0) a pH-responsive mechanism on the liposome membrane
results in the release of the encapsulated radioactivity [110]. This study together with refs. [4,5] actually
supports the concept of DaRT therapy [75] in large solid tumors and metastases.

5. Summary

Targeted alpha-particle therapy is a very promising and effective therapeutical tool against cancer.
This brief overview of recent developments shows great potential in solving partial pitfalls of this
method mainly related to the nuclear-recoil effect. We speculate that two major strategies in TAT
field are very likely to develop further—firstly, the use of single o particle emitters and/or carriers
able to stop the spread of recoils labelled with chain « emitters; and, secondly, the use of carriers
providing controlled release of chain o particle emitters (DaRT concept). While the former field would
just apply already-known facts, the latter brings a relatively new concept in the TAT, with an overlap
to immunologic signaling and cell death. Despite the many uncertainties and problems in TAT, e.g.,
concerning the proper dose targeting, it should be pointed out that successful treatment cases in animal
models have already been reported for both strategies. Also, recent clinical trials showed that patient
benefits prevailed over potential risks. Further research is, however, needed to clarify the dosimetry on
all levels and to eliminate the unwanted spread of radioactive burden over the body and the induction
of secondary malignancies. TAT should, therefore, become additional and equivalent tools in truly
personalized medicine.



Molecules 2018, 23, 581 13 of 18

Acknowledgments: This work was funded by the Health Research Agency of the Czech Republic, grant
No.: NV16-30544A, the Russian Foundation for Basic Research, and Moscow city government according
to the research project No.: 15-33-70004 «mol_a_mos», the Technology Agency of the Czech Republic,
grant No.: TJ01000334 and the EU & Ministry of Education Youth and Sports of the Czech Republic grant
No.: CZ.02.1.01/0.0/0.0/15_003 /0000464.

Author Contributions: Jan Kozempel, Martin Vlk and Olga Mokhodoeva wrote the paper and contributed equally.

Conflicts of Interest: The authors declare no conflict of interest. The funding sponsors had no role in the
interpretation of data, in the writing of the manuscript, and in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

Song, H.; Senthamizhchelvan, S.; Hobbs, R.F,; Sgouros, G. Alpha Particle Emitter Radiolabeled Antibody for
Metastatic Cancer: What Can We Learn from Heavy Ion Beam Radiobiology? Antibodies 2012, 1, 124-148.
[CrossRef]

Borchardt, PE.; Yuan, R.R.; Miederer, M.; McDevitt, M.R.; Scheinberg, D.A. Targeted Actinium-225 In Vivo
Generators for Therapy of Ovarian Cancer. Cancer Res. 2003, 63, 5084-5090. [PubMed]

Jaggi, ].S.; Kappel, B.].; McDevitt, M.R.; Sgouros, G.; Flombaum, C.D.; Cabassa, C.; Scheinberg, D.A. Efforts
to control the errant products of a targeted in vivo generator. Cancer Res. 2005, 65, 4888-4895. [CrossRef]
[PubMed]

Kratochwil, C.; Bruchertseifer, F.; Giesel, EL.; Weis, M.; Verburg, F.A.; Mottaghy, F.; Kopka, K.; Apostolidis, C.;
Habekorn, U.; Morgenstern, A. 22> Ac-PSMA-617 for PSMA-Targeted a-Radiation Therapy of Metastatic
Castration-Resistant Prostate Cancer. J. Nucl. Med. 2016, 57, 1941-1944. [CrossRef] [PubMed]

Kratochwil, C.; Bruchertseifer, F.; Rathke, H.; Bronzel, M.; Apostolidis, C.; Weichert, W.; Haberkorn, U.;
Giesel, F.L.; Morgenstern, A. Targeted «-Therapy of Metastatic Castration-Resistant Prostate Cancer with
225 Ac-PSMA-617: Dosimetry Estimate and Empiric Dose Finding. J. Nucl. Med. 2017, 58, 1624-1631.
[CrossRef] [PubMed]

Woodward, J.; Kennel, S.J.; Stuckey, A.; Osborne, D.; Wall, J.; Rondinone, A.].; Standaert, R.F.; Mirzadeh, S.
LaPO4 nanoparticles doped with actinium-225 that partially sequester daughter radionuclides. Biocon;.
Chem. 2011, 22, 766-776. [CrossRef] [PubMed]

Kozempel, J.; VIk, M. Nanoconstructs in Targeted Alpha-Therapy. Rec. Pat. Nanomed. 2014, 4, 71-76.
[CrossRef]

Mokhodoeva, O.; Vlk, M.; Malkova, E.; Kukleva, E.; Mi¢olova, P; étamberg, K; Slouf, M.; Dzhenloda, R.;
Kozempel, J. Study of Ra-223 uptake mechanism by Fe3O4 nanoparticles: Towards new prospective
theranostic SPIONSs. J. Nanopart. Res. 2016, 18, 301. [CrossRef]

Piotrowska, A.; Leszczuk, E.; Bruchertseifer, F.; Morgenstern, A.; Bilewicz, A. Functionalized NaA
nanozeolites labeled with Ra-224,Ra-225 for targeted alpha therapy. ]. Nanopart. Res. 2013, 15, 2082.
[CrossRef] [PubMed]

Mathé, D.; Szigeti, K.; Heged{is, N.; Horvath, I.; Veres, D.S.; Kovacs, B.; Szfics, Z. Production and in vivo
imaging of 2%*Pb as a surrogate isotope for in vivo 212Pb internal absorbed dose studies. Appl. Radiat. Isot.
2016, 114, 1-6. [CrossRef] [PubMed]

Wick, R.R. History and current uses of ?4Ra in ankylosing spondylitis and other diseases. Environ. Int. 1993,
19, 467-473. [CrossRef]

Nedrow, ].R.; Josefsson, A.; Park, S.; Back, T.; Hobbs, R.F,; Brayton, C.; Bruchertseifer, F.; Morgenstern, A.;
Sgouros, G. Pharmacokinetics, microscale distribution, and dosimetry of alpha-emitter-labeled anti-PD-L1
antibodies in an immune competent transgenic breast cancer model. EJNMI Res. 2017, 7, 57. [CrossRef]
[PubMed]

Al Darwish, R.; Staudacher, A.H.; Li, Y.; Brown, M.P,; Bezak, E. Development of a transmission alpha particle
dosimetry technique using A549 cells and a Ra-223 source for targeted alpha therapy. Med. Phys. 2016, 43,
6145-6153. [CrossRef] [PubMed]

Ackerman, N.L.; Graves, E.E. The Potential for Cerenkov luminescence imaging of alpha emitting isotopes.
Phys. Med. Biol. 2012, 57, 771-783. [CrossRef] [PubMed]

Jaggi, ].S.; Seshan, S.V.; McDevitt, M.R.; Sgouros, G.; Hyjek, E.; Scheinberg, D.A. Mitigation of radiation
nephropathy after internal a-particle irradiation of kidneys. Int. |. Radiat. Oncol. Biol. Phys. 2006, 64,
1503-1512. [CrossRef] [PubMed]


http://dx.doi.org/10.3390/antib1020124
http://www.ncbi.nlm.nih.gov/pubmed/12941838
http://dx.doi.org/10.1158/0008-5472.CAN-04-3096
http://www.ncbi.nlm.nih.gov/pubmed/15930310
http://dx.doi.org/10.2967/jnumed.116.178673
http://www.ncbi.nlm.nih.gov/pubmed/27390158
http://dx.doi.org/10.2967/jnumed.117.191395
http://www.ncbi.nlm.nih.gov/pubmed/28408529
http://dx.doi.org/10.1021/bc100574f
http://www.ncbi.nlm.nih.gov/pubmed/21434681
http://dx.doi.org/10.2174/1877912305666150102000549
http://dx.doi.org/10.1007/s11051-016-3615-7
http://dx.doi.org/10.1007/s11051-013-2082-7
http://www.ncbi.nlm.nih.gov/pubmed/24307862
http://dx.doi.org/10.1016/j.apradiso.2016.04.015
http://www.ncbi.nlm.nih.gov/pubmed/27156049
http://dx.doi.org/10.1016/0160-4120(93)90272-J
http://dx.doi.org/10.1186/s13550-017-0303-2
http://www.ncbi.nlm.nih.gov/pubmed/28721684
http://dx.doi.org/10.1118/1.4965805
http://www.ncbi.nlm.nih.gov/pubmed/27806616
http://dx.doi.org/10.1088/0031-9155/57/3/771
http://www.ncbi.nlm.nih.gov/pubmed/22252144
http://dx.doi.org/10.1016/j.ijrobp.2005.11.036
http://www.ncbi.nlm.nih.gov/pubmed/16503385

Molecules 2018, 23, 581 14 of 18

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Dekempeneer, Y.; Keyaerts, M.; Krasniqi, A.; Puttemans, J.; Muyldermans, S.; Lahoutte, T.; D’huyvetter, M.;
Devoogdt, N. Targeted alpha therapy using short-lived alpha-particles and the promise of nanobodies as
targeting vehicle. Expert Opin. Biol. Ther. 2016, 16, 1035-1047. [CrossRef] [PubMed]

Kozempel, J.; Vlk, M.; Malkova, E.; Bajzikova, A.; Barta, J.; Santos-Oliveira, R.; Malta Rossi, A. Prospective
carriers of 22’Ra for targeted alpha particle therapy. J. Radioanal. Nucl. Chem. 2015, 304, 443-447. [CrossRef]
Kreyling, W.G.; Holzwarth, U.; Haberl, N.; Kozempel, J.; Hirn, S.; Wenk, A.; Schleh, C.; Schiffler, M.; Lipka, J.;
Semmler-Behnke, M.; et al. Quantitative biokinetics of titanium dioxide nanoparticles after intravenous
injection in rats: Part 1. Nanotoxicology 2017, 11, 434-442. [CrossRef] [PubMed]

Jekunen, A.; Kairemo, K.; Karnani, P. In vivo Modulators of Antibody Kinetics. Acta Oncol. 1996, 35, 267-271.
[CrossRef] [PubMed]

McAlister, D.R.; Horwitz, E.P. Chromatographic generator systems for the actinides and natural decay series
elements. Radiochim. Acta 2017, 99, 151-159. [CrossRef]

Sobolev, A.S.; Aliev, R.A.; Kalmykov, S.N. Radionuclides emitting short-range particles and modular
nanotransporters for their delivery to target cancer cells. Russ. Chem. Rev. 2016, 85, 1011-1032. [CrossRef]
Steinber, E.P; Stehney, A.F,; Stearns, C.; Spaletto, I. Production of **Tb in gold by high-energy protons and
its use as an intensity monitor. Nucl. Phys. A 1968, 113, 265-271. [CrossRef]

Beyer, G.J.; Comor, J.J.; Dakovi¢, M.; Soloviev, D.; Tamburella, C.; Hagebo, E.; Allan, B.; Dmitriev, S.N.;
Zaitseva, N.G.; Starodub, G.Y,; et al. Production routes of the alpha emitting 19Th for medical application.
Radiochim. Acta 2002, 90, 247-252. [CrossRef]

Lebeda, O,; Jiran, R.; Ralis, J.; Stursa, J. A new internal target system for production of At-211 on the cyclotron
U-120M. Appl. Radiat. Isot. 2005, 63, 49-53. [CrossRef] [PubMed]

Zalutsky, M.R.; Pruszynski, M. Astatine-211: Production and Availability. Curr. Radiopharm. 2011, 4, 177-185.
[CrossRef] [PubMed]

Morgenstern, A.; Apostolidis, C.; Molinet, R.; Luetzenkirchen, K. Method for Producing Actinium-225.
EP1610346 A1, 28 December 2005.

Apostolidis, C.; Molinet, R.; Rasmussen, G.; Morgenstern, A. Production of Ac-225 from Th-229 for targeted
alpha therapy. Anal. Chem. 2005, 77, 6288-6291. [CrossRef] [PubMed]

Griswold, ].R.; Medvedev, D.G.; Engle, ].W.; Copping, R.; Fitzsimmons, ].M.; Radchenko, V.; Cooley, J.C.;
Fassbender, M.E.; Denton, D.L.; Murphy, K.E.; et al. Large scale accelerator production of 225 Ac: Effective
cross sections for 78-192 MeV protons incident on Th-232 targets. Appl. Radiat. Isot. 2016, 118, 366-374.
[CrossRef] [PubMed]

Larsen, R.; Henriksen, G. The Preparation and Use of Radium-223 to Target Calcified Tissues for Pain
Palliation, Bone Cancer Therapy, and Bone Surface Conditioning, WO 2000/40275. 13 July 2000.
Henriksen, G.; Hoff, P,; Alstad, J.; Larsen, R.H. ??*Ra for endoradiotherapeutic applications prepared from
an immobilized 227 Ac/%2”Th source. Radiochim. Acta 2001, 89, 661-666. [CrossRef]

Guseva, L.I; Tikhomirova, G.S.; Dogadkin, N.N. Anion-exchange separation of radium from alkaline-earth
metals and actinides in aqueous-methanol solutions of HNO3. 227 Ac-??>Ra generator. Radiochemistry 2004,
46, 58-62. [CrossRef]

Shishkin, D.N.; Kupitskii, S.V.; Kuznetsov, S.A. Extraction generator of ?>Ra for nuclear medicine.
Radiochemistry 2011, 53, 343-345. [CrossRef]

Schwarz, U.; Daniels, R. Novel Radiotherapeutic Formulations Containing 224Ra and a Method for Their
Production. WO 2002/015943, 28 February 2002.

Sebesta, F; Stary, J. A generator for preparation of carrier-free 224Ra. J. Radioanal. Chem. 1974, 21, 151-155.
[CrossRef]

Larsen, R.H. Radiopharmaceutical Solutions with Advantageous Properties. WO 2016 /135200, 1 September
2016.

Ziegler, ].F. SRIM-2013 Code. Available online: http:/ /www.srim.org/ (accessed on 11 November 2017).
Frenvik, ].O.; Dyrstad, K.; Kristensen, S.; Ryan, O.B. Development of separation technology for the removal
of radium-223 from targeted thorium conjugate formulations. Part I: Purification of decayed thorium-227 on
cation exchange columns. Drug Dev. Ind. Pharm. 2017, 43, 225-233. [CrossRef] [PubMed]

Frenvik, ].O.; Dyrstad, K.; Kristensen, S.; Ryan, O.B. Development of separation technology for the removal
of radium-223 from targeted thorium conjugate formulations. Part II: Purification of targeted thorium
conjugates on cation exchange columns. Drug Dev. Ind. Pharm.2017, 43, 1440-1449. [CrossRef] [PubMed]


http://dx.doi.org/10.1080/14712598.2016.1185412
http://www.ncbi.nlm.nih.gov/pubmed/27145158
http://dx.doi.org/10.1007/s10967-014-3615-y
http://dx.doi.org/10.1080/17435390.2017.1306892
http://www.ncbi.nlm.nih.gov/pubmed/28290717
http://dx.doi.org/10.3109/02841869609101640
http://www.ncbi.nlm.nih.gov/pubmed/8679255
http://dx.doi.org/10.1524/ract.2011.1804
http://dx.doi.org/10.1070/RCR4601
http://dx.doi.org/10.1016/0375-9474(68)90405-3
http://dx.doi.org/10.1524/ract.2002.90.5_2002.247
http://dx.doi.org/10.1016/j.apradiso.2005.02.006
http://www.ncbi.nlm.nih.gov/pubmed/15866447
http://dx.doi.org/10.2174/1874471011104030177
http://www.ncbi.nlm.nih.gov/pubmed/22201707
http://dx.doi.org/10.1021/ac0580114
http://www.ncbi.nlm.nih.gov/pubmed/16194090
http://dx.doi.org/10.1016/j.apradiso.2016.09.026
http://www.ncbi.nlm.nih.gov/pubmed/27776333
http://dx.doi.org/10.1524/ract.2001.89.10.661
http://dx.doi.org/10.1023/B:RACH.0000024637.39523.e4
http://dx.doi.org/10.1134/S1066362211040126
http://dx.doi.org/10.1007/BF02520857
http://www.srim.org/
http://dx.doi.org/10.1080/03639045.2016.1234484
http://www.ncbi.nlm.nih.gov/pubmed/27628177
http://dx.doi.org/10.1080/03639045.2017.1318906
http://www.ncbi.nlm.nih.gov/pubmed/28402142

Molecules 2018, 23, 581 15 of 18

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Ivanov, K.P; Kalinina, M.K.; Levkovich, Y.I. Blood flow velocity in capillaries of brain and muscles and its
physiological significance. Microvasc. Res. 1981, 22, 143-155. [CrossRef]

Maheshwari, V.; Dearling, J.L.]J.; Treves, S.T.; Packard, A.B. Measurement of the rate of copper(II) exchange
for ®4Cu complexes of bifunctional chelators. Inorg. Chim. Acta 2012, 393, 318-323. [CrossRef]
Chakravarty, R.; Chakraborty, S.; Ram, R.; Vatsa, R.; Bhusari, P,; Shukla, J.; Mittal, B.R.; Dash, A. Detailed
evaluation of different ®*Ge/%Ga generators: An attempt toward achieving efficient ®®Ga radiopharmacy.
J. Label. Compd. Radiopharm. 2016, 59, 87. [CrossRef] [PubMed]

Notni, J.; Plutnar, J.; Wester, H.]. Bone-seeking TRAP conjugates: Surprising observations and their
implications on the development of gallium-68-labeled bisphosphonates. EJNMMI Res. 2012, 2, 13.
[CrossRef] [PubMed]

Holub, J.; Meckel, M.; Kubi¢ek, V.; Rosch, F.; Hermann, P. Gallium(III) complexes of NOTA-bis (phosphonate)
conjugates as PET radiotracers for bone imaging. Contrast Media Mol. Imaging 2015, 10, 122-134. [CrossRef]
[PubMed]

Chang, C.A,; Liu, Y.L.; Chen, C.Y.; Chou, X.M. Ligand Preorganization in Metal Ion Complexation: Molecular
Mechanics/Dynamics, Kinetics, and Laser-Excited Luminescence Studies of Trivalent Lanthanide Complex
Formation with Macrocyclic Ligands TETA and DOTA. Inorg. Chem. 2001, 40, 3448-3455. [CrossRef]
[PubMed]

Chan, H.S.; de Blois, E.; Konijnenberg, M.; Morgenstern, A.; Bruchertseifer, F.; Breeman, W.; de Jong, M.
Optimizing labeling conditions of 21*Bi-somatostatin analogs for receptor-mediated processes in preclinical
models. J. Nucl. Med. 2014, 55 (Suppl. 1), 1179.

Ryan, O.B.; Cuthbertson, A.; Herstad, G.; Grant, D.; Bjerke, R M. Development of effective chelators for
Th-227 to be used in targeted thorium conjugates. In Proceedings of the 10th International Symposium on
Targeted Alpha Therapy, Kanazawa, Japan, 30 May-1 June 2017; p. 57.

Notni, J.; Pohle, K.; Wester, H.J]. Comparative gallium-68 labeling of TRAP-, NOTA-, and DOTA-peptides:
Practical consequences for the future of gallium68-PET. EINMMI Res. 2012, 2, 28. [CrossRef] [PubMed]
Simecek, J.; Hermann, P.; Wester, H.].; Notni, J. How is 68Ga-labeling of macrocyclic chelators influenced
by metal ion contaminants in 68Ge/%8Ga generator eluates? ChemMedChem 2013, 8, 95-103. [CrossRef]
[PubMed]

Kratochwil, C.; Giesel, EL.; Bruchertseifer, F.; Mier, W.; Apostolidis, C.; Boll, R.; Murphy, K.; Haberkom, U.;
Morgenstern, A. 23Bi-DOTATOC receptor-targeted alpha-radionuclide therapy induces remission in
neuroendocrine tumours refractory to beta radiation: A first-in-human experience. Eur. J. Nucl. Med.
Mol. Imaging 2014, 41, 2106-2119. [CrossRef] [PubMed]

Sathekge, M.; Knoesen, O.; Meckel, M.; Modiselle, M.; Vorster, M.; Marx, S. 213Bj-PSMA-617 targeted
alpha-radionuclide therapy in metastatic castration-resistant prostate cancer. Eur. . Nucl. Med. Mol. Imaging
2017, 44, 1099-1100. [CrossRef] [PubMed]

Miiller, C.; Reber, J.; Haller, S.; Dorrer, H.; Koster, U.; Johnston, K.; Zhernosekov, K.; Ttrler, A.; Schibli, R.
Folate Receptor Targeted Alpha-Therapy Using Terbium-149. Pharmaceuticals 2014, 7, 353-365. [CrossRef]
[PubMed]

Miiller, C.; Vermeulen, C.; Koster, U.; Johnston, K.; Tiirler, A.; Schibli, R.; Van der Meulen, N.P. Alpha-PET
with terbium-149: Evidence and perspectives for radiotheragnostics. EINMMI Radiopharm. Chem. 2016, 1, 5.
[CrossRef]

Beyer, G.J.; Miederer, M.; Vranjes-Durié, S.; Comor, J.J.; Kiinzi, G.; Hartley, O.; Senekowitsch-Schmidtke, R.;
Soloviev, D.; Buchegger, F. The ISOLDE Collaboration. Targeted alpha therapy in vivo: Direct evidence for
single cancer cell kill using 149Th-rituximab. Eur. J. Nucl. Med. Mol. Imaging 2004, 31, 547-554. [CrossRef]
[PubMed]

Hartman, K.B.; Hamlin, D.K.; Wilbur, D.S.; Wilson, L.J. 211 AtCl@US-Tube Nanocapsules: A New Concept in
Radiotherapeutic-Agent Design. Small 2007, 3, 1496-1499. [CrossRef] [PubMed]

Kuéka, J.; Hruby, M.; Konak, C; Kozempel, ].; Lebeda, O. Astatination of nanoparticles containing silver as
possible carriers of 2 A, Appl. Radiat. Isot. 2006, 64, 201-206. [CrossRef] [PubMed]

Leszczuk, E.; Piotrowska, A.; Bilewicz, A. Modified TiO, nanoparticles as carries for At-211. J. Label. Compd.
Radiopharm. 2013, 56, S242.


http://dx.doi.org/10.1016/0026-2862(81)90084-4
http://dx.doi.org/10.1016/j.ica.2012.07.012
http://dx.doi.org/10.1002/jlcr.3371
http://www.ncbi.nlm.nih.gov/pubmed/26833686
http://dx.doi.org/10.1186/2191-219X-2-13
http://www.ncbi.nlm.nih.gov/pubmed/22464278
http://dx.doi.org/10.1002/cmmi.1606
http://www.ncbi.nlm.nih.gov/pubmed/24801892
http://dx.doi.org/10.1021/ic001325j
http://www.ncbi.nlm.nih.gov/pubmed/11421691
http://dx.doi.org/10.1186/2191-219X-2-28
http://www.ncbi.nlm.nih.gov/pubmed/22682112
http://dx.doi.org/10.1002/cmdc.201200471
http://www.ncbi.nlm.nih.gov/pubmed/23136062
http://dx.doi.org/10.1007/s00259-014-2857-9
http://www.ncbi.nlm.nih.gov/pubmed/25070685
http://dx.doi.org/10.1007/s00259-017-3657-9
http://www.ncbi.nlm.nih.gov/pubmed/28255795
http://dx.doi.org/10.3390/ph7030353
http://www.ncbi.nlm.nih.gov/pubmed/24633429
http://dx.doi.org/10.1186/s41181-016-0008-2
http://dx.doi.org/10.1007/s00259-003-1413-9
http://www.ncbi.nlm.nih.gov/pubmed/14722680
http://dx.doi.org/10.1002/smll.200700153
http://www.ncbi.nlm.nih.gov/pubmed/17668431
http://dx.doi.org/10.1016/j.apradiso.2005.07.021
http://www.ncbi.nlm.nih.gov/pubmed/16154358

Molecules 2018, 23, 581 16 of 18

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Dziawer, L.; KoZminski, P.; Meczyniska-Wielgosz, S.; Pruszyriski, M.; Lyczko, M.; Was, B.; Celichowski, G.;
Grobeny, J.; Jastrzebsky, J.; Bilewicz, A. Gold nanoparticle bioconjugates labelled with 211At for targeted
alpha therapy. RSC Adv. 2017, 7, 41024-41032. [CrossRef]

Chang, M.-Y,; Seideman, J.; Sofou, S. Enhanced Loading Efficiency and Retention of 225 Acin Rigid Liposomes
for Potential Targeted Therapy of Micrometastases. Bioconj. Chem. 2008, 19, 1274-1282. [CrossRef] [PubMed]
Maeda, H.; Bharate, G.Y.; Daruwalla, ]. Polymeric drugs for efficient tumor-targeted drug delivery based on
EPR-effect. Eur. ]. Pharm. Biopharm. 2009, 71, 409-419. [CrossRef] [PubMed]

Bae, Y.H.; Park, K. Targeted drug delivery to tumors: Myths, reality and possibility. J. Control. Release 2011,
153, 198-205. [CrossRef] [PubMed]

Baidoo, K.E.; Yong, K.; Brechbiel, M.W. Molecular Pathways: Targeted «-Particle Radiation Therapy.
Clin. Cancer Res. 2013, 19, 530-537. [CrossRef] [PubMed]

De Kruijff, R.M.; Wolterbeek, H.T.; Denkova, A.G. A Critical Review of Alpha Radionuclide Therapy—How
to Deal with Recoiling Daughters? Pharmaceuticals 2015, 8, 321-336. [CrossRef] [PubMed]

Chan, H.S.; Konijnenberg, M.W.; de Blois, E.; Koelewijn, S.; Baum, R.P.; Morgenstern, A.; Bruchertseifer, F.;
Breeman, W.A.; de Jong, M. Influence of tumour size on the efficacy of targeted alpha therapy with
213Bi-[DOTA?, Tyr3]-octreotate. EFTNMMI Res. 2016, 6, 6-15. [CrossRef] [PubMed]

Song, E.Y.; Abbas Rizvi, SM.; Qu, C.F; Raja, C.; Brechbiel, M.W.; Morgenstern, A.; Apostolidis, C.;
Allen, B.J. Pharmacokinetics and toxicity of ?!3Bi-labeled PAI2 in preclinical targeted alpha therapy for
cancer. Cancer Biol. Ther. 2007, 6, 898-904. [CrossRef] [PubMed]

Nedrow, J.R.; Josefsson, A.; Park, S.; Hobbs, R.E; Bruchertseifer, F.; Morgenstern, A.; Sgouros, G. Reducing
renal uptake of free 213Bi associated with the decay of 22> Ac-labeled radiopharmaceuticals. In Proceedings of
the 10th International Symposium on Targeted Alpha Therapy, Kanazawa, Japan, 30 May-1 June 2017; p. 67.
Hanadate, S.; Washiyama, K.; Yoshimoto, M.; Matsumoto, H.; Tsuji, A.; Higashi, T.; Yoshii, Y. Oral
administration of barium sulfate reduces radiation exposure to the large intestine during alpha therapy with
radium-223 dichloride. J. Nucl. Med. 2017, 58 (Suppl. 1), 1030.

Edem, PE.; Fonslet, J.; Kjaer, A.; Herth, M.; Severin, G. In vivo Radionuclide Generators for Diagnostics and
Therapy. Bioinorg. Chem. Appl. 2016, 6148357. [CrossRef] [PubMed]

Hindorf, C.; Chittenden, S.; Aksnes, A K.; Parker, C.; Flux, G.D. Quantitative imaging of 223Ra-chloride
(Alpharadin) for targeted alpha-emitting radionuclide therapy of bone metastases. Nucl. Med. Commun.
2012, 33, 726-732. [CrossRef] [PubMed]

Robertson, A.K.H.; Ramogida, C.F,; Rodriguez-Rodriguez, C.; Blinder, S.; Kunz, P; Sossi, V.; Schaffer, P.
Multi-isotope SPECT imaging of the Ac-225 decay chain: Feasibility studies. Phys. Med. Biol. 2017, 62,
4406-4420. [CrossRef] [PubMed]

Back, T.; Jacobsson, L. The x-Camera: A Quantitative Digital Autoradiography Technique Using a
Charge-Coupled Device for Ex Vivo High-Resolution Bioimaging of «-Particles. J. Nucl. Med. 2010, 51,
1616-1623. [CrossRef] [PubMed]

Altman, M.B.; Wang, S.J.; Whitlock, J.L.; Roeske, J.C. Cell detection in phase-contrast images used for
alpha-particle track-etch dosimetry: A semi-automated approach. Phys. Med. Biol. 2005, 50, 305-318.
[CrossRef] [PubMed]

Muggiolu, G.; Pomorski, M.; Claverie, G.; Berthet, G.; Mer-Calfati, C.; Saada, S.; Deves, G.; Simon, M.;
Seznec, H.; Barberet, P. Single a-particle irradiation permits real-time visualization of RNF8 accumulation at
DNA damaged sites. Sci. Rep. 2017, 7, 41764. [CrossRef] [PubMed]

Gholami, Y.; Zhu, X.; Fulton, R.; Meikle, S.; El-Fakhri, G.; Kuncic, Z. Stochastic simulation of radium-223
dichloride therapy at the sub-cellular level. Phys. Med. Biol. 2015, 60, 6087-6096. [CrossRef] [PubMed]
Roeske, J.C.; Stinchcomb, T.G. The average number of alpha-particle hits to the cell nucleus required to
eradicate a tumour cell population. Phys. Med. Biol. 2006, 51, N179-N186. [CrossRef] [PubMed]

Lazarov, E.; Arazi, L.; Efrati, M.; Cooks, T.; Schmidt, M.; Keisari, Y.; Kelson, I. Comparative in vitro
microdosimetric study of murine- and human-derived cancer cells exposed to alpha particles. Radiat. Res.
2012, 177, 280-287. [CrossRef] [PubMed]

Batra, V.; Ranieri, P.; Makvandi, M.; Tsang, M.; Hou, C.; Li, Y.; Vaidyanathan, G.; Pryma, D.A.; Maris, ].M.
Development of meta-[2!! At]astatobenzylguanidine ([?!' At]MABG) as an alpha particle emitting systemic
targeted radiotherapeutic for neuroblastoma. Cancer Res. 2015, 75 (Suppl. 15), 1610. [CrossRef]


http://dx.doi.org/10.1039/C7RA06376H
http://dx.doi.org/10.1021/bc700440a
http://www.ncbi.nlm.nih.gov/pubmed/18505278
http://dx.doi.org/10.1016/j.ejpb.2008.11.010
http://www.ncbi.nlm.nih.gov/pubmed/19070661
http://dx.doi.org/10.1016/j.jconrel.2011.06.001
http://www.ncbi.nlm.nih.gov/pubmed/21663778
http://dx.doi.org/10.1158/1078-0432.CCR-12-0298
http://www.ncbi.nlm.nih.gov/pubmed/23230321
http://dx.doi.org/10.3390/ph8020321
http://www.ncbi.nlm.nih.gov/pubmed/26066613
http://dx.doi.org/10.1186/s13550-016-0162-2
http://www.ncbi.nlm.nih.gov/pubmed/26791386
http://dx.doi.org/10.4161/cbt.6.6.4097
http://www.ncbi.nlm.nih.gov/pubmed/17582216
http://dx.doi.org/10.1155/2016/6148357
http://www.ncbi.nlm.nih.gov/pubmed/28058040
http://dx.doi.org/10.1097/MNM.0b013e328353bb6e
http://www.ncbi.nlm.nih.gov/pubmed/22513884
http://dx.doi.org/10.1088/1361-6560/aa6a99
http://www.ncbi.nlm.nih.gov/pubmed/28362640
http://dx.doi.org/10.2967/jnumed.110.077578
http://www.ncbi.nlm.nih.gov/pubmed/20847171
http://dx.doi.org/10.1088/0031-9155/50/2/009
http://www.ncbi.nlm.nih.gov/pubmed/15742946
http://dx.doi.org/10.1038/srep41764
http://www.ncbi.nlm.nih.gov/pubmed/28139723
http://dx.doi.org/10.1088/0031-9155/60/15/6087
http://www.ncbi.nlm.nih.gov/pubmed/26216391
http://dx.doi.org/10.1088/0031-9155/51/9/N02
http://www.ncbi.nlm.nih.gov/pubmed/16625028
http://dx.doi.org/10.1667/RR2664.1
http://www.ncbi.nlm.nih.gov/pubmed/22077335
http://dx.doi.org/10.1158/1538-7445.AM2015-1610

Molecules 2018, 23, 581 17 of 18

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Ohshima, Y.; Watanabe, S.; Tsuji, A.; Nagatsu, K.; Sakashima, T.; Sugiyama, A.; Harada, Y.; Waki, A.;
Yoshinaga, K.; Ishioka, N. Therapeutic efficacy of a-emitter meta->'! At-astato-benzylguanidine (MABG) in a
pheochromocytoma model. J. Nucl. Med. 2016, 57 (Suppl. 2), 468.

Vaidyanathan, G.; Affleck, D.J.; Alston, K.L.; Zhao, X.-G.; Hens, M.; Hunter, D.H.; Babich, J.; Zalutsky, M.R. A
Kit Method for the High Level Synthesis of [2'! At{MABG. Bioorg. Med. Chem. 2007, 15, 3430-3436. [CrossRef]
[PubMed]

Nonnekens, J.; Chatalic, K.L.S.; Molkenboer-Kuenen, J.D.M.; Beerens, C.E.M.T.; Bruchertseifer, E;
Morgenstern, A.; Veldhoven-Zweistra, J.; Schottelius, M.; Wester, H.-J.; van Gent, D.C.; et al. 213Bj-Labeled
Prostate-Specific Membrane Antigen-Targeting Agents Induce DNA Double-Strand Breaks in Prostate
Cancer Xenografts. Cancer Biother. Radiopharm. 2017, 32, 67-73. [CrossRef] [PubMed]

Krolicki, L.; Bruchertseifer, F.; Kunikowska, J.; Koziara, H.; Krdlicki, B.; Jakucinski, M.; Pawlak, D.;
Apostolidis, C.; Rola, R.; Merlo, A.; et al. Targeted alpha therapy of glioblastoma multiforme: Clinical
experience with 213Bi- and ??° Ac-Substance P. In Proceedings of the 10th International Symposium on
Targeted Alpha Therapy, Kanazawa, Japan, 30 May-1 June 2017; p. 24.

Cordier, D.; Krolicki, L.; Morgenstern, A.; Merlo, A. Targeted Radiolabeled Compounds in Glioma Therapy:.
Semin. Nucl. Med. 2016, 46, 243-249. [CrossRef] [PubMed]

Marcu, L.; Bezak, E.; Allen, B.J. Global comparison of targeted alpha vs targeted beta therapy for cancer:
In vitro, in vivo and clinical trials. Crit. Rev. Oncol. Hematol. 2018, 123, 7-20. [CrossRef] [PubMed]
Aghevlian, S.; Boyle, A.].; Reilly, R.M. Radioimmunotherapy of cancer with high linear energy transfer (LET)
radiation delivered by radionuclides emitting o-particles or Auger electrons. Adv. Drug Deliv. Rev. 2017, 109,
102-118. [CrossRef] [PubMed]

Berger, M.; Jurcic, J.; Scheinberg, D. Efficacy of Ac-225-labeled anti-CD33 antibody in acute myeloid leukemia
(AML) correlates with peripheral blast count. In Proceedings of the 10th International Symposium on
Targeted Alpha Therapy, Kanazawa, Japan, 30 May-1 June 2017; p. 22.

Actinium Pharmaceuticals Provides Update on Actimab-A Phase 2 Clinical Trial for Patients with
Acute Myeloid Leukemia. Available online: https://ir.actiniumpharma.com/press-releases/detail /247
(accessed on 31 December 2017).

Autenrieth, M.E.; Horn, T.; Kurtz, F; Nguyen, K.; Morgenstern, A.; Bruchertseifer, F.; Schwaiger, M.;
Blechert, M.; Seidl, C.; Senekowitsch-Schmidtke, R.; et al. Intravesical radioimmunotherapy of carcinoma in
situ of the urinary bladder after BCG failure. Urol. A 2017, 56, 40-43. [CrossRef] [PubMed]

Tworowska, I; Stallons, T.; Saidi, A.; Wagh, N.; Rojas-Quijano, F.; Jurek, P,; Kiefer, G.; Torgue, J.; Delpassand, E.
Pb203-AR-RMX conjugates for image-guided TAT of neuroendocrine tumors (NETs). In Proceedings of the
American Association for Cancer Research Annual Meeting 2017, Washington, DC, USA, 1-5 April 2017.
[CrossRef]

RadioMedix and AREVA Med Announce Initiation of Phase 1 Clinical Trial of AlphaMedixTM,
a Targeted Alpha Therapy for Patients with Neuroendocrine Tumors. Available online:
http:/ /radiomedix.com/news/radiomedix-and-areva-med-announce-initiation-of-phase-1-clinical-trial-
of-alphamedixtm-a-targeted-alpha-therapy-for-patients-with-neuroendocrine-tumors (accessed on 31
December 2017).

Dadachova, E.; Morgenstern, A.; Bruchertseifer, E.; Rickles., D.J. Radioimmunotherapy with novel IgG to
melanin and its comparison with immunotherapy. J. Nucl. Med. 2017, 58 (Suppl. 1), 1036.

Boudousq, V.; Bobyk, L.; Busson, M.; Garambois, V.; Jarlier, M.; Charalambatou, P.; Pélegrin, A.; Paillas, S.;
Chouin, N.; Quenet, F; et al. Comparison between Internalizing Anti-HER2 mAbs and Non-Internalizing
Anti-CEA mAbs in Alpha-Radioimmunotherapy of Small Volume Peritoneal Carcinomatosis Using 2!?Pb.
PLoS ONE 2013, 8, 69613. [CrossRef] [PubMed]

Ballangrud, A.M.; Yang, W.-H.; Palm, S.; Enmon, R.; Borchardt, PE.; Pellegrini, V.A.; McDevitt, M.R,;
Scheinberg, D.A.; Sgouros, G. Alpha-Particle Emitting Atomic Generator (Actinium-225)-Labeled
Trastuzumab (Herceptin) Targeting of Breast Cancer Spheroids. Clin. Cancer Res. 2004, 10, 4489—-4497.
[CrossRef] [PubMed]

Boskovitz, A.; McLendon, R.E.; Okamura, T.; Sampson, ].H.; Bigner, D.D.; Zalutsky, M.R. Treatment of
HER2-positive breast carcinomatous meningitis with intrathecal administration of «-particle-emitting
211 At-labeled trastuzumab. Nucl. Med. Biol. 2009, 36, 659—669. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.bmc.2007.03.016
http://www.ncbi.nlm.nih.gov/pubmed/17387017
http://dx.doi.org/10.1089/cbr.2016.2155
http://www.ncbi.nlm.nih.gov/pubmed/28301262
http://dx.doi.org/10.1053/j.semnuclmed.2016.01.009
http://www.ncbi.nlm.nih.gov/pubmed/27067505
http://dx.doi.org/10.1016/j.critrevonc.2018.01.001
http://www.ncbi.nlm.nih.gov/pubmed/29482781
http://dx.doi.org/10.1016/j.addr.2015.12.003
http://www.ncbi.nlm.nih.gov/pubmed/26705852
https://ir.actiniumpharma.com/press-releases/detail/247
http://dx.doi.org/10.1007/s00120-016-0273-4
http://www.ncbi.nlm.nih.gov/pubmed/27885456
http://dx.doi.org/10.1158/1538-7445.AM2017-LB-259
http://radiomedix.com/news/radiomedix-and-areva-med-announce-initiation-of-phase-1-clinical-trial-of-alphamedixtm-a-targeted-alpha-therapy-for-patients-with-neuroendocrine-tumors
http://radiomedix.com/news/radiomedix-and-areva-med-announce-initiation-of-phase-1-clinical-trial-of-alphamedixtm-a-targeted-alpha-therapy-for-patients-with-neuroendocrine-tumors
http://dx.doi.org/10.1371/journal.pone.0069613
http://www.ncbi.nlm.nih.gov/pubmed/23922757
http://dx.doi.org/10.1158/1078-0432.CCR-03-0800
http://www.ncbi.nlm.nih.gov/pubmed/15240541
http://dx.doi.org/10.1016/j.nucmedbio.2009.04.003
http://www.ncbi.nlm.nih.gov/pubmed/19647172

Molecules 2018, 23, 581 18 of 18

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.
105.

106.

107.

108.

109.

110.

Pruszyniski, M.; D’'Huyvetter, M.; Cedrowska, E.; Lahoutte, T.; Bruchertseifer, F.; Morgenstern, A. Preclinical
evaluation of anti-HER2 2Rs15d nanobody labeled with 225 Ac. In Proceedings of the 10th International
Symposium on Targeted Alpha Therapy, Kanazawa, Japan, 30 May-1 June 2017; p. 34.

Dekempeneer, Y.; D'Huyvetter, M.; Aneheim, E.; Xavier, C.; Lahoutte, T.; Back, T.; Jensen, H.; Caveliers, V.;
Lindegren, S. Preclinical evaluation of astatinated nanobodies for targeted alpha therapy. In Proceedings of
the 10th International Symposium on Targeted Alpha Therapy, Kanazawa, Japan, 30 May-1 June 2017; p. 35.
Puentes, L.; Xu, K.; Hou, C.; Mach, R.H.; Maris, ].M.; Pryma, D.A.; Makvandi, M. Targeting PARP-1 to
deliver alpha-particles to cancer chromatin. In Proceedings of the American Association for Cancer Research
Annual Meeting 2017, Washington, DC, USA, 1-5 April 2017. [CrossRef]

Carrasquillo, J.A. Alpha Radionuclide Therapy: Principles and Applications to NETs. In Diagnostic and
Therapeutic Nuclear Medicine for Neuroendocrine Tumors; Pacak, K., Taieb, D., Eds.; Humana Press: Cham,
Switzerland, 2017; pp. 429-445.

Norain, A.; Dadachova, E. Targeted Radionuclide Therapy of Melanoma. Semin. Nucl. Med. 2016, 46, 250-259.
[CrossRef] [PubMed]

Basu, S.; Banerjee, S. Envisaging an alpha therapy programme in the atomic energy establishments: The
priorities and the nuances. Eur. J. Nucl. Med. Mol. Imaging 2017, 44, 1244-1246. [CrossRef] [PubMed]
Koziorowski, J.; Stanciu, A.E.; Gomez-Vallejo, V.; Llop, ]. Radiolabeled nanoparticles for cancer diagnosis
and therapy. Anticancer Agents Med. Chem. 2017, 17, 333-354. [CrossRef] [PubMed]

Beeler, E.; Gabani, P.; Singh, O.M. Implementation of nanoparticles in therapeutic radiation oncology.
J. Nanopart. Res. 2017, 19, 179. [CrossRef]

Drude, N.; Tienken, L.; Mottaghy, EM. Theranostic and nanotheranostic probes in nuclear medicine. Methods
2017, 130, 14-22. [CrossRef] [PubMed]

McLaughlin, M.E,; Robertson, D.; Pevsner, PH.; Wall, ].S.; Mirzadeh, S.; Kennel, S.J. LnPO4 Nanoparticles
Doped with Ac-225 and Sequestered Daughters for Targeted Alpha Therapy. Cancer Biother. Radiopharm.
2014, 29, 34-41. [CrossRef] [PubMed]

Rojas, J.V.; Woodward, J.D.; Chen, N.; Rondinone, A.J.; Castano, C.H.; Mirzadeh, S. Synthesis and
characterization of lanthanum phosphate nanoparticles as carriers for Ra-223 and Ra-225 for targeted
alpha therapy. Nucl. Med. Biol. 2015, 42, 614-620. [CrossRef] [PubMed]

Salberg, G.; Larsen, R. Alpha-Emitting Hydroxyapatite Particles. WO 2005/079867, 1 September 2015.
Westrom, S.; Bensdorff, T.B.; Bruland, ©@.; Larsen, R. Therapeutic Effect of x-Emitting Ra-Labeled Calcium
Carbonate Microparticles in Mice with Intraperitoneal Ovarian Cancer. Transl. Oncol. 2018, 11, 259-267.
[CrossRef] [PubMed]

Ostrowski, S.; Majkowska-Pilip, A.; Bilewicz, A.; Dobrowolski, ].C. On AunAt clusters as potential astatine
carriers. RSC Adv. 2017, 7, 35854-35857. [CrossRef]

Piotrowska, A.; Meczyriska-Wielgosz, S.; Majkowska-Pilip, A.; KoZminski, P.; Woéjciuk, G.; Cedrowska, E.;
Bruchertseifer, F.; Morgenstern, A.; Kruszewski, M.; Bilewicz, A. Nanozeolite bioconjugates labeled with
223Ra for targeted alpha therapy. Nucl. Med. Biol. 2017, 47, 10-18. [CrossRef] [PubMed]

De Kruijff, R M.; Drost, K.; Thijssen, L.; Morgenstern, A.; Bruchertseifer, F.; Lathouwers, D.; Wolterbeek, H.T.;
Denkova, A.G. Improved 2% Ac daughter retention in LnPOy containing polymersomes. Appl. Radiat. Isot.
2017, 128, 183-189. [CrossRef] [PubMed]

Zhu, C,; Bandekar, A.; Sempkowski, M.; Banerjee, S.R.; Pomper, M.G.; Bruchertseifer, F.; Morgenstern, A.;
Sofou, S. Nanoconjugation of PSMA-targeting ligands enhances perinuclear localization and improves
efficacy of delivered alpha-particle emitters against tumor endothelial analogues. Mol. Cancer Ther. 2016, 15,
106-113. [CrossRef] [PubMed]

Zhu, C.; Sempkowski, M.; Holleran, T,; Linz, T.; Bertalan, T.; Josefsson, A.; Bruchertseifer, F.; Morgenstern, A.;
Sofou, S. Alpha-particle radiotherapy: For large solid tumors diffusion trumps targeting. Biomaterials 2017,
130, 67-75. [CrossRef] [PubMed]

® © 2018 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 (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1158/1538-7445.AM2017-5197
http://dx.doi.org/10.1053/j.semnuclmed.2015.12.005
http://www.ncbi.nlm.nih.gov/pubmed/27067506
http://dx.doi.org/10.1007/s00259-017-3686-4
http://www.ncbi.nlm.nih.gov/pubmed/28364163
http://dx.doi.org/10.2174/1871520616666160219162902
http://www.ncbi.nlm.nih.gov/pubmed/26899184
http://dx.doi.org/10.1007/s11051-017-3882-y
http://dx.doi.org/10.1016/j.ymeth.2017.07.004
http://www.ncbi.nlm.nih.gov/pubmed/28698069
http://dx.doi.org/10.1089/cbr.2013.1546
http://www.ncbi.nlm.nih.gov/pubmed/24102173
http://dx.doi.org/10.1016/j.nucmedbio.2015.03.007
http://www.ncbi.nlm.nih.gov/pubmed/25900730
http://dx.doi.org/10.1016/j.tranon.2017.12.011
http://www.ncbi.nlm.nih.gov/pubmed/29413758
http://dx.doi.org/10.1039/C7RA05224C
http://dx.doi.org/10.1016/j.nucmedbio.2016.11.005
http://www.ncbi.nlm.nih.gov/pubmed/28043005
http://dx.doi.org/10.1016/j.apradiso.2017.07.030
http://www.ncbi.nlm.nih.gov/pubmed/28734193
http://dx.doi.org/10.1158/1535-7163.MCT-15-0207
http://www.ncbi.nlm.nih.gov/pubmed/26586724
http://dx.doi.org/10.1016/j.biomaterials.2017.03.035
http://www.ncbi.nlm.nih.gov/pubmed/28365545
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Production of Alpha Emitters 
	General Radiopharmaceutical Issues 
	Nuclear Recoil Effect and the Release of Daughter Nuclei 
	Labelling Chemistry 
	Targeting and Clearance 
	Dosimetry 
	Body Level 
	Organ and Sub-Organ Levels 
	Cellular and Subcellular Level 


	Vectors for Targeted Alpha Particle Therapy 
	Small Molecules 
	MABG 
	Prostate-Specific Membrane Antigen (PSMA) 
	Substance P 

	Biomolecules—Antibodies 
	Macromolecules and Nanoconstructs 

	Summary 
	References

