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Summary. Endoradiotherapy (targeted radionuclide therapy)
is a systemic approach, involving a radiolabeled targeting
vector with a well characterized biochemical strategy to se-
lectively deliver a cytotoxic level of radiation to a disease site
on a cellular/molecular level. The group of radiolanthanides
has been considered both for imaging and therapy over many
years. Some radiolanthanides have been and are increasingly
applied for therapeutic purposes.

However, the clinical use of endoradiotherapeuticals
containing radiolanthanides requires a complex and inter-
disciplinary approach. It involves, among other factors, the
choice of the most suitable lanthanide radionuclide (in terms
of nuclear decay parameters such as type and energy of the
particles emitted, half-life, decay products etc.); the identifica-
tion of the most promising production route; the determination
of the relevant production parameters such as excitation func-
tions, nuclear reaction yields, radionuclidic purities, specific
activities etc.; the chemical isolation of the radiolanthanide
produced from the target material (except the (n,y) pro-
duction route); the synthesis of the labelling precursor, and
labelling of the precursor and the chemical purification and
isolation of the labelled radiotherapeutical, ready for i.v. injec-
tion; and finally the investigation of pharmacological targeting
parameters of the labelled radiotherapeutical in vitro and in
vivo (animal experiments).

1. Introduction

The therapeutic effects of radiation have long been known.
Radiation therapy is applied to the treatment of a variety
of pathological conditions via different approaches such as
focusing an external beam of photon or particle radiation
on the malignancy (external beam radiation therapy) or im-
planting an unsealed source of radiation, usually in the form
of a wire or a pellet, in close proximity to the tumour
(brachytherapy). Both approaches require a knowledge of
the precise location and geometrical configuration of the tu-
mour in order to maximize destruction of cancer cells while
minimizing radiation dose to neighbouring normal tissues,
and they are less effective for treating multi-focal tumours
and metastatic cancer sites. In contrast, endoradiotherapy
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(targeted radionuclide therapy) is a systemic approach, in-
volving a radiolabeled targeting vector with a well character-
ized biochemical strategy to selectively deliver a cytotoxic
level of radiation to a disease site on a cellular/molecular
level.

The group of radiolanthanides appeared to be useful
both for imaging and therapy soon after the very begin-
ning of nuclear medicine. Some radiolanthanides have been
and are still today routinely applied for therapeutic pur-
poses. The particular potential of radiolanthanides lies in
their diverse decay characteristics. The many “therapeu-
tic” radiolanthanides provide both high linear energy trans-
fer (LET) particles (Auger electrons, and in some cases
a-particles) and lower LET g~ particles. In the latter case,
the spectrum of g~ particles of varying range in tissue pro-
vided is particularly important. In addition to those very
different “nuclear” parameters, the trivalent lanthanides pos-
sess very similar co-ordination chemistry and may there-
fore be introduced on relevant compounds in a very similar
pathway.

Comprehensive reviews on those topics or individual as-
pects have been published recently and are recommended
for detailed information; cf. for example [1-7].

The design of an effective endoradiotherapeutic agent re-
quires a careful optimization of its two components, namely
the radionuclide and the carrier system that is used to direct
the radionuclide to the tumour, so that the radiation emitted
during its de-excitation will have a high probability of being
deposited within the malignant cell population.

Consequently, the clinical use of endoradiotherapeuticals
containing radiolanthanides requires a rather complex, inter-
disciplinary approach. It involves, among other factors:

1. choice of the most adequate lanthanide radionuclide (in

terms of nuclear decay parameters such as type and en-

ergy of the particles emitted, half-life, decay products
etc.);

identification of the most promising production route;

3. determination of the relevant production parameters such
as excitation functions, nuclear reaction yields, radionu-
clidic purities, specific activities €tc.;

4. chemical isolation of the radiolanthanide produced from
the target material; except via (n, y) production route;

5. synthesis of the labelling precursor and labelling of the
precursor;

6. chemical purification and isolation of the labelled radio-
therapeutical, ready for i.v. injection;
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7. investigation of pharmacological targeting parameters of
the labelled radiotherapeutical in vitro and in vivo (ani-
mal experiments);

8. estimation of radiation doses delivered to the biological
target and to healthy organs, combining both radiation
dose effects based on the nuclear decay of the radiolan-
thanide and pharmacokinetic parameters of the labelled
compound.

This introduction aims to illustrate the complex nature of
endoradiotherapy using radiolanthanides. It intends to eluci-
date the dedicated research needed to design a valuable ther-
apeutical — such as it has been carried out in the framework
of the COST action D18 “Lanthanide Chemistry for Diag-
nosis and Therapy”, in particular its working group 04 on
“Lanthanides in therapy: Particle emitting radiolanthanides
and stable lanthanides with radiation induced by external ir-
radiation”.

2. Therapeutic radionuclides
2.1 Decay parameters

The choice of the most suitable lanthanide radionuclide is
based on nuclear decay parameters such as type and energy
of the particles emitted, but also half-life and decay products
of the radionuclide. Table 1 summarizes radiolanthanides,
which offer decay characteristics relevant for therapeutic
applications.

Concerning the emission characteristics and the radia-
tion range, the decay parameters must match the size, lo-
cation and geometry of a tumour or another target tissue
such as the synovium of joints. ldeally, the targeting vec-
tor containing the therapeutic radiolanthanide shall accu-
mulate the radionuclide at or inside the tumour cell (or

target tissue in general) and the emitted radiation shall de-
stroy tumour DNA or other biological targets only, while
keeping healthy, surrounding tissue free of critical radiation
doses. The correlation between energy and range of dif-
ferent particles and their energies are illustrated in Fig. 1;
from [8].

If the decay of the radiolanthanide is characterised by
a high ratio of non-penetrating radiation (8-, 8*, conver-
sion or Auger electrons, a-particles) to the energy emitted
as penetrating radiation (photons with energy of 70—400 keV
or 511 keV photons resulting from annihilation of g*), then
the radionuclide becomes a candidate for radionuclide ther-
apy. For therapy, the radionuclide should emit large frac-
tions of particles (electrons and alpha particles) with suitable
range due to the cellular and subcellular distribution. As
they deposit this particle energy over short distances, higher
absorbed dose is obtained locally, and will then give its
surrounding normal tissue low absorbed dose [9, 10]. Low
percentages of accompanying low energy photon emission
of a radiolanthanide are acceptable because they might allow
for imaging along with targeted therapy.

The radiolanthanide half-life, T,,, should correspond to
the biological half-life of the radiopharmaceutical. The main
part of the radioactive decay should occur after the ra-
diopharmaceutical has been accumulated to the target site
and/or a significant ratio of accumulation between target
organ and non-target organs has been achieved. Further-
more, if the target/non-target ratio is high or even increases
with time, long physical half-life might be favourable for
therapy. However, a longer physical half-life is associated
with a lower dose rate, which might lead to lower biological
effects. Even very short-lived radionuclides may be useful
for therapy if the radiolabelling procedure could be kept
short and the radiopharmaceutical directly delivered into
a target cavity.

Tablel. Lanthanide radioisotopes relevant for radiopharmaceutical chemistry and nuclear medicine. (Nuclear decay data from [60] (ae =atomic
electrons, g™ = if EC < 50%, f =fission, sp=spallation, a: for electrons, the mean energy is given).

Radio-nuclide Decay parameters Production route Application
Tij Main emission (energy?)
“43pr 13.58d v, B~ (315keV) “2Ce(n,y) — p; f therapy
YINd 10.98d y, B~ (233 keV) H“ONd(n, p); f therapy
149pm 2.212d B~ (366 keV) ¥Nd(n, y) — B~ therapy
158Sm 1.946d y, B~ (225 keV) 32Sm(n, y) therapy
WGd 9.2d y, ae, o (3018 keV) sp; “¥'Sm(a, 2n), ... therapy
4Th 4.16h y, o (3966 keV, 16.7%) sp; *2Gd(p, 4n), *'Pr(2C, 4n), therapy
152Th 17.5h ae, y sp; *2Gd(p, n), ... therapy
81Th 6.91d y, B~ (155 keV) ¥Gd(n, y) — B~ therapy
¥7Dy 8.1h ae, y sp, ®*Gd(a, n), *Th(p, 3n), ... imaging
85Dy 2.33h y, B~ (442 keV) %Dy (n, y) therapy
%Dy 3.40d y, B~ (119 keV) %Dy (n, y)***Dy(n, )***Dy therapy; in vivo generator
1Ho 2.48h ae (32keV), y sp, ®°Th(e, 2n), therapy
%Ho 1.117d B~ (711 keV) generator Dy therapy; in vivo generator
180Er 1.192d ae (6.5keV), y sp therapy
8SEr 10.36h ae (6.6 keV) %Ho(p, n), ... therapy
69Er 9.4d B~ (99.6 keV) B8Er(n, y) therapy
LEr 7.52h B~ (359 keV) Er(n, y) therapy
%7Tm 9.24d y, ae sp; **5Ho(a, 2n) imaging, therapy
1%6Yh 2.362d y, ae (38.9keV) sp; *¥°*Tm(p, 4n) therapy
5Yb 4.19d y, B~ (127 keV) 4Yh(n, y) therapy
L 6.71d y, B~ (133keV) TLu(n, y); *Yb(n, y) — B~ therapy
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2.2 Production routes

Once a radiolanthanide is identified as a promising candi-
date, its most effective production route must be selected,
in many cases among several optional nuclear reaction pro-
cesses. The choice reflects excitation functions, nuclear re-
action yields, radionuclidic purities, specific activities, need
of isotopically enriched target atoms, etc. In general, radi-
olanthanides are available via three routes, namely irradi-
ation of appropriate targets at nuclear reactors using ther-
mal or epithermal neutrons, at cyclotrons using accelerated
charged particles, or, thirdly, non-directly utilising radionu-
clide generator systems.

For neutron-induced nuclear reactions at nuclear reac-
tors, several options are used (cf. e.g. [11]).

(n, y): The irradiation of stable lanthanide targets at nu-
clear reactors generally results in a neutron capture nuclear
reaction (n, y). For some targets, a double neutron capture
is required to produce the desired radioisotope such as for
the Dy(n, y) ¥*Dy (n, y)**Dy process. The radioactivity
batch yield achievable is, in principle, determined according
to A=[hNJo®(1— e™), with N being the number of the
lanthanide target atoms and h representing the fraction of the
isotope relevant for the neutron capture; o representing the
neutron capture cross section (most relevant: oy, the proba-
bility of absorbing neutrons with energies of approximately
0.025 eV), @ the neutron flux and (1 — ™) the influence of
the irradiation time t; X is the decay constant of the radionu-
clide. Neutron activation induced by epithermal neutrons at
energies between 1 eV and 1 keV may contribute to the ra-
dionuclide production yield. In contrast to the production
routes discussed below, radiochemical separation of the radi-
olanthanide from the irradiated target is not possible and the
radiolanthanide remains carrier-added (ca).

(n, y)—B~ —: If the neutron capture reaction is followed
by a 8~ decay of the primarily produced nucleus, then a sec-
ondary radioisotope is obtained, which is not isotopic, but
isotonic to the target nucleus. In this case, no-carrier-added
(nca) radioisotopes are obtained.

(n, fission): Neutron irradiation of some nuclei such as
25U induces a fission process, thereby forming — among
other reaction products — a spectrum of the radiolanthanides
with one maximum of isotope mass distributions at masses
of about 140. These light radiolanthanides might be chemi-
cally separated from the uranium target and from the other
fission products. They are nca, but not necessarily radionu-
clidically pure since a set of radioisotopes per lanthanide is
formed in the fission process.

In the case of particle accelerator based radiolanthanide
production routes, both direct and spallation reactions are
possible (cf. e.g. [12]).

(p, xn), (d, xn), (®He, xn), (a, xn) etc.: Accelerators prin-
cipally allow for the formation of nca radiolanthanides,
since the bombardment with accelerated protons, deuterons
and heavier ions results in nuclear processes such as
(p, xn), (d, xn), (®*He, xn), (@, xn) and many others, yielding
products of different proton number. Individual radiolan-
thanides can be obtained according to the selected target and
the chosen type and energy of the accelerated projectile.

(p, spallation): The high-energy proton irradiation results
in the fragmentation of the target nucleus. A spectrum of nca

isotopes is obtained, which need to be separated. In addition
to off-line radiochemical separation processes, isotope sep-
aration on-line facilities include a mass-separation facility
and provide nca isobar fractions. For the production of ra-
diolanthanides, targets such as Ta or W are irradiated with
protons of usually > 600 MeV energy.

Finally, radionuclide generator systems offer an excellent
choice of radionuclide availability (cf. e.g. [13]). Among
many parent/daughter pairs, which have been evaluated as
radionuclide generator systems, several of them are gen-
erators relevant to the radiolanthanides, such “°Ba/**°La,
134Ce/134La, 144Ce/144Pr, 14°Nd/14°Pr, 166Dy/166H0, 166Yb/
6Tm, 7 Tm/%™mEr, Y2Hf /72Lu. The key advantages of
the use of radionuclide generators include availability of the
daughter radionuclide in nca form, and the convenience of
obtaining the desired daughter radionuclide on demand, i.e.
not depending on the direct access to nuclear reactors and
accelerators. Recently, applications of several systems in the
form of in vivo generators have been proposed.

2.3 Specific activities

Besides parameters such as achievable radiolanthanide batch
activities, the specific activities of the product nuclei are of
interest: the state of the radiolanthanide produced is either
no-carrier-added (nca) or carrier-added (ca). The specific ac-
tivity represents the ratio of the radionuclide radioactivity to
the sum of the masses of all the isotopes of that element and
is expressed as [GBg/g] or [GBg/wmol]. The route of pro-
duction of a radiolanthanide obviously determines its spe-
cific activity, the (n, y) process being the route principally
not resulting in nca isotopes. Nevertheless, as powerful nu-
clear reactors and isotopically enriched targets are available,
this production route is among the common ones, in par-
ticular (i) if high thermal neutron capture cross sections and
(ii) high thermal neutron fluxes of @y, > 4 x 10* n/cm?/s
are available. The high cross section gives options to further
increase production yields, isotopic purities and specific ac-
tivities due to isotopic enrichment of the target atom. Under
optimised conditions, maximum practically available spe-
cific activities relative to the theoretical specific activities
reach orders of magnitudes of about 0.1%-5% for %¢Ho,
1%-20% for *Sm, but up to 80% for " Lu.

In therapeutic applications over the last decades, when
radiolanthanides modified to particles, microspheres, or col-
loids and even for radiolanthanide-ligand complexes for
bone metastases treatment were used, specific activities
did not play a crucial role. In contrast, the recent de-
velopments of small peptides or antibodies, modified via
covalently bound bifunctional chelators, demand radiolan-
thanides of very high specific activity. This is achievable
best via accelerator-based production, neutron induced fis-
sion or (n, y)—pB~ — processes, or from radionuclide gener-
ator systems.

2.4 Key examples of therapeutic radiolanthanides
B~ particle emitting radionuclides

Commercially distributed therapeutic agents contain 8~ par-
ticle emitting radionuclides, mostly produced in large quan-
tities at nuclear reactors. There are 8~ particle emitting ra-
dionuclides available for radionuclide therapy with a wide
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variety of tissue ranges. Medium range (1000—2000 pm)
and long range (> 2000 um) B~ emitting radionuclides are
1Er and Y7Lu (average B~ energies from 82 to 182 keV,
range < 1000 um), %3Sm, ¥“Pr, and “*Pm (average 8~ en-
ergies from 228 to 364 keV, range 1000—-2000 wm), %Dy
and %Ho (average B~ energies from 451 to 935 keV, range
2000-4000 pm).

The beta particle emission of a radionuclide results in the
deposition of energy over about 5-150 or more cell diam-
eters. These long range electrons could effectively kill ma-
lignant cells also at a relatively long distance, but will also
give high radiation dose to normal tissue. Smaller tumours
and small-disseminated metastases are better treated using
electrons with lower energies, such as conversion and Auger
electrons. A dosimetric evaluation of different radionuclides
is especially important when high amounts are used for
therapy. A simplified mathematical model to estimate the
absorbed dose in a target organ and in the whole body in
relation to the emitted particle energy, photon-to-electron
energy ratio, and tumour size has been presented [9].

If the only goal from a radiation range perspective were
maximizing absorbed dose fraction to tumour while mini-
mizing irradiation of adjacent normal tissue structures, then
it would appear that radionuclides emitting short-range radi-
ation would be preferred. However, the success of radionu-
clide therapy is also critically dependent upon achieving
homogeneous dose deposition within the tumour so that re-
growth from an untreated subpopulation will be avoided Au-
toradiographic studies indicated the highly heterogeneous
distribution of labelled molecules in tumours [15, 16]. Thus,
long-range B~ particle emitting radionuclides are useful to
cover a large target volume (cross-fire effect), cf. e.g. [7]).

a-particle emitting radionuclides

In comparison, a-particle emitting radionuclides are less ap-
plied. The range of « particles in tissue is equivalent to
only a few cell diameters, offering the prospect of match-
ing the cell-specific nature of targeted molecular carriers
with radiation having a similar range of action [17]. Uti-
lization of «-particle emitters for radionuclide therapy offers
several important advantages from a radiobiological per-
spective. Alpha particles have higher decay energies than
B emitters, generally in the range of 4.0-8.8 MeV. In con-
trast to low LET radiation such as B emitters, «-particles
are also cytotoxic in hypoxic regions within a tumour [18].
Alpha particles are thus considered to be advantageous for
therapy because of the range of only a few cell diameters, re-
sulting in a high local deposition of energy. There are only
a few a-emitting radiolanthanides that might be considered
for medical application, such as *°Tb [19-21].

Low energy electron emitters

The emission of a number of low energy electrons resulting
from electron capture or internal conversion creates posi-
tively charged residue atoms with a potential of chemical
effects. The low energy electrons are considered to be those
that deposit their energy in subcellular dimensions. The ex-
tremely short range of Auger electrons (cf. Fig. 1) might
require labelled compounds approaching the cell nucleus
subsequent to internalisation.
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Fig. 1. Correlation between the energy of Auger electrons (ae), con-
version electrons (ce), B~ electrons and «-particles and their ranges in
water.

There are a number of Auger electron emitting radioiso-
topes among the lanthanide series. Out of those, some
also emit g+ particles that on annihilation result in two
511 keV photons which mainly contribute to the absorbed
dose to normal tissues and make them not useful for ther-
apy (134Ce/134La, 138Nd/138pr' 14°Nd/14°PI', 1428m/142Pm).
Suitable Auger emitting radionuclides for therapy are **Sm,
157EU, 161H0, 165Er [22]' 167Tm.

Fig. 1 shows the correlation between the energy of elec-
trons and alpha particles and their range in water (the refer-
ence material for soft tissue), from [8].

3. Radiopharmaceutical chemistry related
toradiolanthanides

The design of a successful lanthanide radiopharmaceuti-
cal involves: (i) selection of a molecule (targeting vector)
to deliver the radionuclide to the cell or organ either sys-
temically after, e.g. i.v. injection, or directly via injection
into the target cavity, (ii) development of a method for la-
belling the targeting molecule with the radiolanthanide with-
out adversely affecting the pharmacophore moieties of the
targeting vector, (iii) chemical, radiochemical, pharmaco-
logical and pre-clinical in vivo evaluation of the labelled
compound.

Only a few of the therapeutic radionuclides mentioned
above have been transferred to successful radiotherapeuti-
cals. In terms of chemical syntheses, there are various op-
tions to transfer the radiolanthanide into a radiotherapeuti-
cal, cf. Fig. 2.

“Ln-ligand complexes

An important group of radiolanthanide based therapeutics is
the class of metal ligand complexes. Ligands shall chelate
the trivalent lanthanide and provide high thermodynamic
and, in particular, high kinetic complex stability in vivo.
Typical ligands are polyamino polycarboxylate complex
ligands such as EDTA and DTPA, and macrocyclic forms
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thereof such as DOTA. Analogue phosphonate ligands such
as EDTMP are established as well. A typical representa-
tive of this class of radiolanthanide based therapeuticals is
153Sm-EDTMP, a commercial compound for palliative treat-
ment of disseminated bone metastases.

“Ln-BFC-TV

These tumour targeting vectors (TTV) are biological mol-
ecules with high specificity to target biological components.
Examples of TTV are amino acids to binding to amino
acid transporters overexpressed at hypermetabolic tumour
cells (reflecting increased protein synthesis rates), small
peptides to recognising tumour specific transmembrane re-
ceptors (e.g. octreotides with high affinity to human somato-
statin receptors) or monoclonal antibodies or fragments for
antibody-antigen interactions. The labelling of these TTV is
carried out via adequate complex ligands again. However, in
this case the ligand shall provide both thermodynamic and
kinetic stabilisation of the trivalent radiolanthanide in terms
of co-ordination chemistry and the possibility to covalently
couple via another functionality (—COOH, —NH,, —SH)
to the corresponding functionality of the TTV. Ligands of
this class are defined as “bifunctional” chelators, BFC. The
schematic approach of using BFC to transfer a radiolan-
thanide to a TV is illustrated in Fig. 3. For detailed infor-
mation on the radiopharmaceutical chemistry of radiometals
see [23]. A very successful example of this class is "Lu-

* 3+
r' N
*nlL *Ln *Ln-BFC-TV
®  rC: DTPA, DOTA etc.
L: EDTMP ete. TV: peptides, antibodies

*Ln-particles
microspheres,
colloids etc.

Fig.2. Principal directions of designing radiolanthanide-based thera-
peuticals.

Chelutor

¥ WA and wefers

oo

Linkor Spacer Targeting vector Ehrlogical lal*,','e;l

1k VeI ity i e
i ) ol FECETAINT Or

i, gk POHAMEIERE, B

Fig. 3. Chemical design of the “bifunctional chelator” approach (BFC),
cf. [23].

labelled DOTA-octreotate derivative to treat neuroendocrine
tumours.

“Ln-particles

Intracavitary agents such as microspheres, particles, or ra-
diocolloids are in use for radiation synovectomy. For their
synthesis, dedicated physico-chemical procedures are ap-
plied, providing stable attachment of the radiolanthanide to
particles of various diameters.

4. Dosimetric consider ations

Dosimetric considerations are key issues in endoradiotherpy.
The requirement for therapy is, in principle, that the ab-
sorbed dose to the tumour (or target) tissue should be high
enough compared to that to the normal tissue. In practice,
radiation doses depend on the nuclear decay characteristics
of the radionuclide and to the pharmacology of the labelled
radiotherapeutical.

Thus, accurate calculations of radiation dose effects of
individual radiolanthanides are essential. The type of emit-
ted radiation determines the absorbed dose to the tissues.
Particles transfer their energy locally (non-penetrating ra-
diation), while photons (penetrating radiation) do not have
any determined range and will contribute to the absorbed
dose. The energy of the emitted particles determines the ab-
sorbed doses to tumour and the surrounding normal tissues.
Radiation of different qualities has different degrees of ef-
fectiveness in producing effects in biological systems. When
radiation is absorbed in biological material, the energy is de-
posited along the tracks of charged particles in a pattern that
is characteristic of the type of radiation involved. The linear
energy transfer (LET) value determines the energy trans-
ferred per unit length as it traverses the tissue. Low LET
values are found for X- and gamma radiation; higher LET
values are found for neutrons, protons, «-particles and fis-
sion fragments. Also Auger electrons have relatively high
LET values. These differences in density of ionisation are
a major reason that neutrons, protons, and alpha particles
produce more biological effects per unit of absorbed radia-
tion dose than do more sparsely ionising radiation such as
X-rays, gamma rays, or electrons.

The relative biological effectiveness (RBE), calculated as
the ratio of the absorbed dose of a reference radiation, usu-
ally X-rays, required to produce the same biological effect
as with a test dose of another radiation type. Thus, radiation
with high LET and thus high RBE may have higher biolog-
ical effect. Radiolanthanides offer suitable nuclides emitting
radiation with high LET allowing for high RBE that could
enhance therapy with radiopharmaceuticals.

Fig. 4 shows a comparison of the ratio between the
absorbed dose rate in tumour and normal tissue (TND)
for some radiolanthanides emitting (a) electrons (***Sm,
B7Eu, ¥'Ho, *¥"Tm), and (b) positrons (***Ce/"*La and
18Nd /**8Pr) versus tumour radius. The results are from dosi-
metric simulations in humans assuming uniform distribution
within tumour and normal tissue with 25 times higher ac-
tivity concentration in the tumour compared to the normal
tissue. For comparison, results for the established therapeu-
tic radionuclides **!1 and **Y are included [10].
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Fig.4. The ratio between the absorbed dose rate in tumour and nor-
mal tissue (TND) for some radiolanthanides emitting electrons (***Sm,
W7Ey, %Ho, *¥"Tm), and positrons (**Ce /**La and **Nd /**Pr) ver-
sus tumour radius. The results are from dosimetric simulations in
humans assuming uniform distribution within tumour and normal tis-
sue with 25 times higher activity concentration in the tumour compared
to the normal tissue. For comparison, results for 1 and *Y are in-
cluded.

Furthermore, an estimation of the radiation dose deliv-
ered by the labelled compound to the target organ and to
healthy tissues is important. In this case, pharmacological
parameters of the chemical compound and the uptake kinet-
ics are important factors. Usually, these data rely on organ
uptake distribution measurements of the radiotherapeutical
in mice or rat. However, since in most cases photon emis-
sion by the therapeutic radiolanthanide is either missing or is
non-quantitative, direct measurements of uptake Kinetics in
humans are difficult to obtain. In this case, surrogate triva-
lent metals such as the rare-earth radioisotope Y are of
interest [24].

5. Examples of radiolanthanide therapeuticals

The main indications for use of radiotherapeuticals are in
oncology, rheumatology and cardiology.

Tumour therapy: Radiolanthanides have been applied in
therapy of bone metastases and for bone marrow ablation
prior to stem cell transplantation for haematological malig-
nancies using various phosphonates, and for various tumour
forms using monoclonal antibodies and peptide hormone
analogues labelled with 13Sm, “°Pm, 4°Th, 161 Th, 1%6Ho
and Y"Lu.

Radiation synovectomy: Radiation synovectomy has been
used for 50 years, usually with ®Y or *®Au, but also with
1585m, 15Dy, 18Ho and *°Er. This therapeutic procedure for
rheumatoid arthritis, inflammatory joint diseases, persistent
synovial perfusion, and other joint diseases is widely used
in many countries. The treatment consists of the injection of
a beta-emitting radionuclide into the joint capsule in order

to eliminate diseased synovium through irradiation, and to
improve joint function.

Vascular therapy: The use of g~ emitting radionuclides
in the control of restenosis in post angioplasty patients is
currently under investigation at many leading cardiovascu-
lar research centres, using either balloon catheters filled with
liquid radioisotopes or radionuclide coated metallic stents.
Solutions of *Ho and ***Sm(lll) salts are potential liquid
radiation sources for such brachytherapy.

Depending on the options of preparation of radiolanthan-
ide-based therapeuticals (cf. Fig. 2), specific classes of ther-
apeuticals are obtained. These are summarized below. For
a detailed discussion of individual radiolanthanides studied
for therapeutic applications, cf. [8].

Microspheres, particles, radiocolloids

Intracavitary agents such as radiocolloids have been used
and are in use for radiation synovectomy as an alternative
to surgical synovectomy in patients with chronic rheuma-
toid arthritis. Among the radiolanthanides, '*Er, ***Dy and
153Sm have been applied in addition to *®Y and other non-
trivalent radioelements [25]. Because of the leakage of ra-
diocolloids from the joint to the lymph node, ferric hydrox-
ide macro aggregates of 5-10 wm diameter were introduced
as a particulate [26], labelled with short-lived Dy and
longer-lived **°Er [27], **Ho [28], and *53Sm [29]. In paral-
lel, 3Sm labelled hydroxyapatite microspheres [30] demon-
strated promising uniform biodistribution and a very low
cumulative leakage in animals.

Me** ligand complexes

Multidentate chelators are needed to form complexes be-
cause in vivo dissociation of the radiolanthanide from the
chelate invariably results in bone and liver uptake. While for
many applications this uptake is undesirable since it leads to
non-specific irradiation of these (presumably) non-target tis-
sues, for the palliative therapy of disseminated bone metas-
tases, the radiolanthanide accumulation on the hydroxyap-
atite structure is desired. Therefore, ligands with interme-
diate complex formation constants are selected or ligands,
which tender an additional binding capacity to hydroxyap-
atite. In analogy to known 99mTc complexes with substi-
tuted phosphonates, substituted amine-methylene phospho-
nic acids such as EDTMP (ethylenediamine-tetramethylene-
phosphonic acid), DOTMP (1,4,7,10-cyclododecyl-tetra-
aminetetramethylene phosphonic acid), and DTPMP (di-
ethylenetriamine-pentamethylene-phosphonic acid) have
been investigated for the radiolanthanides. [**Sm-EDTMP]
has become commercially available, while for the applica-
tion of Ho, due to its lower specific activity, the kinetically
inert ligand DOTMP was discussed [31].

Peptides and proteins labelled via bifunctional chelating
agents

Trivalent (radio)lanthanides cannot be coupled directly to
amino acid sequences of peptides and proteins. Stabiliz-
ing a metallic radioisotope in vivo thus requires a ded-
icated derivatisation of peptides and proteins by cova-
lently binding a bifunctional chelator (BFC) to selected
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amino acids. Acyclic and cyclic poly(aminocarboxylate)
ligands such as ethylenediamine-tetraacetic acid (EDTA),
diethylenetriamin-pentaacetic acid (DTPA), 1,4,7,10-tetra-
azacyclododecane-N,N’,N”,N"-tetraacetic acid (DOTA)
and 1,4,8,11-tetraazacyclotetradecane-N,N’,N”,N""-tetra-
acetic acid (TETA), originally developed to chelate and link
In, Y, and Cu to peptides and proteins, were adopted for
the trivalent radiolanthanides. Although acyclic multidentate
chelating ligands such as DTPA provide a high degree of in
vivo kinetic stability of the complexes, a decrease of ther-
modynamic and kinetic complex stability is observed if one
of the appended arms necessary for metallic co-ordination
is occupied by the covalent link to the peptide or protein
[e.g. 32-36].

One approach to overcome this problem is to synthesize
functional derivatives of DTPA with linker moieties attached
to the ethylene backbone, guaranteeing its octadenticity to-
wards the metal centre while still providing a covalent link to
the amino acid of choice [32, 33, 37-40]. Another approach
is to introduce a macrocyclic polyazamacrocyclic polycar-
boxylate ligand, known to form more Kinetically inert com-
plexes [19, 41-44].

Somatostatin receptor expressing tumours have success-
fully been treated with the small peptide [*'Lu]DOTA-
(D)Phet-Tyr3-octreotate with promising results [45, 46].
This analogue shows the highest tumour uptake of all clin-
ically tested somatostatin analogues so far. This compound
has been shown to have a very favourable impact on tu-
mour regression and animal survival in a rat model. Highest
cure rate was obtained in small tumours compared to larger
tumours [47].

Another peptide of interest is bombesin, which is an
analogue of human gastrin-releasing peptide (GRP) that
binds to GRP receptors with high affinity and specificity.
The GRP receptor is over-expressed on a variety of human
cancer cells including prostate, breast, lung, and pancre-
atic cancers. The *"Lu-labelled bombesin peptide analogue
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Fig. 5. Endoradiotherapy with the radiolabeled somatostatin analog [*””Lu-DOTA-octreotate] in patients with endocrine gastroenteropancreatic tu-
mors, from [49]: Computed tomography scans in a patient with a metastasized nonfunctioning endocrine pancreatic tumour before treatment (a)

DO3A-amide-SAla-BBN has so far been studied in normal
mice [48].

One of the most impressive examples is ¥’Ln-DOTA-
DPhe!-Tyr-octreotate. This high affinity of the octapeptide
octreotide to somatostatin receptors made it a relevant thera-
peutic targeting vector for somatostatin receptor expressing
(neuroendocrine) tumours. It is in routine use to treat pa-
tients. Fig. 5 illustrates the positive results of this type of
endoradiotherapy, from [49].

Monoclonal antibodies are another sort of tumour tar-
geting vectors, increasingly used in endoradiotherapy. For
example, ¥"Lu has been used for therapy using radiolabeled
monoclonal antibodies (MAb) CC49 and RS7. MAb CC49
binds to the tumour-associated antigen TAG-72 found in
a wide range of human carcinomas. In an experimental ther-
apy model for human carcinoma *’Lu-labelled CC49 was
shown to delay the growth or eliminate established human
colon carcinomas in athymic mice [50, 51]. Intraperitoneally
injected *"Lu-labelled CC49 has also been used clinically
in patients with ovarian cancer [52]. Phase | and phase
I/11 clinical trials have been performed in patients with
ovarian carcinoma, demonstrating that intraperitoneal ra-
dioimmunotherapy with this compound is well tolerated and
appears to have antitumour activity against chemotherapy-
resistant ovarian cancer in the peritoneal cavity [53], and that
marrow suppression was the dose-limiting toxic effect [54].
Furthermore, a phase | trial was designed to examine the
feasibility of combining interferon (to increase the expres-
sion of the TAG-72 antigen) and Taxol (radiosensitising and
antitumour effect) with intraperitoneal radioimmunotherapy
(*"Lu-labelled CC49) of recurrent or persistent ovarian can-
cer confined to the abdominal cavity after first line therapy.
The combination was well tolerated, with bone marrow sup-
pression as the dose-limiting toxicity [55]. Tumour targeting
and therapeutic efficacy of "’Lu-labelled RS7 (against ep-
ithelial glycoprotein-1) was evaluated in a human non-small
cell lung carcinoma xenograft model. Elimination of estab-

and 3 months after the last treatment (b): decrease in number of cystic liver lesions and the decrease in total liver size.
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lished tumours was shown and [*"Lu]DOTA-RS7 might be
effective for radioimmunotherapy [56].

158Sm-labelled monoclonal antibodies have been per-
formed against tumour-associated antigens. The biodistri-
bution of ***Sm-labelled OC125 monoclonal antibody, in
whole or F(ab’)2 fragment form, has been studied in nude
mice transplanted with human ovarian adenocarcinoma line
expressing the CA125 antigen [57]. Promising therapeutic
results on nude mice were obtained using ***Sm-labelled
anti-CEA antibodies, showing significant anti-tumour ef-
fects including tumour necrosis. **Sm-anti-CEA may thus
be a potential agent in clinical radioimmunotherapy of CEA
expressing tumours [58]. A few smaller peptides have also
been labelled with 53Sm. Favourable biodistribution and
promising therapeutic efficacy of the somatostatin analogue
[$*Sm]CMDTPA-Tyr3-octreotate were demonstrated in rats
transplanted with rat pancreatic tumour [59]. *Sm-labelled
bombesin peptide analogue DO3A-amide-SAla-BBN has
been studied in normal mice [48].

6. Conclusion

Several radiolanthanides are more suitable for tumour ther-
apy than the radionuclides used routinely today. Radiolan-
thanides particularly suitable for therapy are '*°Er, 'Th,
7Lu, Yb and *'Ho, the latter being most suitable for
very small tumours (< 0.1 mm). This set of radiolanthanides
provides a variety of nuclear parameters such as half-lives,
types and energy of emitted particles, yet with chemical
similarities. The approach of using one and the same target-
ing vector labelled with selected individual radioisotopes of
anumber of 4 f-elements may provide an optimum choice of
therapeutic strategies. Making radiolanthanide-based thera-
peuticals available routinely, however, asks for a dedicated
network of radiolanthanide production and radiopharmaceu-
tical chemistry.
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