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Abstract. This review discusses the application of alpha Apart from the naturally occurring radionuclides, the
particle-emitting radionuclides in targeted radioimmuno-majority of alpha particle-emitting radionuclides are pro-
therapy. It will outline the production and chemistry of duced from reactor irradiations, incorporated into a gen-
astatine-211, bismuth-212, lead-212, actinium-225, biserator (cow) and subsequently eluted. Currently, applica-
muth-213, fermium-255, radium-223 and terbium-149 tions for specific alpha particle-emitting radionuclides
which at present are the most promising alpha-emittinggroduced from cyclotron irradiations are appearing.
isotopes available for human clinical use. The selective Regardless of the source of the radionuclide, the ra-
cytotoxicity offered by alpha particle-emitting radioim- dionuclide separation scheme must be capable of sup-
munoconstructs is due to the high linear energy transfeplying a high-purity product, in terms of both chemical
and short particle path length of these radionuclidesand radionuclidic purity. In the case of the relatively
Based upon the pharmacokinetics of alpha particle-emitshort-lived alpha particle-emitting radionuclides (such as
ting radioimmunoconstructs, both stochastic and converbismuth-213t,,, = 46-min) the processing time required
tional dosimetric methodology is discussed, as is théo achieve elution of the radionuclide in the proper
preclinical and initial clinical use of these radionuclideschemical form and to formulate the finished radiophar-
conjugated to monoclonal antibodies for the treatment ofnaceutical must be short. Selection of appropriate nucl-
human neoplasia. ides must also take into account daughter nuclides that
may be metabolized differently from the parent isotope.
Key words:High linear energy transfer — Bismuth-213 — This is particularly important if the daughter is long-
Astatine-211 — Bismuth-212 — Actinium-225 — Alpha lived. Moreover, the materials utilized in the separation

particle-emitting radionuclides process, such as the generator resin support, must be ju-
diciously selected to avoid detrimental radiation chemis-
Eur J Nucl Med (1998) 25:1341-1351 try effects upon the formulated product, by either the

parent or the daughters. At the current time most alpha-

emitting isotopes are limited in availability and therefore

are costly. In the following review, we will discuss the

Introduction most promising alpha-emitting isotopes and their appli-

cations to human disease when conjugated to monoclo-

Alpha particles are monoenergetic, high-energy heliunnal antibodies.

nuclei (He-4) with high linear energy transfer (LET) in

the range of 100 keV/um. There are approximately 100

radionuclides [predominantly heavy elemen#=82)]  Alpha particle-emitting radionuclides

that decay with alpha particle emission. Several review

articles describing the applications of alpha-emitting raAstatine-211

dionuclides for the treatment of disease have recently

appeared in the literature [1-4]. 211At decays with a 7.2-h half-life through a branched
Based on practical dosimetric principles there arepathway (Fig. 1). One route is by direct alpha particle

several advantages to using high LET radionuclides iemission to bismuth-207 (42%) followed by electron

radiotherapeutic applications [5]. For example, the meagapture to the ground state lead-207. The second is by

LET value for the beta particle-emitting yttrium-90 is electron capture to polonium-211 (58%) and prompt al-

0.2 keV/um whereas that of astatine-211 is 97 keV/umpha particle emission t&Pb [6]. The211Po and?lIAt

Furthermore, the mean range in tissue of?tiat alpha  average alpha particle energy is 6.8 MeV with a range in

particle and th&9Y beta particle is 70 pm and 3960 um, tissue of 55-80 pm, and a mean LET value of 99 keV/

respectively. Therefore, the cytotoxicity induced by al-um [4]. The213Po daughter emits K x-rays (77-92 keV)

pha particles is far more selective. that are of sufficient energy to permit photon counting of
- samples and external imaging. The long 33.4 year half-
Correspondence td.A. Scheinber 3 life of 207Bi is not a major safety concern, because the
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activity of 207Bi generated is only 0.033 MBq step to the purified SAB and incubated on ice for
(0.0009 mCi) from each 37 MBq (1 mCi) &fAt [7]. 15 min.211At labeled antibody products can be prepared

Zalutsky et al. have described the cyclotron producin this manner in 1.5-h at specific activities reported to
tion of 211At via the207Bi(a,2nP1!At nuclear reaction on 148 MBg/mg (4 mCi/mg).
natural bismuth metallic targets. TREAt species pro- The potential variablity in the radionuclidic purity of
duced in this reaction is dry distilled from the target ma-#11At produced by the cyclotron irradiation and the fact
trix and trapped in chloroform. It is important to main- that only a few research centers have the capability for
tain the alpha particle beam energy window within theproduction of21lAt remain potential drawbacks to the
target between 28.5 and 22.0 MeV to maximize the yieldvidespread use of this radionuclide. However, the 7.2-h
of 211At and to minimize the production 8fAt. At-210  half-life makes21IAt very attractive for radioimmuno-
has an 8.1-h half-life, and decays to the alpha emittetherapy in which the targeting molecule does not gain
210po with a half-life of 138 days. As a bone-seeking raimmediate access to the tumor cells.
dionuclide,?%Po could lead to unacceptable bone mar-
row toxicity.

211At has been successfully attached to monoclonaBismuth-212
antibodies and antibody fragments using a two-step la-
beling method developed by Zalutsky et al. [8]. In the?12Bi is an alpha particle-emitting radionuclide that is
first step of this labeling procedurbl-succinimidyl 3-  obtained from the thorium-228 decay chain (Fig. 2) [6].
(trimethylstannyl)benzoate arebutylhydroperoxide are It has a half-life of 60.6-min and an average alpha parti-
added to the trap containing tREAt/chloroform. Fol-  cle energy of 7.8 Me\212Bi decays via a branched path-
lowing a 15-min incubation period the produdtsuc-  way to thallium-208 an@'2Po and both in turn decay to
cinimidyl 3-[21!At]astato-benzoate (SAB) is purified by stable208Pb. Each pathway results in the emission of an
high-pressure liquid chromatography. The monoclonablpha particle. Radium-224 (3.6-day half-life) has been
antibody in borate buffer, pH 8.5, is added in the secondsed to construct generators for the productioR i
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Fig. 2. The 228Th decay schemn:.2 Fig. 3. The229Th decay schem.e

and these generators have been used in preclinical studead-212
ies by Atcher et al. [9]. This generator is constructed
from 229Ra that has been separated from its paren£l?Pb (10.6-h half-life) is also produced in #%Th de-
228Th, by absorption of thorium nitrate ilNd HNO; on-  cay scheme (Fig. 2) and can be produced usiné&{Re
to an anion exchange resin [10]. T#&Ra eluated is generator system [9]. One strategy has been to label a
evaporated to dryness and the residue dissolved i 0.1 monoclonal antibody witB12Pb, which, when adminis-
HCI. The acidic?24Ra solution is then absorbed onto tered clinically would serve as an in st#4Bi generator
AGMP-50 cation exchange resin contained within a Te{13]. Such an agent would actually produce a build-up of
flon tube and fitted with barbed polypropylene fittings. the dose rate in tissue and thereby result in some blood
By variation of the generator elution conditions (usingand bone marrow sparing. A number of lead and bis-
either 0.5—-2N HCI or 0.2—2N HI) the % vyield of212Bi muth complexes have been prepared and evaluated for
or its paren&!?Pb can be controlled. this unique in situ generator system [14, 15]. One diffi-

The 208T| produced in the2!2Bi decay emits a culty of chelating??#b results from the electron capture
2.6 MeV gamma ray and along with the other medium-branch in the decay scheme, which through the concom-
to high-energy gamma emissions in the decay schenitant charge build-up after Auger electron emission
require that thé24Ra cow be heavily shielded to mini- would destroy the chelating moiety.
mize personnel radiation exposure. Additionally, there is
a radon-220 daughter in the decay chain that requires
that the229Ra cow be placed in either a gas-tight orActinium-225
trapped enclosure.

Bifunctional metal chelating moieties that can be22°Ac can be obtained either from the natural decay of
readily attached covalently to protein molecules and stadranium-233 and its production &°Th [16] or from the
bly bind bismuth radionuclides have been extensively inneutron irradiation oP26Ra by successive f,capture
vestigated [11, 12]. The bifunctional metal chelatingdecay reactions vi’Ac, 228Th t0229Th [17, 18].
moieties are derivatives of functionalized diethylene tri- Geerlings et al[19] have described &°Ac generator
amine penta acetic acids and have been developed inb@ased on a design that adso##8'h oxide onto a titani-
stable radiometal chelating agents suitable for use inm phosphate resin. Elution of th#&9Th cow with
vivo. 0.5 M HNO; yields a mixture of radionuclideg2°Ac,
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228Ra, and??4Ra. A second column containing Dowex 50 213Bi labeled anti-CD33 construct are in process [25].
Wx8 is used to purify thé25Ac by removing thé2sRa,  Furthermore, in vivo patient imaging, taking advantage
224Ra, and thé24Ra decay products. THeAc thus pro-  of the 213Bi 440-keV photon emission, has been carried
duced can be used directly as a reagent for radionuclideut [26] and detailed pharmacokinetics and dosimetry

labeling or affixed onto a resin as parent f@&8i gen-  information in patients with leukemia has been obtained
erator product. [27, 28]. (See more details below.)
There are six daughters #PAc which are produced One of the limitations to constructing alpha particle-

in the cascade to stal&Bi (Fig. 3) [6]. For eacl#2Ac emitting isotope generators is their rapid failure due to
decay there are subsequently five alpha and three betadiation damage. Generator failure is defined as
disintegrations, most of high energy. As noted4@Pb  exessive parent nuclide breakthrough, catastrophic radio-
above, the potential for usirf§°Ac as a therapeutic ra- lytic damage to the resin and to the body of the column
dionuclide is limited by the availability of chelator moi- (porosity and cracking), and sintering of the resin result-
eties capable of binding the radionuclide as well as iténg in the production of fines which hinder the flow of
daughters through alpha-decay [20]. Given #HR®\c solution through the generator.
10.0-day half-life, the high-energy alpha particle emis- The effects of radiation damage to ion exchange ma-
sion, and the favorable rapid decay chain to st&Bs, terials are well documented [29]. Radiation damage to
this radionuclide would be an excellent candidate for us¢he resin and the eluate solution is a concern given the
in cancer therapy utilizing the in vivo generator ap-large energy per transition values for the alpha-emitting
proach. However, the unlikely possibility of discovering radionuclides. The alpha energy per transition value is
suitable chelating agents able to withstand the immensestimated to be approximately 1.0 E-12 Gy-kg/Bg-sec
alpha particle recoil energies for the actinium ion, limitsfor the alpha-emitting radionuclides in tA®Ac decay
the major application 0f2°Ac as a cow for the genera- cascade based upon reference data [30]. The radiation
tion of 213Bi. (The alpha particle recoil energy is usually dose due t82°Ac and its daughters is particularly large,
between 100 and 200 keV, which is slightly more thangiven the 10-day half-life, and could rapidly destroy the
the binding energy of a macrocyclic metal-ion complex.)viability of the support resin and plastic components.
For example, it is estimated that the daily dose to 1 or
100 mg of a polymeric cation exchange resin from
Bismuth-213 740 MBqg (20 mCi) oR2%Ac is 2.0 E10 and 2.0 E08 cGy,
respectively. It is known that cation exchange resins are
213Bj (45.6-min half-life) is a decay product &PAc, as  considerably degraded when the total absorbed doses are
shown in Fig. 3. A clinically approved3Bi generator greater than 1 E08 cGy [29]. Absorbed doses of this
has been developed that provides up to 925 MBagnagnitude will be reached within the 1st day of loading
(25 mCi) of pure, chemically reactivd3Bi [21]. The 1 mg of resin with 740 MBq of2°Ac.
generator is capable of providing a clinically useful ra- An inorganic silica-based actinide resin has been em-
dionuclide for 10 days with a minimum amount of ployed to suppor£2®Ac in an effort to avoid generator
shielding. At Memorial Sloan-Kettering Cancer Centerfailure [31]. Inorganic support resins should be more ro-
“no carrier added22Ac is obtained as the nitrate from bust and experience less radiolytic damage than organic
the Institute for Transuranium Elements (Karlsruhe, Gerbased support resins [32].
many) or Oak Ridge National Laboratory (Tenn., USA)
and dispersed onto an AGMP-50 resin. THEBI
reaches secular equilibrium with th&®Ac after Fermium-255
approximately 300 min. (6.53Bi t,,,'s), however, after
approximately 150 min. 90% of the maximu#Bi 25%m is an actinide element that has been proposed [33]
activity is available for elution from the generator. Theas a good candidate for use in radioimmunotherapy
213Bij is eluted as the (Bj)Z- anion species with 0.1 based upon its 20.1-h half-lifé&e5m has an alpha parti-
HI [22]. Labeling is accomplished by allowing the bis- cle emission of 7.02 MeV (93.4%) in its decay to cali-
muth ion in a pH 4.5 acetate buffer to react with an antifornium-251, which has a 900-year half-life. T#&m
body-chelate construct. could be produced from a generator constructed using
Antibody molecules appended [23] with the C-func-einsteinium-255 (Fig. 4) [7], which has a half-life of
tion alized trans-cyclohexyldiethylenetriamine penta- 38.3 days. Millicurie quantities ¢P5m have been pro-
acetic acid moiety, CHX-A-DTPA [12], readily chelate duced at Oak Ridge National Laboratory by neutron ac-
the 213Bi radionuclide. Reactions typically reach 90% tivation of curium at the High Flux Isotope Reactor, pro-
completion in 10—-20 min. Thel3Bi labeled antibodies ducing a mixture of einsteinium isotopes from which the
are >90% immunoreactive and are purified via size ex25%m can be isolated [7].
clusion chromatography. Specific activities can be
achieved in the range of 370-925 MBqg/mg
(10-25 mCi/mg). Complete processing times are ap-
proximately 22—-30 min [21, 24]. Clinical trials using a
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Table 1. Candidate alpha particle-emitters for radioimmuno-

therapy/
Radionuclide Half-life % Emissions Radionuclide Half-life % Emissions
Daughters _— Daughters _—
Particle Energy Particle Energy
213Bj 45.6 min 2 o 6 MeV 1495Gd 9.25 days 82 Y 41 keV
98 B~ 444 keV 15 y  47keV
17 y 440 keV 42 y 150 keV
2139 4.2us 98 o 8 MeV 23 y 299 keV
209T] 2.2 min 2 B~ 659 keV 18 y 347 keV
209Ph 3.25h 100 B~ 198 keV 53 e 7 keV
2098 Stable 40 e 8 keV
17 e 30 keV
212Bj 1.0h 36 o 6 MeV 21 e 101 keV
64 B~ 492 keV 149y 93 days 96 Y 40 keV
212Pg 298 ns 64 o 9 MeV 12 y  ASkev
208T]| 3.05 min 36 B~ 560 keV 55 e 7 keV
8 y 510 keV 145U 5.9 days 17 Yy 894 keV
31 y 580 keV 1455m, 1495m 340 days, stable
36 y 2.6 MeV
208ph Stable aPercent emitted per decay of parent radionuclide
b Meanp- energy and approximate e- andy energies are liste:d
2LIAL 7.21h 42 o 6 MeV
19 v  80keV Radium-223
211pg 516 ms 58 o 7.5 MeV
207Bi 32 years 24 vy  70kev Figure 1 shows th&23Ra decay scheme. ThH&3Ra
;‘1 ; 57f h‘jlee\\// (11.4-day half-life) could be obtained from uranium mil
20PPp Stable tailings in large quantities [7] and a generator system has
been developed [34] using &7Ac parent (21.8-year
2257¢ 10 days 100 o 6 MeV half-life). The advantage and disadvantage of this radio-
2215y 4.9 min 100 o 6 MeV nuclide in targeted radioimmunotherapy is the four alpha
10 y  218keV emissions. The radiotoxicity associated with four alpha
217A¢ 323 ms 100 a 7 MeV particles would probably necessitate only one decay per
213Bj See?13Bj tumor cell. However, th&23Ra decays to radon-219, a
gaseous product that would redistribute in vivo in an un-
223Ra 11.4days 100 o 6 MeV known way. Until the biodistribution of23Ra labeled
40 y  80keV antibodies and the daughter isotopes is investigated and
14 Y 270 keV understood, the clinical utility of this radionuclide re-
#Rn 4s 100 o 7 Mev mains questionable.
10 y 270 keV
2150 1.8 ms 100 o 7 MeV
211ph 36.1 min 100 - 447 keV .
211 2.1 min 16 b “éwey  Terbium-149
84 o 7 MeV . )
13 y 350 keV 149Th ([35] and references therein) is a lanthanide ele-
2077 4.8 min 100 B 493 keV ment that decays (4-h half-life) via alpha particle emis-
207Pp Stable sion (17%), positron emission (4%), and electron cap-
ture (79%), and 1110 MBq (30 mCi) quantities have
149Tp 4.15h 17 o 4 MeV been prepared at the Isolde facility at the CERN spalla-
61 y  43keV tion source. The production of this radionuclide required
11 y  48keV 4 microamps of 600 MeV protons from a synchrocyclo-
28 7y 165keV tron incident upon a 122 g/énantalum foil. The reac-
33 y 352keV tion products were ionized and accelerated from the
i? ; ggg tgx source with a 60-kV potential. A magnetic field was
12 v 817 keV used to separate the 149 mass component and depo_sn it
16 y 853 keV onto an aluminum foil. It has also been produced in
30 e 7 keV small [0.37 MBq (0.01 mCi)] quantities on a 10-mV tan-
20 e 8 keV dem accelerator using tBéPr(12C,4n)149Tb reaction at
10 e 115keV 70 MeV. The separation and purification (removal of
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25 913' . 5m Pharmacokinetics
39.8
Therapy using short-lived alpha particle-emitters re-
o | 20.07h quires an understanding of antibody pharmacokinetics
that may not be extrapolated from experience obtained
using iodine-131 or other longer-lived beta-emitters.
e _ With longer-lived radionuclides, the pharmacokinetics
(900 ) Fig. 4. The?>*Es decay scher:2  are dominated by biological clearance of the antibody.
The distribution of antibody in the first several minutes
to hours after administration yields residence times that
metallic impurities) of thé49Tb from the aluminum foil are negligible in proportion to the overall residence
will be necessary prior to labeling antibody-chelate contimes achieved for target and normal organs. This is in
structs. Additionally, the biodistribution and safety of contrast t?13Bi (T,,, = 45.6-min), for example, in which
the many49Th decay products must be evaluated as20% of the total alpha particle emissions occur within
these are lanthanides and presumably may deposit the first 15-min after injection; 3-h post-injection only
mineral bone. 6% of the total emissions remain.
For the shorter-lived alpha-emitte®3i, 212Bi, and
to a lesser exteritlAt), therefore, relevant pharmacoki-

Dosimetry of Alpha Particle Emitter netic information will be obtained if imaging and/or

Radioimmunoconjugates sampling starts immediately after administration. The
photon emission chosen for gamma camera imaging

The dosimetry of alpha particle-emitting radionuclidesshould possess an energy that is within the range of nu-

may be distinguished from that of conventional beta parelear medicine imaging devices and that is unique to de-

ticle-emitters by a number of features. Few alpha particay of the parent [26]. A further difference between the
cle-emitters decay to stable or short-lived daughter prodgamma camera images obtained from a short-lived ra-
ucts. Those that do, possess half-lives which are considgionuclide such a3'38i and those obtained frod3Y is

erably shorter than the commonly used beta-emitterghat in representing a substantial fraction of the total de-

The range of alpha particles are <100 um and muchays they approximate images of dose distributions,

shorter than beta particle emissions. The LET of alphaather than only radiolabeled antibody distributions.

particles is 400 times greater than that of beta particles

(80 keV/um vs 0.2 keV/um). Depending upon their

emission characteristics, the relative biological effective-Microdosimetry

ness (RBE) of alpha particles for cell sterilization ranges

from 3 to 7. Cell survival studies have shown that a sinA microdosimetric or stochastic analysis of energy ab-

gle alpha particle track, originating from the tekur-  sorbed in a target is required if a large fluctuation in the

face and traversing the nucleus, is capable of resulting iabsorbed energy is expected. This may be quantitatively
cell death [36]. This is in contrast to the thousands t@xpressed as the variance in specific energy (energy ab-
tens of thousands required of beta particles. Given theorbed per unit mass) relative to the mean specific ener-
energy delivered along an alpha particle track and its pag@y. To understand the realm of microdosimetry versus
tential cytotoxicity, the conventional methodologies forconventional dosimetry it is worthwhile to consider the
estimating mean absorbed dose may not always yieltbllowing example. If a population of tumor cells were
physically or biologically meaningful information. In- to be exposed to a uniform distribution of alpha source
stead, stochastic or microdosimetric methodologies mawith an average one alpha particle transversal or event
be required. Starting with quantitation of pharmacoki-per cell, then 37% of the tumor cells would receive no
netics, these considerations are briefly examined belovevents. Therefore, whereas a radiation dose of 50 cGy

In addition, decay of the parent alpha particle-emittingfrom a uniform exposure of beta particles might result in

radionuclide yields a number of daughters whose dosimall tumor cells receiving 1000+30 events, the same dose

etry and pharamcokinetics must be considered separatéelivered by alpha particles would result in a very broad
ly. Table 1 lists alpha particle-emitting radionuclides thatmicrodosimetric spectrum of energy deposition. The
have been considered for radioimmunotherapy. Humashort-range local effects of alpha particles complete with

studies have already been carried out Withi [25], the stochastic nature of high LET radiations presents a

and human studies witB2Bi and 21!At are being greater challenge to determine and understand the bio-

planned [5, 37—-41]. Studies witB°Ac, 223Ra, and!49Tb  logical effects resulting from alpha particle-emitting ra-
are in early stages of development and analysis [19, 2@jonuclides.

35, 42-44]. In radioimmunotherapy the geometric relationship
between the sources and target tumor cells is not uni-
form and therefore the alpha particle hits cannot be as-
sumed to be a Poisson distribution. Several distributions
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curred; this cannot be depicted on the curve but may be
-~ o particle thought of as a delta function at the origin (specific ener-

'""\\““k gy = 0). Since the geometry allows for only two possibil-
AN ities — specific energy = 0, corresponding to no hit, and

\ specific energy = alpha energy/spheroid volume, corre-
\ sponding to complete absorption of alpha emission — the
B | probability density curve is made up of two delta func-

L) J tions. To facilitate the application of microdosimetry to

“Cell radius: \ / Nuclear geometries that are clinically relevant, a formalism has
5 pm \ / rj‘l‘;:f //' been developed which makes it possible to perform basic
./ P microdosimetric assessments given the delta function

Y s

— (i.e., the probability that the specific energy is zero), the
Fig. 5. Representation of the geometry used to derive Fig. 6. Aprobablllty of no hits, and the mean specific energy due
cell is represented by two concentric spheres. The 4-um-radiu® a single hit. Once these parameters are determined for
nucleus is the targ::t a particular radionuclide and geometry, it is possible to
extend the analysis to multiple hits and thereby develop
a simplified framework for estimating microdosimetric
have been modeled and microdosimetric spectra calcyarameters [51, 52].
lated by either Monte Carlo [45, 46] or analytical [47,
48] methods. The results of microdosimetric calculations
are specific energy probability densities [49]. Microdosi-Conventional dosimetry
metric spectra have been calculated from measured auto-
radiographic data of radiolabeled antibody distributionRadionuclide dosimetry that is based upon imaging-de-
in animal tumor models [50]. The transition from micro- rived pharmacokinetics can be performed as specified in
to conventional dosimetry is dependent upon the numbehe MIRD pamphlets [53]. This methodology is also ap-
of alpha particle emissions and the magnitude of the taplicable to alpha particle-emitters for the determination
get volume under consideration. of average radiation doses. However, it must be remem-
Microdosimetric analyses generally require directbered that the range of alpha particles is much shorter
sampling to estimate the activity in a given cellular ge-than the limits of resolution of a gamma camera. In con-
ometry (e.g., per cell or per cluster). Bone marrow samventional dosimetry of alpha particle-emitting radionucl-
pling, for example, may be used to obtain informationides it is assumed that all alpha and electron emissions
regarding possible marrow toxicity. In such an analysisarising from decay of the parent are locally deposited.
the emissions must be placed relative to a particular celFhe absorbed dose is then given by the cumulated activi-
lular geometry. The initial result of such analyses is they concentration, 4], multiplied by the energy emitted
single-hit probability density curve. Using the source-per decay as electrod®, and alpha particlesa. To de-
target geometry shown in Fig. 5, such a curve has beeaermine a radiation dose equivalent (in Sieverts), the al-
derived for213Bi (Fig. 6). The probability of delivering a pha particle contribution to the dose should be adjusted
particular range of specific energies may be obtained &sr the relative biological effectiveness (RBE) of alpha
the area under the curve that is bounded by the range pérticles [36]:
specific energies chosen. It is important to note that this, _ ;&
is the probability density for specific energies, given that™ — [Alx(2e + RBE xAa). (1)
a single hit through the target volume has occurredin most cases, the photon contribution to the absorbed
There will also be some probability that no hits have ocdose in an organ that concentrates an alpha particle-

10 T T T

Probability
density (Gy™)

Fig. 6. The single-hit, specific energy
probability density for an 8.4-MeV alpha
particle (98% of13Bi alpha particle emis-

0 bmmzemr” S J | | | sions®
0 0.05 0.1 0.15 02 0.25 03
Specific energy (Gy)
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emitter may be neglected as it is typically <1% of the to-B72.3, a murine Ig directed to the colorectal cell surface
tal. All of the alpha particle-emitters under considerationantigen TAG-72 [55]. Up to 7.0 MBq (0.190 mCi) for 3
for radioimmunotherapy vyield radioactive daughters.days was administered with acceptable toxicity. Signifi-
The fate and biodistribution of radioactive daughters fol-cant specific antitumor effects were seen and small
lowing alpha particle decay of the parent has not beenhanges in improved survival were observed as well.
examined. If the daughters remain in the vicinity of the Another murine model of radioimmunotherapy exten-
parent then the parametéys andAa should include the sively studied is the Rauscher leukemia system, where a
energy associated with their emissions, weighted by theyngeneic leukemia is induced in the spleen and other
yield of each daughter. If the half-life of the daughters isorgans [56]. Specific uptake of iodinated syngeneic anti-
long in relation to the rate of diffusion of the daughter,body [56, 57], radiometal conjugated antibody [57, 58],
and this may be dependent upon the chemical nature ahd bismuth-labeled antibody [59] has been reported. A
the atom, then information regarding the redistributioncyclohexylbenzyl DTPA modified Ig labeled witi2Bi
must be explicitly incorporated into the dosimetric esti-reduced tumor size at 3 weeks, when injected 8 days af-
mates. ter tumor initiation, and doubled survival times [60].
212Bi-DOTA chelate constructs were also found to be
pharmacologically stable in this murine erythroleukemia
Use of alpha-emitting radioconjugates in vivo model [59] and in another T cell leukemia model [61].
in animals The apparently good pharmacokinetics and therapeutic
effects in these murine leukemia models have led to hu-
One of the first studies demonstrating the feasibility ofman trials (see below).
using alpha-emitting?!Bi radioimmunoconjugates for There has been intensive investigation 2&At-la-
therapy in vivo involved a T cell ascites tumor model inbeled Ig and fragments in a human rhabdomyosarcoma
mice [39]. Both tumor and the IgM radioconjugatesmeningitis model in athymic rats [62]. Single intrathecal
were injected intraperitoneally (i.p.). In this way, thedoses resulted in significant prolongations of survival
rapid delivery of the short-lived isotope to targets wasand possible cures [62]. This model has been used to de-
assured, without significant exchange of the radioconvelop a strategy for therapy of human carcinomatous
struct from the peritoneal cavity to the systemic circulameningitis that is expected to reach human trials in
tion affecting normal tissue toxicity. Injections of up to 1998. Similar work with &lAt-labeled Ig reactive with
14.8 MBq (0.400 mCi) of1Bi-labeled IgM were found melanomas and gliomas in xenograft mouse models also
to be safe. Unlabeled or radiolabeled control IgM weredemonstrated specific uptake and adequate pharmacoki-
unable to cure any animals or prolong the survival benetics [4, 8].
yond 30 days. In contrast, doses of 5.6-14.8 MBq Another strategy to delivétlAt now being studied in
(0.150-0.400 mCi) of1Bi-anti-thy 1.2 (specific) IgM animal models has relied on the labeling of small mole-
were able to prolong survival in all animals for greatercules, rather than the high molecular weight and purely
than 30 days, and at least half of treated animals werdiffusible lg, that selectively accumulate in tumors, [2].
still alive at 2 months. Thus, these initial studies verifiedThese have included 211At-astato-benzylguanidine
the specificity of the alpha-emitting constructs in a care{MABG; in contrast to MIBG) for neuroblastoma [2]
fully circumscribed in vivo model. and211At labeled methylene blue for melanoma [63, 64].
Additional evaluation of the cytotoxic effects of the Detailed discussion of these approaches is beyond the
anti-thy 1.2 construct ex vivo led to the conclusion thatscope of this review.
apoptotic mechanisms were operative in lymphoma cell
death after alpha particle irradiation [54]. Apoptosis was
demonstrated by morphology with electron microscopyHuman clinical trials of alpha-emitting
and the appearance of DNA ladders upon gel electroph@mmunoglobulins
resis. As few as four alpha particles traversing the nucle-
us per cell were adequate to reduce cell numbers by 1996, the first human trials of an alpha-emitting ra-
90%. More recently we have confirmed the presence adioimmunotherapeutic IgG construct21$i)CHX-A-
apoptotic cell death in another system (using human lelDTPA-HUM195, began [25]. A genetically engineered,
kemia cell targets) by the use of flow cytometric meth-humanized IgG1 (HuM195), specific for a human myel-
ods (Lai, Weisburg, McDevitt, Scheinberg, unpublishedogenous leukemia antigen (CD33) [65, 66], was used to
results). investigate alpha particle therapy wihBi. Conjuga-
213Bj labeled monoclonal antibodies targeting lungtion of HuM195 to CHX-A-DTPA resulted in the attach-
vasculature have been reported to be successful in thenaent of up to ten ligand molecules per antibody, and the
py of lung tumor in a mouse model (see [16] and refertabeling efficiency with213Bi was typically more than
ences listed therein). 80% at specific activities of up to 740 MBg/mg
Another murine peritoneal model involved human co-(20 mCi/mg) [21, 67, 68]. The metal chelated HuM195
lon carcinoma zenografts of LS174T cells, treated at Antibody construct was rapidly internalized into the cell
week with single or multiple daily doses##Bi-labeled in a time-dependent manner.
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Preclinical testing of this radioimmunoconjugate in  alpha-emitting radioimmunoconjugates, or will thera-
mice showed there was no uptake or loss of bismuth to py be limited to minimal disease states?
mouse tissues, which do not express CD33, or to kidneyi. Can alpha therapy be accomplished without long-
which has avidity for free, unbound bismuth. Mice in- term complications, such as renal damage or second
jected i.p. with doses ofTBI|CHX-A-DTPA-HuM195 neoplasms?
up to 740 MBqg/kg (20 mCi/kg) showed no toxicity. Cu- )
mulative intravenous (i.v.) doses oPIBiJCHX-A- Based on the data available to Qate,. we are p_ersua_ded
DTPA-HUM195 up to the 333-370 MBg/kg (9—10 mci/ that the next several years of clinical investigation will
kg) level showed very little toxicity, but 666 MBg/kg provide affirmative answers to each of these questions.
(18 mCi/kg) appears to be above the MTD for mice.
Leukemia cell killing experiments with different specific
activities of 212Bi- or 213i-labeled HuM195 showed References
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