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Therapeutic Radionuclides:

Biophysical and Radiobiologic Principles

Amin |. Kassis, PhD

Although the general radiobiologic principles underlying external beam therapy and radio-
nuclide therapy are the same, there are significant differences in the biophysical and
radiobiologic effects between the 2 types of radiation. In addition to the emission of
particulate radiation, targeted radionuclide therapy is characterized by (1) extended expo-
sures and, usually, declining dose rates; (2) nonuniformities in the distribution of radioac-
tivity and, thus, absorbed dose; and (3) particles of varying ionization density and, hence,
quality. This review explores the special features that distinguish the biologic effects
consequent to the traversal of charged particles through mammalian cells. It also highlights
what has been learned when these radionuclides and radiotargeting pharmaceuticals are

used to treat cancers.
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For almost a hundred years, the scientific and medical
communities have used radionuclides for therapy. The
hopes for employing unsealed sources, however, are still
mainly unrealized. The problem has 3 components. The first
is the availability of radionuclides with appropriate physical
properties. The second involves the interaction between the
radionuclide and its biologic environment, ie, the radiation
biology of the decaying moiety. The third is the identification
of carrier molecules with which to target such radionuclides
to tumors. In the case of the radionuclide, one must consider
its mode of decay, including the nature of the particulate
radiations and their energies, its physical half-life, and its
chemistry in relation to the carrier molecule. In the case of the
carrier, one must define its stability and specificity; the bio-
logic mechanisms that will bind it to the targeted cells, in-
cluding the number of accessible sites and the affinity of the
carrier to these sites, the stability of the receptor—carrier-
molecule complex, the distribution of sites among cells (both
target and nontarget), the relationship of site appearance to
the cell cycle, and the microenvironment of the target (for a
tumor, its vascularity, vascular permeability, oxygenation,
microscopic organization and architecture, including the
mobility of the cells, their location and accessibility to intra-
lymphatic, intraperitoneal, intracerebral and intramedullary
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routes). In addition, the outcome is dependent on certain
biologic responses that are outlined herein.

In this review, both the special features that characterize
the biologic effects consequent to the traversal of charged
particles through mammalian cells and the state of knowl-
edge concerning the use of these radionuclides to treat can-
cers will be emphasized. The current status of radionuclide-
based therapies will also be reviewed.

Particulate Radiation

Energetic Particles

In general, the distribution of therapeutic radiopharmaceuti-
cals within a targeted solid tumor is not homogeneous. This
is mainly a result of (1) the inability of the radiolabeled mol-
ecules to penetrate uniformly dissimilar regions within a
solid tumor mass; (2 the high interstitial pressure of solid
tumors; and/or (3) differences in the binding-site densities of
tumor cells. In the case of radiopharmaceuticals labeled with
energetic alpha-particle and beta-particle emitters (range of
emitted particle => than diameter of the targeted cell), such
nonuniformity will lead to dosimetric nonhomogeneities, ie,
major differences in the absorbed doses to individual tumor
cells. Consequently, the mean absorbed dose is less likely to
be a good predictor of radiotherapeutic efficacy.

Alpha-Particle Emitters

During the past 40 years, the therapeutic potential of several
alpha-particle-emitting radionuclides has been assessed.
These particles (1) are positively charged with a mass and
charge equal to that of the helium nucleus, their emission
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Figure 1 Schematic of emissions produced during decay of thera-
peutic radionuclides.

leading to a daughter nucleus that has 2 fewer protons and 2
fewer neutrons (Fig. 1); (2) have energies ranging from 5 to 9
MeV and corresponding tissue ranges of approximately 5
mammalian-cell diameters (Table 1); and (3) travel in
straight lines. The linear energy transfer (LET, in keV/um,
which reflects energy deposition and, therefore, ionization
density along the track of a charged particle) of these ener-
getic and doubly charged (+2) particles is very high (~80-
100 keV/um) along most of their up-to-100-um path before
increasing to ~300 keV/um toward the end of the track
(Bragg peak) (Fig. 2). Consequently, in the case of cell irra-
diation, the therapeutic efficacy of alpha-particle emitters de-
pends on (1) the distance of the decaying atom from the
targeted mammalian cell nucleus vis-a-vis the probability of a
nuclear traversal (Fig. 3); and (2) the role of heavy ion recoil
of the daughter atom, in particular when the alpha-particle
emitter is covalently bound to nuclear DNA.! Of equal im-
portance are the contribution(s) from bystander effects and
the magnitude of cross-dose (from radioactive sources asso-
ciated with one cell to an adjacent/nearby cell, see below) as
this will vary considerably depending on the size of the la-
beled cell cluster and the fraction of cells labeled (Fig. 3).2

Beta-Particle Emitters

Beta particles are negatively charged electrons emitted from
the nucleus of decaying radioactive atoms (one electron/de-
cay), that have various energies (zero up to a maximum) and,
thus, a distribution of ranges (Table 1). After their emission, the
daughter nucleus has one more proton and one less neutron
(Fig. 1). As these beta particles traverse matter, they lose their
kinetic energies and eventually follow a contorted path and

Table 1 General Characteristics of Therapeutic Radionuclides

L e——————— (50100 pm)

—

> o

= a**—Particles 250-300 keV/um / ‘

S |

Q

U ‘

g 80-100 keV/pm

=

ﬁ /___J\/\ 2 electrons
= tured by
< Bragg | CapPuure

o° Peak a—particle

Distance

Figure 2 Ionization density along path of alpha particle as function of
traversed distance.

come to a stop. Because of their small mass, the recoil energy
of the daughter nucleus is negligible. Additionally, the LET of
these energetic and negatively (—1) charged particles is very
low (~0.2 keV/um) along their up-to-a-centimeter path (ie,
they are sparsely ionizing), except for the few nanometers at
the end of the range (Fig. 4). Consequently, their therapeutic
efficacy predicates the presence of very high radionuclide
concentrations within targeted tissue. The long range of these
emitted electrons leads to the production of cross-fire, a cir-
cumstance that negates the need to target every cell within
the tumor, so long as all the cells are within range of the
decaying atoms. As with alpha particles, the probability of the
emitted beta particle’s traversing the targeted cell nucleus
depends to a large degree on (1) the position of the decaying
atom vis-a-vis the nucleus, specifically nuclear DNA, of the
targeted tumor cell; (2) the distance of the atom from the
tumor cell nucleus; and (3) the radius of the latter (Fig. 3).
Obviously, intranuclear localization of therapeutic radio-
pharmaceuticals is highly advantageous and, if possible,
should always be sought.

Nonenergetic Particles

During the decay of many radioactive atoms, a vacancy is
formed (most commonly in the K shell) as a consequence of
electron capture (EC) and/or internal conversion (IC; Fig. 1).
Each of these vacancies is rapidly filled by an electron drop-
ping in from a higher shell. The process leads to a cascade of
atomic electron transitions that move the vacancy toward the
outermost shell. These inner-shell electron transitions result
in the emission of characteristic x-ray photons or an Auger,
Coster-Kronig, or super Coster-Kronig monoenergetic elec-
tron (collectively called Auger electrons). Typically, an aver-

Decay Particles (#)* E(min-Etmax Range LET
att-particle He nuclei (1) 5 to 9 MeV+t 40 to 100 um ~80 keV/um
B~ -particle Energetic electrons (1) 50 to 2300 keV# 0.05to 12 mm ~0.2 keV/pm
EC/IC Nonenergetic electrons (5 to 30) eV to keVt 2 to 500 nm ~4 to 26 keV/pum

*Number of particles emitted per decaying atom.
tMonoenergetic.
tAverage (>1% intensity); continuous distribution of energy.
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Figure 3 Number of radioactive atoms required to ensure traversal of cell nucleus by one energetic particle as function
of distance from center of cell. Nuclear radius to distance of decaying atom (percentage) is plotted as function of
number of decays (N). R.: cell radius; R,: nuclear radius; D;: distance of decaying atom from center of cell for one
nuclear traversal. Note that (1) nuclear localization of radioactive atom is the only condition that will lead to one
traversal per decaying atom; (2) when decaying atoms are on nuclear membrane, =2 radioactive atoms are needed for
one nuclear traversal; and (3) when decaying atoms are localized on cell membrane and diameter of cell is twice that of
nucleus, >15 radioactive atoms are necessary to ensure one nuclear traversal.

age of 5 to 30 Auger electrons, with energies ranging from a
few eV to approximately 1 keV, are emitted per decaying
atom.? In addition to producing low-energy electrons, this
form of decay leaves the daughter atom with a high positive
charge resulting in subsequent charge-transfer processes.
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Figure 4 LET along paths of energetic beta particles and Auger elec-
trons as function of traversed distance.

The very low energies of Auger electrons have 2 major con-
sequences: (1) these light, negatively (—1) charged particles
travel in contorted paths and their range in water is from a
fraction of a nanometer up to ~0.5 um (Table 1); and (2)
multiple ionizations (LET: 4-26 keV/um) occur in the imme-
diate vicinity (few nanometers) of the decay site (Fig. 4),*
reminiscent of those observed along the path of an alpha
particle.? Finally, the short range of Auger electrons necessi-
tates their close proximity to the radiosensitive target (DNA)
for radiotherapeutic effectiveness (Table 1). This is essentially
a consequence of the precipitous drop in energy density as a
function of distance in nanometers.>”

Radiobiology

The deposition of energy by ionizing radiation in mammalian
cells is a random process. The absorption of energy in such
cells can induce certain molecular modifications that may
lead to cell death. Although this process is stochastic in na-
ture, the death of a few cells within a tissue or an organ will
not have, in general, a significant effect on function. How-
ever, as the dose increases, more cells will die with the even-
tual impairment of tissue/organ function.®
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Molecular Lesions

DNA is the principal target responsible for radiation-induced
biologic effects. A number of different lesions occur (eg, sin-
gle-strand breaks [SSB], double-strand breaks [DSB], base
damage, DNA—protein cross-links, multiply damaged sites
[MDS]). These changes may be produced by the direct ion-
ization of DNA (direct effect) or by the interaction of free
radicals with DNA (indirect effect, mostly hydroxyl radicals
produced in water molecules that diffuse several nanome-
ters). Most of these lesions are repaired with high fidelity, the
exceptions being DSB and MDS.

The distribution of ionizations within DNA and the type of
damage created depend on the nature of the incident particle
and its energy. Alpha particles produce a high density along
a linear path (Fig. 5, bottom); energetic beta particles, infre-
quent ionizations along a linear path (Fig. 5, top); low-energy
electrons, frequent ionizations along an irregular path; and
Auger cascades, clusters of high ionization density (Fig. 5,
center). Double-strand breaks generated by high specific ion-
ization (eg, alpha particles and Auger-electron cascades) are
less reparable than SSBs (eg, created by more sparsely ioniz-
ing radiation).

Cellular Responses

Clonal Survival

When mammalian cells are acutely exposed (high dose rate)
to ionizing radiation, their ability to divide indefinitely de-
clines as a function of radiation dose. The shape of the sur-
vival curve (Fig. 6) depends on the density of ionizations. For

Figure 5 Schematic representation of ionization densities produced
along tracks of energetic beta particles, Auger electrons, and alpha
particles.
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Figure 6 Mammalian cell survival curves after high- and low-LET
irradiation. With high-LET radiation (alpha and nonenergetic elec-
trons), curve shows exponential decrease in survival, with low-LET
radiation (energetic electrons), curve exhibits a shoulder.
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densely ionizing radiation (alpha particles and Auger-elec-
tron cascades), the logarithmic response is linear (—InSF =
aD), where SF is the survival fraction, « is the slope, and D is
the absorbed dose. For sparse radiation, the logarithmic re-
sponse is linear-quadratic (—InSF = aD + BD?), where « is
the rate of cell kill by a single-hit mechanism, D is the dose
delivered, and B equals the rate of cell kill by a double-hit
mechanism (the BD? term is thought to represent accumu-
lated and reparable damage). This type of survival curve is
routinely observed when mammalian cells are exposed to
low-LET radiation (eg, photons, energetic beta particles, ex-
tranuclear Auger electrons). When the dose rate is low, as
often occurs with radionuclides, the o term predominates. It
is important to note that the a-to-@ ratio represents the dose
at which cell killing by the linear and quadratic components
is equal, ie, when aD = BD? (D = «/p).

Because sparsely ionizing radiation produces reparable
sublethal damage, both the shape of the dose-response curve
and the acuteness of the slope are sensitive to dose rate.
Consequently, lower dose rates are less damaging than higher
ones. In radionuclide therapy this is particularly important
when the physical half-life of the isotope is somewhat long.
Thus, as with fractionated external beam therapy, the total
dose from continuous low-dose radionuclide therapy is less
effective than a single dose of the same magnitude, ie, for a
comparable biologic effect, a larger dose is required.’

Whereas it is clear that radionuclides whose decay results
in a purely exponential decrease in cell survival (every decay
leads to a corresponding decrease in survival) are preferable
for radiotherapy, the exponential nature of linear and linear-
quadratic survival curves has important implications. In es-
sence, it indicates that only very high doses will reduce the
number of viable cancer cells in a macroscopic tumor to less
than one. Therefore, no dose will be sufficiently large to
eradicate 100% of the clonogenic cells with certainty, espe-



362

Al Kassis

cially since it will always be limited by normal tissue toler-
ance.

Division Delay and Programmed Cell Death
Irradiation of dividing mammalian cells leads to a delay in
their progression through their cell cycle. However, this de-
lay is reversible and its length is dose-dependent. Further-
more, it occurs only at specific points in the cell cycle and is
similar for both surviving and nonsurviving cells: maximum
delay is observed when premitotic G, cells are irradiated,
little delay is observed in G cells, moderate delay in S cells,
and cells in mitosis continue through division basically un-
disturbed. Consequently, the irradiation of such dividing
mammalian cells leads to their accumulation at the G,/M
boundary and a change in their mitotic index.

Division delay allows irradiated cells time to determine
their fate. When cells are irradiated and DNA is damaged, the
damage is sensed and various genes are activated. Cells held
at checkpoints await repair of DNA, and then proceed
through the cell cycle. Alternatively, damage may be non-
reparable, and the cells are induced to undergo programmed
cell death or apoptosis. However, because not all cells are
born equal, the apoptotic response is varied. For example,
lymphoid tumor cells are more likely to undergo apoptosis
than epithelial cells. This may account for the success of
radioimmunotherapy in certain lymphomas, whereas, in ep-
ithelial cells, apoptosis appears to account for only a small
portion of clonal cell death.

Oxygen Enhancement Ratios

It is well known that oxygen radiosensitizes mammalian cells
to the damaging effects of radiation. Hypoxic cells can be up
to 3-fold more radioresistant than well-oxygenated cells, be-
cause oxygen enhances free radical formation and/or it may
block reversible and reparable chemical alterations. The ox-
ygen effect is maximal for low-ionization-density radiation
(photons and high-energy beta particles) and minimal for
high-LET radiation (alpha particles, low-energy electrons in-
cluding Auger-electron cascades). In the former instance, the
presence of hypoxic regions within tumors is believed to be a
major cause of radiotherapeutic failure.

Bystander Effect
Radiation-induced bystander effects refer to biologic re-
sponses occurring in cells that are not traversed by an ioniz-
ing radiation track and, thus, are not subject to energy dep-
osition events, ie, the response(s) take place in unirradiated
cells. As such, these bystander effects are somehow commu-
nicated from an irradiated cell to an unirradiated cell, via
cell-to-cell gap junction communication!® and/or by the se-
cretion or shedding of soluble factors whose precise nature is
unknown, although reactive oxygen and nitrogen species
and various cytokines have been implicated.!-1>

Originally observed with external alpha-particle beams in
vitro, the phenomenon has also been observed in subcutane-
ous tumors.*16.17 These observations have negated a central
tenet of radiobiology that damage to cells is caused only by
direct ionizations and/or by free radicals generated as a con-
sequence of the deposition of energy within the nuclei of

mammalian cells. The importance of the bystander effect as
an enhancer of radiotherapeutic efficacy is yet to be deter-
mined.

Self-Dose, Cross-Fire, and

Nonuniform Dose Distribution

When radionuclides are used for therapy, cells may be irra-
diated by decays taking place on or within the targeted cells
(self-dose) or in neighboring or distant cells (cross-fire). Be-
cause of geometric factors (Fig. 3), the self-dose from ener-
getic alpha and beta particles depends on their position on or
within the tumor cell, whereas that from Auger-electron
emitters depends mainly on the proximity of the decaying
atom to DNA.

In targeted radionuclide therapy, the distribution of radio-
activity and, hence, the absorbed dose tend to be nonuni-
form. Consequently, higher doses are required to sterilize
targeted cells. Humm!®!” has calculated that the difference in
dose needed for a similar decrease in survival fraction with
uniform and nonuniform dose distributions of alpha-parti-
cle-emitting radionuclides is greater (Aa > AB) than that for
energetic beta particles (Fig. 7). O’Donoghue?® also has de-
scribed a mathematical model that examines the impact of
dose nonuniformity and dose-rate effects on therapeutic re-
sponse. This model predicts that (1) a nonuniform dose dis-
tribution grows proportionately less effective as the absorbed
dose increases; (2) the surviving fraction increases for any
mean absorbed dose as the absorbed dose distribution be-
comes less uniform; and (3) the difference in survival frac-
tion— consequent to a uniform versus nonuniform dose—is
more pronounced as the radiosensitivity of tumor cells in-
creases.

Half-Life

Because many biologic responses to radiation are sensitive to
dose rate as well as total dose, the physical half-life (T;,,p) of
the radionuclide employed and the biological half-life (T;/,5)
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Figure 7 Schematic representation of relationship between mamma-
lian cell survival and alpha- and beta-particle-emitter distribution as
function of dose. Solid lines, uniform irradiation; broken lines, non-
uniform irradiation.
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in tumor and normal tissue affect the response of the tumor.
For a radiopharmaceutical with an infinite residence time in
a tumor, a radionuclide with a long physical half-life will
deliver more decays than one with a short half-life if both
have the same initial radioactivity. There is also a striking
difference in the time-dependent dose rate delivered by the 2.
For example, if the number of radionuclide atoms per unit of
tumor mass is n and the energy emitted (and absorbed) per
decay is E, then the absorbed-dose rate is proportional to
nE/T where T is the half-life. The ratio E/T is an important
indicator of the intrinsic radiotherapeutic potency of the ra-
dionuclide.?! From a radiobiologic standpoint, higher dose
rates delivered over shorter treatment times are more effec-
tive than lower dose rates delivered over longer periods.
Thus, a radionuclide with a shorter half-life will tend to be
more biologically effective than one with a similar emission
energy but longer half-life.

Experimental Therapeutics

Energetic Particle Emitters
Alpha-Particle Emitters
The application of alpha-particle-emitting radionuclides as
targeted therapeutic agents continues to be of interest. When
such radionuclides are selectively accumulated in the tar-
geted tissues (eg, tumors), their decay should result in highly
localized energy deposition in the tumor cells and minimal
irradiation of surrounding normal host tissues.??:>3

The investigation of the therapeutic potential of alpha-
particle emitters has focused mainly on astatine-211 (?!'At),
bismuth-212 (¢!2Bi), bismuth-213 (¢1¥Bi), radium-223
(?#23Ra), and actinium-225 (?2°Ac) (Table 2).22 In vitro stud-
ies?*2% have shown that the decrease in mammalian cell sur-
vival after exposure to uniformly distributed alpha particles
from such radionuclides is monoexponential but that, as pre-
dicted theoretically’® and shown experimentally,! these
curves develop a tail when the dose is nonuniform (Fig. 7).
Such studies have also indicated that the traversal of 1 to 4 of
these high-LET alpha particles through a mammalian cell
nucleus will kill the cell.1?*2> In comparison, because the
LET of negatrons emitted by the decay of energetic beta emit-
ters used for tumor therapy is ~0.2 keV/um (Fig. 4), thou-
sands of beta particles must traverse a cell nucleus for its
sterilization. 2

Table 2 Alpha-Particle Emitters: Physical Properties

Radionuclide E,, (MeV)* R,, (um)t Half-Life
211AL 6.79 60 7.2 hours
213B;j 8.32 84 46 min
223Ra 5.64 45 11.43 days
225A¢ 6.83 61 10 days

*Mean energy of alpha particles emitted per disintegration.??

tMean range of alpha particles calculated using second order poly-
nomial regression fit (data from the International Commission on
Radiation Units and Measurements?3):

R = 3.87E + 0.75E? — 0.45, where R is the range (um) in unit
density matter and E is the alpha-particle energy (MeV).
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Table 3 Beta-Particle Emitters: Physical Properties
EB_(max) RB_(max)
Radionuclide Half-Life (keV)* (mm)t
33p 25.4 days 249 0.63
77Lu 6.7 days 497 1.8
§7Cu 61.9 hours 575 2.1
131] 8.0 days 606 23
186Re 3.8 days 1077 4.8
165Dy 2.3 hours 1285 5.9
89Sy 50.5 days 1491 7.0
32p 14.3 days 1710 8.2
166Ho 28.8 hours 1854 9.0
188Re 17.0 hours 2120 10.4
S0y 64.1 hours 2284 11.3

*Maximum energy of beta particles emitted/disintegration.

tRange (um) for electrons with E = 0.02-100 keV calculated using
Cole’s equation*:

R = 0.043(E + 0.367)'-77 — 0.007, where range (mm) for electrons
with E (MeV) calculated using second order fits (data from the
International Commission on Radiation Units and Measure-
ments?3):

R(0.1_0_5 MeV) = 2.4E + 286E2 - 0.14

R(0.5_2_5 MeV) = 53E + 00034E2 - 093

The therapeutic potential of alpha-particle emitters in tu-
mor-bearing animals has also been assessed.?’-3! For exam-
ple, Bloomer and coworkers?” have reported a dose-related
prolongation in median survival when mice bearing an intra-
peritoneal murine ovarian tumor are treated with 2!'At-tellu-
rium colloid administered directly into the peritoneal cavity.
Whereas this alpha-particle-emitting radiocolloid is curative
without serious morbidity, beta-particle-emitting radiocol-
loids (phosphorus-32, dysprosium-165, yttrium-90) are
much less efficacious. In another set of in vivo studies exam-
ining the therapeutic efficacy of 22°Ac-labeled internalizing
antibodies, McDevitt and coworkers® have demonstrated
the therapeutic efficacy of 2!%Bi-labeled internalizing antibod-
ies in mice bearing solid prostate carcinoma or disseminated
lymphoma.

Beta-Particle Emitters

Historically, studies of radionuclide-based tumor therapy
have been performed mainly with energetic beta-particle
emitters. The exposure of cells in vitro to beta particles leads,
in general, to survival curves that have a distinct shoulder and
a Dy of several thousand decays.?%-33 Despite the rather low in
vitro cytotoxicity, these radionuclides continue to be pur-
sued for targeted therapy, mainly due to their availability and
favorable physical characteristics (eg, energy and range of the
emitted electrons leading to cross-fire irradiation; physical
half-lives compatible with biologic half-lives of the carrier
molecules; Table 3).23 As mentioned above, the main advan-
tage of cross-fire is that it negates the necessity of the radio-
therapeutic agent’s being present within each of the targeted
cells, ie, it counteracts a certain degree of heterogeneity. Since
the ionization densities of energetic electrons are low, how-
ever, the delivery of an effective therapeutic dose to the tar-
geted tissue necessitates that (1) the distances between these
foci are equal to or less than twice the maximum range of the
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emitted energetic beta particles; and (2) the concentration of
the radiotherapeutic agent within each focus is sufficiently
high to produce a cumulative cross-fire dose of ~10,000 cGy
to all the targeted cells. Because dose is inversely proportional
to the square of distance, the concentration of the therapeutic
agent needed to deposit such cytocidal doses increases many
fold with an increase in nonuniform, radionuclide distribution.

Experimentally, investigators have assessed the therapeu-
tic efficacy of 3!-labeled monoclonal antibodies in small
tumor-bearing rodents. These studies have shown that when
such radiopharmaceuticals localize in high concentrations
within solid tumors, they are therapeutically quite effica-
cious.?* Thus, even when iodine-131 is not-so-uniformly dis-
tributed within a tumor, the decay of this radionuclide can
lead to sterilization of small tumors in mice so long as it is
present in sufficiently high concentrations. Similar results
have been reported with radiopharmaceuticals labeled with
other beta-particle-emitting isotopes, in particular yttrium-
90%-37 and copper-67.38 An important outcome of these find-
ings has been the introduction of 13'I- and °°Y-labeled anti-
bodies in the clinic.

Low-Energy Electron Emitters

The therapeutic potential of radionuclides that decay by EC
and/or IC has been established, for the most part, with io-
dine-125. Studies with this and other Auger-electron-emit-
ting radionuclides (Table 4) have shown that (1) multiple
electrons are emitted per decaying atom; (2) the distances
traversed by these electrons are mainly in the nanometer
range; (3) the LET of the electrons is >20-fold higher than
that observed along the tracks of energetic (>50 keV) beta
particles (Fig. 4); and (iv) many of the emitted electrons
dissipate their energy in the immediate vicinity of the decay-
ing atom and deposit 10° to 10° rad/decay within a few-
nanometer sphere around the decay site.> From a radiobio-
logic prospective, the tridimensional organization of chromatin
within the mammalian cell nucleus involves many structural
level compactions (eg, nucleosome, 30-nm chromatin fiber,
chromonema fiber) whose dimensions are within the range of
these high-LET (4-26 keV/um), low-energy (=1.6 keV),
short-range (=150 nm) electrons. Therefore, the toxicity of
Auger-emitting radionuclides is expected to depend critically

Table 4 Auger-Electron Emitters: Physical Properties

on close proximity of the decaying atom to DNA and to be
quite high. These predictions are substantiated by in vitro
studies showing that (1) the decay of Auger-electron emitters
covalently bound to nuclear DNA leads to monoexponential
decreases in survival®??; (2) the curves may or may not ex-
hibit a shoulder when the decaying atoms are not covalently
bound to nuclear DNA*-*2; and (3) in general, intranuclear
decay accumulation is highly toxic (D, = ~100-500 decays/
cell), whereas decay within the cytoplasm or extracellularly
produces no extraordinary lethal effects, and these survival
curves resemble those observed with x-rays (have a distinct
shoulder).?

The radiotoxicity of the Auger-electron emitter iodine-125
has been compared with that of the energetic beta-particle
emitter iodine-131%° in mammalian cells in vitro. Unlike the
low-LET type of survival curve (with shoulder) obtained fol-
lowing the decay of beta-emitting iodine-131 in DNA, a high-
LET curve (with no shoulder) is observed with iodine-125.
Additionally, the slope of the latter curve is much steeper
than that of the former. In contrast, the decay of iodine-125
in the cytoplasm is much less (~80-fold) efficient at cell
killing ! Constantini and coworkers®™ have modified a
monoclonal antibody with a nuclear localization peptide se-
quence, labeled it with indium-111, and have shown a 6-fold
enhancement in the radiotoxicity of the antibody to breast
cancer cells. Reske and coworkers™ have demonstrated that
the inhibition of thymidylate synthetase, following pretreat-
ment with the antimetabolite fluorodeoxyuridine, leads to a
20-fold increase in radiotoxicity of the '2%I-labeled thymidine
analog iodothiodeoxythymidine. Earlier in vitro and in vivo
(tumor-bearing rats and cancer patients) studies had simi-
larly shown enhanced uptake and toxicity of '?*IUdR and
125TUdR by tumors cells. % Such results support the notion
that the biologic effects of an Auger-electron emitter are
strongly dependent on its intracellular localization, in partic-
ular its proximity to DNA.

The extreme degree of cytotoxicity observed with DNA-
incorporated Auger-electron emitters has been exploited in
experimental radionuclide therapy. In most of these in vivo
studies, the thymidine analog 5-iodo-2'-deoxyuridine
(IUdR) has been used,*#7:48 and the effects have shown ex-
cellent therapeutic efficacy. For example, the injection of

Total Electron Yield Per Decay

“Long”-Range

“Short”-Range “Very Short”-Range

Radionuclide (#)* Half-Life Electrons (%) Electrons (%) Electrons (%)
125] (20) 60.5 days 20 (98) 18 (86) 8 (39)
1231 (11) 13.3 hours 11 (98) 10 (89) 5 (40)
Br (7) 57 hours 7 (100) 6 (95) 361D
"n (15) 3 days 15 (98) 14 (91) 8 (53)
195mPy (36) 4 days 33(92) 3379 7(19)
Range: <0.5 um <100 nm <2nm
LETt: 4 to 26 keV/pm 9 to 26 keV/um <18 keV/pum

*Average number of electrons emitted/decay.

tFit of data by Cole.*
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125TUdR into mice bearing an intraperitoneal ascites ovarian
cancer has led to a 5-log reduction in tumor cell survival.*
Similar effects occur with 12IUdR.*® Therapeutic doses of
125TUdR injected intrathecally into rats with intrathecal tu-
mors significantly delay the onset of paralysis, as exemplified
by a 5- to 6-log tumor cell kill and the curing of ~30% of the
tumor-bearing rats.¥

Conclusions

The increase in our understanding of the dosimetry and the
therapeutic potential of various modes of radioactive decay
has heightened the possibility of using radiolabeled carriers
in cancer therapy. Moreover, as a consequence of the great
strides in genomics, the development of more precise target-
ing molecules is at hand. Further progress in the field of
targeted radionuclide therapy is being made by the judicious
design of radiolabeled molecules that match the physical and
chemical characteristics of both the radionuclide and the car-
rier molecule with the clinical character of the tumor.
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