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I. Introduction

Nuclear medicine has experienced rapid growth and radionuclides

are now routinely used in a wide variety of diagnostic procedures.

By comparison,the therapeutic application of radionuclides has

been a disappointment. Theoretically, the use of radionuclides

in cancer radiotherapy could provide all the advantages of ionizing

radiation, with few of its major disadvantages. Radiation therapy

from external sources necessarily involves damage to both normal

and neoplastic tissues. In contrast, internally administered

radionuclides which become concentrated within the tumor could

produce radiotherapeutic effects in situ without significant

damage to normal tissues.

Unfortunately, the initial promise of "magic bullets" ,

homing in on the target has evolved only in the use of radio-

iodine for thyroid disease (53). In most other applications

radionuclide therapy has yielded disappointing results and has

been largely abandoned in favor of chemotherapeutic agents. This

does not indicate, however, that the original expectations were

ill-founded. The basic concept was sound, but in hindsight it

is clear that the early trials were bound to fail for two funda-

mental reasons: (i) inappropriate choice of radionuclides, and

(ii) lack of suitable carriers for selective accumulation of

radionuclides within tumors. The latter problem was further

complicated by the great biological and biochemical variability

of neoplastic cells as well as by the poor vascularization of

many solid tumors.
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In spite of these difficulties, therapy with unsealed

radionuclides has recently attracted renewed interest (62).

Increased emphasis has been placed on selecting radionuclides

with higher therapeutic potential, for example a emitters (2,31),

low energy ß emitters (46) , and radionuclides which decay by

electron capture and subsequent emission of low energy Auger

electrons (7,8,9,20,34,36,37). At the same time, advances in

biochemistry, immunology, and cell kinetics research have

raised hopes that tumor specific carriers suitable for systemic

radionuclide therapy of cancers can be developed in the for-

seeable future.

II. Choice of Radionuclides

Physical and Biological Considerations: In principle, any

radionuclide which can be selectively concentrated within tumors

would be useful in cancer therapy. However, with y emitters

part of the advantage gained by selective concentration would

be lost by overlap irradiation of adjoining normal tissues.

Therefore, radionuclides should be chosen which deposit their

radiation energy preferentially or exclusively at the site of

decay, for example a emitters or Auger emitters.

In addition to insuring highly localized radiation damage,

such radionuclides offer an even more decisive advantage—a low

.oxygen enhancement ratio(OER). It is now generally accepted

that many tumors contain extensive regions of poorly oxygenated

(liypoxjc) cells. Such cells are known to exhibit, enhanced radia-

tion resistance, particularly when exposed to low LET radiations
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such as X-rays, y-rays, or ß particles (5,18). With high LET

radiations such as neutrons, protons, and a particles the oxygen

effect gradually diminishes and finally disappears (15,39). Thus,

the use of radionuclides which emit high LET particles or showers

of Auger electrons offers two important advantages: highly

localized energy deposition and enhanced effectiveness in killing

hypoxic cells.

In clinical applications additional physical and biological

parameters must be considered. For example, radionuclides with

long half-lifes are imacceptable unless they are rapidly excreted

after release from the tumor. This excludes many otherwise

promising radionuclides such as iron-55 whose long half-life

(2.7 years) and efficient reutilization results in severe long-

term damage to the hematopoietic system (41,54). Based on these

considerations, only a limited number of radionuclides are

suited for internal therapy.

Astatine-211: 211At (half-life 7.2 hours) decays by emission

of a 5.87 MeV a particle (42% of all decays) and by electron capture

(581) to 211Po which in turn emits 7.45 MeV a particles (42).
211Thus, At should be very toxic to mammalian cells. Fig. 1

211demonstrates the biologic effects of At on Chinese hamster V-79

cells. In this experiment V-79 cells were exposed in vitro to
211ionic At dissolved in the culture medium. The results indicated

.that At followed the classic pattern of high LET radiations,

inducing a linear survival response with no detectable shoulder

in the low close region. The inactivation cross section was
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determined to be 13.69 M and the D0 in terms a particles/nucleus

was 16.9. An oxygen enhancement ratio of 1.5 was measured (31).

Since ionic astatine is not a tumor seeking agent, attempts

have been made to astatinate various organic molecules in hopes
211of achieving selective At delivery to tumors. Although astatine

is a halogen with some similarities to iodine, the usual procedures

used in radioiodine labeling have proven ineffective. Nevertheless,

recently developed methods have produced astatinated proteins with

yields ranging from 10-601 (1,69). Also, the synthesis of asta-

touracil and astatodeoxyuridine has been achieved with labeling

efficiencies of about 301 (44,58). The latter two compounds have

been tested in normal and tumorous mice and considerable accumula-

tion in tumor tissue was observed (58). However, DNA precursors

are incorporated into both normal and neoplastic cells undergoing

DNA synthesis, and are therefore of limited value in cancer therapy

(see section III). Other approaches such as the use of astatine

labeled immunospecific proteins (48,60) may ultimately provide

carriers for selective localization of At in tumors.
211If a suitable delivery system can be developed, At will

become a highly desirable radionuclide for internal therapy. Its

short-range, high LET radiation should be highly effective in both

oxygenated and hypoxic tumors. Also, due to the short half-life,
211most of the tumor associated At would decay before radiation-

•induced tumor cell death starts to release the radionuclide into
211general circulation. Moreover, even if At is released from

the tumor, rcutilization in the thyroiii cm; be minimized by
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similultaneous administration of iodine (28,30). This is an

important consideration, because even small doses of At can

be very toxic to the thyroid (29) .

Iodine 125: There are at least four isotopes of iodine which
1 *5 >l 1 *) T

show promise as therapeutic agents, I, I, I, and I.

I is already in widespread clinical use and I and I have

not yet been investigated. Therefore, this section will deal

125
primarily with the therapeutic potential of I.

Iodine-125 (half-life 60 days) is a radionuclide which decays

by electron capture. This type of decay frequently is accompanied

by a burst of low energy electrons (Auger electrons, sometimes also

Coster-Kronig electrons) due to the vacancy cascade occurring in,

12S
the perturbed parent atom. In the case of I the initial electron

capture process results in a tellurium-125 nucleus and 35.5 keV

excess energy. In 7% of the disintegrations, a 35.5 keV photon

is emitted. In the remaining 93% of disintegrations, this energy

ejects another electron from an inner shell by a process called

internal conversion. The electron vacancy created by internal

conversion leads to emission of a second shower of Auger electrons.

125
The number of electrons emitted during I decay in condensed

phase ranges from 1 to 56 with a mean of 21.2 (13). The great

majority of these electrons have energies of less than 1 keV,

i.e., their range in unit density material is only about 25 nm.

Emission of such a dense shower of low energy electron results

in a highly charged daughter atom and in a high density of

electron irradiation in the immediate vicinity of the disinte-

grating radionuclide (13,37).



Hofer 6

Thus, if I is incorporated into radiosensitive biologic

structures, for example the DNA of dividing mammalian cells,

extensive damage to the genetic apparatus can be expected.

Previous studies have shown that the decay of DNA-associated
125I leads to DNA double strand breaks with 1001 efficiency

(50,65). Also, large numbers of chromosome aberration are
-JOC

observed (12). At the cellular level, DNA-affixed x"l causes

radiotoxic effects which exceed those of DNA-associated tritium

(3H) by a factor of 15 to 25 (10,20,34,36,37,57,67,68), even

though the ratio of intranuclear energy deposition per decay

is only about 2-4 (13,20,36,37).
125Fig. 2 demonstrates the extreme radiotoxicity of I on

L1210 lymphoid leukemia cells grown in the peritoneal cavity

of mice (34). For comparison, Fig. 2 also shows the dose-survival

curves for H and I. From the data it is apparent that the

toxic effects obtained with I greatly exceed those observed in

cells labeled with either H or I. Expressed in terms of

disintegrations/cell, the D0 (that is the dose required to reduce

cell survival along the exponential portion of the curve to 371) was

disintegrations/cell/hr for 125I, 43 for 131I and 43 for 3H.

In the experiments shown in Fig. 2 no attempt was made to

calculate the cumulative number of decays/cell or the cumulative

dose/cell. Subsequent in vitro studies (37,67) on Chinese hamster

ovary cells (Fig. 3A,B) indicate that even when expressed in terms
125of cumulative decay and dose values per cell, I (D0:100 decays/

cell; 74 rad") romnins much more toxic than H (D0:000 decays/cell;

Hofer 20
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250 rad) or external X-irradiation (D0:230 rad). It appears,
12*>therefore, that the decay of DNA-associated I produces toxic

effects which resemble those observed with high LET radiations.

The resemblance is expressed not only in the shape of the dose-

survival curve, but also in the fact that the oxygen enhancement
- 1 •) c

ratio for 1^I is only 1.4 (40).

Two different hypotheses have been advanced to explain the

excessive radiotoxicity of I: (a) high local concentrations

of radiation energy from low energy Auger electrons; (b) charge-

induced molecular fragmentation in the DNA. Microdosimetry

calculations (37) show that at least in small target regions

(diameter 50 nm or less) more radiation energy is deposited on
125the average by the electron shower from decaying I than by

the passage of a high LET a-particle traversing the same target

sphere (Fig. 4). In other words, the radiation energy deposited

in the immediate vicinity of decaying I atoms is more than

sufficient to produce high LET-like biologic damage. Moreover,
125recent experiments with I administered to cells in the form

125of radioactive iodoantipyrine demonstrate that I does not

need to be chemically bound to DNA to cause radiotoxic effects

(14). These findings indirectly support the hypothesis that

the high LET-type damage produced by I results from high

local concentrations of radiation energy rather than from charge-

induced fragmentation of the DNA. Nevertheless, molecular
17"disruption of J"I labeled organic molecules has been observed

(Iu ,63), so the possibility cannot, be excluded that both charge

effects and radiation effects contribute to the toxic manifesta-
125tions or intranuclear I (13).
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Regardless of the mechanism of action, the extreme toxicity

of I could prove valuable in cancer radiotherapy. In fact,

other isotopes of iodine such as I, may be even better candi-
125 123dates for clinical application. Like 1 , 1 decays by electron

capture and should therefore be as toxic to mammalian cells as
125I. Unlike 125I, whose half-life is 60 days, 123I decays with

123a half-life of only 13 hours. I may therefore offer therapeutic

benefits identical to those of I, but at a greatly reduced

radiation burden to normal body tissues. On the other hand, if

radioiodine is administered to tumors in the form of labeled

antibodies (21),
125T

131I (half-life 8 days) would be the radionuclide
123-,of choice. "0I an(j ">>j wouia be worthless in such applications

because the deposition of radiation energy around decaying Auger

emitters is such that decay at the plasma membrane (or within the

cytoplasm) produces only insignificant cell lethality (35,67).

Gallium-67: The extraordinary toxicity of intranuclear
125I has stimulated research on the therapeutic potential of

67, 67,other Auger emitters such as Ga (half-life 58 hours). Ga,
f\ 7

administered as Ga-citrate, has been found to concentrate in

a variety of human and animal tumors (32,64). However, unlike
125IUdR, which is exclusively incorporated into the DNA of

67,dividing cells (33,38), most of the intracellular Ga appears

to be located in the cytoplasm (22,36). As a result, the intra-
125cellular decay of I produces high local concentrations of

radiation energy within the cell nucleus, whereas the decay of
67,,Ga irradiates primarily the cytoplasm (36).
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Fig. SA presents the results of an experiment on L1210
12 Slymphoid leukemia cells labeled with various doses of IUdR,

H-TdR, or Ga-citrate. The data are presented as surviving

fraction vs. disintegrations/cell/hr. From these data it is

apparent that cytoplasmic Ga is less toxic to cells than DNA-

associated H, and far less toxic than DNA-bound The

number of disintegrations/cell/hr required to reduce the sur-

viving fraction to 37% along the exponential portion of the

curve is 4 for 125I, 53 for 3H, and 340 for 67Ga.

Microdosimetry calculations revealed that most of the,

radiation energy liberated from decaying Ga atoms is deposited

in the cytoplasmic region of the cell. Only a very small frac-

tion of the total decay energy reaches the cell nucleus (36) ,

To test the hypothesis that cell killing is a function of dose

to the cell nucleus (rather than dose to the entire cell) , the

dose-survival values from the three radionuclides were recalcu-

lated as a function of dose-rate per nucleus. Using this pro-
fi 7 "̂

cedure, the dose survival curves for Ga and H become virtually

superimposed, but I remains much more toxic (Fig. 5B). In

terms of dose rat to the cell nucleus, the D0 value is 3.9

rad/hr for 125I, 21.0 rad/hr for 3H, and 20.9 rad/hr for 67Ga.
•

In short, cytoplasmically located Ga, in spite of the

similarity in decay pattern, is much less toxic than intranuclear
125 125I. Similar data were obtained with I attached to the

plasma membrane of mammalian cells (67,68). The surprisingly

low radiotoxi ci ty of Auger emitters located c1. tsi.de the cell

Hofer 23
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nucleus has important implications in nuclear medicine. Such

radionuclides are extremely well suited for diagnostic procedures

where it is desired to keep the biologic damage as low as possible.

However» in order to realize their potential as radiocurative

agents, radlonuclides which decay by electron capture must be

introduced directly into the cell nucleus,

Tritium: At first glance, tritium t H) appears to be a very

suitable radionuclide for incorporation into radioactive drugs.

Tritium emits f$ particles with a maximal energy of 18.6 keV and -=

a maximal range in unit density tissue of about 6 ym (19)•-. Thus,

the radiobiologic effects of H are highly localized at the site

of decay. However, the half-life of tritium is undesirably long

(12 years). Although the biologic half-life is usually only in

the order of days or weeks (46) , a long physical half-life is

never desirable in nuclear medicine. Even if 100% of a tritiated

drug accumulates within tumor cells, successful therapy implies

that the cancer will be destroyed and that tha radionuclide will

be released into general circulation. At that point, depending

on the rate of subsequent excretion, a long-lived radionuclide
•2

such as H can cause further biologic damage-. In contrast,

short-lived radionuclides such as astatine-211 or iodine-123 would

undergo rapid decay while still attached to the tumor and the

ultimate release from dying tumor cells would produce corre-

spondingly less damage to the host.

However, the most serious shortcoming of H is the fact

that biologically it behaves as a ]ov: LET radiation (Figs. 2,

3 and 5). This means that the radiotoxicity of H depends on the

Hofer 24
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dose rate (27) and the oxygen enhancement ratio is high (40).

It is, therefore, not surprising that only modest results were

achieved in previous therapeutic trials with tritium in tumorous

animals or human cancer patients (46). However, although high

LET emitters such as astatine or radioiodines are preferrable

from a purely radiobiologic point of view, halogen labeling

sometimes reduces or destroys the specificity of compounds which

might otherwise accumulate within cancers. In such cases, tritium

may still be the isotope of choice.

Other Radionuclides: A variety of other radionuclides could

prove valuable in internal therapy. For example, encouraging

results have recently been obtained with copper-64, an Auger

emitter which~decays with a half-life of 12.8 hours. Cu

administered to mice bearing Krebs ascites cells accumulated

preferentially within the tumor. Normal body cells also incor-
; 64porated some Cu, but generally in lesser quantities. Of parti-

cular interest was the finding that in normal cells much of the

incorporated Cu was bound to proteins, whereas in ascites cells

most of the radioactive copper was recovered with the DNA fraction.

These differences in intracellular distribution may account for

the fact that Cu was relatively nontoxic to normal body cells,
- W/h":->«-•'
but highly toxic to ascites tumors. The lethal effects on ascites

12Rcells were comparable to those obtained with IUdR (S. Apelgot,
?ft-
personal communication).

Other promising radionuclides include electron capture

isotoncs such as bromine-77 ,.'"iodine-125. io-Jine-124, cobalt-57,

selenium-75, indium-111, and.some a emitters, Radiobiologic
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studies on these and other previously neglected radionuclides

may identify additional candidates for possible future applica-

tion in cancer therapy.

III. Choice of Delivery Systems

Quantitative Considerations; Surprising numbers of labeled

compounds have been described in the literature as "tumor seekers"

(46). Unfortunately, these agents do not achieve the degree of

selective concentration within tumors which can be obtained with

inorganic iodine in the treatment of certain cases of carcinoma

of the thyroid. Moreover, at present our knowledge of the bio-

chemistry, molecular biology, and pharmacology of malignant

tumors is too limited to permit th-a rational design of new tumor-

specific agents. Therefore, the best approach might be to empiri-

cally examine all known tumor-seeking compounds.

In evaluating the relative merits of different methods for

radionuclide delivery a first approximation can be obtained by

monitoring the "differential absorption ratio" (DAR). The DAR

is defined as the ratio of the specific activity of the tumor

to the mean specific activity of the body as a whole (46). In

spite of the simplicity of the definition, the actual measurement

of the DAR is not a trivial matter. Calculations based on the

assumption of uniform distribution of the radioisotope in the

.tumor and in normal tissues may be useful in some cases, but

grossly misleading in others. For example, if a tumor contains

a large fraction of strqma cells which do not accumulate the

radionuclides, low DAR values would be obtained even if
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substantial quantities of radioactivity are present in the

malignant cells. In such cases autoradiographic evaluation

combined with morphometry (measurement of the relative volume

of tumor cells vs. stroma cells) may be required to obtain more

realistic estimates of the mean tumor cell dose.

In addition, the distribution of a radionuclide within a

tumor may depend on factors such as the blood supply, the size

of the tumor mass, the oxygenation of the tumor, the fraction of

dividing and nondividing cells, and the interrelationship of the

tumor and the host. Moreover, the biologic half-life of the

radionuclide in normal and neoplastic tussues may not be iden-

tical. In spite of these limitations, the concept of DAR is

useful and efforts have been made to estimate the minimum DAR

required to achieve meaningful therapeutic benefits (46), In

clinical I therapy DAR values of up to 133 have been reported,

but cures of tumor metastases are possible with a DAR of only

about 30 (51). Even this value appears to be higher than

absolutely necessary. Theoretical calculations indicate that

a tritiated drug with a DAR of 5 to 10 could be useful in

clinical application (46). Considering the high relative

biologic effectiveness and low oxygen enhancement ratio of

high LET radiations, even lower DAR values might prove useful

for radionuclides which emit a particles or showers of Auger

electrons.

lododeoxyuridine: The extreme radiotoxicity of 12S1

12S1incorporated into the !A1A of dividing cell? suggest that IUdR

(or IUdR labeled with other isotopes of iodine) might be effective
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in the treatment of certain malignant neoplasms. This possibility

has been tested on an ovarian mouse carcinoma maintained in ascites

form in the peritoneal cavity of mice (8). Fig. 6 shows the result

of an experiment where mice inoculated with 10 ascites cells

were subjected to seven doses of IUdR (dose range 0-50 yCi

per injection), administered intraperitoneally in 4 hour intervals

starting 24 hours after tumor implantation. The results indicated
125that with increasing IUdR doses the surviving fraction decreased

rapidly to 10" at doses of 15 viCi per treatment arid remained flat

at higher doses.

In spite of these encouraging results the application of
125IUdR to human cancers faces three major obstacles: (a) IUdR

is very efficiently dehalogenated by the liver (38) , so it may not

be easy to achieve therapeutic levels of radiation within cancer

cells; (b) IUdR is utilized only by proliferating cells, i.e.,

nonproliferating cancer cells which do not undergo DNA replication

remain unlabeled; (c) IUdR is utilized not only by proliferating

neoplastic cells, but also by proliferating cells in normal body
125tissues. Thus, cytotoxic doses of IUdR could induce severe

toxic side effects.

In the experiment shown in Fig. 6 the three problems were
125circumvented by administering IUdR intraperitoneally to tumor

populations growing in ascites form in the peritoneal cavity.

Under these circumstances dehalogenation is not a problem and

toxic side effects are minimized by preferential local utiliza-
12*5tion of the injected IUdR. Moreover, in early ascites
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populations the growth fraction approaches unity (35) , thus the

problem of nonproliferating neoplastic cells is eliminated.

Such favorable circumstances are rarely, if ever, encountered

in solid tumors. Most solid tumors contain extensive regions of

nonproliferating cells which cannot be labeled with IUdR.

Presumably, repeated treatments might eliminate the proliferating

cells and recruit the resting cells into active proliferation.

Ultimately, after prolonged treatment, the entire cancer might

be killed, but this could only be accomplished at the risk of

causing serious intestinal or bone marrow toxicity. Direct intra-

arterial IUdR administration to tumor sites might in some

cases overcome these obstacles, but such strategies would be

self-defeating with cancers which had already established metas-
12S1tases before the onset of IUdR treatment.

Nevertheless, it may be possible to devise procedures for
125selectively directing toxic quantities of IUdR into cancer

cells, perhaps by a procedure employing combined treatment with
125antimetabolites and IUdR. Many possible schemes can be

envisioned, but one example suffices to illustrate the point.

Methotrexate, a folic acid antagonist and inhibitor of DNA

synthesis, is widely used in cancer chemotherapy. In many cases,

cancers which are initially sensitive to the drug become metho-

trexate resistant after prolonged treatment (6). In contrast,

normal body cells as a rule do not develop significant resistance to

the effects of the drug (6). Thus, if methotrexate is administered

to aniriinj^ Vi ear in 5 :rtcl:hotrexnte resistant tumor cells, inhibition
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of DNA synthesis will be observed in normal body tissues, but not

in the drug resistant tumor.

Fig. 7 presents the results of an experiment where mice

inoculated with drug resistant L1210/MTX leukemia cells were

injected with IUdR 12 hours after administration of various

doses of methotrexate. From the data it is apparent that small

drug doses caused an increase in the intestinal incorporation of

IUdR, whereas larger doses reduced intestinal IUdR uptake
1 7 c

by up to 801. In contrast, IUdR incorporation into drug

resistant tumor cells was increased by more than 100% even at

high methotrexate concentrations. These results demonstrate that

it is possible to devise treatment regimens which lead to increased

IUdR incorporation into drug resistant tumor cells, while
125simultaneously causing a marked decline in IUdR utilization

by normal body tissues. Whether or not such strategies will pro-

vide sufficient differentials to permit systemic use of IUdR

remains to be determined.

Synkavit (MNDP): 2-methyl-l, 4-naphthaquinol bis Cdisodium

phosphate), also known as Synkavit (a registered trademark of

Roche Products Limited), accumulates selectively in some malig-

nant tumors (47). MNDP labeled with I has been used as a

diagnostic agent and positive scans were obtained with some

types of cancer (43). In addition, tritiated derivatives of

this drug have proven effective in palliative treatment of

patients with advanced tumors, especially carcinoma of the

colon and pancreas and melanoma of the skin (4S). Nevertheless,
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the therapeutic effectiveness of tritiated Synkavit has been

rather limited because the differential absorption ratio (DAR)

obtainable with this drug rarely exceeds a factor of 6 or 8 (46).

Also, tritium is not an ideal choice for radionuclide therapy of

cancers and considerable progress can be expected from using
125Synkavit as a carrier molecule for I transport into cancer

cells.

Preliminary in vitro studies along these lines have produced

promising results (J. S. Mitchell and I. Brown, personal communi-
125cation). Experiments with 2 cancer lines indicated that I

labeled Synkavit was readily utilized both under euoxic and

hypoxic conditions. Under identical exposure conditions,

cultures of normal cells showed 8 to 40 times lower I uptake.
125Equally encouraging, I labeled Synkavit apparently was able

to penetrate into the cell nucleus. Studies on oxygenated HEp/2

cells (Fig. 8) demonstrated that I administered in the form

of iodinated Synkavit induced the high LET-like pattern of cell
125mortality characteristic for intranuclear I. Except for a

slight tail in the survival curve, the D0 was 0.027 pCi/cell or

approximately 3.6 disintegrations/cell/hr. This corresponded
125closely to the values reported in previous studies with IUdR

(12,34). Moreover, the results of a limited number of experi-

ments with hypoxic cells were consistent with a low OER of about

1.4. If similar results can be obtained under in vivo conditions,
•i o c

Synkavit labeled with I may become a useful agent for radio-

mtclidc therapy of selected types of cancers.
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Tamoxifen; Hormones have assumed an increasingly prominent

role in clinical cancer management. Tamoxifen, an antiestrogen,

produces a significant number of tumor responses, but direct

information about its cytotoxicity and cellular mechanism of

action is limited (23). The in vitro toxicity of tamoxifen and
125I labeled tamoxifen has recently been evaluated in estrogen

receptor positive MCF-7 human breast cancer cells. Control experi-

ments were performed on Chinese hamster V-79 cells, a cell line

with low levels of estrogen receptors. V-79 were highly resis-

tant to tamoxifen and its iodinated derivative. MCF-7 exhibited

some cell lethality when treated with unlabeled tamoxifen, but

cell death was several orders of magnitude higher in MCF-7 cells
125exposed to

125
I labeled tamoxifen. Preliminary data suggest an

I dose-survival curve with a D0 of approximately 0.78 p£i/

cell or about 103 disintegrations/cell/hr at the time of labeling

(W. D. Bloomer, personal communication). This value is about 30
1 op

times higher than the D0 values obtained with
 0IUdR (12,34)

1 t F

I labeled Synkavit (Fig. 8). Thus, it must be assumedor
12S1that 1^ I labeled tamoxifen either has a short half-time of

residence within the cell, or that only a fraction of the intra-
125cellular I is able to reach the cell nucleus. Nevertheless,

since MCF-7 cells were at least 10 times more sensitive to this

treatment regimen than V-79 cells, the results indicate that
125I labeled tamoxifen may become a useful agent in radionuclide

therapy of estrogen receptor positive cancers.
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Antibodies: Numerous attempts have been made to prepare

tumor-specific antibodies which will attach preferentially to

tumors after injection into a tumorous host (3,16,17,21,61).

Ideally, such antibodies should attach only to tumor cells. More

realistically, if tumor antigens are circulating in the blood,

some localization might also be expected in the spleen and other

organs ~ich in reticuloendothelial tissues. Unfortunately, the

antibody preparations used in past studies fall far below this

standard. Some of the antibodies, especially autoantibodies,

do show a degree of preferential tumor localization (3,61), but

in most cases the DAR achieved is disappointingly small. Never-

theless, limited therapeutic successes and even occasional tumor
131cures have been achieved with I labeled antibodies (21). Also,

specific inactivation of thymus-derived (T) lymphocytes and non-
125I labeledthymus-derived B-lymphocytes has been reported with

immunospecific proteins (4).

The radionuclide suicide experiments vrith lymphocytes are
l £ C

surprising in that it is claimed that I attached to binding

sites at the plasma membrane induces cell death. This is contrary

to the results of other studies which show that Auger emitters

located outside the cell nucleus are relatively nontoxic (36,67,
12568). Figure 9 slums the results of one such study where I

was attached to the plasma membrane of Chinese hamster ovary
1 o c

cells in the form of I labeled concanavalin A. For comparison,

I was also administered in the form of IUdR. As expected,

DK'A associated " I (D0:100 decays/cell) was extremely cytotoxic.
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125In contrast, membrane associated I was surprisingly nontoxic

(D0:12,600 decays/cell). These findings (67) confirm earlier
f\ *7

studies with Ga (Fig. 5A, B) which also indicated that Auger

emitters located outside the cell nucleus are very inefficient

in producing cell lethality (36).

Therefore, if future Immunologie research yields antibodies

of sufficient specificity to serve as "homing carriers" for radio-

activity, the radionuclides of choice would be high energy ß

emitters such as I or a emitters such as At, Auger emitters

most likely would prove unsuitable for such applications.

Liposomes: Research into the properties of lipid bilayers

has resulted in the development of multilamellar vesicles, the

liposomes. These vesicles, which range in size from 25 nm to

l u, are formed by evaporating to dryness a solution of lipids

in an organic solvent and then dispersing the resulting film of

lipid in water or in aqueous buffers (52,66). The multilamellar

vesicles formed in this manner consist of alternating layers of

lipid and aqueous medium. If liposomes are injected into animals,

disappearance from circulation is fairly rapid and most liposomes

are absorbed within hours by reticuloendothelial cells. Incor-

poration into cells may be by endocytosis or by fusion with the

plasma membrane (24). It should be pointed out, however, that

the distribution of liposomes can be affected by various factors

such as liposome size and charge, and by incorporation of immuno-

specific globulins. Thus, future research may lead to the

development of tissue or cell specific liposomes, possibly by

attaching specific antibodies to the outer membrane (25).
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Liposomes are of potential interest in cancer therapy because

various materials such as proteins, radiopharmaceuticals, or chemo-

therapeutic agents can be entrapped in lippsomes. Although the

degree of entrapment is low, the possibility of using liposomes

to deliver radionuclides to cells has a number of advantages (26).

First, the biologically active material is protected from degrada-

tion in the blood. Thus, liposomes might be valuable in the

administration of IUdR or other substances which are rapidly

metabolized. In addition, liposomes are able to carry the entrapped

material into the cytoplasm, thereby preventing nonspecific release

into general circulation. If the targeting of liposomes can be

improved, liposomes may become a valuable tool for directing

radionuclides specifically into cancer cells while sparing other

types of cells.

Radioactivity can be introduced into liposome by including

the labeled compound in the aqueous medium which is used to

prepare the liposomes. Alternately, radionuclidescan be attached

to intact liposomes (55,56,59). For example, entrapped albumin

has been labeled with radioiodine (24) and bleomycin has been

labeled with radioactive indium (49). Labeled antibodies and

other proteins may be attached to the outer membrane (25).

Nevertheless, considerable progress will be required to realize

the potential of liposomes in radionuclide therapy. Studies on

tumor bearing animals (55) and human cancer patients (59) indi-

cate that the degree of specificity obtainable with present

method? is low and needs to be improved at least by a factor of

5 before liposomes can be considered for application in cancer

therapy.
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Other agents: Although a large number of "tumor seeking"

agents have been described in the literature, only a few of

these compounds have been evaluated from a therapeutic point of

view. At the present stage of knowledge it is difficult to

predict which compounds might prove most valuable. In addition

to the agents discussed above, candidates for further investi-

gation would include: Rose Bengal, fibrinogen, natural and

synthetic RNAs, sulfanamides, antinialerials, precursors of

melanin, radioiodinated tyramines, tryptophan, iodocholesterol,

phenolphthalein glucuronide, platinum complexes, and a variety

of other agents. For a recent review on these and other com-

pounds see Mitchell (46) . It is unlikely that any single com-

pound will ever be found which selectively accumulates in all

tumors. Nevertheless, recent research has yielded encouraging

results and it appears likely that delivery methods will be

devised which show the required degree of specificity at least

for selected types of tumors.

IV. Conclusion

Recent advances in basic radiobiological research and in

the synthesis of tumor seeking compounds have produced renewed

interest in the possibility of cancer therapy with unsealed

radionuclides. However, much research will be required to

realize the clinical potential of this approach. Ideally,

internal therapy should be performed with shortlived radionuclides

which cunt high LHT radiation to insure c high relative biological
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effectiveness and a low oxygen enhancement ratio. In addition,

the emitted radiations should have a range of no more than a

few cell diameters in order to minimize damage to surrounding

normal tissues. Such radionuclides should accumulate within

cancers, or at least exhibit diverse chemical properties to

facilitate the development of tumor-specific radiopharmaceuticals.

No known radionuclide fulfills all these requirements. However,

some of the criteria are met by the alpha particle emitter

astatine-211 and by several radionuclides which decay by elec-

tron capture and Auger emission, for example iodine-125 or

iodine-123. The key problem remains the development of agents

which can serve as carriers for selective radionaclide accumula-

tion within tumors. Approaches which may become useful in

selected types of tumors include the use of Synkavit, tamoxifen,

iododeoxyuridine, liposomes, and tumor-specific antibodies.
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Figure Legends

Fig. 1: Dose- survival response of Chinese hamster V-79
cells exposed to various concentrations of
(C. R. Harris, personal communication).

Fig. 2: Dose-survival response of L1210 lymphoid leukemia
cells exposed to various concentrations of 125IUdR,
131IUdR, or 3H-TdR (tritiated thymidine) . Data
plotted as a function of disintegrations/cell/hr at
the time of labeling (34).

Fig. 3: Fraction of Chinese hamster ovary cells surviving
various doses of 125IUdR or -3H-TdR (67), plotted as
a function of cumulative disintegrations/cell (A)
or as a function of cumulative radiation dose to
the cell nucleus (B) .

Fig. 4: Average energy deposited in spheres of various
diameters by decaying 125I an(j 3̂  located at the
center of the sphere, or by a 5 MeV a particle
traversing the sphere (29).

Fig. 5: Fraction of L1210 lvmphoid_leukemia cells surviving
various doses of 125IUdR, -5H-TdR, or 67Ga-citrate,
plotted as a function of disintegrations/cell/hr
(A) or as a function of dose rate to the cell nucleus
(B) at the time of labeling (36).

Fig. 6: Dose-response curve for 125IUdR therapy of one-day
ascites tumor populations. Seven 125IUdR injections
were administered at 4 hour intervals beginning 24
hours after intraperitoneal injection of 10̂  tumor
cells (8).

Fig. 7: -Incorporation of 125IUdR into intestines and metho-
trexate resistant L1210/MTX leukemia cells 12 hours
after administration of various doses of methotrexate.
The incorporation data are expressed as percent of
the untreated control value.
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Fig. 8: Dose-survival response of UEp/2 cells exposed to
various concentrations of 125j administered in vitro
as 12al labeled Synkavit (J. S. Mitchell and I.
personal communication).

Fig. 9: Fraction of Chinese hamster ovary cells surviving
various doses of I25IUdR f125I-nucleus) or 125j
labeled concanavalin A (125I-membrane), plotted as
a function of cumulative disintegrations/cell (67).
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