of MKK, MAPK, and AP-1. These observations indicate
that Raf-1 is an effector of Ras in IR-stimulated MAPK
pathway.

Previously, we have demonstrated a correlation be-
tween antisense c-raf 1 cDNA mediated inhibition of Raf-1,
delayed tumor growth, and enhanced radiosensitivity of
relatively radioresistant laryngeal squamous carcinoma cells
(8Q-20B). Furthermore, c-raf-l cDNA transfection results
in a relatively radioresistant phenotype of human immortal-
ized bronchial epithelial cells and human squamous carci-
noma cells. Consistent with these data, antisense raf oligo-
deoxyribonucleotide (AS-raf-ODN)-specific inhibition of
Raf-1 protein has been associated with radio sensitization of
SQ-20B tumor cells. These and other studies utilizing
mouse embryo fibroblasts containing targeted disruption of
the c-raf-1 gene suggest that Raf-1 is an important cell
survival factor.

Translation of laboratory observations into clinically
relevant protocols is an important step towards the ultimate
goal of developing safer and more effective cancer thera-
pies. Along these lines, novel cationic liposomes have been
designed to systemically deliver AS-raf-ODN to tumor tis-
sues. Safety and pharmacokinetics profile of liposomes car-
rying AS-raf-ODN have been established in different ani-
mal species. It should be noted that unmodified AS-raf-
ODN is nontoxic in vivo and cationic liposomal
composition that we designed is also non-toxic. Plasma and
normal tissue pharmacokinetics of liposome-encapsulated
unmodified AS-raf-ODN (LE-AS-raf-ODN) is significantly

better compared to “free” AS-raf-ODN. In addition, sys-
temic delivery of the liposomal formulation of a phospho-
rothioated AS-raf-ODN (LE-5132) provides an improved
tumor control compared to “free” phosphorothioated AS-
raf~-ODN (5132) (P < 0.001). Intravenous administration of
LE-5132 leads to radiosensitization of SQ-20B tumor xe-
nografts. Histopathologic evaluation of these tumor speci-
mens revealed a significant proportion of cells containing
fragmented chromatin compared to single agent treated or
control groups. These data demonstrate that AS-raf-ODN is
an effective radiosensitizer in vivo.

To identify new cellular targets of cancer gene therapy,
we have used the differential gene expression technology
and selected for genes aberrantly expressed in metastatic or
radiation-resistant tumor cells but not in the matched pri-
mary tumor-derived cells or radiosensitive tumor cells. In
addition, candidate genes downstream of Raf-1 have been
identified using AS-raf~ODN and comparing the gene ex-
pression patterns in isogenic tumor cell populations express-
ing differential steady state levels of Raf-1. Because AS-
raf-ODN treatment of a variety of human tumor cells causes
apoptosis, characterization of novel effectors downstream
of Raf-1 should provide further insight into the mechanisms
regulating cell death or cell survival,

In conclusion, these studies establish an important role
of Raf-1 in radiation resistance and radiation-initiated intra-
cellular signal transduction process. In addition, our data
provide a basis for a clinical study of the combination of
AS-raf-ODN and radiation in cancer patients.

In Vivo Protection Against Gamma-lrradiation
with 5-Androstenediol
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VENKATARAMAN SRINIVASAN, G. DAVID LEDNEY, AND THOMAS M. SEED

Radiation Casualty Management Team, Armed Forces Radiobiology Research Institute,
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class of radioprotectants, the 5-androstene steroids,

that enhance immune function and promote survival
after whole-body exposure to ionizing radiation. Improve-
ments in survival were observed when AED was adminis-
tered by sc injection between 24 h before and 2 h after
gamma-irradiation of mice. A dose reduction factor of 1.3
was calculated from probit survival curves. Protection was
observed in both male and female mice, with and without

5 -androstenediol (AED) is a representative of a novel

subsequent inoculation with lethal doses of Klebsiella pneu-
moniae. No protection was observed with a number of other
steroids: dehydroepiandrosterone (DHEA), 5-androstene-
3B,7B, 17B-triol (AET), androstenedione, or estradiol.
AED induced increases in circulating neutrophils, platelets,
and NK cells in normal or irradiated mice, with no effect on
numbers of circulating B cells or T cells. Numbers of granu-
locyte-monocyte progenitors in bone marrow were also in-
creased with AED. No signs of toxicity were observed in
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clinical chemistry, histopathology, or behavioral assays.
CD11b expression on circulating NK cells was markedly
increased by whole body irradiation and pretreatment with
AED in a synergistic manner. CD11b expression on circu-
lating neutrophils and monocytes was unchanged or slightly
decreased. The efficacy and low toxicity of AED make it an
attractive candidate for development as a countermeasure
for the injurious effects of ionizing radiation.

Acute exposure to high doses of ionizing radiation re-
sults in failure of hemopoietic progenitors to proliferate,
causing mortality due to infection and hemorrhage. Phar-
macologic countermeasures include free radical scavengers
and antioxidants that serve to minimize initial injury, as well
as immunomodulators and cytokines that can stimulate
hemopoietic recovery. Since prophylaxis with DHEA and
its metabolite AED increase survival during bacterial and
viral infections in unirradiated animals, we have been in-
vestigating the use of this family of steroids as a counter-
measure to whole body gamma-irradiation at doses that in-
duce mortality due to decreased resistance to infection.

Materials and Methods

Male CD2F1 and female B6D2F1 mice (Jackson) were
maintained and irradiated at 0.6 Gy/min in the AFRRI 60
Co facility as described. AED (Steraloids) was dissolved in
PEG-400 vehicle (Sigma). Clonal assays for marrow granu-
locyte-monocyte progenitors (GM-CFC) were performed as
described. In some experiments, AED was compared to
DHEA, 5-androstene-3B,7B, 17B-triol (AET), androstene-
dione or estradiol (all from Steraloids). CDIIb surface ex-
pression on circulating neutrophils was measured using a
monoclonal antibody (Pharm-ingen) and a FACSCalibur
flow cytometer. Blood cell counts were performed on an
Advia 120 (Bayer). Clinical chemistry of serum was ana-
lyzed using an Ektachem-700 (Kodak). Histopathology was
performed using H&E-stained paraffin sections prepared
and examined by standard methods. Behavioral analysis
was carried out using an inverted screen test for motor co-
ordination, a strain gauge for forelimb grip strength, and a
computerized activity monitor (Omnitech) for locomotor
activity.

Results and Discussion

We injected AED sc at a dose of 160 mg/kg into male
CD2FI1I or female B6D2F1 mice 24 h before whole-body
gamma irradiation to calculate dose reduction factors
(DRI’s, the amount by which a probit survival curve is
shifted by treatment). The doses of radiation received
ranged between 7 and 12 Gy, and the DRIs for male and
female mice were 1.23 and 1.26, respectively, indicating
that the survival-enhancing effects of AED are not specific
for strain or gender. In addition, female B6D2F] mice were
injected with AED, exposed to radiation at doses of 3 to 7
Gy, and inoculated with lethal doses of Klebsiella pneumo-
riae 4 days later, at the nadir of circulating white blood
cells. The resulting DRF was 1.18. In separate experiments,
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survival was enhanced when AED was injected 1 to 2 h
after irradiation, in K pneumoniae inoculated mice.

When similar experiments were done comparing AED
to DHEA, AET, androstenedione or estradiol, the other ste-
roids exhibited no significant protective effects on survival.
The data indicate that the survival-enhancing effects of
AED are due to interactions with specific receptors. This
conclusion is supported by the fact that a significant dose-
response curve was obtained when AED was injected sc at
40-320 mg/kg and circulating neutrophils and platelets
were measured 4 and 14 days later, respectively.

AED given 24 h before irradiation (3 Gy) significantly
ameliorated the radiation-induced neutropenia and throm-
bocytopenia. The effects on numbers of circulating neutro-
phils were due to AED-induced stimulation of myelopoi-
esis, as indicated by amelioration of radiation induced de-
creases in marrow GM-CFC. Furthen-nore, AED caused
increases in marrow myeloid progenitors in unirradiated
mice.

AED also caused increases in circulating monocytes
and NK cells in both irradiated and unirradiated mice, but
had no effect on numbers of circulating T cells or B cells,
indicating that the primary effect of AED is on the innate
rather than the adaptive immune system. CD11b measured
by flow cytometry showed small decreases or no changes on
neutrophils or monocytes in response to AED, while AED
and whole-body irradiation together increased levels of sur-
face CDIIb on NK cells. The data indicate synergistic acti-
vation of NK cells by AED and radiation.

The beneficial effects of AED are significant, and are
not accompanied by significant toxic effects, as shown by
clinical chemistry, histopathology, or behavioral assays.

We conclude that AED is the first in a novel class of
S-androstene steroid radioprotectants, enhances survival
and hemopoiesis after irradiation, and is non-toxic. These
attributes, together with the facts that these compounds are
stable during storage at high temperatures and have anti-
cancer properties, make them attractive candidates for fur-
ther exploration as countermeasures against the short- and
long-term effects of ionizing radiation.
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Chelated Metal lons for Therapeutic and
Diagnostic Applications

MARTIN W. BRECHBIEL
Radioimmune & Inorganic Chemistry Section, DCS, NCI, NIH, Bethesda, MD, 20892

Use of radiolabeled monoclonal antibodies (mAb’s) that localize
and bind to malignant cells continues to be an attractive mecha-
nism for targeting and delivering either an imagable isotope, be
it a y-emitter or B+-emitter, or a particle emitter such as a
B--emitter or an a-emitter for therapeutic applications.

ab’s can be viewed as macromolecular targeting
Mrcagents that possess: a discrete chemical struc-

ture, sites for chemical modification, and can be
made available in high purity and in workable amounts. For
these applications, there are minimal criteria that must be
met to insure success. The methods employed to radiolabel
MAD’s must not alter specificity nor alter the rate of catabo-
lism. Finally, of paramount importance, the radiolabel must
be securely linked to the mAb. Conjugation to mAb of a
radio-metal complex via suitable bifunctional chelating
agents provides a wide variety of possible half-lives and
emission characteristics. The complex then must be ad-
equately thermodynamically and kinetically stable to mini-
mize release of the isotope in vivo.

Numerous recent reports of positive results from clini-
cal trials involving the use of B—-emitting radiolabeled an-
tibodies and the majority have used either 1311 (t1/2 = 8.04
d) and 90Y (t1/2 = 64.1 h) for the treatment of either
leukemias or lymphomas. These results validate the poten-
tial for this modality being a viable clinical therapy. Despite
these results, the range of the B- particle is several milli-
meters and the majority of energy deposition does not occur
immediately along the emission track. Cytotoxicity attrib-
uted to mAb’s radiolabeled with 90Y has been attributed
to result from “cross-fire” and not as a direct effect from
the emission occurring at the cell surface. Therefore,
B--emitting radioisotopes have been proposed to be less
useful for micrometastatic disease and thus might also con-
tribute to normal tissue toxicity. An a-emitting radionuclide
might be a better choice in this case due to very high cy-
totoxicity, a short path length emission, and immediate en-
ergy deposition that should minimize collateral cytotoxicity.

Examples of metallic-emitters that have been studied are
212 Bi (t1/2 = 45 min) and 213 Bi (t1/2 = 45 min).
Bifunctional derivatives of diethylenetriamine pen-
taacetic acid (DTPA) developed for use with 90Y proved to
form complexes with Bi(IIl) that were labile in vivo. Efforts
to develop improved ligands for 90Y that incorporated a
trans-cyclohexyl ring into the backbone of DTPA led to the
family of CHX-DTPA ligands, which were found to meet
the requisite criteria for use of the Bi(III) isotopes. Pre-
clinical experiments confirmed both the stability of the
CHX-DTPA ligands for the Bi(Ill) isotopes and the thera-
peutic applicability of these cc-emitting isotopes such that a
phase I clinical trial was initiated to treat AML at Memorial
Sloan-Kettering with an antiCD33 antibody using 213 Bi.

Objectives and Results

Many have expounded that use of 213 Bi might be
limited by its half-life to treatment of circulatory malignan-
cies. Despite this, we chose to investigate the possibility of
using an engineered mAb, HuCC49CH2, which had been
reported to target very rapidly while exhibiting efficient
whole body clearance. An initial experiment performed was
to determine a maximum tolerated dose (MTD) for the 213
Bi labeled immunoconjugate. As there was minimal infor-
mation concerning the use of a combination of this mAb,
213Bi, and ip administration, four dose ranges were used in
30 mice that had been inoculated with an LS- 1 74T tumor
10 days prior to treatment (50-200 mm3). Results ranged
from no response (80~115 uCi), delayed tumor growth (149
uCi, 223-270 uCi), to significant regression of tumor
growth with the high dose (316450 uCi) with no overt
toxicity observed in any animal. The experiment was re-
peated to determine the MTD, but also to verify that this
response was valid and whether it could be expanded. To
this end, mice were again inoculated with tumors in the
flank (83.8 more or less of 31.5 mm3 ) and four different
doses were again administered ip. All of the controls (n =
5) had to be terminated after 14 days due to tumor size. At
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