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Localization of Iodine-125-mlP-Des-Met14-
Bombesin (7-13)NH2 in Ovarian Carcinoma Induced
to Express the Gastrin Releasing Peptide Receptor
by Adenoviral Vector-Mediated Gene Transfer
Buck E. Rogers, Maryland E. Rosenfeld, M.B. Khazaeli, Galina Mikheeva, Murray A. Stackhouse, Tiepu Liu. David T. Curici
and Donald J. Buchsbaum
Departments of Radiation Oncology, Medicine, and Gene Therapy Program, Comprehensive Cancer Center,
University of Alabama at Birmingham, Birmingham, Alabama

The gastrin releasing peptide receptor (GRPr) has a high affinity for
the 14 amino acid bombesin peptide. For this analysis, f^ll-Tyr4-
bombesin was compared with [12Sl]-mlP-bombesin (a seven amino

acid bombesin analog) for in vitro binding and Â¡nternalizationinto
tumor cells and for tumor localization in vivo. Also, a recombinant
adenoviral vector (AdCMVGRPr) was used for gene transfer to
induce the expression of GRPr in human ovarian cancer cells for
binding and tumor localization with these radiolabeled peptides.
Methods: [125l]-mlP-bombesinwas synthesizedand compared with
[125l]-Tyr4-bombesin in internalization assays using BNR-11 cells
(mouse fibroblast cells stably transfected with GRPr) over a 24-hr
period. In vitro binding assays used BNR-11, and A427, HeLa and
SKOV3.ip1 human cancer cells, which were either uninfected or
infected with AdCMVGRPr. Biodistribution studies were performed
in normal BALB/c mice and in athymic nude mice bearing ortho-
topic SKOV3.ip1 ovarian cancer tumors. The SKOV3.ip1 tumors
were induced to express GRPr with the AdCMVGRPr adenoviral
vector. Results: Internalization assays showed that p^lJ-Tyr4-
bombesin was rapidly internalized and catabolized at 37Â°Cwith
=10% of the radioactivity remaining intracellularly at 4 hr, compared
with Â«30% with [125l]-mlP-bombesin. HeLa, A427 and SKOV3.ip1
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cells were all induced to express levels of GRPr that were higher
than those seen with the positive control BNR-11 cells. Normal mice

showed a lower level of radioactivity in both the blood and thyroid for
[125l]-mlP-bombesin [0.26% Â±0.10% injected dose per gram (ID/g)
and 0.24% Â±0.05% ID]thanfor[125l]-Tyr4-bombesin(3.5% Â±1.6%

ID/g and 5.2% Â±4.4% ID) at 4 hr postinjection. Mice bearing
intraperitoneal (i.p.)SKOV3.ip1 tumors and given AdCMVGRPr i.p. 5
days after tumor cell inoculation followed by [125l]-mlP-bombesin i.p.

at day 7 showed 16.5% Â±4.8% ID/g in tumor compared with 5.9%
Â±3.0% ID/g with [125l]-Tyr"-bombesin at 4 hr postinjection. Tumor

bearing mice given saline or a control adenovirus expressing the
ÃŸ-galactosidase(LacZ) gene showed significantly lower tumor up
take values of both bombesin peptides. Conclusion: Internalization
assays showed that [125l]-mlP-bombesin has favorable characteris
tics compared with [125l]-Tyr4-bombesin with regards to cellular

internalization and retention. The results demonstrate successful in
vitro and in vivo transduction of human tumor cells with a recombi
nant adenoviral vector-expressing GRPr. Additionally, tumors trans
duced in vivo to express GRPr demonstrated significantly greater
localization of [125l]-mlP-bombesin when compared with [125l]-Tyr4-

bombesin.

Key Words: bombesin; gastrin releasing peptide receptor; adeno
virus; gene transfer; iodine-125
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J.he use of radiolabeled monoclonal antibodies for tumor
diagnosis and therapy (1,2) is of great interest; however, there
are limitations to the use of these agents (3). One approach to
addressing low target antigen expression has recently been
described in which gene therapy methods were used to increase
the expression of antigen on tumor cells (4-6). Raben et al.
showed that D54 MG human glioma cells could be genetically
induced to express the human carcinoembryonic antigen both in
vitro and in vivo through the use of a recombinant adenoviral
vector and that these cells could subsequently be targeted by
radiolabeled COL-1 anti-carcinoembryonic antigen monoclonal
antibody (5).

Other studies have used gene transfer methods to induce
receptors in vitro, which have a high affinity for radiolabeled
peptides (6-fi). In particular, the recombinant adenoviral vector
(AdCMVTRHr) was used to induce the expression of the
thyrotropin releasing hormone (TRH) receptor in vitro with
subsequent binding of [3H]-methyl-TRH (6-9). However, this

three amino acid peptide cannot be radiolabeled with a variety
of therapeutic radionuclides and maintain high receptor affinity.
Therefore, a peptide that has a high affinity for its cellular
receptor (nanomolar range), which can be labeled with a
therapeutic radionuclide without loss of receptor affinity, and
that resists in vivo degradation long enough to achieve tumor
localization, is required for peptide radiotherapy. In this regard,
we chose to investigate bombesin (Fig. 1), a 14 amino acid
peptide that has a high affinity for the gastrin releasing peptide
receptor (GRPr) (10) as the target ligand.

The recombinant adenoviral vector (AdCMVGRPr) was used
to induce the expression of the GRPr in vitro in several human
carcinoma cell lines and in vivo in a well-established mouse
model of human ovarian cancer (11,12). This gene was chosen
because the GRPr has a high affinity for bombesin and its
analogs (10), and its endogenous expression is limited to
neuroendocrine cells in the pulmonary and gastrointestinal
tracts, which would lead to low normal organ uptake of the
radiolabeled bombesin peptides. Bombesin has been modified
by replacing the leucine in the fourth position with tyrosine
(Tyr4-bombesin) for labeling with iodine (Fig. 1). Thus, Tyr4-
bombesin could be labeled with 131I for therapeutic use.
Recently, a bombesin analog, meta-iodophenyl-Des-Met14-

bombesin(7-13)NH2 (mlP-bombesin) (Fig. 1), has been synthe
sized by Hoffman et al. and shown in a competitive inhibition
assay to have an IC50 value (the concentration of inhibitor that
causes a 50% reduction in radiolabeled bombesin binding) that
was almost an order of magnitude lower than bombesin with
Swiss 3T3 mouse fibroblast cells (13,14). Another study
showed that a similar analog can be prepared in which a
bi functional chelate has been attached and radiolabeled with
rhodium-105 (15). Therefore, bombesin analogs may have
advantages over bombesin with respect to receptor binding
affinity, ease of labeling with different radionuclides and in
vivo stability.

In this study, we describe the synthesis of [125I]-mIP-bombesin
and compare its internalization and catabolism with [I25l]-Tyr4-

bombesin in a GRPr positive cell line. Additionally, the in vitro
induction of GRPr was accomplished with AdCMVGRPr in the
murine BNR-11 cells and the human carcinoma cell lines A427,
HeLa and SKOV3.ipl, and evaluated by [125I]-Tyr4-bombesin and
[l25I]-mIP-bombesin receptor binding. The biodistributions of the

two radiolabeled peptides were also compared in vivo in normal
mice. Subsequently, the localization of these peptides in mice
bearing SKOV3.ipl ovarian tumors, induced in vivo to express
GRPr, was also investigated. Thus, this method of achieving
radiolabeled peptide tumor localization through genetic induction

of receptors in tumor cells represents a novel approach for peptide
imaging or peptide radiotherapy.

MATERIALS AND METHODS
All chemicals were purchased from Aldrich (Milwaukee, WI)

unless noted otherwise. Na'25I and [125I]-Tyr4-bombesin [specific
activities of each Â«Â«81.4TBq/mmol (=2200 Ci/mmol)] were
purchased from DuPont/NEN* Research Products (Boston, MA).

Reversed-phase high pressure liquid chromatography (RP-HPLC)
was performed on a Bio-Rad MAPS Preparative System 100
(Hercules, CA) with a built-in ultraviolet-absorbance detector and
a Beckman Model 170 Radioisotope Detector (Fullerton, CA)
connected in series. An Alltech Adsorbosphere (CIS, 10 /Am,4.6 X
250 mm) column (Deerfield, IL) was used for RP-HPLC separa
tions. Compounds were eluted using a linear gradient of 80%
solvent A to 10% solvent A over 40 min (solvent A = H2O/0.1%
trifluoroacetic acid; solvent B = acetonitrile/0.1% trifluoroacetic
acid). A Packard Auto Gamma* 5000 Series gamma counter
(Chicago, IL) was used for counting I25I samples. Athymic nude
female nu/nu mice with a BALB/c background, 4-5 wk old, were
obtained from the National Cancer Institute Frederick Research
Laboratory (Frederick, MD). Cell lines were obtained from the
American Type Culture Collection (Rockville, MD) unless noted
otherwise. The peptides, mIP-Des-Met'4-bombesin(7-13)NH2 and
Des-Met'4-bombesin(7-13)NH2 were synthesized using solid

phase peptide synthesis at the University of Alabama, Birmingham,
Comprehensive Cancer Center Peptide Synthesis and Analysis
Shared Facility.
Synthesis of 125l-mlP-Des-Met14-Bombesin(7-13)NH2

N-succinimidyl-3-(tri-n-butylstannyl) benzoate (ATE) was syn
thesized according to the method described by Zalutsky and Narula
(16) and was characterized by 'H NMR and mass spectrometry.
The radiolabeling of ATE with I25I was similar to that described
previously (16). Briefly, 25 Â¿Â¿1(37 MBq, 1 mCi) of Na'25I in NaOH

was placed in a borosilicate test tube. To this was added 50 Â¿dof a 60
mg/ml solution of acetic acid in CHC13, followed by 50 ju.1of a 90
mg/ml solution of t-butylhydroperoxide in CHC13. Fifty micrograms
of ATE (5 mg/ml) was then added to the Na'25I solution and the

mixture was incubated at room temperature for 1 hr. The reaction
mixture was purified by RP-HPLC and the meta-[125I]iodophenyl-N-
hydroxysuccinimide (['25I]mIPNHS) product collected and concen
trated. The Des-Met'4-bombesin(7-13)NH2 peptide (Gln-Trp-Ala-

Val-Gly-His-Leu-NH2) (300 /Â¿g)was dissolved in 60 /j,l of 0.1 M
borate buffer (pH 8.5) and added to the [125I]mIPNHS residue and
incubated at room temperature for 1hr. After incubation, the 125I-mIP-
Des-MetI4-bombesin(7-13)NH2 ([125I]-mIP-bombesin) was purified

by RP-HPLC in 10% overall radiochemical yield. The retention time
for ['25I]-mIP-bombesin was identical to the retention time observed
for the cold compound (21.8 min). The ['25I]-mlP-bombesin was

concentrated and redissolved in 10% EtOH/0.1% human serum
albumin before use in vitro and in vivo.

Cell Lines
The BNR-11 cell line is a derivative of BALB/B1 mouse

fibroblast cells, which were stably transfected with murine GRPr
(17) (provided by J. Battey, National Cancer Institute, Bethesda,
MD). The cells were grown in Dulbecco's modified Eagle's

medium (DMEM) containing 4.5 g/liter glucose, 2 mM glutamine
and 300 /xgAnl geneticin supplemented with 10% fetal bovine
serum (FBS). The HeLa (human cervical epithelial carcinoma) and
SKOV3.ipl (human ovarian adenocarcinoma) cells were main
tained in DMEM containing 4.5 g/liter glucose supplemented with
10% FBS. The SKOV3.ipl cells were obtained from Janet Price
(Baylor University, Houston, TX). The A427 cells are a human
nonsmall cell lung carcinoma cell line and were maintained in
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pGlu-Gln-Arg-Leu-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-Met-CONHg

Bombesin

pGlu-Gln-Arg-Tyr-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-Met-CONHj

Tyr4-Bombesin

Gln-Trp-Ala-Val-Gly-His-Leu-CONH2

mlP-Des-Met14-Bombesin(7-13)NH2

FIGURE 1. Structures of bombesin, Tyt^-bombesin and mlP-Des-Met14-
bombesin(7-13)NH2.

Eagle's minimum essential medium containing nonessential amino

acids and 1 mM sodium pyruvate supplemented with 10% FBS.

In Vitro Internalizaron Assays
The internalization of [125I]-mIP-bombesin and [I25l]-Tyr4-

bombesin were compared in vitro with BNR-11 cells using a
method similar to that described by Geissler et al. (18). The
BNR-11 cells were washed with phosphate buffered saline (PBS),
detached from flasks by treatment with 4 mM EOTA/0.05% KC1,
centrifuged and resuspended in serum free media (DMEM contain
ing 4.5 g/liter glucose) at a concentration of 1 X IO6cells/0.5 ml

for use in the assay. The cell viability was routinely >85% as
determined by trypan blue dye exclusion. The cells were aliquoted
(1 X IO6)in triplicate into polystyrene test tubes and cooled to 4Â°C.
Either [125I]-Tyr4-bombesin or [l25l]-mIP-bombesin (100 ju.1;
100,000 cpm) was added to the cells and incubated at 4Â°Cfor 1 hr.
The cells were centrifuged for 5 min (500 X g; 4Â°C),the media

aspirated and cells resuspended in 1.0 ml of serum free media at
4Â°C.This was repeated once, the cells were resuspended in 0.5 ml
of media containing 2% FBS and placed either on a shaker at 37Â°C
with 5% CO2 or cooled to 4Â°Cand allowed to incubate for 0, 5, 15,

and 30 min, and 1, 2, 4 and 24 hr. At the specified time points, a
triplicate of cells was removed from each temperature and centri
fuged for 5 min. After centrifugation, the supernatants were
removed and saved for counting. The cells were resuspended twice
in 0.2 ml of ice-cold 0.2 M acetic acid (pH 2.5) and incubated at
4Â°Cfor 15 min to remove surface bound activity. The supernatants,

acid washes and cells were then counted in a well scintillation
gamma counter to determine the amount of internalized, surface
bound and supernatant radioactivity.

Construction of a Recombinant Adenoviral Vector
Encoding the Human Gastrin Releasing Peptide Receptor
cDNA (AdCMVGRPr)

An adenovirus encoding the murine GRPr (mGRPr) cDNA was
prepared using standard techniques of in vivo homologous recom
bination (19) and has been described elsewhere (20). Briefly, a
DNA fragment containing the mGRPr gene was subcloned into the
pACCMVpLpARS( + ) adenoviral shuttle vector (provided by R.
Gerard, Katholieke Universiteit Leuven, Leuven, Belgium). This
shuttle plasmid (pAC-mGRPr) and the adenoviral packaging plas-
mid pJM17 (provided by F. Graham, McMaster University, Ham
ilton, Ontario, Canada) were cotransfected into the EIA
transcomplementing cell line 293 using the commercial cationic
liposome vector DOTAP. The newly generated recombinant ade
novirus was plaque purified three times and validated by direct
polymerase chain reaction. The AdCMVGRPr was titered within
the 293 cell line using plaque assay techniques for direct determi
nation of viral plaque forming units (pfu).

In Vitro Infection Using AdCMVGRPr
BNR-11, HeLa, A427 and SKOV3.ipl cells were grown to >90%

confluency in T75 flasks and infected with the AdCMVGRPr adeno
viral vector. Briefly, the AdCMVGRPr was added to cells in 4 ml
of medium containing 2% fetal calf serum at a multiplicity of
infection of 10 or 100 pfu per cell. As a control, cells were also
infected with AdCMVLacZ (a control adenovirus that encodes the
reporter gene Escherichia coli ÃŸ-galactosidase)(provided by De-
Chu Tang, University of Alabama at Birmingham). The cells were
incubated for 1 hr at 37Â°Cin 5% CO2 followed by the addition of
11 ml of complete media. After a 48-hr incubation, the cells were
harvested for analysis in a radiolabeled peptide binding assay.

In Vitro Binding of [125l]-Tyr4-Bombesin and [^fJ-rnlP-

Bombesin in Transduced Cells
Transduced cells (see above) were harvested 48 hr postinfection

by rinsing once with PBS followed by an incubation with 4 mM
EDTA/0.05% KCl for 3 min to detach the cells. Detached cells
were rinsed with cold 0.1% BSA/PBS (pH 7.2) and counted, with
viability routinely being >85%. The cell suspensions were centri
fuged for 5 min at 4Â°Cand the pellets resuspended in cold PBS at
a concentration of 2.5 X IO6cells/ml for the binding assay. Each

set of cells was aliquoted (100 ju,l) into polystyrene test tubes in
duplicate followed by addition of = 100,000 cpm (100 Â¡JL\)of either
[125I]-Tyr4-bombesin or [l25I]-mIP-bombesin. The solutions were

mixed at room temperature for 1hr, rinsed with PBE ( 1% BSA and
0.2 M EDTA in 0.1 M PBS, pH 7.2) and centrifuged at 1700 X g
for 10 min. The supernatant was removed and the cells counted in
a gamma counter to determine the amount of bound radioactivity.
This was also performed in the presence of at least a 1000-fold
molar excess of nonradioactive peptide to determine the nonspe
cific binding. The results were plotted as the percentage of the
counts per minute specifically bound to the cells versus the total
counts per minute added.

Biodistribution Studies
Biodistribution experiments were performed in normal BALB/c

mice or athymic nude mice implanted intraperitoneally with
SK.OV3.ipl cells. The normal mice were administered =74 kBq
(2 JU.CÃŒ)of either [l2"T]-Tyr4-bombesin or [125I]-mIP-bombesin by

an intraperitoneal (i.p.) injection, and the animals were killed at 15
and 30 min, and 1, 4 and 12 hr postinjection. The blood, heart,
lungs, liver, stomach, small intestine, spleen, kidney, skin, bone,
muscle and thyroid were removed, weighed and the activity
counted in a gamma counter. The percent injected dose per gram
(%ID/g) for each tissue was calculated except for the thyroid, in
which only the percent injected dose (%ID) was determined.

For the mouse orthotopic tumor model, 2 x IO7 SK.OV3.ipl

cells were implanted by means of an i.p. injection and allowed to
grow for 5 days. AdCMVGRPr ( 1 X 10" pfu), AdCMVLacZ ( 1 X
IO9 pfu) or saline was then administered by means of an i.p.

injection followed 2 days later by an i.p. injection of either
['25I]-Tyr4-bombesin or ['25I]-mIP-bombesin. The animals were

killed 4 hr postinjection of the radiolabeled peptide, and the tumor
and normal organs mentioned above were removed, weighed and
counted in a gamma counter.

Statistical Analysis
Descriptive statistics were calculated to examine the distribution

and variation of time concentration of radiolabeled peptides (means
and s.d.) (21). Means were calculated from multiple mice data for
both tissue concentration and tumor-to-blood ratios. Mean concen
tration data (%ID/g) over time in normal mice were used for
pharmacokinetic modeling. The pharmacokinetic parameters were
estimated by using the nonlinear regression (NL1N) procedure of
Statistical Analysis System programs (22). An intravenous bolus
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administration approach was used to model the time concentration
data and to estimate the elimination rate constants. Functions
consisting of the sum of one or two exponential components were
fit to data by a least squares method. Selection of models was based
on comparison of Akaike's Information Criterion and the standard

errors of estimates (22). It was shown that a one-compartment
model best fit the [125I]-Tyr4-bombesin data, whereas a two-
compartment model best fit the ['25I]-mIP-bombesin data. Elimi

nation (t,/2) values were calculated as well as the area under the
curve and mean residence time (22).

RESULTS
Synthesis of [125fl-mlP-Bombesin

The synthesis schema of ['25I]-mlP-bombesin is shown in
Figure 2. The ['25I]-mIP-bombesin product was isolated as a single

peak in 10% overall radiochemical yield with a radiochemical
purity of >95%. The RP-HPLC system fully separated [l25I]-mIP-

bombesin (21.8 min) from unlabeled Des-Met-bombesin
(7-13)NH2 (13.9 min) and from unreacted [125I]mIPNHS

(17.5 min) and its hydrolysis product (14.4 min). A specific
activity of greater than 44.4 TBq/mmol (1200 Ci/mmol) was
calculated for [l2sI]-mIP-bombesin on the basis of the ultravi

olet detection limit of the HPLC system.

In Vitro Internalizaron Assays
The rate of internalization of [125l]-mIP-bombesin was com

pared with ['25I]-Tyr4-bombesin in vitro using BNR-11 cells
that stably express GRPr. After 1 hr of incubation at 4Â°C(time
0), both compounds showed Â«80% of the radioactivity bound
to the cell surface, whereas the remaining 20% was retained
intracellularly (Fig. 3). Radioactivity bound to the cell surface
was rapidly internalized at 37Â°Cfor [125I]-Tyr4-bombesin with

only 21.8% Â±0.5% remaining surface bound at 1 hr, whereas
[l2iI]-mIP-bombesin had 48.8% Â±7.9% of the radioactivity
surface bound at 1 hr. Cells that were incubated at 4Â°Cshowed

a constant amount of cell surface, internalized and supernatant
radioactivity over the course of the experiment (data not
shown). At 37Â°C,the intracellular radioactivity for [125I]-Tyr4-

bombesin reached a maximum of 41.4% Â±1.3% at 5 min and
then rapidly decreased to 14.3% Â±8.4% at 30 min, with only
9.0% Â±2.7% remaining at 4 hr. In contrast, the intracellular
radioactivity for ['25I]-mIP-bombesin reached a maximum of
37.3% Â± 10.9% after 5 min at 37Â°Cbut only decreased to

32.0% Â± 9.0% by 4 hr. Radioactivity in the supernatant
appeared immediately for both compounds; however, by 1 hr,
67.0% Â±5.8% of the radioactivity was in the supernatant for

t bulylhydroperoxide AcOH. Na'-'Ã¯

CHO,

Sn(Bu),

Gln-Trp-Ala-Val-Gly-His-Leu-CONH,

80%
Purified by RP-HPLC

Â¡HN-Gln-Trp-Ala-Val-Gly-His-Leu-CONH,

0 1M Borate.pH . 8 5

15%
Purifiedby RP-HPLC

[125I]-Tyr4-bombesin, whereas only 13.1% Â±1.6% was in the
supernatant for [125I]-mIP-bombesin at this time point.

Binding of [125l]-Tyr4-Bombesin and f^lJ-mlP-Bombesin

after In Vitro AdCMVGRPr Infection
BNR-11, A427 and HeLa cells were infected with 10 pfu per

cell of AdCMVGRPr to induce expression of GRPr, whereas
SKOV3.ipl cells were infected with 100 pfu per cell. All cell
lines were also infected with 100 pfu per cell of AdCMVLacZ
as a negative control virus. Expression of GRPr was assessed at
2 days postinfection using [l25I]-Tyr4-bombesin and ['25I]-mIP-

bombesin in a receptor binding assay. Uninfected murine
BNR-11 cells were used as a positive control and showed
25.6% Â±1.6% binding of [l25I]-Tyr4-bombesin and 38.3% Â±
11.6% binding of [l2"I]-mIP-bombesin in two assays run in

duplicate (Fig. 4). BNR-11 cells infected with either AdCM
VGRPr or AdCMVLacZ showed binding similar to noninfected
cells for both radiolabeled ligands. In contrast, when the human
carcinoma cells A427, SKOV3.ipl and HeLa were infected
with AdCMVGRPr, all showed levels of [125I]-Tyr4-bombesin
and [125I]-mIP-bombesin binding (60%-88%) that were signif

icantly greater (p < 0.001) than BNR-11 cells. Human carci-

100

125l-mlP-Bombesin

o = surface
â€¢= supernatant
v = internalized

20

0 30 60 90120150180210240
Time (min)

FIGURE 2. Schema for the synthesis of [125l]-mlP-Des-Met1
(7-13)NH2.

-bombesin

FIGURE 3. Rates of internalizationand catabolism of [125l]-Tyr4-bombesin(A)
and [125l]-mlP-bombesin (B) in BNR-11 cells stably transduced to express

GRPr. The relative percentage of radioactivity on the cell surface (acid wash,
O), in the supernatant (â€¢)and internalized (cell pellet, V), are plotted as a
function of time. Each time point represents the mean of triplicate measure
ments Â±s.d.
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RGURE 4. Analysis of binding of [125I]-
Ty^-bombesin f^ll-Tyr^-BBN) and
[125l]-mlP-bombesin ([125l]-mlP-BBN) to
BNR-11, A427, SKOV3.ip1 and HeLa

cells, which were either noninfected, in
fected with AdCMVGRPr or infected with
AdCMVLacZ. The bars illustrate the per
centage of total radioactivity bound and
represent the mean of duplicate or tripli
cate measurements Â±s.d.

BBN BBN

BNR-11 A427

BBN

SKOV3.ip1 HeLa

noma cells infected with AdCMVLacZ demonstrated a level of
radiolabeled ligand binding comparable to noninfected cells

Biodistribution Studies
The pharmacokinetic parameters and representative curves

for the biodistribution of [l25I]-Tyr4-bombesin administered i.p.

in normal mice are shown in Table 1 and Figure 5, respectively.
The results are presented for a one-compartment model. The
highest concentration of ['25I]-Tyr4-bombesin in blood was

6.5% Â±0.3% ID/g at 1 hr postinjection which declined to 0.1%
Â±0.01% ID/g at 12 hr postinjection. The clearance half-life
(t1/2) from blood of ['25I]-Tyr4-bombesin was 2.2 hr, whereas
the other tissues ranged from 2.0-2.8 hr.

The pharmacokinetic parameters and representative curves
for the [125I]-mIP-bombesin administered i.p. to normal mice

are shown in Table 2 and Figure 6, respectively. The results are
presented for a two-compartment model. The highest concen
tration of [l25I]-mIP-bombesin in the blood was 3.0% Â±1.7%

ID/g at 15 min after injection, which declined to 0.1% Â±0.02%
ID/g at 12 hr after injection. The initial clearance half-life (t,/2a)
from blood of ['25I]-mIP-bombesin was 0.1 hr, whereas its
secondary half-life (t,/2/3) was 7.6 hr. The tl/2u for [l25I]-mIP-

bombesin from other tissues was 0.1 hr and the t1/2(J ranged
from 2.3 to 25.4 hr.

The differences in rate of deiodination of the two compounds
can be observed by the accumulation of radioactivity in the
thyroid and stomach (Fig. 7). The thyroid uptake for [125I]-
Tyr4-bombesin 1 hr after injection was 4.8% Â± 0.8% ID
compared with 0.2% Â±0.1% ID for [125I]-mIP-bombesin (p <
0.001). Similarly, the stomach uptake for ['25I]-Tyr4-bombesin

1 hr postinjection was significantly greater than the uptake of
[125I]-mIP-bombesin (16.2% Â±3.6% ID versus 1.1% Â±0.4%

ID, respectively; p < 0.001).
Biodistributions of the radiolabeled ligands were also deter

mined in athymic nude mice bearing intraperitoneal
SKOV3.ipl tumors that were induced to express GRPr with
AdCMVGRPr. The biodistributions of [125l]-Tyr4-bombesin
and [l25I]-mIP-bombesin in tumor bearing mice that were

administered saline or AdCMVLacZ were similar to that in
normal mice. Figure 8 shows the biodistributions of both
radiolabeled ligands in tumor bearing mice that were treated
with AdCMVGRPr and AdCMVLacZ (saline data not shown,

but similar to AdCMVLacZ results). The tumor uptake of
[l25I]-mIP-bombesin (16.5% Â±4.8% ID/g) in mice adminis

tered AdCMVGRPr was significantly greater than the uptake of
[125I]-Tyr4-bombesin (5.9% Â±3.0% ID/g; p = 0.006). These

tumor values are also significantly greater than values obtained
from mice that were administered AdCMVLacZ (['25I]-mIP-
bombesin = 0.5% Â± 0.1% ID/g; p < 0.001; [125I]-Tyr4-

bombesin = 2.1% Â± 1.0% ID/g; p = 0.007). The tumor-to-
blood ratios of [:25I]-Tyr4-bombesin and ['25I]-mIP-bombesin

in AdCMVLacZ- and AdCMVGRPr-treated mice at 4 hr
postinjection are shown in Figure 9. [l25I]-Tyr4-bombesin had a

tumor-to-blood ratio of 0.6 Â±0.1 in mice that were given
AdCMVLacZ compared with 1.4 Â±0.5 in mice treated with
AdCMVGRPr (p = 0.005). The difference in tumor-to-blood ratio
between mice administered AdCMVLacZ or AdCMVGRPr was
greatly enhanced when the [l25I]-mIP-bombesin analog was used

(2.3 Â±0.7 versus 74.5 Â±24.3, respectively) (p < 0.001). The
induction of GRPr in other abdominal organs such as the liver,
small intestine, spleen, uterus and the lining of the abdominal
cavity by AdCMVGRPr can also be observed by the uptake of
[l25I]-Tyr4-bombesin or ['25I]-mIP-bombesin when compared

with AdCMVLacZ treated mice. However, SKOV3.ipl cells
are known to form malignant ascites and nodules around organs
within the peritoneum (12).

DISCUSSION
Our goal in these studies was to develop a new approach to

radioimmunotherapy by targeting radiolabeled peptides towards
tumors that have been genetically induced to express receptors
with a high affinity for these radiolabeled ligands. We con
structed a recombinant adenoviral vector encoding murine
GRPr driven by the CMV promoter to accomplish the expres
sion of GRPr on tumor cells, which can subsequently bind
radiolabeled bombesin or bombesin analogs. The use of a
xenogeneic receptor/ligand combination such as murine GRPr/
bombesin obviates the concern of binding by the endogenous
human GRP to the xenogeneic receptor. The radiolabeled
bombesin could bind to human GRPr on normal tissues such as
the small intestine, which is radiosensitive; however, the level
of human GRPr is relatively low on normal tissues.

The bombesin analog, mlP-bombesin, was synthesized by
Hoffman et al. and shown to have an IC50 value that was almost
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TABLE 1
Pharmacokinetic Parameters for Biodistribution of

[125l]-Tyr4-Bombesin in Normal Mice

BloodBoneHeartKidneyLiverLungMuscleSmall

intestineSpteencâ„¢6.52.82.55.43.44.81.58.45.8(hr)2.22.72.72.02.42.32.82.12.3AUC

(%ID xhr/g)25.112.811.019.010.421.26.825.817.2MRT(hr)3.23.93.83.03.53.34.03.03.3

TABLE 2
Pharmacokinetic Parameters for Biodistribution of

[125l]-mlP-Bombesin in Normal Mice

AUC MRT
(%ID x hr/g) (hr)(hr) (hr)

BloodBoneHeartKidney

LiverLung

MuscleSmall
intestineSpleen3.04.41.720.8

8.322

0.746.04.90.10.10.10.1

0.10.1

0.10.10.18.011.114.97.3

6.05.813.42.325.46.52.75.518.915.711.6

2.156.212.17.612.416.42.6

5.82.3

14.91.122.6

an order of magnitude lower than bombesin with 3T3 mouse
fibroblast cells (13,14). Therefore, we radiolabeled this analog
with I25I and compared it to the commercially available
[l25I]-Tyr4-bombesin both in vitro and in vivo (23). The
[l25I]mIPNHS was synthesized using a method similar to that

described by Zalutsky and Narula (16). We synthesized
[125I]mIPNHS in Â«80% yield, which is comparable to that

described by Zalutsky and Narula. However, when they used
this reagent to radiolabel antibodies they achieved yields of
about 60% compared with the 10% we achieved when labeling
bombesin(7-13). This is likely due to the high number of
coupling sites that are available on antibodies compared with

the lone amino terminus that was used when coupling with
bombesin(7-13).

The internalization of [125I]-Tyr4-bombesin and ['25I]-mlP-

bombesin was compared in vitro using BNR-11 cells that were
modified to stably express GRPr (17). At 37Â°C,the amount of

internalized radioactivity for both compounds reached a maxi
mum of =Â«40%at 5 min. This is comparable to other studies that
have shown rapid internalization of [l25I]-Tyr4-bombesin in

other cell lines (24). However, the internalized radioactivity
rapidly decreased to 14.3% Â±8.4% at 30 min for [125I]-Tyr4-

bombesin, while only decreasing to 32.0% Â±9.0% at 4 hr for
['25I]-mIP-bombesin (Fig. 3). This is likely due to differences in

01234567

TimÂ« (hr)
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B

567

Time (hr)

FIGURE 5. Concentration (%ID/g) of [125l]-Tyr4-bombesinin (A)blood, (B) liver, (C) spleen and (D) kidney at various times after injection.Normal BALB/c mice
were injected Â¡.p.with ['25l]-Tyr4-bombesin and killed at 4 hr postinjection.
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FIGURE 6. Concentration (%ID/g) of [125l]-mlP-bombesinin (A)blood, (B) liver,(C) spleen and (D) kidney at varioustimes after injection.Normal BALB/c mice
were injected i.p. with [125l]-mlP-bombesin and killed at 4 hr postinjection.

the rates of cellular release of the catabolic products of the two
compounds. Previous studies have shown that proteins are
degraded to their individual amino acid components and that
proteins labeled with mlPNHS through available s-amine
groups of lysine are degraded to lysine-mlPNHS (25). There
fore, it is likely that [ I]-Tyr4-bombesin was catabolized to
[I25l]-monoiodotyrosine, and [l25I]-mIP-bombesin was catabo
lized to [125I]-mIP-glutamine [glutamine was the N-terminal
amino acid in bombesin(7-13)]. The [I25l]-monoiodotyrosine

product has an active transport mechanism for cellular release
(18,26), whereas it is unlikely that the same is true for
[125I]-mIP-glutamine.

A recombinant adenoviral vector (AdCMVGRPr) constructed to
encode the murine GRPr gene driven by the CMV promoter was
evaluated in vitro through the binding of [125I]-Tyr -bombesin or
[125I]-mIP-bombesin. The human carcinoma cell lines A427,

SKOV3.ipl and HeLa were induced to express GRPr as evidenced
by the binding of [l25I]-Tyr4-bombesin and [125I]-mIP-bombesin at

2 days postinfection (Fig. 4). The specificity of this binding is
illustrated by the lack of peptide binding when the cells were
infected with the control virus, AdCMVLacZ. The positive control
BNR-11 cells did not show any enhanced peptide binding when
infected with AdCMVGRPr.

Before applying this gene transfer methodology in vivo, the
biodistributions of [125I]-Tyr4-bombesin and [ I]-mIP-bomb-

esin were evaluated in normal BALB/c mice. The clearance of

radioactivity from normal tissues after i.p. injection of [I25I]-
Tyr4-bombesin and [125I]-mIP-bombesin was rapid. The [I25I]-

mlP-bombesin showed an early rapid distribution phase and a
slower elimination phase, whereas [125I]-Tyr4-bombesin

cleared blood and other tissues with a first order elimination
rate. The lower levels of radioiodine in the thyroid and stomach
after administration of [l25I]-mIP-bombesin suggest that this
peptide undergoes less deiodination than ['25I]-Tyr4-bombesin

(Fig. 7). This agrees with previous studies that show that
radiolabeling of proteins with [125I]mIPNHS resulted in less

deiodination than proteins labeled through tyrosine residues
(16,25,27).

The localization of these peptides was then compared in a
regional model of ovarian cancer with athymic nude mice at 7
days after i.p. inoculation of SKOV3.ipl tumor cells. This
tumor model was chosen because human ovarian cancer is
primarily confined within the peritoneal cavity, and previous
studies have shown that i.p injection of radiolabeled monoclo
nal antibodies result in higher tumor uptake than intravenous
administration (28,29). Tumor localization of the I25l-labeled
peptides was analyzed 4 hr postinjection, and [l25I]-mIP-

bombesin demonstrated significantly greater localization com
pared with [125I]-Tyr4-bombesin (Fig. 8). This might be ex

pected based on the internalization studies discussed earlier.
These differences in tumor localization of the two peptides may
also be explained by differences in the extent of deiodination of

BOMBESINLOCALIZATIONIN TRANSDUCEDOVARIANCARCINOMAâ€¢Rogers et al. 1227



Thyroid and Stomach Uptake of [125l]-Tyr4-BBN

and [125l]-mlP-BBN

Thyroid o = [125l]-Tyr4-BBN

â€¢= [125l]-mlP-BBN

Time (min)

FIGURE 7. Uptake of [^ll-Tyi^-bombesin ([125l]-Tyr"-BBN,(O) and [125I]-
mlP-bombesin ([125l]-mlP-BBN, â€¢)in the thyroid and stomach of normal

BALB/c mice. Data are expressed as the percent injected dose versus time.
Each data point represents the mean of five animals Â±s.d.

the two compounds. When mice were administered either saline
or AdCMVLacZ, there was little tumor localization of either
peptide, which demonstrated the specificity of GRPr induction.
The blood clearance of [125I]-Tyr4-bombesin and [125l]-mIP-

bombesin in this tumor model was similar to that observed in

1

ll-Tyr'-BBN [1B l|-mlP-BBN [12SIJ-Tyr'-BBN

AdCMVLacZ AdCMVGRPr

FIGURE 9. Tumor-to-blood ratios of f^-Ty^-bombesin ([125l]-Tyr"-BBN)
and [125l]-mlP-bombesin ([125l]-mlP-BBN) in athymic nude mice. Mice were
inoculated i.p. with 2 x 107 SKOV3.ip1 tumor cells. At day 5, they were
injected i.p. with 1 x 109 pfu of either AdCMVGRPr or AdCMVLacZ. Two
days after viral administration, animals were injected i.p. with either [125I]-
Ty^-BBN or [125l]-mlP-BBN and killed 4 hr later. Each data point represents

the mean of five animals Â±s.d.

normal mice resulting in a large tumor-to-blood ratio for
[l25I]-mIP-bombesin. There was also a larger uptake of both

compounds in other abdominal organs in mice administered
AdCMVGRPr compared with mice given either saline or
AdCMVLacZ. This could be due to dissemination of the
SKOV3.ipl tumors to these organs (12). Additionally, ectopie
expression of GRPr in these organs after AdCMVGRPr deliv
ery is possible and has been reported by others (30,31).

One could envision targeting the vector to human tumors in
vivo without infecting normal cells in the context of local/
regional disease. Adenoviral vectors have been injected into
tumor nodules or compartmentally in animals with high vector
concentrations and containment (32,33). For disseminated dis
ease, transductional (34) or transcriptional techniques (35-37)
have been developed that could be used to restrict expression to
tumors. This component of the targeting issue will be the
subject of future work.

30

25-

I AdCMVLacZ + [125 IJ-Tyr'-BBN

Ãœ AdCMVLacZ + [125 l]-mlP-BBN

Â§ AdCMVGRPr + [125 ll-Tyr'-BBN

XJ AdCMVGRPr + |125 l]-mlP-BBN

HT LU SI SP Kl SK BO MS TU PL UT

FIGURE 8. Biodistribution of bombesin
analogs in athymic nude mice. Mice were
inoculated i.p. with 2 x 107 SKOV3.ip1

tumor cells. At day 5, they were injected
i.p. with 1 x 109 pfu of the appropriate

adenovirus. Two days after viral adminis
tration, animals were injected i.p. with the
radiolabeled ligands and killed 4 hr later.
BL = blood; HT = heart; LU = lung;
U = liver; SI = small intestine; SP =
spleen; Kl = kidney; SK = skin; BO =
bone; MS = muscle; TU = tumor;
PL = lining of abdominal cavity; UT =
uterus. Each bar represents the mean of
five animals Â±s.d.
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CONCLUSION
The aim of this study was to demonstrate that a novel

approach for tumor diagnosis or therapy, which combines the
use of radiolabeled peptides with the genetic induction of high
affinity receptors on tumors, is rational. We described the
synthesis of [125I]-mlP-bombesin and showed that it had more
favorable internalization properties than ['25I]-Tyr4-bombesin

in a live-cell binding assay and that it had better tumor
localization in an ovarian tumor model induced to express the
GRPr with an adenoviral vector. This localization may be
enhanced even further through the use of an adenovirus con
taining a tissue-specific promoter. Future studies will investi
gate the therapeutic efficacy of radiolabeled bombesin analogs
in mice bearing tumors induced to express GRPr.
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