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he development of noninvasive and sensitive techniques
to image gene expression will positiyely impact the future of
gene therapy aimed at treating human diseases (1-4).
Reporters based on enzymatic systems (luciferase or @3-galac
tosidase), fluorescent markers (green fluorescent protein or
derivatives), or detection of protein products using immuno
histochemistry are excellent indicators of the expression of
transferred genes in vitro. Certain light-based reporters are
capable of measuring gene transfer noninvasively in the
retina (5) or in rodent disease models (6, 7). Fluorescent
probes that are activated by a transferred gene product,
though not yet described, are a logical extension of the
approach used by Weissleder et al. (8). However, these
light-based reporter systems are limited in their Capability for
widespread evaluation ofgene transfer to entire organ systems or
targeted disease in humans (e.g., cancer). Light-based re
porter systems for in vivo imaging are surface techniques.

Most reports of nomnvasive, in vivo imaging of gene
transfer are based on a common mechanism: the accumula
tion of an intravenously injected, radiolabeled compound at
the location of gene transfer and expression. An image
representing the distribution of the radiolabeled compound
is reconstructed, after externally detecting the â€˜yrays using y
camera, SPECT, or PET imaging techniques. The first
successful demonstration of in vivo imaging of gene transfer
in an animal tumor model followed transfer of the herpes
simplex virus 1 thymidine kinase gene (HSTK) (9â€”11).
HSTK phosphoiylates ganciclovir (a nontoxic prodrug) into
a toxic, trapped metabolite capable of killing the tumor cell.
By injecting a radiolabeled derivative of the prodrug
(5-[131IJ-2'-deoxy-2'-fluoro-@3-D-arabinofuranosyl-5-iodouracil

[FIAU}), HSTK-expressing tumor cells were detected by
measuring the local accumulation of radioactivity by â€˜y
camera and SPECT imaging. This same approach for
imaging gene transfer was extended to PET using specific
â€˜8F-labeledprodrug derivatives (12â€”16).A substrate specific

Gene therapy protocols require better modalities to monitor the
locationand level of transferredgene expression.One potential
in vivo mechanism to assess gene expression would be to
image the bindingof a radiolabeledpeptide to a reporter recep
tor that is expressedin targetedtissues.This conceptwas tested
in a tumor model using a replication-incompetentadenoviral
vector encoding the human type 2 somatostatin receptor
(Ad5-CMVhSSTr2). Expression of the hSSTr2 reporter was
imaged using a radiolabeled,somatostatin-avidpeptide (P829).
Methods: Bilateral subcutaneousA427 tumor xenografts were
establishedon the flanks of athymic nude mice. These human
origin, nonâ€”smallcell lung tumors are normally negative for
hSSTr2 expression. One tumor was injected directly with Ad5-
CMVhSSTr2,whereasthe secondtumorwas injecteddirectly
with a control Ad5 vector.The mice were injected intravenously
48 h later with P829 peptide that was radiolabeledto high spe
cific activity with @â€œTc(half-life, 6 h) or 1@Re(half-life, 17 h).
Tumors were frozen and evaluated for somatostatin receptor
expression using fluorescein-labeled somatostatin. Results:
The accumulation of radiolabeled P829 in hSSTr2-expressing
tumors was easily visualized by â€˜ycamera imaging 3 h after
injection. Imagingregionof interestanalysesand biodistnbution
studies confirmed a 5- to 10-fold greater accumulationof both
radiolabeled P829 peptides in the Ad5-CMVhSSTr2-injected
tumors versus control tumors injected with control Ad5 vectors.
Ad5-CMVhSSTr2-injectedtumorsaccumulated2.5â€”3.8percent
age injected dose per gram 3 h after injection. Only Ad5-
CMVhSSTr2-injectedtumors expressedsomatostatinreceptors,
as determined by immunohistochemistry.Conclusion: These
studies show the feasibilityof imaginga @â€œTc-IabeIedpeptide's
binding to a reporter receptor after in vivo gene trans
fer to tumor cells. The 1@Re-IabeIedpeptide worked equally
well for this imaging approach and offers the additional
advantage of energetic @3decay with potential therapeutic effi
cacy. @â€œTcand 1@Reare generatorproduced,an advantagefor
widespreadavailabilityand low cost, and both radioisotopescan
be imaged with existing, high-resolution modalities. There is
great potentialfor using @â€˜Tc-labeledpeptidesfor imaginggene
transfer with the hSSTr2 reporter receptor,especiallywhen the
reportercorrelateswith the expressionof therapeuticgenesthat
can be includedsimultaneouslyin the genetherapyvector.
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for mammalian thymidine kinase 1, 3'-deoxy-3'-['8F]fluoro
thymidine, was also applied for imaging cell proliferation
with PET (17). Cell proliferation can also be imaged by PET
using 5-['241]iodo-2'-deoxyuridine (18).

An alternate approach to the enzymatic-based reporter
system uses a reporter receptor, the in vivo expression of
which can be imaged by specific binding of its radiolabeled
ligand, agonist, or antagonist. One example of this approach
used a transplantable tumor stably expressing the type 2
dopamine receptor (D2R). After implantation in nude mice,
the D2R-positive tumors were imaged with an 18F-labeled
dopamine receptor antagonist, 3-(2'-['8F@jfluoroethyl)spiper
one (FESP) (16,19,20). An additional report, though more
indirect, involved in vitro studies by Weissleder et al. (21), in
which the binding of â€˜Iâ€˜Into melanin was detected by
imaging the cell culture dishes after transfer of the tyrosi
nase gene. None ofthese reports involved in vivo administra
tion of vectors used in gene therapy.

This study investigated the feasibility of using the human
type 2 somatostatin receptor (hSSTr2) as a reporter receptor
for imaging gene transfer. An adenoviral vector encoding the
hSSTr2 gene under control of the cytomegalovirus (CMV)
promoter (Ad5-CMVhSSTr2) was constructed to test this
concept. A427 cells (human nonâ€”smallceÃœlung, hSSTr2
negative) were infected with the Ad5-CMVhSSTr2, either in
vitro for binding assays or after implantation and tumor
growth in athymic nude mice. In this study, expression of the
transferred hSSTr2 gene was imaged noninvasively with a -y
camera using a 99mTc and a â€˜88Re-labeled somatostatin

analog (P829; Diatide, Inc., Londonderry, NH), which is a
synthetic peptide with high affinity for hSSTr2 (22,23).
Imaging data correlated with biodistribution data and mdi
cated a high sensitivity for imaging gene transfer by this
approach.

99mTc@iabeledP829 has a proven efficacy for detection of
somatostatin-positive tumors in animal models (22,23) and
somatostatin-positive lung and breast tumors in humans
(24,25). The U.S. Food and Drug Administrationapproved
the drug in August 1999. The usefulness of 99@Tc-labeled
P829 to image expression of the hSSTr2 reporter gene can
now be tested in human gene therapy trials. The advantages
of @Tcrelative to other radioisotopes that might be applied
to this approach include high specific activity, short half-life
(6 h), low dose associated with the mode of decay (no @3
emission), constant availability from generators, low cost,
abundant low-energy -y-ray emission (140 keV, 90%), and
widespread availability of -y cameras required for imaging
with this radioisotope. @Re,which has radiolabeling chem
istry similar to that of @Tc,also is obtained from a
generator at high specific activity. It has a half-life of 17 h
and can be imaged with its 15% abundant l55-keV -y-ray
emission. Because â€˜88Redecays by @3emission (maximum
binding capacity [Bmssl 2. 1 MeV), it is capable of
delivering a radiotherapy dose to somatostatin-receptor
positive tumors.

MATERIALS AND METHODS

CellLinesandAdenovirus
The A427 (nonâ€”smallcell lung cancer) and NCI-H69 (small cell

lung cancer) cells, as well as the 293 human transformed primary
embryonal kidney cells, were obtained from the American Type
Culture Collection (Rockville, MD). Cells were grown in Eagle's
minimum essential medium containing nonessential amino acids
and 1 mmol/L sodium pyruvate supplemented with 10% fetal
bovine serum. The cells were cultured at 37Â°Cin a humidified
atmosphere with 5% CO2 until ready for use. The replication
incompetent adenoviral vector encoding hSSTr2 complementary
DNA under the control of the CMV promoter element (Ad5-
CMVhSSTr2) was produced and purified as described (26). The
recombinant adenovirus was plaque purified, validated by the
polymerase chain reaction, and titered within 293 cells using
plaque assay techniques for direct determination of viral plaque
forming units (pfu). The replication-incompetent adenoviral vector
encoding Escherichia coli @3-galactosidaseunder control of the
CMV promoter element (Ad5-CMVLacZ) was obtained from
De-chu Tang (University ofAlabama at Birmingham, Birmingham,
AL). The replication-incompetent adenoviral vector encoding
thyrotropin-releasing hormone receptor under control of the CMV
promoter element (Ad5-CMVTRHR) was obtained from Erik
Faick-Pedersen (27).

Radiolabeling
Chemicals were from Fisher (Pittsburgh, PA) unless otherwise

noted. P829 kits containing 50 jig peptide, 0.1 mg disodium
ethylenediaminetetraacetic acid dihydrate (EDTA), 5 mg sodium
glucoheptonate dihydrate, and 50 pg SnC12 dihydrate were pro
vided by Diatide. The P829 kit was injected with 1 mL saline
containing 92 or 185 MBq @â€œTcO4-(Central Pharmacy, Birming
ham, AL) and boiled for 10 mm. The same protocol was followed
for radiolabeling with â€˜88ReO4-(92 MBq added), except an
additional 1.0 mg SnCl2 was added and boiling time was 15 mm.
The final solution was filtered through a 0.2-tim filter into a vial
containing gentisic acid (1 mg) as an antioxidant. â€˜88Rewas
obtained by elution of a â€˜88W/'88Regenerator obtained from Oak
Ridge National Laboratory (Oak Ridge, TN) (28,29). The radiola
beled P829 peptides were subjected to high-performance liquid
chromatography (HPLC) and instant thin-layer chromatography
(ITLC) analyses. The ITLC silica gel strips (Gelman Sciences, Inc.,
Ann Arbor, MI) were spotted with the radiolabeled P829 peptide at
1 end and eluted with either saturated saline, methyl ethyl ketone,
or a 50:50 mixture of methanol and ammonium acetate (1 mollL) as
the mobile phase. The strips were imaged with a -ycamera after
elution. P829-bound 9@â€•Tcand â€˜88Redid not migrate with either
saturated saline or methyl ethyl ketone. The radiolabeled P829
migrated only with the mixture of methanol and ammonium
acetate. For HPLC analyses, the radiolabeled P829 peptides were
injected on a Zorbax C18 column (Mac-Mod Analytical, Chadds
Ford, PA) equilibrated with 0.1% trifluoroacetic acid. A gradient of
20%â€”27%acetonitrile (0.1% tnifluoroacetic acid) over 30 mm
resulted in elution of the radiolabeled P829 at 19 mm with
radiometnicdetection.

ScatchardAnalysis
Binding characteristics of @â€œTc-P829and â€˜88Re-P829were

studied by Scatchard analysis using A427 membrane preparations
from uninfected cells and cells infected with Ad5-CMVhSSTr2 at
10pfu/cell.A427cellsat â€”80%confluencywereinfectedwith
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Ad5-CMVhSSTr2 at 10 pfu/cell in Optimem (Gibco-BRL, Grand
Island, NY) and incubated for 2 h at 37Â°Cin 5% CO2. The cells
were supplemented with complete media, incubated an additional
48 h at 37Â°C,and harvested to make cell membranes as described
(26). The membranes (10â€”30pg) were diluted in buffer(lO mmol/L
N-[2-hydroxyethyllpiperazine-N'-[2-ethanesulfonic acid], 5 mmol/L
MgCl2, 1 mmollL EDTA, 0.1% bovine serum albumin [BSAJ, 10
pig/mLleupeptin, 10 @.tg/mLpepstatin, 0.5 @ig/mLaprotinin, and 200
j.ig/mLbacitracin, pH 7.4), and 100 pL were added to each well of a
Multiscreen Durapore filtration plate (type PB, 1.0-pm borosilicate
glass fiber over 1.2-jim Durapore membrane; Millipore, Bedford,
MA) and filtered. Various concentrations of 9@â€•Tc-P829or â€˜88Re
P829 were added, with or without a 1000-fold molar excess of
unlabeled P829 as a blocking agent, to the membranes such that the
final concentrations of the radiolabeled peptides ranged from 0.1 to
15 nmol/L. The samples were incubated at room temperature (RT)
for 60 rain, washed twice with ice-cold buffer, and allowed to dry;
the individual wells were punched out and counted in a -ycounter.
The data were analyzed using the National Institutes of Health
(NIH) Ligand program (30).

Internalization Assay
A427 cells at â€”80%confluency were infected with Ad5-

CMVhSSTr2 at 10 pfulcell 48 h before addition of @â€œTc-P829or
â€˜88Re-P829at a final concentration of â€”0.8nmol/L. Uninfected
A427 cells were used as negative controls, and a 1000-fold molar
excess of unlabeled P829 was used to determine specific binding
and internalization. At 1 or 4 h after addition of @â€œTc-P829or
â€˜88Re-P829,the medium was aspirated, the cells were washed with
Hanks' balanced salt solution (HBSS) containing 20 mmol/L
sodium acetate (pH 4.0) to remove surface-bound radioactivity and
were harvested to determine the amount of internalized radioactiv
ity. Data are presented as the specific amount of radioactivity
surface bound or internalized as a percentage of the total radioactiv
ity added.

A similar, independent assay was conducted by adding 5 nmol/L
fluorescein-labeled somatostatin (Fluo-somatostatin; New England
Nuclear, Boston, MA) to uninfected A427 cells or A427 cells
infected with Ad5-CMVhSSTr2 at 100 plu/cell with incubation at
37Â°C.TwohoursafteradditionofFluo-somatostatin,thecellswere
trypsinized and resuspended in HBSS (containing 0.1% NaN3 and
1% BSA). Viable cells (10,000/sample) were analyzed by fluores
cence-activated cell sorting using a FACS Scan (Becton Dickinson,
Mountain View, CA).

Animal Tumor Model
Animal protocols were reviewed and approved by the Institu

tional Animal Care and Use Committee of the University of
Alabama. Female athymic nude mice (â€”20g) were obtained from
the National Cancer Institute Frederick Research Laboratory
(Frederick, MD) and inoculated with 2 X l0@A427 cells (1:1
mixture with Matrigel) subcutaneously on each rear flank. Fourteen
days later, 1 tumor (â€”0.2g) was injected directly with Ad5-
CMVhSSTr2, whereas the other tumor was injected directly with a
control adenovirus, either Ad5-CMVLacZ or Ad5-CMVTRHR.
The amount ofAd5 vector injected directly into the tumors was 10@
or lO'Â°pfu for mice injected intravenously 48 h later with
99mTcp829 and iO@pfu for mice injected intravenously 48 h later
with â€˜88Re-P829.@â€œTc-P829-injectedgroups (5.5-MBq dose)
contained 3 mice per group, the @Tc-P829-injectedgroup (9-MBq
dose) contained 4 mice, and â€˜88Re-P829-injectedgroups consisted
of 6 mice. Additional mice (n = 10) were also implanted with

NCI-H69 cells (human small cell lung cancer), a tumor line that
was known to be positive for hSSTr2. These mice were not injected
with adenoviral vectors.

BiodistributionStudies
Two daysafter theAd5 injections,the mice were injectedwith

@â€œTc-P829or â€˜88Re-P829.There were 2 different doses of @â€œTc
P829, either 5.5 MBq (0.15 pg) or 9 MBq (0.5 pig);only 1 dose of
â€˜88Re-P829was administered (9 MBq, 0.6 rig). Intravenous injec
tions into the tail vein were accomplished under halothane anesthe
sia. Syringes were counted before and after injection using an
Atomlab 100-dose calibrator (Biodex Medical Systems, Shirley,
NY) to determine the exact dose. When the animals were killed, the
tissues were collected, weighed, and counted in a Minaxi Auto
Gamma 5000 series -ycounter (Packard Instrument Co., Downers
Grove, IL). After the tissues were removed, the remaining carcass
was subdivided into vials for counting. Statistical comparisons
used ANOVA protocols in the Statistical Analysis System (SAS,
release 6.11; SAS Institute Inc., Cary, NC).

ImagingandRegionof InterestAnalyses
The mice were imaged with an Anger 420/550 mobile radioiso

tope -y camera (Techmcare, Solon, OH) equipped with a pinhole
collimator. Intrinsic resolution of the detector was 3.3 mm. Mice
were imaged initially and 3 h after injection using planar imaging
techniques. During imaging, the mice were maintained with
halothane anesthesia and positioned in ventral recumbency with the
legs extended from the body. For single-image sessions at least
50,000 total counts per image were collected. Image acquisition
time ranged from 3 to 10 mm, with the longer time required for
imaging â€˜88Re-P829.The tumor weight for all animals averaged
0.19 Â±0.02 g at the time of imaging.

Images were processed on a Pegasys computer processing
system (ADAC Laboratories, Milpitas, CA) or with a modified
version of NIH Image (NucMed.jmage; Mark D. Wittry, St. Louis
University) using standard region of interest (ROl) analyses. ROIs
included tumor, kidney, and whole animal. A background region
was drawn outside the animal image to correct the whole-mouse,
kidney, and tumor ROIs. Total counts and pixels were recorded for
all regions. The average counts per pixel for the background region
were multiplied by the pixels in the whole-animal and tumor ROIs;
that number was then subtracted from the counts in each respective
region to yield the actual count values for the whole animal and
tumor. The fraction of activity in the tumor region was calculated as
the ratio between the background-corrected counts in the tumor
region divided by the initial (immediately after intravenous injec
tion) background-corrected counts in the whole animal.

Immunohistochemistry
A separate group of mice (n = 4) bearing l4-d A427 tumor

xenografts was injected (intratumor, l0@ pfu) with either Ad5-
CMVhSSTr2 or Ad5-CMVTRHR. After 2 d the mice were killed.
Both tumors were cut into pieces and frozen in â€˜flssueTekOCT
(Miles, Inc., Elkhart, IN). Six-micron frozen sections were cut,
mounted on Plus slides, and stored at â€”20Â°Cfor up to 3 d. The
slides were incubated at RT in HBSS containing 0.001% phenol,
0.1% glucose, 1% BSA, and 40 mg/L bacitracin for 30 mm.
Fluo-somatostatin was diluted with the above-modified HBSS to
30 pmol/L immediately before use. The HBSS was drained from
the slides, and the somatostatin peptide was added to the tissue
sections for 2 h at RT in humidity chambers. Aqueous 3% H2O2was
added for 5 mm to quench endogenous peroxidase. After rinsing
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with HBSS, 3% goat serum in PBE buffer (1 g bovine serum
albumin, 0.0292 g EDTA, 0.00975 g NaN3,added to 100 mL PBS;
pH adjusted to 7.6) was applied for 20 mm at RT as a nonspecific
block (31). The goat serum was drained and replaced by 10 or 20
jig/mL antifluorescein (rabbit polyclonal, antifluorescein biotin
conjugate [Molecular Probes, Inc., Eugene, OR]) in PBE buffer,
and the frozen sections were incubated for 1 h at RT. The slides
were rinsed 3 times (2 mm each) with tris buffer and fixed for 1 h
with neutral buffered formalin. The biotimylated antibody was
localized with Ultra Streptavidin Peroxidase (Signet Laboratories,
Dedham, MA) for 20 mm. The chromogen used was 3,3'-
diamimobemzidine(BioGenex, San Ramon, CA). The tissues were
counterstained with hematoxylin for I mm, washed with running
tap water for 4 mm, and dehydrated with graded alcohols (70%â€”
95%), absolute ethanol, and xylenes (3 times) for 5 mm each and
mounted with Permount (Fisher).

RESULTS
Radiolabelingof P829andIn VitroAnalyses

The P829 peptide was radiolabeled with @â€œTcand 188Re
at high specific activity (18â€”36MBq/pg protein) and the
radiochemical purity ofeach was >95% by ITLC and HPLC
analyses. The equilibrium dissociation constant (Ku) deter
mined from the Scatchard analyses for @â€œTc-P829(n = 3)
binding to cell membranes from A427 cells infected with
Ad5-CMVhSSTr2 was 7 Â±1 nmollL, whereas the K,@for
â€˜88Re-P829(n = 2) was 6.0 Â±2 nmol/L (Fig. 1). The B@
values determined with 99mTc@P829and 188Re-P829 were
similar (129 and 122 fmol/j.ag protein, respectively). Because
of the lack of hSSTr2 on uninfected A427 cells, the@ and
B,,,,@valuescouldnotbedetermined.

For the internalization assay, the amount of surface-bound
99mTc..p829 was similar 1 or 4 h (3.3% and 3.1%, respec
tively) after addition of the radiolabeled peptide to A427
cells infected with AdS-CMVhSSTr2 48 h previously (Fig.
2). This compared with 4.0% and 2.5% of â€˜88Re-P829being
surface bound at 1 and 4 h, respectively. The internalization
of @â€œTc-P829and â€˜88Re-P829into A427 cells infected 48 h
earlier was similar at 1 and 4 h after addition of the
radiolabeled peptides. @â€œTc-P829had 1.7% and 9.2%
internalized at 1 and 4 h, respectively, compared with 1.2%
and 9.9% for 188Re-P829. Uninfected A427 cells had <0.4%
of the radioactivity bound or internalized at 1 or 4 h for
either radiolabeled peptide (data not shown). By flow
cytometry analyses, uninfected A427 cells incubated with
Fluo-somatostatin had a mean fluorescence intensity of 3.0.
This value was substantially lower than that of cells infected
with Ad5-CMVhSSTr2 at 100 pfu/cell, which had a mean
fluorescence intensity of 27.7.

ImagingandBiodistributionof @â€˜Tc-P829
The â€œycamera imaging position and location of the

subcutaneous tumors are shown in Figure 3A. Representa
tive images are presented for @â€˜@Tc-P829(5.5 MBq, 0.15 pg)
at 3 mm after intravenous injection (Fig. 3B) and at 3 h (Fig.
3C) in 3 mice bearing A427 tumors that were injected
directly 48 h earlier with either Ad5-CMVhSSTr2 or Ad5-
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FIGURE1. Scatchardanalyses.Representativeplotsof @mTc
P829 (A) and 1@Re-P829(B) binding to A427 cells (membrane
preparations)that were infected with Ad5-CMVhSSTr2or Ad5-
CMVLaCZ. Specific high-affinity binding was shown only for
Ad5-CMVhSSTr2-infectedcells. K,@values for @â€œTc-P829and
1seRe@P829averaged7 and 6 nmoVL,respectively.

CMVLacZ. The tumors injected with the Ad5-CMVhSSTr2
showed accumulation of 99mTc@P829and were visible on the
images. The Ad5-CMVLacZ-injected tumors did not show
accumulation of the tracer. The images show the blood
clearance of the peptide with high uptake in the kidneys. The
uptake of 99mTcp829 was measured by ROI analyses; data
are summarized in Figure 3D. For both adenovirus doses
there was approximately a 5- to 10-fold higher accumulation
of the radiotracer in Ad5-CMVhSSTr2-injected tumors
compared with that in Ad5-CMVLacZ-injected tumors. By
ROI analyses, the percentage injected dose (%ID) per tumor
ROIin theAd5-CMVhSSTr2-injectedgroup(10@pfu)was
0.9 Â±0.1 %ID in contrast to the Ad5-CMVLacZ-injected
group (l0@ pfu) at 0.22 Â±0.06 %ID. Tumors injected with
the higher viral titer ofAd5-CMVhSSTr2 (1010pfu) showed
statistically significant (P < 0.05) higher uptake of @â€œTc
P829 in the tumor ROI (1 .5 Â± 0.2 %ID/tumor-ROI)
compared with the lower Ad5-CMVhSSTr2 dose.

In an additional experiment, mice (n 4) were injected
with a 3-fold higher mass of 99mTc@P829(9 MBq, 0.5 jig).
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cal with that found for the lower 99mTc@P829dose (0.15 jig).
Tumor uptakes averaged 0.9 Â± 0.1 %ID/tumor-ROI in
Ad5-CMVhSSTr2-injected tumors and 0. 1 Â±0.02 %ID/
tumor-ROl in the control, Ad5-CMVTRHR-injected tumors.

The mice were killed and organs were collected for
individual analyses after the 3-h imaging session. Results of
these analyses are presented in Figure 4. Uptakes of

@Tc-P829in tumor (%JDIg) are presented in Figure 4A for
mice injected 48 h earlier with the adenoviral vectors. There
was excellent agreement between the increased uptake of
99â€•@Tc-P829in the Ad5-CMVhSSTr2-injected tumors by
direct measurement (Fig. 4A) and imaging ROI analyses
(Fig. 3D). For mice injected with @â€œTc-P829at 48 h after
AdS doses, the uptake in AdS-CMVhSSTr2-injected tumors
ranged from 2.5 to 3.8 %ID/g. The uptake in Ad5-CMVLacZ
injected tumors in the same mice was approximately 10-fold
less, at 0.4 Â±0.1 %ID/g. Uptake results from mice bearing
another xenograft, human lung tumor (NCI-H69, naturally
hSSTr positive), are included in Figures 4A for comparison.
This comparison shows thatAd5-mediated transfer of hSSTr2
to A427 tumors (normally hSSTr2 negative) resulted in
hSSTr2 levels that were higher than the hSSTr levels
normally found on NCI-H69 tumor cells because the tumor
uptake of @â€œTc-P829(0.6 Â±0.1 %ID/g, n 10) was
significantly lower (P < 0.05). Although not included with
the data presented in Figure 4, the higher dose of @Tc-P829
(0.5 jig) resulted in similar tumor uptake. Ad5-CMVhSSTr2-
injected tumors accumulated 3.1 Â±1 %IDIg, whereas the
control Ad5-CMVTRHR-injected tumors averaged 0.5 Â±
0.04 %IDIg.

Figure 4B presents the uptake of @â€œTc-P829in normal
tissues in the mice. The kidney, which showed the highest
accumulation, is not included on the graph. Kidney binding
was dose dependent, averaging 165 Â± 10 %IDIg for the
lower dose of 99mTcp829 (0.15 jig) and increasing to 210 Â±
10 %ID/g for the higher dose @â€œTc-P829(0.5 jig). The
uptake in kidney, as determined by ROI analyses, was in
complete agreement with the uptake determined by remov
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FIGURE3. -ycameraimagingofmiceinjectedwith @Tc-P829.Imagingpositionisshownin(A),with3 representativeimagesof
miceat 3 mm(B)and3 h (C)after intravenousinjection.Circlesin (C) indicatelocationof humanA427tumors injected48 h earlierwith
Ad5-CMVhSSTr2,and squares indicatehumanA427 tumors injected48 h earlierwith Ad5-CMVLacZ.(D) Resultsof ROI analyses.
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FIGURE2. Internalizationassays.DatashownaremeansÂ±
SEM for @Tc-P829(A)and 1@Re-P829(B) using A427 cells that
were infectedwithAd5-CMVhSSTr2.Statisticallysignificantinter
nalizationwas shownat 4 h for both radiolabeledpeptides.

This experiment compared Ad5-CMVhSSTr2-injected tu
mors with Ad5-CMVTRHR-injected control tumors at 48 h
after direct injection of l0@pfu. ROl analyses of the 3-h
images showed a 99mTc..p829accumulation that was identi
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FIGURE4. Uptakeof @Tc-P829by-ycounteranalyses.DatashownaremeansÂ±SEMat3 hafterintravenousinjectionintumors
(A)andnormaltissues(B).NCI-H69(hSSTr2-positivetumor)isincludedforcomparison.Eachmousehad2 tumorsthatwereinjected
directlywith eitherAd5-CMVhSSTr2orAd5-CMVLacZ(1 x 10@pfu/tumor).99mTc..p829was injected48 h afterAd5 vector injections.

ing and counting the organ in a -y counter. The tissues with
significant uptake (highest to lowest) were kidney, liver,
spleen, and lungs. The latter 3 tissues showed lower uptake
of @â€œTc-P829with the higher dose. All other tissues had
relatively low uptake of 99mTc..p829.

ImagingandBiodistributionof 1Â°@Re-P829
Images are presented in Figure 5 for â€˜88Re-P829alter

intravenous dosing (9 MBq, 0.6 jig) in mice bearing A427
tumors that were injected directly 48 h earlier with either
Ad5-CMVhSSTr2 or Ad5-CMVLacZ. Similar to the 99â€•Tc
labeled peptide, the 188Re-labeledP829 showed high uptake
in the kidneys at 3 h. Tumors injected with Ad5-CMVhSSTr2

showed accumulation of 188Re-P829 and were visible on the
images. Ad5-CMVLacZ-injected tumors did not show accu
mulation of the â€˜88Re-P829.

Figure 5B presents the results (n = 6 mice) of ROI
analyses from imaging as well as -y counter analyses alter
removing the tumors when the animals were killed. The
uptake of â€˜88Re-P829in Ad5-CMVhSSSTr2-injected tumors
averaged 1.6 Â±0. 1 %ID/tumor-ROI or 2.9 Â±0.8 %ID/g (-y
counter). In contrast, the uptake in control, Ad5-CMVTRHR
injected tumors was 0.4 Â±0.0 5 %ID/tumor-ROI or 0.3 Â±
0.05 %ID/g(-ycounter).Theseresultsaresimilarto those
presented for 99mTcp829 The uptakes of 188Re-P829 in
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FIGURE5. Imagingandtissueuptakeof
@Re-P829.Datashownare imagesat 3 h

after dosing (A), tumor uptake determined
by ROI analysesor -ycounteranalyses (B),
and uptake in normal tissues (C). Data are
expressedas meansÂ±SEM. Circlesin (A)
indicate location of human A427 tumors
injected 48 h earlier with Ad5-CMVhSSTr2,
and squares indicate human A427 tumors
injected 48 h earlier with Ad5-CMVTRHR.
1@Re-P829wasinjectedintravenously48 h
after Ad5 vector injections, and mice were
imagedand killedat 3 h.
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other tissues are presented in Figure 5C. These data show
that â€˜88Re-P829had lower accumulation in liver, spleen, and
lungs compared with 99mTc@,p829(Fig. 4C). The kidneys,
which are not included in Figure 4C, showed accumulation

of 187 Â± 10 %ID/g, which was similar to the results
obtained with 99mTc..p829

Immunohistochemistry
After imaging, the tumors were removed and analyzed by

immunohistochemistry. Ad5-CMVTRHR-injected tumors
showed minimal background staining, primarily in scattered
macrophages. Ad5-CMVhSSTr2-injected tumors showed
cells expressing somatostatin receptors in 3 of the 4 tumors
that were examined. Of interest, the negative tumors had low
uptake of the radiolabeled peptide (data not shown). The
location of the positive areas appeared to be along the Ad5
needle tract and at the termination of the probable injection

site. In addition, areas of necrosis were noted frequently at
the terminations of the probable injection tracts for the
Ad5-CMVhSSTr2-injected tumors. Figure 6A shows cells
expressing somatostatin receptor along an apparent injection
tract. Figure 6B shows no staining in a similarly stained
frozen section from the matching control tumor from the
same mouse.

DISCUSSION

These studies have shown that P829 peptide was effi
ciently labeled with both @â€œ@Tcand â€˜88Rein a manner that
retained specific, high-affinity binding to the type 2 somato
statin receptor. Internalization assays showed a disappear
ance of bound peptide (99mTcor â€˜88Relabeled) from the
surface of Ad5-CMVhSSTr2-infected cells, with increasing

intracellular accumulation over time. Specific internaliza
tion of fluorescein-labeled somatostatin was also shown by
flow cytometry. The accumulation of P829 in the tumor cells
over time may be an important aspect of high sensitivity for
imaging (99mTc..p829) and delivery of a therapeutic dose
(â€˜88Re-P829).

The expression of hSSTr2 resulting from Ad5-mediated
transfer to A427 tumors (by direct injection) was imaged
after injection of either 99mTc@or â€˜88Re-P829peptides. This
capability provided a noninvasive assessment of the level
and extent of gene transfer and was confirmed by immuno
histochemistry. One index of the sensitivity of the technique
is the tumor uptake (%ID/g), which reached 3.8 and 2.9
%ID/g for 99mTcp829 and â€˜88Re-P829,respectively. This
uptake was higher than that found for a naturally hSSTr2-
positive xenograft tumor, which showed levels of 0.6 Â±0.1
%ID/g. The uptake of radiolabeled P829 in tumors (%IDIg)
was also greater than that reported for the accumulation
â€˜311-FIAUin subcutaneous tumors injected with HSTK
expressing cells (10). The reported values in the studies by
Tjuvajev et al. (10) were typically in the range of 0.2â€”1
%ID/g, with the highest value at 1.3 %ID/g. Further studies
with subcutaneous tumors injected with HSTK-expressing

cells by Tjuvajev et al. (11), using â€˜24I-FIAU,showed tumor
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FIGURE6. Immunohistochemistryof adenovirus-injectedtu
mor xenografts. Stained frozen sections (x200) are from Ad5-
CMVhSSTr2-injectedtumor, which shows cells expressing so
matostatin receptors along apparent injection tract (A, arrows)
(necrosisis at apparentendoftract, upperand lowerarrows)and
Ad5-CMVTRHR-injectedtumor from same mouse as in (A)
showingonly scatteredmacrophagestaining(B).

accumulations of 0.1â€”0.2%ID/g at 50 h, 10-fold higher than
that of negative tumors. The â€˜24I-FIAUallowed PET imag
ing at high resolution and showed heterogeneous expression
of the HSTK in the tumor. PET imaging (using 18F-FESP)
was also used to repeatedly image tumors expressing a
stable D2R transgene (20). These studies (11,20) suggest that
future clinical trials will benefit from a high-resolution
technique for imaging gene transfer. A combination of
SPECT with the hSSTr2 reporter, 99mTc@P829system de
scribed here would provide an alternative, high-resolution
and high-sensitivity approach.

The uptake of 99mTcp829 in the Ad5-CMVhSSTr2-
injected tumors was used to estimate the number of hSSTr2
receptors produced per Ad5-infected cell. For the purpose of
these calculations, it was assumed @â€œ@Tc-P829and unlabeled
P829 had similar binding affinity for the hSSTr2 receptor.
On the basis of this assumption, a tumor uptake of 1% of the
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99mTc.@p829(total dose = 0.5 jig), as determined from
imaging ROl analyses, would equal 1012 total P829 mol
ecules. From cell culture studies it was determined that 40%
of A427 cells were infected when a multiplicity of infection
equal to 10 was used for the Ad5-CMVhSSTr2 infection
(data not shown). Assuming the 40% infection level is a
maximum, and in vivo infection is only 10% as effective,
then direct tumor injections of Ad5-CMVhSSTr2 (10@pfu)
would infect an estimated 4 X 10' tumor cells (0.4 X 0.1 X
10@).Assuming 1 P829 molecule binds per hSSTr2 receptor,
then 1012P829 molecules divided by 4 X l0@infected cells
would equal 25,000 hSSTr2 receptors/cell. Further studies
are necessary to determine the precise in vivo number of
hSSTr2 receptors induced by Ad5-CMVhSSTr2. However,
this work shows that in vivo imaging easily detected
relatively limited hSSTr2-expressing cells in the A427
tumors.

Because mice were killed immediately alter imaging, it
was possible to compare imaging ROI analyses with the
results of counting the tissues separately. There was excel
lent agreement between the 2 methods for uptake in the
kidneys. However, when the tumor upta.kes (%ID) as
determined by imaging ROl analyses (Ad5-CMVhSSTr2-
injected) were normalized to tumor weights, the calculated
values (%ID/g) were higher than the results obtained when
the tumors were removed and counted in a -y counter.
Because the discrepancy was greatest for the smallest
tumors, it is probably accounted for by leakage of the Ad5
vector outside of the tumor. The imaging would not distin
guish between uptake in tumor and hSSTr2-positive cells
immediately adjacent to the tumorâ€”for example, the skin.
However, skin was removed when the tumor was measured
separately.

The retention of @â€œTc-P829and 188Re-P829 in the
Ad5-CMVhSSTr2-injected tumors was very similar. This
similarity was also true for most other tissues, with the
exception that 188Re-P829had slightly less binding in the
liver and spleen. Overall, the highest uptake for both
radiolabeled P829 peptides was in the kidney. Obviously, the
high kidney clearance contributed to the low residual blood
activity and therefore low background for imaging the
hSSTr2-positive tumor cells. The high kidney uptake will
not be a significant problem for most future human imaging
applications because imaging modalities can distinguish this
organ from other anatomic areas of interest. However, for
therapy applications, the high kidney uptake will limit the
maximum dose that can be administered. Also, lysine
injections have been shown to lower the kidney uptake of
other radiolabeled somatostatin analogs and antibodies
(32,33).

Gene therapy vectors have been developed to encode 2
genes (34,35). Therefore, it is possible to construct a gene
therapy vector that includes a gene to function only as a
reporter for in vivo imaging, with simultaneous inclusion of
a second therapy gene. We constructed this type of bicis
tronic adenoviral vector, combining the hSSTr2 gene with a

second therapy gene encoding cytosine deaminase. Work is
currently in progress to correlate @Tc-P829uptake with
cytosine deaminase enzymatic activity. A second adenoviral
vector encoding the hSSTr2 and HSTK genes has been
produced. These vectors represent potential applications for
the hSSTr2 gene as a reporter with the imaging capability
provided by the 99mTcp829 described in this article. An
additional possibility is that the reporter gene may also
function as a therapy gene. In this situation, â€˜88Re-P829
would offer the advantage of a strong @3emission for therapy,
while still allowing imaging with the l55-keV -y-ray emis
sion.

Both @â€œ@Tcand â€˜88Reare produced from generator sys
tems, which allow widespread distribution at relatively low
cost. The particleless decay of @â€œTcis an advantage for
minimizing radiation dose, whereas the short half-life (6 h)
would allow repeated evaluations. â€˜ycamera and SPECT
imaging systems currently used in nuclear medicine are
ideal for imaging both @â€œTcand 188Re. All of these
advantages make this approach for imaging gene transfer
particularly attractive. The system reported in this article is
the first generation and, undoubtedly, future improvements
will lead to increased sensitivity and accuracy.

CONCLUSION

The specific, localized expression of a reporter receptor in
human tumor xenogralts in mice after gene transfer with an
adenoviral vector was detected by -y camera imaging and
immunohistochemistry. Imaging the expression of the re
porter hSSTr2 receptor with radiolabeled peptides has great
potential for human applications, in particular for determin
ing the targeting of gene therapy vectors.
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