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The radiotargeted gene therapy approach to localizing radionu-
clides at tumor sites involves inducing tumor cells to synthesize
a membrane-expressed receptor with a high affinity for injected
radiolabeled ligands. A second strategy involves transduction of
the sodium iodide symporter (NIS) and free radionuclide ther-
apy. Using the first strategy, induction of high levels of human
somatostatin receptor subtype 2 expression and selective tu-
mor uptake, imaging, or growth inhibition with radiolabeled
somatostatin analogs has been achieved in human tumor xeno-
graft models. Therapy studies have been performed on several
tumor xenograft models with various radionuclides using the
NIS radiotargeted gene therapy approach. The use of gene
transfer technology to induce expression of high-affinity mem-
brane receptors or transporters can enhance the specificity and
extent of radioligand or radionuclide localization in tumors, and
the use of radionuclides with appropriate emissions can deliver
radiation-absorbed cytotoxic doses across several cell diame-
ters to compensate for limited transduction efficiency. Clinical
studies are needed to determine the most promising of these
new therapeutic approaches.
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Radiolabeled somatostatin analogs (e.g., 111In-pentet-
reotide [OctreoScan; Mallinckrodt Inc.] or 99mTc-depreotide
[Neotect; Diatide Inc.]) have been used to target human
somatostatin receptor subtype 2 (hSSTr2)–positive tumor
cells for imaging of patients (1,2). The peptides have been
labeled with various radionuclides for therapeutic applica-
tions, which have been performed on preclinical animal
models (3–5) and on cancer patients (6,7). Despite the
success of these investigations, improved targeting strate-
gies are needed to produce an even greater effect in the
treatment of cancer. One approach is to use gene transfer
methods to upregulate tumor-associated receptor expres-
sion, followed by systemic administration of radiolabeled
peptide. We have developed replication-defective adenovi-

ral (Ad) recombinant vectors that transfer the hSSTr2-en-
coding gene to tumors, enhancing uptake of radiolabeled
somatostatin peptide analogs to tumor cells. The use of
these vectors to produce preferential tumor localization of
radiolabeled somatostatin analogs in animal xenograft mod-
els has been described (8–11). A potential advantage of
genetic transduction of hSSTr2 is that the level of expres-
sion may be greater than what are the generally otherwise
low tumor concentrations of such receptors.

A second approach to radiotargeted gene therapy is the
transduction of tumors with transporters such as the sodium
iodide symporter (NIS) gene, which is responsible for the
active uptake and concentration of iodide, pertechnetate,
perrhenate, and astatide (12–14). Both approaches for ra-
diotargeted gene therapy may be enhanced by codelivery of
a second therapeutic gene such as herpes virus thymidine
kinase (TK) or cytosine deaminase (CD) to accomplish
molecular prodrug therapy (11,15). That therapeutic ap-
proach involves insertion and expression of an enzyme in a
target cell that converts a nontoxic prodrug to a toxic drug.
Two of the most widely studied systems are TK and CD.
Transduction of tumor cells with the TK gene phosphory-
lates nucleoside prodrugs such as ganciclovir (GCV), re-
sulting in inhibition of DNA synthesis and cell death. CD is
a nonmammalian enzyme that catalyzes the formation of
uracil by the deamination of cytosine. When 5-fluorocy-
tosine (5-FC) is the substrate, CD will produce 5-fluoro-
uracil, a cancer chemotherapeutic and radiosensitizing
agent. The CD gene has been used successfully in gene
therapy studies in animal tumor models. Results reported by
our group and other investigators involving combination of
radiation therapy with molecular prodrug therapy have
shown that CD-based prodrug therapy sensitizes tumor cells
to external-beam radiation both in vitro and in vivo (16).
Studies involving combination of radiolabeled peptide ther-
apy with molecular prodrug therapy are described in this
article.

Linking tumor transduction of the hSSTr2 or the NIS to
induced binding of radiolabeled ligands or radionuclides
might enhance the therapeutic effect, since cells near bound
ligand or internalized radionuclide may be killed from ex-
posure to the local radiation field. When used with radio-
nuclide therapy, uniform systemic incorporation of the ge-
netic construct into tumor cells is not necessary, because of
this crossfire effect. There are 2 potential advantages to the
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genetic transduction approach: Constitutive expression of a
tumor-associated receptor or transporter is not required, and
tumor cells are altered to express a new target receptor or
transporter at levels that increase tumor targeting of radio-
labeled ligands or free radionuclides and increase therapeu-
tic efficacy.

The target of many therapy studies with radiolabeled
peptides has been hSSTr2, which is expressed on several
human tumors including neuroendocrine, ovary, kidney,
breast, prostate, lung, and meningioma tumors (17). The
somatostatin receptor group includes gene products encoded
by 5 separate somatostatin receptor genes. Somatostatin
receptor subtype 2 is the most prominent somatostatin re-
ceptor on human tumors. The receptors are expressed at
varying levels in the brain, gastrointestinal tract, pancreas,
kidney, and spleen. All 5 receptors show high-affinity bind-
ing to natural somatostatin peptide (either somatostatin-14
or somatostatin-28). Octreotide, P829, and P2045 are syn-
thetic somatostatin analogs that preferentially bind with
high affinity to somatostatin receptor subtypes 2, 3, and 5 of
human, mouse, or rat origin (18–20). Somatostatin and its
analogs effectively inhibit the proliferation of various types
of cancer cells as a result of binding to hSSTr2 (21).

Octreotide is an 8-amino-acid peptide that has a high
affinity for hSSTr2 and is stable toward in vivo degradation
relative to the endogenous 14-amino-acid somatostatin-14
peptide. Octreotide and other somatostatin analogs have
been conjugated with bifunctional chelating agents, for
complexing radiometals, and their amino acid sequence
changed to increase their hSSTr2 binding affinity and opti-
mize their normal organ clearance. Somatostatin analogs
have been labeled with several radionuclides, including
111In, 90Y, 64Cu, 177Lu, and 188Re, for therapeutic applica-
tions in preclinical models (3–5,22) or clinical trials (23–
25). 90Y-1,4,7,10-tetraazacyclododecane-N,N�,N�,N�-tetra-
acetic acid (DOTA)-D-Phe1-Tyr3-octreotide (SMT 487) was
administered to patients with malignant tumors (carcinoids,
breast cancer, medullary thyroid cancer, meningioma) in a
phase I trial (23). Complete and partial responses were
obtained in 25% of patients, and 55% showed stable disease
lasting at least 3 mo. Thus, several radiolabeled somatosta-
tin analogs have shown potential as radiotherapeutic agents
in animal tumor models and in humans.

STUDIES COMBINING RADIOTHERAPY AND
MOLECULAR PRODRUG THERAPY

Study Descriptions
A replication-incompetent Ad vector encoding the gene for

hSSTr2 (subtype a) under control of the cytomegalovirus promoter
(AdCMVhSSTr2) was produced (8). In vitro binding of 125I-
somatostatin, 99mTc-P829 (99mTc-depreotide), and 111In-diethylene-
triaminepentaacetic acid (DTPA)-D-Phe1-octreotide (111In-pentet-
reotide) to cells or cell membrane preparations of human ovarian
and non–small cell lung cancer cells infected with AdCMVhSSTr2
was shown by imaging of cells in plates (26) or counting of cell
membrane preparations (8). To evaluate the ability to induce

receptor expression in an animal model, AdCMVhSSTr2 was
injected intraperitoneally into athymic nude mice bearing SK-OV-
3.ip1 human ovarian tumors in the peritoneum. �-Camera imaging
was used to detect hSSTr2 expression in subcutaneous A-427
non–small cell lung tumors injected with AdCMVhSSTr2 using
188Re-P829 somatostatin analog (9).

99mTc-P2045 binds with high affinity to hSSTr2 and has favor-
able in vivo biodistribution (19). 99mTc-P2045 tumor uptake was
evaluated in mice bearing SK-OV-3.ip1 tumors in the peritoneum
injected intraperitoneally with AdCMVhSSTr2 (1 � 109 plaque-
forming units [pfu]). In another study, 99mTc-P2045 was injected
intravenously 2 or 4 d after AdCMVhSSTr2 intratumoral injection
in mice bearing subcutaneous A-427 tumors, and the animals were
imaged using a �-camera 3.5–4.5 h later.

Tumor localization of 64Cu-1,4,8,11-tetraazacyclotetradecane-
N,N�,N�,N��-tetraacetic acid (TETA)-octreotide was studied in
mice bearing intraperitoneal SK-OV-3.ip1 human ovarian tumors
induced to express hSSTr2 with AdCMVhSSTr2. 64Cu is a poten-
tially therapeutic radionuclide that can be imaged by PET. In a
therapy study, a single administration of 51.8 or 74 MBq of
64Cu-TETA-octreotide 2 d after AdCMVhSSTr2 injection was
used in mice bearing intraperitoneal SK-OV-3.ip1 tumors. Also,
51.8 MBq of 64Cu-TETA-octreotide was administered 2 d after
AdCMVhSSTr2 injection, followed by a second dose of AdCM-
VhSSTr2 11 d later and administration of 25.9 MBq of 64Cu-
TETA-octreotide 2 d afterward.

Another somatostatin analog that has been used for therapy is
90Y-SMT 487 (4,23). Nude mice bearing subcutaneous A-427
tumors were administered 1 � 109 pfu of AdCMVhSSTr2 intra-
tumorally (day 0). Mice received an intravenous injection of either
14.8 or 18.5 MBq of 90Y-SMT 487 on days 2 and 4. The mice
received an additional intratumoral injection of AdCMVhSSTr2
on day 7, followed by 2 more 14.8- or 18.5-MBq doses of 90Y-
SMT 487 on days 9 and 11. Control tumor-bearing mice either did
not receive treatment or received four 18.5-MBq doses of 90Y-
SMT 487 on days 2, 4, 9, and 11 without AdCMVhSSTr2 injec-
tions (27).

Ad vectors were produced expressing hSSTr2 with a second
therapeutic gene (TK or CD). This offers the potential for combi-
nation therapy using radiolabeled somatostatin analogs and prodrugs
such as GCV or 5-FC. Localization and imaging studies were per-
formed using a bicistronic nonreplicative Ad vector encoding
hSSTr2 and TK in a non–small cell lung cancer xenograft model
(11). The A-427 tumors were injected intratumorally with the
bicistronic vector (AdCMVhSSTr2TK), and the animals were im-
aged for hSSTr2 expression with 99mTc-P2045 and TK with 131I-
2�-fluoro-2�-deoxy-1-�-D-arabinofuranosyl-5-iodouracil (FIAU).

Bicistronic Ad vectors encoding for hSSTr2 and the TK enzyme
were constructed and evaluated (11). The rationale for the con-
struction of these vectors is 2-fold. First, hSSTR2 can be used for
noninvasive imaging to determine expression of the therapeutic
gene (TK) in vivo (11). Second, hSSTR2 can be used for therapy,
and the combination of this with TK-mediated prodrug therapy
may have an additive or synergistic therapeutic effect. The
AdCMVhSSTr2TK was injected intratumorally into A-427 tumors
at 2 � 108 pfu on days 20 and 27. The 90Y-SMT 487 was
administered intravenously on days 22, 24, 29, and 31 at 18.5 MBq
per injection. The GCV was administered intraperitoneally at 50
mg/kg daily for 14 d beginning on day 22. Controls included
administration of unlabeled SMT 487 alone, GCV alone, or 90Y-
SMT 487 alone.
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Bicistronic Ad vectors encoding for hSSTr2 and the CD enzyme
were constructed and tested. Ad vectors expressing CD and
hSSTr2 (AdCox-2LCDhSSTr2 and AdCox-2LhSSTr2CD) were
produced using the long (L) length Cox-2 promoter. hSSTr2 has
been used as a target for noninvasive imaging to determine ex-
pression of the therapeutic gene (CD) in vivo (11). Also, hSSTr2
can be used for radioligand therapy, and the combination of this
with CD-mediated molecular prodrug therapy may result in radio-
sensitization. The A-SPECT system (�-Medica, Inc.) was used for
SPECT, with a total of 64 individual projections collected (30 s
each) using a 1-mm pinhole collimator. Therapy studies were
performed with AdCMVhSSTr2CD injected intratumorally into
A-427 tumors at 1 � 109 pfu on days 20 and 27. 90Y-SMT 487 was
administered intravenously on days 22, 24, 29, and 31 at 18.5 MBq
per injection. The 5-FC was administered intraperitoneally at 400
mg/kg twice a day for 5 d beginning on day 21, followed by
another 5-d cycle beginning on day 28.

Study Results
Induction of hSSTr2 In Vivo and Localization/Imaging

of Radiolabeled Somatostatin Analogs. Tumor localiza-
tion of 111In-DTPA-D-Phe1-octreotide in mice bearing
intraperitoneal SK-OV-3.ip1 tumors injected intraperitone-
ally with AdCMVhSSTr2 2 d earlier at 4 h after intraperi-
toneal injection was 60.4 percentage injected dose per gram
(%ID/g), which decreased to 18.6 %ID/g at 24 h after
injection (8). Thus, these studies demonstrated that tumor
uptake of 111In-DTPA-D-Phe1-octreotide could be achieved
after transduction of the ovarian tumor in vivo with
AdCMVhSSTr2.

Another study investigated the localization of 111In-DTPA-
D-Phe1-octreotide to subcutaneous A-427 non–small cell lung
tumors injected intratumorally with AdCMVhSSTr2 (27).
�-Camera imaging showed the tumor uptake of 111In-DTPA-
D-Phe1-octreotide to be 2.8 %ID/g at 48 h after injection and
3.1 %ID/g at 96 h. Uptake of 111In-DTPA-D-Phe1-octreotide
in control Ad-injected tumors with the thyrotropin-releasing
hormone receptor gene (AdCMVTRHr) was �0.3 %ID/g at
both time points.

188Re is a potentially therapeutic radionuclide that can be
imaged with a �-camera. 188Re-P829 bound with high af-
finity (6–7 nmol/L) to membrane preparations from A-427
cells infected with AdCMVhSSTr2 (9). Mice bearing
subcutaneous A-427 tumors injected intratumorally with
AdCMVhSSTr2 showed uptake of intravenously injected
188Re-P829 detected by �-camera imaging, whereas uptake
was not observed when the tumors were infected with a
control Ad. This was confirmed by counting the tumors in a
�-counter, which showed 2.9 %ID/g of 188Re-P829 in the
AdCMVhSSTr2-injected tumors, compared with �0.4
%ID/g in the tumors infected with the control Ad. hSSTr2
expression was independently confirmed by immunohisto-
chemical analysis.

Uptake of 99mTc-P2045 in intraperitoneal SK-OV-3.ip1
tumors in the peritoneum of mice injected intraperitoneally
with AdCMVhSSTr2 at 48 h after intravenous injection
averaged 2.2 � 0.3 %ID/g, compared with 0.2 � 0.002
%ID/g in control mice not receiving Ad injection (P � 0.05)

or with 0.3 � 0.2 %ID/g in mice injected intraperitoneally
with an Ad encoding the green fluorescent protein (AdCM-
VGFP) (28). Images of mice bearing subcutaneous A-427
tumors injected with 99mTc-P2045 showed uptake in the
tumors injected with AdCMVhSSTr2 but background up-
take in tumors injected with control Ad. The tumor uptake
results in the mice 4 d after AdCMVhSSTr2 injection and
4 h after 99mTc-P2045 injection were 7.8 %ID/g. No other
tissue had greater uptake than the AdCMVhSSTr2-injected
tumor (26). In another study, mice bearing subcutaneous
MCF-7 breast tumor xenografts were injected intratumor-
ally with AdCMVhSSTr2GFP. hSSTr2 gene expression
was detected with 99mTc-P2045 via �-camera imaging, and
GFP was detected by fluorescent stereomicroscopic imaging
(Fig. 1).

Therapy Studies with the Single-Gene Vector AdCMVhSSTr2.
Untreated animals bearing intraperitoneal SK-OV-3.ip1
tumors had a median survival of 34 d, whereas the median
survivals were 36 d after AdCMVhSSTr2 injection and a
single 51.8-MBq dose of 64Cu-TETA-octreotide and 14 d
after AdCMVhSSTr2 injection and a single 74-MBq dose.
The mice that received 2 doses of 64Cu-TETA-octreotide
(51.8 MBq plus 25.9 MBq) had a median survival of 62 d.
Thus, the combination of AdCMVhSSTr2 gene transfer and
64Cu-TETA-octreotide significantly lengthened survival of
the mice. These results establish the key feasibilities of
inducing hSSTr2 expression in ovarian tumors and therapy
with a radiolabeled somatostatin analog.

Mice bearing subcutaneous A-427 tumors that received 2
intratumoral injections of AdCMVhSSTr2 and four 14.8- or
18.5-MBq doses of 90Y-SMT 487 had significantly longer
median tumor-quadrupling times (40 and 44 d, respectively)
than did the mice receiving no treatment and the mice
receiving four 18.5-MBq doses of 90Y-SMT 487 but no
virus (16 and 25 d, respectively). The difference in time
to tumor quadrupling between the groups that received
AdCMVhSSTr2 plus 90Y-SMT 487 and the control groups
was statistically significant.

Enhancement of Tumor Killing by Radiosensitization
Through Molecular Prodrug Therapy. Subcutaneous A-427
tumors injected with AdCMVhSSTr2 or AdCMVhSSTr2TK

FIGURE 1. Dual reporter genes detected by �-camera imag-
ing and fluorescent imaging. (A) Representative mouse bearing
a MCF-7 human breast tumor xenograft was dosed with
AdCMVhSSTr2GFP (1 � 109 pfu) and, after 48 h, received
intravenous injection of 99mTc-P2045. (B and C) Dual-modality
imaging after 5 h included �-camera imaging (B) and fluorescent
stereomicroscopic imaging (C).
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could be seen by imaging with 99mTc-P2045, and tumors in-
jected with AdCMVhSSTr2TK or AdCMVTK could be seen
by imaging with 131I-FIAU. Tumors injected with AdCMVTK
did not accumulate 99mTc-P2045 (11). Uptake of 99mTc-P2045
and 131I-FIAU for AdCMVhSSTr2TK-injected tumors was
11.1 and 1.6 %ID/g, respectively. AdCMVhSSTr2-injected
tumors accumulated 10.2 %ID/g of the 99mTc-P2045 and
0.3% of the 131I-FIAU. AdCMVTK-injected tumors had 0.2
%ID/g for the 99mTc-P2045 and 3.7 %ID/g for 131I-FIAU. A
separate group of mice bearing a single subcutaneous A-427
tumor (on the right side) was injected intratumorally with
AdCMVhSSTr2TK. After 2 d, 188Re-P2045 was injected
intravenously (11.1 MBq) and the mice were imaged. Im-
ages from a representative mouse are presented in Figure 2
and demonstrate accumulation of 188Re-P2045 in the tumor.

Mice bearing intraperitoneal SK-OV-3.ip1 tumors in-
jected with 1 � 109 pfu of AdCMVhSSTr2 5 d after tumor

cell inoculation, followed by intraperitoneal injection of
64Cu-TETA-octreotide 2 d later, had tumor uptake of 25.1
%ID/g at 4 h after 64Cu-TETA-octreotide administration—a
value that was significantly greater than that when the
control Ad (AdCMVLacZ) was given (1.6 %ID/g). How-
ever, the tumor uptake of 64Cu-TETA-octreotide after
AdCMVhSSTr2 administration decreased to 7.2 %ID/g at
18 h after injection.

Therapy Studies with the Bicistronic Vector
AdCMVhSSTr2TK. The AdCMVhSSTr2TK bicistronic
vector induced a level of hSSTr2 expression in A427
cells equivalent to that induced by the single-gene
AdCMVhSSTr2 virus, as shown in Figure 3. Transfected
cells were killed after exposure to the prodrug GCV (Fig.
4). Having demonstrated that this bicistronic vector was
functionally active, we initiated therapy studies. Table 1
contains the efficacy summary for these studies. The GCV
treatment group had the only 2 tumors that regressed. Sig-
nificant differences were found with respect to tumor-dou-
bling time overall (P � 0.001), with multiple comparisons
showing that 90Y-SMT 487 (14.8 MBq � 4) alone or in
combination with GCV had the greatest tumor growth sup-
pression over all treatment groups, with no other significant
differences. However, the combination of 90Y-SMT 487 and
GCV resulted in severe toxicity as demonstrated by a dra-
matic loss of animal weight. Liver toxicity has been re-
ported with Ad-mediated delivery of the TK gene and GCV
prodrug administration. The toxicity issue was addressed by
reducing the dose of 90Y-SMT 487 from 18.5 MBq per
injection to 14.8 MBq per injection. The results show that
tumor inhibition was achieved with 90Y-SMT 487 alone and
with 90Y-SMT 487 in combination with GCV (Table 1).
However, the combination treatment did not improve the
results achieved with 90Y-SMT 487 alone. Toxicity was
greatly reduced using 14.8 MBq of 90Y-SMT 487 instead of
the 18.5-MBq dose. In view of the toxicity obtained with the

FIGURE 2. Imaging of accumulation of 188Re-P2045 in A-427
tumor previously injected with AdCMVhSSTr2TK. 188Re-P2045
was injected intravenously 2 d after intratumoral injection of Ad
vector. Images were collected initially and after 4 and 20 h.

FIGURE 3. Evaluation of AdCMVhSSTr2TK
and AdRGDCMVhSSTr2TK bicistronic vec-
tors for expression of hSSTr2 in infected
A-427 cells by 125I-somatostatin binding.
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AdCMVhSSTr2TK vector and radiolabeled peptide, we
chose to next investigate the CD/hSSTr2 2 gene vector.

Therapy Studies with the Bicistronic Vector
AdCMVhSSTr2CD. A-427 cells infected with bicistronic
vector AdCMVhSSTr2CD or AdCMVhSSTr2CDRGD, with
the RGD peptide genetically engineered in the fiber knob to
retarget Ad binding to integrins on the cell surface, had hSSTr2
expression equivalent to that of the single-gene vector
AdCMVhSSTr2 (29). In addition, the AdCMVhSSTr2CD
and AdCMVhSSTr2CDRGD vectors produced CD enzyme
activity levels similar to those of the single-gene vector
AdCMVCD (29). Thus, both genes were active in the bi-
cistronic vectors. We next investigated imaging of gene
transfer in athymic nude mice bearing subcutaneous A-427
tumors injected with 1 � 109 pfu of AdCMVhSSTr2 or
AdCMVhSSTr2CDRGD. After 2 d, 99mTc-P2045 was intra-
venously injected and �-camera imaging demonstrated lo-
calization in the tumors (Fig. 5) (30). SPECT was used to
measure the distribution of Ad-mediated transgene expres-
sion within subcutaneous xenografts. Nude mice bearing 2
A-427 flank tumors were injected intratumorally with
AdCMVhSSTr2GFP (1 � 109 pfu) in the right A-427
tumor, and a control bicistronic vector was injected in the
left tumor. Imaging studies were conducted after 2 d (Fig.

6). The SPECT technique had sufficient sensitivity and
spatial resolution to enable the 3-dimensional hSSTr2 ex-
pression to be measured.

Tumor inhibition results in mice with subcutaneous
A-427 tumors injected intratumorally with AdCMVhSSTr2
showed that 90Y-SMT 487 and 90Y-SMT 487 in combina-
tion with 5-FC slowed tumor growth (29). The combination
treatment inhibited tumor growth more than did the 90Y-
SMT 487 treatment alone, and the levels of toxicity (weight
loss) were modest (29). The next therapy study consisted of
radiotargeted gene therapy in combination with external-
beam radiation therapy. Tumor inhibition results were en-
couraging, as they showed that the combination of 90Y-SMT
487, 5-FC, and 60Co resulted in tumor regressions (Fig. 7;
Table 1). All combination therapies had at least 2 complete
regressions, with most being recurrence free. However, the
intense triple-therapy regimen was not well tolerated and
produced significant weight loss.

Use of a Tumor-Specific Promoter to Drive Gene Expres-
sion. The specificity of vectors for gene transfer may be
improved by combining transductional targeting of Ad us-
ing a tumor-specific promoter to drive the transcription of
the hSSTr2 and CD genes (30). The liver is the predominant
site of Ad vector localization after systemic administration

FIGURE 4. Evaluation of AdCMVhSSTr2TK
bicistronic vectors and AdCMVTK or
AdCMVhSSTr2 single-gene vectors for
TK activity in infected A-427 cells ex-
posed to GCV.

TABLE 1
Tumor Doubling Times and Complete Regressions in AdCMVhSSTr2TK Experiments

Treatment n

Tumor doubling time (d) Complete regressions

Mean Median Total No relapse

90Y-SMT 487 (18.5 MBq � 4) 	
GCV 10 8 6 0 0
SMT 487 20 8 7 0 0
GCV (50 mg/kg) 20 14 7 2 2
90Y-SMT 487 (18.5 MBq � 4) 10 18 12 0 0

90Y-SMT 487 (14.8 MBq � 4) 	
GCV 10 25 11 0 0
90Y-SMT 487 (14.8 MBq � 4) 10 39 38 0 0
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and consequently is at risk when Ad vectors containing
suicide genes such as TK or CD localize to this site. Thus,
a promoter with both tumor specificity and minimal tran-
scriptional activity in hepatocytes would be ideal for cancer
gene therapy. Both AdCox-2LCDhSSTr2 and AdCox-
2LhSSTr2CD produced cytotoxicity after infection of
DU145 human prostate cancer cells in vitro in the presence
of 5-FC, with a moderately low value for inhibitory con-
centration of 50%. Binding of 99mTc-P2045 to DU145 cells
infected with AdCMVhSSTr2 or AdCox-2LhSSTr2CD was
detected in plates by imaging with a �-camera (30). 99mTc-
P2045 localization in DU145 subcutaneous tumors injected
with AdCox-2LhSSTr2 was demonstrated by �-camera im-
aging (30). Another promising approach would be to use a
radiation-inducible promoter. Takahashi et al. (31) reported
that radionuclides can activate early growth response gene 1
(Egr-1) transcription in vitro and arrest the growth of tumor
cells transfected with a pEgr-TK plasmid.

Gene Transfer of the NIS. Iodide transport into the thy-
roid gland is mediated by a specific sodium-dependent
iodide transporter. This NIS is the plasma membrane gly-
coprotein responsible for active uptake and concentration of
iodide in the thyroid gland, salivary glands, and gastric
mucosa (14). The ability of the thyroid gland to accumulate
iodide has provided an effective means for imaging and
treatment of hyperthyroidism and both primary and meta-
static thyroid carcinoma (32).

In 1996, both rat and human NIS complementary DNA
was cloned and characterized (33,34). Gene transfer of the
NIS gene has been performed with a variety of vectors, cell
lines, and tumor xenografts, with successful localization and
imaging of tumor xenografts demonstrated after systemic
injection of 131I, 123I, 124I, 125I, and 99mTc (13,14,35,36). This
approach may also be useful for detection of gene transfer
of coexpressed therapeutic genes delivered during gene
therapy (15,37). In this regard, Barton et al. (15) imaged
CD/TK gene expression in dog prostate using the NIS gene
and 99mTc.

Therapy studies have been performed on several tumor

xenograft models using this radiotargeted gene therapy ap-
proach (14,35,38). The results with 131I were not always
encouraging, because of the rapid cellular efflux of this
radionuclide that resulted from a lack of organification in
transfected tumors (36,38,39). To deal with this problem,
the therapeutic potential of other NIS-transported therapeu-
tic radionuclides with a shorter physical half-life or superior
decay proprieties, including 188Re and 211At, has been re-
ported (12,14).

DISCUSSION

These studies demonstrate that genetic induction of
hSSTr2 results in tumor localization of radiolabeled soma-
tostatin analogs at a level sufficient to produce therapeutic
effects and that therapeutic efficacy is enhanced by combi-
nation with molecular prodrug therapy wherein a second
therapeutic gene, TK or CD, is codelivered with the
hSSTR2 gene. Efforts continue to optimize this novel ap-
proach to cancer gene therapy by the use of radiation-
inducible tumor-specific promoters. Another radiotargeted
gene therapy approach has been to transfect tumor cells with
the noradrenaline transporter to actively accumulate 131I-
metaiodobenzylguanidine (40). This approach has been
tested on cells and spheroids but not on animal models.
Gene transfer of the NIS has been used successfully for
imaging and therapy in preclinical animal models.

The ability to localize radiolabeled ligands or radionu-
clides within the target tumor provides a new, specific
approach to killing cancer cells. The radiotargeted gene

FIGURE 6. SPECT of adenovirus-mediated hSSTr2 expres-
sion in tumor xenograft. (A) Photograph of representative mouse
with 2 A-427 tumors. Right tumor was injected with 1 � 109 pfu
of AdCMVhSSTr2GFP, and left tumor was injected with control
Ad vector. (B and C) Planar �-camera images obtained 5 h after
intravenous 99mTc-P2045 injection (55.5 MBq) show that highest
retention of 99mTc-P2045 was in right tumor. These 2 images are
identical, with the exception of scaling. (D) Transverse �-camera
images (0.58-mm slices 1–21 at location shown in C) show
hSSTr2 expression within tumor. Adenovirus-mediated hSSTr2
expression led to specific retention of 99mTc-P2045 in nonuni-
form, discrete tumor areas tending to be concentrated at pe-
riphery. (Reprinted with permission from (30 ).)

FIGURE 5. �-Camera imaging of gene transfer in mice bearing
A-427 subcutaneous tumors injected with AdCMVhSSTr2CD (left)
or AdRGDCMVhSSTr2CD (right), followed 2 d later by intravenous
injection of 99mTc-P2045.

184S THE JOURNAL OF NUCLEAR MEDICINE • Vol. 46 • No. 1 (Suppl) • January 2005



therapy approach has several advantages. Constitutive ex-
pression of a tumor-associated receptor or transporter is not
required. Tumor cells are altered to express a new target
receptor (hSSTr2) or a transporter (NIS) or to express an
existing receptor at higher levels to significantly improve
uptake of radiolabeled ligands or radionuclides, compared
with uptake in normal tissues. Gene transfer can be effected
by intratumoral or regional injection of gene vectors. An-
other advantage is the feasibility of targeting viral vectors to
receptors overexpressed on tumor cells by modifying tro-
pism (binding) or by using tumor-specific promoters such
that the virus will specifically be targeted to the desired
tumor or the gene product selectively expressed in the
tumor. Finally, it is possible to enhance the therapeutic
effect by coexpressing the receptor or transporter gene and
a second therapeutic gene such as TK or CD for molecular
prodrug therapy. However, vector delivery and gene expres-
sion are currently limited to locoregional administration.

In conclusion, radiotargeted gene therapy has potential
for the treatment of cancer, especially when used in com-
bination with other therapeutic modalities. Clinical studies
are needed to determine the most promising of these new
therapeutic approaches.
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