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Noninvasive monitoring of gene transfer will benefit basic re-
search and patient care. Most gene-transfer imaging systems
do not directly detect the gene of interest, and most do not
exploit radiopharmaceuticals that have Food and Drug Admin-
istration approval for total-body use. ''In-Octreotide is used
clinically to locate tumors overexpressing primarily somatosta-
tin receptor type 2 (SSTR2). We report the in vitro and in vivo
detection of SSTR2 chimeric gene transfer with this radiophar-
maceutical. Methods: Full-length SSTR2A was ligated into a
vector downstream of a 5’ Igk leader sequence and the hem-
agglutinin A (HA) sequence. The vector plus insert was then
introduced into HT1080 cells. Igk and HA domain functions
were confirmed by immunologic methods. Receptor binding
was studied in transfected cells incubated with ''In-octreotide
with and without somatostatin-28. Mice bearing tumors pro-
duced by transfected cells were injected with '""In-octreotide
for biodistribution and imaging studies. Results: Cell-mem-
brane localization by the amino-terminal Igx domain was con-
firmed by immunofluorescence. The HA domain was identified
by enzyme-linked immunosorbent assay, immunofluorescence,
and Western blotting analysis with anti-HA antibodies. ''In-
Octreotide detected the SSTR2 portion of the fusion protein in
vitro (receptor-binding assay) and in vivo (biodistribution studies
and gamma-camera imaging). In addition, in vitro studies using
either the anti-HA antibody or '"'In-octreotide correlated with
biodistribution and imaging studies when cell clones expressing
different levels of the fusion protein were tested. This approach
may be feasible clinically because we were able to discern
chimeric gene transfer in tumor-bearing animals with 1"'In-oct-
reotide at doses similar to those already used in humans. Con-
clusion: With this method it may be possible to monitor transfer
of a gene of interest directly and noninvasively.
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Although there are many tools for monitoring gene
transfer in vitro, few such tools are available for assessing
gene transfer in vivo. Imaging agents are needed for studies
of transgenic animals and for the future development of
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gene therapy, which will increasingly target specific tissues.
Currently, the maintenance of long-term expression in tar-
get tissue is a challenge for the field of gene therapy. With
the appropriate reporter, however, it should be possible to
determine whether gene expression is achieved in the in-
tended organ at a level necessary for therapeutic effect.
With repeated visualization, the duration and level of ex-
pression in atarget could assist in optimizing dosing sched-
ules. Furthermore, following the level of expression in
nontarget tissues may provide insight into toxicity.

Most in vivo methods for monitoring gene transfer cap-
italize on the sensitivity of gamma-camera, SPECT, or PET
imaging for the detection of intravenously injected radiola-
beled compounds localized to the products of transferred
genes. For example, herpes simplex virus-1 thymidine-ki-
nase gene transfer has been detected by gamma camera and
PET in animal models using radiolabeled prodrugs that are
entrapped in the cell after phosphorylation by the kinase
(1-7). Transfer of the type-2 dopamine receptor has been
detected by PET using alabeled antagonist. In this case, the
antagonist binds to a receptor that is expressed on the cell
surface (8,9). Transfer of the rat sodium-iodide symporter
has also been detected by gamma camera using radioactive
iodine entrapped in cells by the expressed protein (10).
| odine radioisotopes are used clinically, and this technique
may also allow visualization by CT. However, the cellular
consequences of the ectopic ion channel or iodine accrual
outside the thyroid gland are unknown.

Severa imaging systems will be needed for monitoring
either single or multiple gene transfer in an individual
patient. Although a few such systems have been designed,
most do not use radiopharmaceuticals that are known to be
safe in humans and that have Food and Drug Administration
(FDA) approval (1-10). ™In-Octrectide is commercially
available and is currently used clinically in humans primar-
ily to detect tumors (e.g., rare neuroendocrine tumors) ex-
pressing somatostatin receptor type 2 (SSTR2) (11). There
are 6 SSTRs: types 1, 2A and 2B, 3, 4, and 5. They belong
to the 7—transmembrane domain family of receptors asso-
ciated with G-proteins. Human type 2 has high affinity for
octreotide, types 1 and 4 have low affinity (12,13), and types
3 and 5 have intermediate affinity (14-16). Types 2A and
2B are dlternate splice variants; type 2A has a longer intra-
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cytoplasmic carboxy terminus than does type 2B, but oth-
erwise, they are identical.

The ®¥"Tc-labeled somatostatin derivative P829, as well
as its 18Re-labeled analog, has been used to image nude
mice with tumors made to express human SSTR2 by infec-
tion with an adenovirus vector encoding human SSTR2
(17). Two days after infection, tumors injected with vector
plus SSTR2 were detected, whereas those injected with
control virus were not. Imaging was performed 3 or 17 h
after ¥MTc- or 188Re-octreotide injection, respectively. The
188Re-labeled analog, which is not FDA approved, may be
more useful for therapy because it decays by B-particle
emission. Currently, the ™ Tc-labeled molecule is FDA
approved only for imaging the lungs, whereas *!n-oct-
reotide is approved for imaging the total body.

Most imaging systems are developed to detect the trans-
fer of agene of interest or the reporter. A simple method to
identify directly whether a gene of interest is being ex-
pressed in normal and tumor tissues would be to create a
fusion protein that includes the gene and the reporter. We
describe the successful use of 'YIn-octreotide, currently
available in the clinic for imaging endocrine tumors, as a
radiopharmaceutical for thein vitro and in vivo detection of
a human SSTR2 chimeric gene product.

MATERIALS AND METHODS

Cloning

The polymerase chain reaction (PCR) was used to obtain
SSTR2A from a phage containing the SSTR2A insert (American
Type Culture Coallection, Rockville, MD) using a forward primer
(TCC CCG CGG CAT GGA CAT GGC GGA TGA) that con-
tained a Sac |l restriction site and a reverse primer (AAT CTG
CAG CTG TCA GAT ACT GGT TTG GAG) that contained a Pst
| restriction site, and a stop codon. The full-length SSTR2A insert
was ligated into the pDisplay vector (Invitrogen, Carlsbad, CA),
which was also cut with Sac Il and Pst I. The insert was placed
downstream of the membrane localization sequence (Igx leader)
and the sequence for the hemagglutinin A (HA) epitope tag. Next,
Top 10 cells (Invitrogen) were transformed, using calcium chlo-
ride, with the vector only or the vector and the SSTR2A insert, and
these were then selected for ampicillin resistance. The plasmid was
purified using the Wizard Plus Midipreps DNA purification system
(Promega, Madison, WI).

Cell Lines

HT1080 cells, a human fibroblast cell line, were grown in
Dulbecco’s modified Eagle medium (DMEM) containing 1X glu-
tamine, penicillin, and streptomycin (GPS) and 10% fetal bovine
serum (FBS). For transfection, 1 ng DNA was added with lipo-
fectin (Gibco BRL, Grand Island, NY) to 1 X 10° cellsin 60-mm
dishes according to the manufacturer’s instructions. After 5 h, the
lipofectin-DNA solution was removed, and the cells were incu-
bated in DMEM containing 1X GPS and 10% FBS for an addi-
tional 2 d. The cells were then diluted 1:20 and 1:5, and single
colonies were isolated after G418 selection.

Enzyme-Linked Immunosorbent Assay
Prospective colonies were assayed for expression by the en-
zyme-linked immunosorbent assay (ELISA). Cells were grown to
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confluence on 96-well plates, washed twice with phosphate-buff-
ered saline (PBS), and fixed for 30 min with 2% formaldehyde in
PBS or 10% formalin. They were then washed twice with PBS and
blocked with 5% nonfat milk for 30 min. After another wash in
PBS, the cells were exposed to 50 mU/mL horseradish peroxidase
(HRP)—rat-anti-HA antibody conjugate (clone 3F10; Roche Ap-
plied Science, Indianapolis, IN) overnight at 4°C or 1 h at room
temperature. Three washes with PBS for 5 min each followed.
Positive cells exhibited a green-colored product after exposure to
the HRP ELISA substrate (Bio-Rad Laboratories, Hercules, CA).

For quantitative ELISA, 30,000 cells were plated per well of a
96-well plate. The assay was then performed as above. The results
were compared with a standard dilution curve of the HRP—rat-
anti-HA antibody conjugate (1 U HRP enzymatic activity/pg
antibody). A 0.98 correlation coefficient is routinely obtained
between the color reaction product and serial dilution of the
conjugated antibody.

Western Blot Analysis

Cells were grown to confluence in 6-well dishes, washed with
PBS, and then exposed to Triton X-100—-SDS lysis solution (0.1%
sodium dodecy! sulfate [SDS], 1% Triton X-100, 0.1 mol/L Tris
[pH 8], 0.14 mol/L sodium chloride, 0.025% sodium azide, 0.18%
Complete protease inhibitor [Roche], and 1 mol/L iodoacetamide)
for 1 h at 4°C. After a 30-min centrifugation of the suspension at
14,000g, the supernatant was collected and the protein concentra-
tion was determined using the Bradford method (Bio-Rad protein
determination kit). Twenty micrograms of protein were loaded per
lane on 7% SDS gels (18). The sample was then transferred to
nitrocellulose using a semidry transfer apparatus (Fisher, Atlanta,
GA) and Towbin buffer. The blots were dried and transfer was
confirmed with Ponceau-S staining. Next, the membrane was
washed in PBS, blocked with 5% nonfat milk for 1 h at room
temperature, washed in PBS with 0.1% Tween, and exposed to 50
mU/mL HRP—rat-anti-HA antibody (clone 3F10) overnight at 4°C
or 1 h at room temperature. After four 5-min washes with PBS, the
membrane was covered with a chemiluminescent HRP substrate
(Renaissance system; NEN Life Science Products, Boston, MA)
for filming.

Immunofluorescence

Cells (10,000 per well) were plated in an 8-well silicone cham-
ber slide system (Bellco Biological Glassware, Vineland, NJ) and
incubated at 37°C overnight. The cells were then fixed with 10%
formalin for 30 min, washed with PBS twice, blocked with 10%
nonfat milk for 30 min, and exposed to diluted (1:250) mouse-
anti-HA antibody (BabCo, Richmond, CA) for 1 h at room tem-
perature. Five washes for 5 min each followed. Next, the cellswere
exposed to diluted (1:150) fluorescein isothiocyanate (FITC)—
goat-anti-mouse antibody (Sigma, St. Louis, MO) for 30 min at
room temperature. Again, 5 washes for 5 min each followed. The
dlides were then mounted with coverdips using Gel Mount
(Biomeda, Foster City, CA) in preparation for evaluating immu-
nofluorescence.

Receptor-Binding Studies

Cells (30,000 per well) were plated in a 96-well plate and
incubated overnight. After awash with PBS, they were exposed to
0.1 wmol/L ! n-octreotide or Mn-octreotide plus 1 wmol/L so-
matostatin-28 (Sigma) in binding buffer (20 mM Hepes [pH 7.4],
0.1% bacitracin, and 0.2% bovine serum albumin) for 1 h at room
temperature. The cells were then washed with PBS 5 times and

407



lysed with 0.IN NaOH, after which the radioactivity associated
with the lysed cells was determined in a -y-counter. Controls
included wells with cells exposed to binding buffer without radio-
activity and wells without cells exposed to binding buffer with
radioactivity.

Biodistribution and Imaging

In nude mice, the subcutaneous injection of 5 X 10° cells
produced palpable tumors after 1 wk. One group of tumor-bearing
mice was injected intravenously in the tail vein with 13 MBq (350
wCi) Mn-octreotide. Four hours and 24 h later, the animals were
anesthetized (sodium pentobarbital, 40 mg/kg, intraperitoneally)
and imaged using a gamma camera (Starcam 3200; Genera Elec-
tric Medical Systems, Milwaukee, WI) fitted with a medium-
energy pinhole collimator. The mice were killed, each organ was
dissected and weighed, and the associated radioactivity was deter-
mined in ay-counter. In another set of experiments, tumor-bearing
animals were injected intravenously with 0.37 MBq (10 w.Ci)
Hln-octreotide and killed at 24 h. Next, the biodistribution of
radioactivity in various organs and tissues was determined.

Statistical Methods

For in vivo assays, 1-tailed t tests were used to compare the
uptake among tumorsthat differed in expression. Linear regression
was used to analyze correlations between in vitro and in vivo
studies. The analysis was performed using Lotus 123 ' 97 software
(IBM, Cambridge, MA) and Origin (OriginLab Corp., Northamp-
ton, MA) graphic software (version 6.1).

RESULTS

The SSTR2A receptor was cloned into the pDisplay
vector containing a 5’ Igk leader sequence for membrane
localization of the expressed protein. Thisisfollowed by an
HA sequence for antibody-based detection (19). The bind-
ing domain for octreotide is predicted to involve primarily
the carboxy portion of the receptor between transmembrane
domains 111 and VII (20—22). Amino-terminal fusion of the
receptor is aso less likely to interfere with receptor inter-
nalization, which is influenced by the carboxy-terminal in-
tracellular tail (23,24). To prevent expression in addition to
the carboxy-terminal tail of SSTR2A, a stop codon was
introduced into the PCR back primer. After cloning the
SSTR2 into pDisplay, the vector or the vector plus insert
wasintroduced into HT1080 cells using lipofectin and G418
selection.

Expression

Using an antibody to the HA domain, protein expression
was confirmed in whole cellsby ELISA (normalized for cell
number) and in cell lysates by Western blot analysis (nor-
malized for protein). In a quantitative ELISA of clonal lines
transfected with the same SSTR2A gene chimera (Fig. 1),
clone 21 reacted more than (expressed more fusion protein
than) clone 3, which reacted more than clone 11. In com-
parison, no reaction was seen in cells transfected with only
vector. As seen on the Western blot in Figure 2, a distinct
band (apparent molecular weight, 72,000 Da) is observed in
al lanes representing cells transfected with SSTR2A chi-
meric gene but not in lanes representing cells transfected
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FIGURE 1. ELISA. Protein expression by cells (3 X 10* per

well) transfected with SSTR2A gene chimera (clones 3, 11, and
21) or with only vector is compared by ELISA using an antibody
to the HA tag. Error bars represent SD of duplicate samples.

with only vector. The bands are progressively more intense
in lanes marked clone 11, clone 3, and clone 21, implying
that the greatest expression occurred in clone 21, followed
by clone 3 and then clone 11. No expression was seen in
cells transfected with only vector.

Immunofluorescence

To determine intracellular localization of the expressed
protein, HA-tag expression was determined by immunofluo-
rescence. Figure 3 shows that the HA tag is detected in cells
transfected with the SSTR2A gene chimera but not in cells
transfected by only the vector or in untransfected cells (data
not shown). The immunofluorescence is seen most clearly at
the edges of the cell, following a cell-membrane distribu-
tion. In addition, immunofluorescence is excluded from the
nucleus and is not diffusely distributed throughout the cy-
toplasm. Therefore, the expressed fusion protein localizes
on the cell membrane. These data, the ELISA, and the
Western blot analysis confirm proper function of the Igk
leader sequence and the HA domain.

Receptor Binding

For confirming proper function of the SSTR2A portion of
the fusion protein, receptor-binding assays were performed
to show and compare the binding of octreotide to the vari-
ous clones. Receptor saturation has been reported to occur
when the octreotide concentration is 0.1 wmol/L (25,26).
Binding of the different clones to 0.1 pwmol/L MIn-oct-
reotide was compared with or without 1 pwmol/L somatosta-
tin-28. Because all clones originate from the same transfec-
tion and are expressing the same-sized protein, differences
in receptor binding should be attributed to protein expres-
sion. As seen in Figure 4, clones 21, 3, and 11 exhibit a
greater number of counts per min without the addition of
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Clone 3
Clone 11

. .
FIGURE 2. Western blot. Twenty micrograms of protein were
loaded per lane and detected with an antibody to the HA tag.

Clones 3, 11, and 21 are transfected with SSTR2A gene chimera
and vector is transfected with only vector.

somatostatin-28 than with its addition. The specific binding
to Mn-octrectide is greater for clone 21 than for 3, fol-
lowed by clone 11. In the presence of somatostatin-28,
lower counts are seen for al clones. This samelow signal is
also observed in cells transfected with vector or untrans-
fected cells with or without the addition of somatostatin-28.
The findings show that the SSTR2A domain of the fusion
protein is functional. In addition, the receptor-binding data
correlate with the Western blot analysis—that is, expression
levels based on the HA tag corroborate receptor—igand-
binding data based on the SSTR2A that a greater amount of
receptor fusion protein per cell is present in clone 21 than in
clone 3, than in clone 11, all of which are transfected with
the same fusion protein.

Imaging and Biodistribution
Nude mice injected with clone 21, 3, or 11 or vector-
transfected cells were imaged 4 and 24 h after 1n-

FIGURE 3.
cence was assessed using antibody to HA tag and FITC-labeled
secondary antibody. (A) Clone 3. (B) Clone 11. (C) Clone 21. (D)
Vector-transfected cells.

Immunofluorescence. Indirect immunofluores-
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FIGURE 4. Receptor binding. Cells (3 X 104 per well)

were exposed to 0.1 pwmol/L ""'In-octreotide or 0.1 wmol/L
"n-octreotide plus 1 pmol/L somatostatin-28. Error bars
represent SD of duplicate samples. cpm = counts per
minute.

octreotide was administered via tail vein. Only background
activity was apparent 4 h after injection (data not shown).
Figure 5 shows that, 24 h |ater, tumors derived from vector-
transfected cells are not visible (Fig. 5, lower right) and
those from clone 11 (Fig. 5, lower left) are difficult to see.
In comparison, tumors derived from clone 21 (Fig. 5, upper
right) are easily visible and are more conspicuous than those
from clone 3 (Fig. 5, upper left). These visua findings were
confirmed by measuring activity in regions of interest.

The mice were killed to evaluate the biodistribution of
radiopharmaceutical. As seen in Figure 6, more radioactiv-
ity per gram is present in tumors derived from clone 21 than
in those from clone 3, followed by clone 11 and then only
vector-transfected cells. There is a statistically significant
difference between tumors originating from vector or
SSTR2A-chimeric gene-transfected cells and between
clone 11 and clone 3 or clone 21 (P < 0.05). Although the
difference between tumors arising from clones 3 and 21 is
not statistically significant, the trend is apparent. These data
correlate with the Western blot, receptor-binding, and im-
aging data.

The above experiments used large doses of ln-
octreotide (13 MBq [350 p.Ci]) to produce sufficient
counts for imaging mice. Biodistribution experiments
were also performed after the injection of 0.37 MBq (10
wCi) of radiopharmaceutical, a dose similar on a per
kilogram basis to those used in human tumor-imaging
studies (222 MBq [~6 mCi]) (Fig. 7). To further test the
robustness of the method, cells with the least fusion
protein expression were used. Figure 7 indicates that, as
with larger doses of radiopharmaceutical, organ uptakein
the mice mimics clinical findings in humans. Radioactiv-
ity per gram is greatest in the kidneys, followed by the
liver, gastrointestinal tract, lungs, and spleen. In live
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FIGURE 5. Image of nude mouse. Mice bearing subcutane-
ous tumors (in both shoulders and thighs) were injected intra-
venously with ""In-octreotide (13 MBq) and imaged 24 h later:
3, tumor derived from clone 3; 21, tumor derived from clone 21;
11, tumor derived from clone 11; and V, tumor derived from
vector-transfected cells.

animals, air filling the lungs decreases their background
activity. In comparison, blood and muscle uptake per
gram is quite low. The greater percentage injected dose
per gram seen with the lower dose (Fig. 7) likely reflects
the greater excretion that occurs when larger doses of the
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FIGURE 6. Biodistribution after intravenous administration of

13 MBq ""'In-octreotide. Mice bearing subcutaneous tumors (in
both shoulders and thighs) were injected intravenously with
MIn-octreotide and killed 24 h later. Organs and tumors were
weighed and radioactivity was counted. Error bars represent SD
(n = 4 mice). % ID/g = percentage injected dose per gram.
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FIGURE 7. Biodistribution after intravenous administration of

0.37 MBq """In-octreotide. Mice bearing subcutaneous tumors
(in both shoulders and thighs) were injected intravenously with
MIn-octreotide and killed 24 h later. Organs and tumors were
weighed and radioactivity was counted. Error bars represent SD
(n = 3 mice bearing duplicate tumors). % ID/g = percentage
injected dose per gram.

radiotracer are delivered. Figure 7 shows that tumors
derived from clone 11 have statistically greater uptake of
radiotracer per gram than tumors derived from cells
transfected with only vector (P < 0.05). The data imply
that gene transfer into human cells can be detected with
doses of MIn-octreotide similar to those currently used
clinically.

The association of thein vitro and in vivo findings was
further analyzed by regression analysis. Chimeric gene
expression as measured by ELISA correlates with the
receptor-binding data (Fig. 8, top) (correlation coeffi-
cient, 0.98). Further, the ELISA also shows strong cor-
relation with radioligand uptake by tumors in the biodis-
tribution experiments (Fig. 8, bottom) (correlation
coefficient, 0.98). Thus, for the gene chimera, protein
expression monitored through the HA domain correlates
with ligand binding monitored through the SSTR2A do-
main, in vitro and in vivo.

DISCUSSION

The capacity to noninvasively monitor gene transfer will
benefit the future development of gene therapy; in particu-
lar, this technique can be used for analysis of efficacy and
toxicity and for dose scheduling. It should also be an aid in
the basic sciences (e.g., in studies involving transgenic
mice). Clinical agents known to be safe in humans are
desirable for rapidly implementing imaging techniques.
1 n-Octreotide, FDA approved for whole-body imaging, is
primarily used for the diagnosis of rare neuroendocrine
tumors. In this study, we have shown that this radiophar-
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FIGURE 8. Correlation of ELISA with other measurements.
(Top) Receptor-binding assay. cpm = counts per minute. (Bot-
tom) Radiotracer uptake by tumors (as determined in Fig. 6). %
ID/g = percentage injected dose per gram. In both cases, the
correlation coefficient is 0.98.

maceutical can be used to image noninvasively the transfer
of a gene chimera and the presence of the subsequent
fusion-protein product. We further illustrate a direct corre-
lation between the imaging of the fusion protein and the
expression of different functional domains.

The data show that transfer of the SSTR2A gene chimera
can be detected in vitro and in vivo. In addition, the differ-
ent domains of the expressed fusion protein retain function.
At its amino terminus, the expressed protein contains a 5’
Igk leader sequence for membrane localization in addition
to an HA tag for detection by an anti-HA antibody. The
SSTR2A portion binds octreotide.

Although SSTR-carboxy-terminal fusion proteins have
been studied in vitro (24), amino-terminal fusion was cho-
sen because the binding domain for octreotide is predicted
to be distal, primarily involving SSTR2 amino acids be-
tween transmembrane domains |1l and VII (20-22). Be-
cause the membrane localization signal at the SSTR2A
amino terminusis disrupted by the fusion, a new membrane
localization signal is created by the Igk leader sequence. In
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addition, amino-terminal fusion is also less likely to inter-
fere with receptor internalization, which involves the car-
boxy-terminal intracellular domain (23,24). The HA domain
of the heterol ogous protein was exploited to confirm expres-
sion. The ELISA alowed us to quickly screen small num-
bers of cells, saving the time usually needed to expand large
numbers of resistant colonies. Moreover, the initial screen-
ing was performed without using radioactivity. Again cap-
italizing on the HA domain, immunofluorescence localized
the fusion protein to the cell membrane, verifying a func-
tional 1gk membrane-localization domain.

Protein expression was also detected by Western blot
analysis. The fusion protein was not found in lysates made
with RIPA buffer (1% Triton X-100, 1% bovine hemoglo-
bin, 1 mmol/L iodoacetamide, Aprotinin (0.2 U/mL), 1
mmol/L phenylmethylsulfonylfluoride, 0.1 mol/L Tris chlo-
ride [pH 8.0], 0.14 mol/L NaCl, 0.025% NaN3, 1% sodium
deoxycholate, and 0.1% SDS) (data not shown), possibly
because of disruption of the epitope tag by deoxycholate.
However, it was readily identified in Triton X-100-SDS
lysates. The expressed protein has an apparent molecular
weight of 72,000 Da, which is less than that previously
reported for SSTR2A and greater than that predicted for the
protein-only components. Previous studies have shown that,
because of glycosylation, the molecular weight of wild-type
SSTR2 is greater than that predicted by its protein compo-
nents (27). The Igk leader sequence and HA domain likely
alter the normal glycosylation of the receptor component.
Because somatostatin-28 inhibited binding of *!In-oct-
reotide to cells expressing the fusion protein, the data also
imply that such receptor modifications do not prevent so-
matostatin-28 binding. The increasing expression of clones
11, 3, and 21 seen by ELISA correlates with receptor-
binding data (Fig. 8, top). Thus, findings with an antibody
against the HA domain correlate with 11 n-octreotide bind-
ing to the SSTR2A portion of the receptor. This in vitro
correlation is also noted in the in vivo biodistribution and
imaging data. This significantly enhances the SSTR as a
reporter of gene transfer, because the HA domain enables
cell biology assays, such as ELISA, Western blotting, im-
munopreci pitation, and immunofluorescence. It may also be
exploited for immunohistochemistry of tissue sections.

For the in vivo experiments, subcutaneous tumors were
grown from clonal populations of cells that were selected
after plasmid transfection. Others have injected virus intra-
tumorally into previously established tumors in mice (17).
With this approach, however, only cells along the needle
tract express the receptor and, as such, the uptake per gram
of tissue does not accurately reflect tumor uptake because
many uninfected cells will be included in the tumor sam-
ple—hence, falsely increasing weight. Expression outside
the tumor, which decreases uptake measurements, is also
possible. In our approach, each cell in the implanted tumor
expresses the protein of interest at essentidly the same
level, obviating such issues.
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The adenovirus-infected cells were imaged by %™Tc- or
188Re-labeled somatostatin analog P829. The 88Re-labeled
analog, which may be more useful for therapy, is currently
not FDA approved; the *"Tc-labeled variant is approved
only for imaging the lungs. *n-Octreotide, which was
used in these studies and by othersin previous studies (28),
has been approved by the FDA for whole-body imaging.
Because of its longer half-life (2.8 d vs. 6 h for ®MTc), 1!n
decay does not significantly influence interpretation of im-
ages after the delay of 24 h between injection and obtaining
the final patient scan. In patients, the images at 4 and 24 h
are often compared to detect movement of radiotracer, sig-
nifying gut activity. The images at 24 h always have the
highest signal-to-background information because of wash-
out of nonspecific interstitial activity. In humans, !n-
octreotide is excreted primarily through the kidneys, with a
second route of excretion through the liver to the intestine.
Activity is aso found in the spleen. This biodistribution is
mimicked in the mouse, where radioactivity per gram is
primarily found in the kidneys, followed by the liver and the
spleen. Finaly, *In can be detected by a standard gamma
camera. These are favorable characteristics for imaging
gene transfer compared with those of possible PET agents,
which are also expensive and less readily available.

CONCLUSION

Our findings show that the three portions of the expressed
fusion protein are functional and that the in vitro expression
data correlate with the in vivo imaging and biodistribution
data. In addition, the chimeric gene transfer can be dis-
cerned using Mn-octreotide. Thus, the approach described
may enable the noninvasive detection of gene transfer,
including chimeric gene transfer, in humans.

REFERENCES

1. Tjuvajev JG, Stockhammer G, Desal R, et al. Imaging the expression of trans-
fected genes in vivo. Cancer Res. 1995;55:6126—6132.

2. Alauddin MM, Conti PS, Mazza SM, Hamzeh FM, Lever JR. 9-[(3-[8F]-Fluoro-
1-hydroxy-2-propoxy)methyl]guanine ([*8F]-FHPG): a potential imaging agent of
vira infection and gene therapy using PET. Nucl Med Biol. 1996;23:787-792.

3. Tjuvajev JG, Finn R, Watanabe K, et al. Noninvasive imaging of herpes virus
thymidine kinase gene transfer and expression: a potential method for monitoring
clinical gene therapy. Cancer Res. 1996;56:4087—4095.

4. Alauddin MM, Conti PS. Synthesis and preliminary evaluation of 9-(4-['8F]-
fluoro-3-hydroxymethylbutyl)guanine ([*8F]FHBG): a new potential imaging
agent for viral infection and gene therapy using PET. Nucl Med Biol. 1998;25:
175-180.

5. Gambhir SS, Barrio JR, Wu L, et a. Imaging of adenovira-directed herpes
simplex virus type 1 thymidine kinase reporter gene expression in mice with
radiolabeled ganciclovir. J Nucl Med. 1998;39:2003-2011.

6. Tjuvaev JG, Avril N, Oku T, et al. Imaging herpes virus thymidine kinase gene
transfer and expression by positron emission tomography. Cancer Res. 1998;58:
4333-4341.

7. Gambhir SS, Barrio JR, Phelps ME, et a. Imaging adenoviral-directed reporter

412

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

gene expression in living animals with positron emission tomography. Proc Natl
Acad Sci USA. 1999;96:2333-2338.

. Gambhir SS, Barrio JR, Herschman HR, Phelps ME. Assays for noninvasive

imaging of reporter gene expression. Nucl Med Biol. 1999;26:481—-490.

. MacLaren DC, Gambhir SS, Satyamurthy N, et a. Repetitive, non-invasive

imaging of the dopamine D, receptor as a reporter gene in living animals. Gene
Ther. 1999;6:785-791.

Mandell RB, Mandell LZ, Link CJ Jr. Radioisotope concentrator gene therapy
using the sodium/iodide symporter gene. Cancer Res. 1999;59:661—668.

John M, Meyerhof W, Richter D, et al. Positive somatostatin receptor scintigra-
phy correlates with the presence of somatostatin receptor subtype 2. Gut. 1996;
38:33-39.

Kluxen F-W, Bruns C, Lubbert H. Expression cloning of arat brain somatostatin
receptor cDNA. Proc Natl Acad Sci USA. 1992;89:4618—-4622.

Bell GI, Reisine T. Molecular biology of somatostatin receptors. Trends Neuro-
sci. 1993;16:34-38.

O'Carroll A-M, Lolait SJ, Kénig M, Mahan LC. Molecular cloning and expres-
sion of a pituitary somatostatin receptor with preferential affinity for somatosta-
tin-28 [published correction appears in Mol Pharmacol. 1993;44:1278]. Mol
Pharmacol. 1992;42:939-946.

Yamada Y, Reisine T, Law SF, et al. Somatostatin receptors, an expanding gene
family: cloning and functional characterization of human SSTR3, a protein
coupled to adenylyl cyclase. Mol Endocrinol. 1992;6:2136-2142.

Panetta R, Greenwood MT, Warszynska A, et a. Molecular cloning, functional
characterization, and chromosomal localization of a human somatostatin receptor
(somatostatin receptor type 5) with preferential affinity for somatostatin-28. Mol
Pharmacol. 1994;45:417-427.

Zinn KR, Buchsbaum DJ, Chaudhuri TR, Mountz JM, Grizzle WE, Rogers BE.
Noninvasive monitoring of gene transfer using a reporter receptor imaged with a
high-affinity peptide radiolabeled with %™ Tc or 188Re. J Nucl Med. 2000;41:887—
895.

Fairbanks G, Steck TL, Wallach DFH. Electrophoretic analysis of the major
polypeptides of the human erythrocyte membrane. Biochemistry. 1971;10:2606—
2617.

Koller KJ, Whitehorn EA, Tate E, et al. A generic method for the production of
cell lines expressing high levels of 7-transmembrane receptors. Anal Biochem.
1997;250:51-60.

Fitzpatrick VD, Vandlen RL. Agonist selectivity determinants in somatostatin
receptor subtypes | and 1. J Biol Chem. 1994;269:24621-24626.

Kaupmann K, Bruns C, Raulf F, Weber HP, Mattes H, Lubbert H. Two amino
acids, located in transmembrane domains VI and V11, determine the selectivity of
the peptide agonist SMS 201-995 for the SSTR2 somatostatin receptor. EMBO J.
1995;14:727-735.

Liapakis G, Fitzpatrick D, Hoeger C, Rivier J, Vandlen R, Reisine T. Identifi-
cation of ligand binding determinants in the somatostatin receptor subtypes 1 and
2. J Biol Chem. 1996;271:20331-20339.

Roth A, Kreienkamp H-J, Nehring RB, Roosterman D, Meyerhof W, Richter D.
Endocytosis of the rat somatostatin receptors: subtype discrimination, ligand
specificity, and delineation of carboxy-terminal positive and negative sequence
motifs. DNA Cell Biol. 1997;16:111-119.

Koenig JA, Kaur R, Dodgeon |, Edwardson JM, Humphrey PPA. Fates of
endocytosed somatostatin sst, receptors and associated agonists. Biochem J.
1998;336:291-298.

Raynor K, Murphy WA, Coy DH, et a. Cloned somatostatin receptors: identi-
fication of subtype-selective peptides and demonstration of high affinity binding
of linear peptides. Mol Pharmacol. 1993;43:838—844.

Reisine T, Kong H, Raynor K, et a. Splice variant of the somatostatin receptor
2 subtype, somatostatin receptor 2B, couples to adenylyl cyclase. Mol Pharma-
col. 1993;44:1016-1020.

Theveniau MA, Yasuda K, Bell GI, Reisine T. Immunological detection of
isoforms of the somatostatin receptor subtype, SSTR2. J Neurochem. 1994;63:
447-455.

Rogers BE, McLean SF, Kirkman RL, et a. In vivo localization of [11In]-DTPA-
p-Phe! octreotide to human ovarian tumor xenografts induced to express the
somatostatin receptor subtype 2 using an adenoviral vector. Clin Cancer Res.
1999;5:383-393.

THE JourRNAL OF NUcLEAR MEDICINE ¢ Vol. 43 « No. 3 « March 2002



