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INTRODUCTION
The objective of this project was to develop novel two gene adenovirus (Ad) vectors expressing human

somatostatin receptor subtype 2 (SSTr2) and cytosine deaminase (CD) under control of the cyclooxygenase-2
(Cox-2) promoter for radiolabeled peptide therapy/molecular chemotherapy of prostate cancer. The tumor
specific promoter Cox-2 was selected based on the fact that it is active in prostate cancer, and the liver is Cox-2
negative and is the predominant site of Ad vector localization after systemic administration. Thus, the Ad may
infect normal liver cells but no transgene expression would occur.

Two forms of the Cox-2 promoter were compared to the cytelomegalovirus (CMV); a "long" form
(Cox-2L) and a truncated "medium" form (Cox-2M). It was shown that the Cox-2L promoter resulted in
greater CD activity than the Cox-2M promoter so we focused on the Cox-2L promoter. However, the level of
CD conversion of 5-fluorocytosine (5-FC) to 5-fluorouracil (5-FU) was lower than with CMV. This led to an
investigation of alternative promoters including fit-1 and survivin. Another goal was to determine if
transductional targeting with the RGD peptide in the HI-loop of the knob of the Ad vector would result in
greater SSTr2 and CD expression. It was determined that the RGD modified vectors were not more effective
than the non-RGD modified Ad. Thus, we pursued a second transductional modification in which the Ad3 fiber
was genetically expressed in the Ad5 virus since there is minimal or absent expression of the Ad5 coxsackie and
adenovirus receptor (CAR) on cancer cells. This proved to be the more useful approach. The new vectors were
evaluated in vivo for SSTr2, CD expression, and antitumor efficacy using prostate cancer xenograft models.
Based upon these results, we investigated expression of the fusion protein CD:uracil phosphoribosyl transferase
(CDUPRT) to overcome 5-FU resistance.

BODY
Statement of Work (SOW) Specific Aim 1 Task 1 and Task 2: To develop, validate, and evaluate

genetically modified Ad vectors that will selectively express both SSTr2 and CD in the context of prostate
cancer compared to normal tissues (especially liver where systemically injected Ad vectors localize) and our
first generation AdCMVSSTr2 and AdCMVCD vectors. Cellular Cox-2 mRNA status and promoter activity
was determined in LNCap, DU145, and PC3 human prostate cancer cells using Ad vectors expressing
luciferase. DU145 and PC3 cells expressed Cox-2 mRNA and their Cox-2L promoter activity was 70% and
100% of CMV promoter activity (Figure 1). However, LNCap cells did not express COX-2 mRNA.

SOW Specific Aim 1 Task 2 and Specific Aim 2 Task 1: The vectors that we developed were tested
for magnitude of SSTr2 expression employing membrane receptor binding in vitro. Seven vectors expressing
CD and/or SSTr2 were developed and evaluated using the prostate cancer cell lines DU145 and PC3: AdCox-
2LCDCox-2LSSTr2, AdCox-2LSSTr2Cox-2LCD, AdRGDCox-2LCDCox-2LSSTr2, AdCMVCDCMVSSTr2,
AdCMVCD, AdRGDCMVCD, and AdRGDCMVCDCMVSSTr2. Somatostatin binding and internalization
assays were performed by incubating infected cells with 99mTc-P2045, a peptide specific for SSTr2, and gamma
camera imaging of cells in plates 5 min after addition of peptide and 20 min later after removing the excess
peptide and stripping the peptide bound to SSTr2 on the cell surface."12 As shown in Figure 2, DU145 prostate
cancer cells infected with AdCMVSSTr2, AdCox-2LCDCox-2LSSTr2, or AdCox-2LSSTr2Cox-2LCD showed
binding and internalization of 99 mTc-P2045, demonstrating that the vectors all induced SSTr2 expression,
although the Cox-2L vectors produced less SSTr2 expression than the CMV vector. In addition, AdCox-
2LSSTr2Cox-2LCD produced more SSTr2 expression than AdCox-2LCDCox-2LSSTr2.

SOW Specific Aim 2 Task 1, Task 2 and Task 3: Athymic nude mice bearing DU145 prostate cancer
xenografts were injected intratumorally with AdCMVSSTr2 or AdCox-2LSSTr2 followed 2 days later by i.v.
injection of 99mTc-P2045. As shown in Figures 3 and 4, there was less accumulation of 99mTc-P2045 in tumors
injected with AdCox-2LSSTr2 compared to AdCMVSSTr2. Scatchard analysis demonstrated higher SSTr2
expression in DU145 and PC3 cells infected with the RGD modified AdRGDCMVCDCMVSSTr2 than
following infection with AdCMVCDCMVSSTr2 or AdCMVSSTr2 (Figure 5 and Table 1). These results
indicate that the Cox-2 vectors produced less SSTr2 expression than the CMV vector both in vitro and in vivo,
and indicate the importance of producing RGD modified Cox-2 vectors.
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Table 1. Binding of 125I-somatostatin to human prostate cancer cell lines 48 h after infection with 100 MOI of
each virus.

DU145 PC3
Bmax fmol/Iig Bmax fmol/ftg

AdCMVSSTr2 364913 4.4 125852 1.5
AdCMVCDCMVSSTr2 238182 2.7 93592 1.1
AdRGDCMVCDCMVSSTr2 501701 5.6 276868 3.1

SOW Specific Aim 1 Task 1 and Task 2: CD conversion assays were performed with lysates from
infected cells with the addition of 3H-5-fluorocytosine (5-FC) at various time points, and separation on thin
layer chromatography plates in butanol and water.3 Spots containing 5-FC and 5-fluorouracil (5-FU) were cut
out, put into scintillation fluid, and counted in a liquid scintillation counter. Cytotoxicity assays were
performed using the MTS assay (Promega) as described in the manufacturer's protocol. CD expression in
tumor xenografts was detected by immunohistochemistry. CD conversion assays were also performed with
lysates from prostate cancer xenografts. Tumors were homogenized and lysed, and CD conversion assays
performed as described for cellular lysates.

The vectors expressing CD and SSTr2 were next tested to determine their conversion of 5-FC to 5-FU
following infection of DU145 and PC3 human prostate cancer cell lines. The results from two or three
independent experiments with different lots of virus are presented in Table 2.3 They indicate that AdCox-
2LCD, AdCox-2LCDCox-2LSSTr2, and AdCox-2LSSTr2Cox-2LCD produced a lower level of conversion of
5-FC to 5-FU in DU145 and PC3 cells than AdCMVCD and AdCMVCDCMVSSTr2. Furthermore,
AdRGDCMVCD produced a level of conversion that was significantly greater than AdCMVCD. The highest
level of CD expression in DU 145 tumor xenografts occurred following infection with AdCMVCD as compared
to AdCox-2LCDCox-2LSSTr2 or AdCox-2LSSTr2Cox-2LCD (Figure 6). These results support earlier ones
that the CMV promoter is stronger than the Cox-2 promoter, although less specific. Moreover, the RGD
modified CMV viruses produced the highest level of conversion, whereas the RGD modified Cox-2L viruses
(AdRGDCox-2LCD and AdRGDCox-2LCDCox-2LSSTr2) did not produce CD, suggesting a problem in their
design. Efforts to redesign the RGD modified COX-2L viruses were unsuccessful, and we were not able to
identify the problem.

Table 2. Conversion of 5-FC to 5-FU in pmol/min/mg measured over a 1 h period at 48 h
after infection of DU145 and PC3 human prostate cancer cell lines with 100 MOI of each
virus.

DU145 PC3
Vector (pmol/min/mg) (pmol/min/mg)
Uninfected -0.01 0.00
AdCMVCD 25.6 8.1
AdCMVSSTr2 0.04 -0.02
AdCMVCDCMVSSTr2 7.5, 7.8 2.5, 4.5
AdCox-2LCD 2.1 1.0
AdCox-2LCDCox-2LSSTr2 3.0, 1.2, 2.7 1.2,4.3,4.5
AdCox-2LSSTr2Cox-2LCD 2.5 0.9
AdRGDCMVCD 150.4 194.0
AdRGDCMVCDCMVSSTr2 38.5, 29.1, 13.2 35.6, 28.5, 53.9
AdRGDCox-2LCD 1.1 0.5
AdRGDCox-2LCDCox-2LSSTr2 0.1,-0.2,-0.8 0.04, 1.1, 1.6

In the next set of studies, we evaluated the cytotoxicity of the various vectors after infection of DU145
cells with 10 MOI (plaque forming units/cell) of virus. The 5-FC IC 50 values are shown in Table 3. The results
indicate that AdCox-2LCDCox-2LSSTr2 produced equivalent cytotoxicity compared to AdCMVCD, whereas
AdCMVCDCMVSSTr2, AdRGDCMVCD, and AdRGDCMVCDCMVSSTr2 produced the greatest degree of
cytotoxicity. The level of cytotoxicity was lowest in the AdRGDCox-2LCD and AdRGDCox-2LCDCox-
2LSSTR2 infected cells. These results are consistent with the conversion results shown in Table 2, and again
suggest a problem with the RGDCox-2L vectors.
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Table 3. Cytotoxicity of Ad infected DU145 human prostate
cancer cells (10 MOI) exposed to 5-FC expressed as IC 50 (nM).
Vector DU145
Uninfected 165.9
AdCMVCD 31.0
AdCMVCDCMVSSTr2 3.4
AdRGDCMVCD 2.2
AdCox-2LCDCox-2LSSTr2 30.4
AdRGDCox-2LCD 114.9
AdRGDCMVCDCMVSSTr2 0.9
AdRGDCox-2LCDCox-2LSSTr2 128.1

Thus, we pursued a second transductional modification in which the Ad3 fiber was genetically
expressed in the Ad5 virus to eliminate the need of the Ad5 coxsackie adenovirus receptor (CAR) binding for
virus entry. The SSTr2 expression and CD results with the fiber chimeric Ad5/3 virus are shown in Tables 4
and 5 and Figure 7. They show a higher rate of CD conversion in vitro compared to the unmodified Cos-2L
viruses.

Table 4. Conversion of 5-FC to 5-FU in pmol/min/mg measured over a 1 h period at 48 h after
infection of DU145 and PC3 human prostate cancer cell lines with 100 MOI of Ad.
Vector DU145 PC3

(pmol/min/mg) (pmol/min/mg)
Ad5/3Cox-2LCDCox-2LSSTr2 1.9 3.1
Ad5Cox-2LCDCox-2LSSTr2 2.7 4.5

Table 5. Binding of l251-somatostatin to human prostate cancer cells infected with Ad vectors and blocked with cold
octreotide. "_
Vector DU145 PC3

+ Block (-) + Block (-)
Uninfected 8.0 8.3 7.1% 6.5%
Ad5Cox-2LCDCox-2LSSTr2 (1,OOOVP) 7.8% 7.0% 7.6% 6.6%
Ad5/3Cox-2LCDCox-2LSSTr2 (1,000VP) 8.6% 7.6% 10.4% 6.9%
Ad5/3Cox-2LCDCox-2LSSTr2 (100 MOI) 10.2% 7.7% 14.9% 6.7%

SOW Specific Aim 2 Task 2 and Task 3 and Specific Aim 3 Task 1: We evaluated CD and SSTr2
two-gene vectors in in vivo tumor models after intratumoral delivery of the vector. The transduction of the
tumor nodules was evaluated by radiolabeled peptide uptake in the tumor and other normal tissues.4-6 Gamma
camera imaging of 99mTc-P2045 showed localization in a DU145 s.c. tumor injected with AdCox-2LSSTr2.4

On the basis of the results with the chimeric Ad5/3Cox-2L vector, an in vivo therapy study was carried out in
athymic nude mice bearing established s.c. PC3 xenografts which were injected intratumorally with 5x1 06 viral
particles (VP) of Ad5Cox-2LCDCox-2LSSTr2, Ad5/3Cox-2LCDCox-2LSSTr2, or Ad5Luc and treated with 5-
FC (400 mg/kg 2x/day x7) and 6°Co radiation (5x2 Gy). The results are shown in Figure 8. There was greater
tumor growth inhibition with the chimeric Ad5/3Cox-2L vector than the Ad5Cox-2L vector. However, there
were no complete regressions.

SOW Specific Aim 1 Task 2: Based on these results, we investigated Flt-I as an alternative promoter.7

Flt-1 (VEGF receptor) occurs in various types of tumors, including prostate carcincoma. The Flt-1 promoter
exhibits a "liver off' phenotyhpe when used in Ad vectors. To evaluate the ability of the Flt-i promoter to
drive cell-specific gene expression, analysis of B-galactosidase production from AdFlt-LacZ Ad infection was
performed. Since the efficiency of gene transfer differs between cell types, infectivity for each cell type was
normalized to a positive control, LacZ gene delivery driven by the CMV promoter (AdCMV-LacZ). This
normalization is expressed as a ratio of the transfection effectiveness of AdFlt-LacZ to AdCMV-LacZ, where
transfection efficiency is defined as the percentage of cells expressing LacZ gene out of the entire population.
Forty-eight h after AdFlt-LacZ or AdCMV-LacZ infection cells were harvested and B-galactosidase activity was
analyzed by B-galactosidase enzyme assay (Figure 9A). As expected, the highest levels of Flt-1 driven LacZ
expression were observed in HUVEC human and SVEC4-10 murine endothelial cells and were relatively high
in hormone-independent DU145 (p53-mutant) and PC3 (p53-negative) human prostate cancer cells in
comparison with normal human bronchial epithelial BEAS-2B cells.

We hypothesized that the activity of the Flt-1 promoter would correlate to the relative levels of Flt-1
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mRNA expression in the tested cell lines. Flt-i and GAPDH (as control) mRNA levels were assessed by RT-
PCR. The comparative levels of the LacZ expression of prostate cancer cells correlated with VEGF receptor
mRNA expression. DU145 prostate cancer cells demonstrated detectable levels of Flt-1 mRNA expression in
comparison with BEAS-2B control cells, whereas PC3 cells showed low level Flt-I mRNA expression (Figure
9B). Comparing the Flt-1 promoter with CMV promoter driven reporter expression, specificity of Flt-1
promoter for HUVEC endothelial cells and prostate cancer cells was demonstrated.

Ionizing radiation has an important role in localized prostate cancer treatment. We further sought to
determine whether ionizing radiation alters Flt- 1 promoter activity. Radiation treatment at 3 Gy increased LacZ
expression driven by the Flt-l promoter by 61% in DU145 prostate cancer cells and 34% in HUVEC
endothelial cells in vitro (Figure 9C). To test whether VEGF protein expression modulates Flt-i promoter
activity in combination with ionizing radiation, DU145 prostate cancer cells and HUVEC cells were infected
with AdFlt-Luc Ad vector, exposed to ionizing radiation and incubated with recombinant human VEGF
(rhVEGF). As shown in Figure 9D, incubation in presence of rhVEGF alone and in combination with radiation
treatment significantly increased (p<0.05) Fit-l-driven Luc expression in HUVEC endothelial cells (220 and
282%, respectively) in comparison with AdFlt-Luc-infected DU145 prostate cancer cells (139 and 151%).
These data provide evidence of relatively high levels of Flt-1 promoter activity in human endothelial cells and
prostate cancer cells in vitro.

A major factor limiting 5-FU-based therapy and potentially CD/5-FC molecular chemotherapy for
prostate cancer is 5-FU resistance, which is due in part to intratumoral 5-FU catabolism to inactive metabolites
by the enzyme dihydropyrimidine dehydrogenase (DPD). One strategy to overcome high intratumoral
expression of DPD involves expression of the enzyme uracil phosphoribosyltransferase (UPRT). This enzyme
converts 5-FU to 5-fluorouracil monophosphate (5-FUMP), the next metabolite in the 5-FU anabolism
pathway. Coexpression of CD and UPRT as a fusion protein (CDUPRT) has been shown to sensitize human
tumor cells to both 5-FC and 5-FU in vitro, and to greatly augment CD/5-FC efficacy in vivo. Based upon these
results, we hypothesized that Ad-mediated CDUPRT/5-FC may be useful as an adjunct to radiation therapy in
the management of prostate cancer.

5-FC cytotoxicity to cells infected with either AdCMVCD or AdCMVCDUPRT at various MOI (10-
300) was determined after 5 days of continuous exposure.8 As shown in Table 6, 5-FC cytotoxicity to prostate
cancer cell lines after viral infection was variable. LNCaP cells were the most susceptible to 5-FC after infection
with either AdCMVCD or AdCMVCDUPRT, PC3 cells displayed an intermediate level of sensitivity, and
DU145 cells were the least sensitive. However, in all 3 cells lines, coexpression of CD and UPRT from
AdCMVCDUPRT rendered cells much more sensitive to 5-FC (range 6-125 fold) than CD expression alone
from AdCMVCD. The magnitude of enhancement in 5-FC sensitivity between AdCMVCDUPRT and
AdCMVCD varied among cell lines, with LNCaP>PC3>DU145 cells in order of decreasing sensitivity
(increasing IC 50). These data demonstrate a significant enhancement in 5-FC cytotoxicity to prostate cancer
cells after Ad-mediated expression of CDUPRT versus CD alone.

Table 6. AdCMVCD versus AdCMVCDUPRT mediated 5-FC cytotoxicity to human
prostate cancer cells in vitro
Cell Line MOT 5-FC ICs0 (ýtg/ml) Enhancement

(pfu/cell) AdCMVCD AdCMVCDUPRT
10 >200 20.3 1.6 (3) >10

DU145 100 24.8 + 0.6 (3) 0.7 + 0.7 (4) 34
300 15.4 ±15.4 (2) 0.3 0.01 (2) 56

1 15.8(1) ND
LNCaP 10 3.9 ± 0.7 (3) 0.03 0.01 (4) 125

100 1.0 ± 0.4 (3) 0.01 0.001 (4) 108
1 >200 34.4 (1) >6

PC3 10 26.6 ± 0.02 (2) 1.6 ± 0.7 (3) 17
100 5.7 ± 1.9 (4) 0.2 ± 0.2 (3) 24
300 4.6 ± 1.5 (2) 0.1 (1) 46

Mean ± SEM 5-FC IC50 determined by piecewise linear regression from log-linear dose-
response curves (6 replicates at 10 separate drug concentrations) from 1-4 separate
experiments. ND, not determined.
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To determine whether the AdCMVCDUPRT-mediated enhancement of 5-FC cytotoxicity was due to
UPRT expression, 5-FU cytotoxicity to PC3 cells was determined after infection with AdCMVCDUPRT
versus AdCMVCD. Compared to treatment with 5-FU alone, no change in 5-FU sensitivity was seen after
infection with a high dose of AdCMVCD (100 pfu/cell, IC 50 0.22 versus 0.15, p>0.05). However, a significant
decrease in 5-FU cytotoxicity was apparent after infection with either 10 or 30 pfu/cell of AdCMVCDUPRT
(IC 50 0.005 versus 0.003, respectively, p<0.001). These data suggest that the enhanced cytotoxicity of
CDUPRT/5-FC was due to UPRT mediated conversion of 5-FU to its downstream toxic metabolite 5-FUMP.

SOW Specific Aim 3 Task 1: The efficacy of AdCMVCDUPRT/5-FC/XRT therapy in local tumor
control was assessed using a subcutaneous xenograft model of DU145 in nude mice. The effect of coexpression
of CD and UPRT was assessed by comparing the efficacy of AdCMVCD/5-FC versus AdCMVCDUPRT/5-FC
with or without XRT (Figure 10). In general, AdCMVCDUPRT-containing regimens achieved an increased
level of growth inhibition compared to AdCMVCD-containing regimens.

SOW Specific Aim 4: No evidence for uptake of Ad vectors in tumor xenografts following systemic
i.v. injection was obtained either in terms of targeting of 99mTc-P2045 or by CD expression. The bulk of gene
expression and targeting occurred in the liver. This problem has been universal for all investigators using Ad
vectors. Based on the results presented, it appears that the Flt-1 promoter driving CDUPRT and SSTr2 would
be a good choice for future studies because the promoter is expressed in prostate cancer but not hepatocytes, its
expression is increased by radiation, and CDUPRT showed greater efficacy compared to CD. Retargeting of
the Ad vector to vascular endothelial targets might result in selective gene expression following systemic
injection.

KEY RESEARCH ACCOMPLISHMENTS
"* Validated the expression of SSTr2 and CD in tumor cells and xenografts after infection with Ad vectors

expressing SSTr2 and CD under control of Cox-2L promoter.
"* Identified Flt- 1 promoter as being active in prostate cancer cell lines.
"* Validated expression of SSTr2 in prostate cancer cells after infection with chimeric Ad5/3Cox-2L

vector.
"* Determined the conversion of 5-FC to 5-FU in prostate cancer cells and tumor xenografts.
"* Demonstrated cytotoxicity of prostate cancer cells infected with Ad vectors under control of Cox-2L

promoter expressing CD and exposed to 5-FC.
" Demonstrated localization of 99mTc-P2045 which binds to SSTr2 in tumor xenografts infected with

SSTr2 expressing Ad vectors.
"* Showed that AdCMVCDUPRT and 5-FC produced increased cytotoxicity of prostate cancer cells

compared to AdCMVCD and 5-FC.
"* Determined therapeutic efficacy of chimeric Ad5/3Cox-2LCDCox-2LSSTr2 in combination with 5-FC

and radiation therapy against prostate cancer xenografts.
"• Showed that AdCMVCDUPRT/5-FC and radiation produced greater growth inhibition of prostate

cancer xenografts than AdCMVCD/5-FC and radiation.

REPORTABLE OUTCOMES
Developed new Ad vectors expressing both SSTr2 and CD under control of CMV and Cox-2L

promoters. Developed new Ad vector expressing CDUPRT under control of CMV.

CONCLUSIONS
In conclusion, the combination of the therapeutic genes CD and SSTr2 with the Cox-2L or FLt-1

promoter should provide specificity for tumor uptake of radiolabeled peptides that bind to SSTr2 and selective
5-FC molecular chemotherapy. Transductional targeting with the chimeric Ad5/3 virus enhanced infectivity in
human prostate carcinoma. The most promising approach involves the Flt-1 promoter which is increased by
radiation in combination with the CDUPRT and SSTr2 genes in an Ad vector.
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ABBREVIATIONS
Ad adenoviral
CD cytosine deaminase
CDUPRT cytosine deaminase uracil phosphoribosyl transferase
Cox-2 cyclooxygenase-2
CMV cytomegalovirus
DPD dihydropyrimidine dehydrogenase
5-FC 5-fluorocytosine
5-FU 5-fluorouracil
Fit-1 vascular endothelial growth factor receptbr
SSTr2 somatostatin receptor subtype 2
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Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL/Apo2L) is of particular interest in
the development of prostate carcinoma therapeutics as it preferentially induces apoptosis of tumor
cells. To employ adenoviral vectors for highly efficient and specific TRAIL gene transfer into cancer
cells could overcome some potential problems for recombinant TRAIL. The vascular endothelial
growth factor receptor FLT-1 is involved in regulation of angiogenesis and tumor growth, invasion,
and metastasis of prostate carcinoma. FLT-1 expression is observed in both tumor endothelial cells
and prostate cancer cells. We developed an adenoviral vector encoding the TRAIL gene under
control of the FLT1 promoter (AdFIt-TRAIL), which produced endothelial and prostate cancer cell
death. The combination of ionizing radiation and adenovirus-driven TRAIL expression overcame
human prostate cancer cell resistance to TRAIL. Furthermore, in vivo administration of AdFIt-TRAIL at
the site of tumor growth in combination with radiation treatment produced significant suppression
of the growth of DU145 human prostate tumor xenografts in athymic nude mice. Our results
suggest that specific TRAIL delivery employing the FLT1 promoter can effectively inhibit tumor
growth and demonstrate the advantage of combination radiotherapy and gene therapy for the
treatment of prostate cancer.

Key Words: antiangiogenesis gene therapy, prostate cancer, TRAIL, radiation, FLIT-I,
adenoviral vector

INTRODUCTION The formation of new blood vessels is an important

Prostate cancer is the most frequently diagnosed, non- step in prostate cancer progression. The angiogenic
cutaneous neoplasm and second to lung cancer in switch occurs early in tumorigenesis and allows for
cancer-related deaths [1]. Thus, surgical, radiation, or expansion of the tumor mass, favoring acquisition of
hormonal therapy as monotherapy or in combination additional malignant properties and metastatic dissem-
does not appear to be adequate to control prostate ination [5]. In prostate cancer, the degree of tumor
cancer, which ultimately leads to distant metastasis and vascularization correlates with the development of
morbidity [2]. Because androgen-independent prostate metastatic disease. The newly formed tumor vascula-
cancer cells eventually lead to death, successful strat- ture remarkably differs from mature vessels in normal
egies to modify the biological behavior of these cells tissues. Observations of human cancers and animal
may potentially have the most significant clinical models argue that vascular endothelial growth factor
impact [3]. Clearly other novel treatment approaches (VEGF) receptors are up-regulated in new blood
to advanced/recurrent disease are desperately needed to vessels [6]. A variety of studies have shown that
achieve long-term local control and particularly to overexpression of VEGF and its cognate receptor FLT-1
develop effective systemic therapy for metastatic pros- and KDR occurs in various types of tumors, in
tate cancer [4]. contrast to low levels in normal tissues [7]. VEGF

The interaction between tumor cells and their has been implicated in the angiogenesis and growth
microenvironment is a promising area for the devel- of prostate carcinoma [8]. Recently, VEGF receptor
opment of novel therapeutic anti-cancer modalities, expression was demonstrated not only in microvascu-
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lar cells but also in a variety of tumor cells, including apoptosis-inducing TRAIL gene in combination with
prostate carcinoma [9,10]. ionizing radiation may be an effective approach for the

Antiangiogenesis therapy is a particularly attractive treatment of prostate cancer.
antitumor modality with many potential targets, consid-
ering that the regulation of tumor angiogenesis is
profoundly multifactorial. Strategies to inhibit tumor RESULTS AND DISCUSSION
angiogenesis include targeting molecules involved in FLT1 Promoter Activity in Prostate Cancer Cell Lines
blood vessel formation, as well as targeting endothelial Development of efficient and selective gene therapy
cell survival [11]. Gene therapy is a promising approach vectors for cancer cells will increase the efficacy and
for the treatment of prostate carcinoma. Recombinant safety of gene-based cancer therapeutics. Transcriptional
adenoviral vectors are effective tools for gene delivery targeting could add a further level of safety to regulate
because of their superior in vivo gene transfer efficiency in transgene expression selectively in target cells by using
a wide spectrum of both dividing and nondividing cell specific promoters for gene therapy. Ideally, promoters
types. The employment of gene therapy using antiangio- should provide high-level transgene expression in tumor
genesis genes has shown promise in preclinical models in cells but be silent in normal tissues, particularly hepato-
mice [12]. The most important obstacles for adenoviral cytes. In an attempt to enhance the selectivity for
gene therapy are low selectivity of the existing vectors prostate cancer gene therapy several adenoviral vectors
and low efficiency of gene transfer. Thus, new strategies were developed using well-characterized prostate cancer-
for targeting regional or systemic disease are required. specific promoters such as PSA and PSMA (for more
The use of targeted viral vectors to localize gene transfer details see reviews [18,19]). Over the past decades,
to specific cell types holds many advantages over conven- numerous studies have demonstrated the importance of
tional, nontargeted vectors currently used in gene ther- tumor angiogenesis in cancer development. High levels
apy. Utilization of tumor/tissue-specific promoters can of VEGF production in prostate cancer cells and robust
reduce toxicity, increase safety, and improve the ther- expression of its cognate receptors in tumor-associated
apeutic index [13]. Recent studies have demonstrated blood microvessels as well as prostate carcinoma suggest
promising results using the FLT1 promoter in gene that VEGF/VEGF receptor expression plays an important
therapy. Furthermore, the FLT1 promoter exhibits a role in prostate tumor angiogenesis [6,7,9,10]. Recently, a
"liver off' phenotype when used in adenoviral vectors fragment of the promoter for the VEGF receptor gene
[14]. FLT1 has been demonstrated to be transcriptionally silent

Clonal expansion and tumor growth are the result of in human hepatocytes in vitro and mouse and rat
the deregulation of the balance between cell proliferation hepatocytes in vivo [20,21].
and apoptosis. This imbalance is a major factor in the To evaluate the ability of the FLT1 promoter to drive
multistep process of tumorigenesis, and inhibition of cell-specific gene expression, we performed an analysis of
apoptosis is the main cause of this phenomenon. Thus, P3-galactosidase production from AdFlt-LacZ adenovirus
specific induction of programmed cell death is a rational infection. Since the efficiency of gene transfer differs
approach for cancer therapy. The extrinsic pathway of between cell types, we normalized infectivity for each cell
apoptosis can be induced by members of the tumor type to a positive control, LacZ gene delivery driven by
necrosis factor (TNF) family of cytokines, which includes the CMV promoter (AdCMV-LacZ). This normalization is
the TNF-related apoptosis-inducing ligand (TRAIL/ expressed as a ratio of the transfection effectiveness of
Apo2L) [15]. TRAIL is of particular interest in the de- AdFlt-LacZ to AdCMV-LacZ, where transfection efficiency
velopment of cancer therapeutics as it preferentially is defined as the percentage of cells expressing LacZ out
induces apoptosis of tumor cells, with little or no effect of the entire population. Forty-eight hours after AdFlt-
on normal cells [16]. TRAIL can trigger caspase activation LacZ or AdCMV-LacZ infection, we harvested the cells
and result in rapid apoptosis through binding of specific and analyzed P-galactosidase activity by P-galactosidase
proapoptotic receptors [17]. enzyme assay (Fig. 1A). As expected, the highest levels of

Induction of cytotoxicity via selective expression of FLT1-driven LacZ expression were observed in HUVEC
the proapoptotic TRAIL gene in tumor microvasculature human and SVEC4-10 murine endothelial cells and were
and prostate cancer cells may improve antitumor therapy relatively high in hormone-independent DU145 (p53-
alone and in combination with radiation therapy of mutant) and PC3 (p53-negative) human prostate cancer
prostate cancer xenografts. The central hypothesis of this cells in comparison with normal human bronchial
study was that selective transcriptional targeting of epithelial BEAS-2B cells.
adenoviral vectors encoding the TRAIL gene under Transcriptional activity of cell-specific promoters typ-
control of the FLT1 promoter could increase specificity ically correlates with the level of expression of the
and efficiency of human prostate cancer therapy in corresponding endogenous gene. Thus, we hypothesized
combination with ionizing radiation. The results of the that the activity of the FLT1 promoter would correlate
present study demonstrated that overexpression of the with the relative levels of FLT1 mRNA expression in the
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FIG. 1. FLT1 promoter activity in prostate cancer and endothelial cells. (A) LacZ expression in prostate cancer and endlothelial cell lines. DUI145 and PC3 human
prostate cancer cells, BEAS-2B3 normal human bronchial epithelial cells (negative control), SVEC4-1 0 small vessel murine endlothelial cells, and HUVEC human
umbilical vein endlothelial cells (positive control) were infected with AdFIt-LacZ or AdCMV-LacZ (control for infectivity) recombinant adenoviruses at an m.o.i, of
100. LacZ expression was analyzed at 48 h after infection using a P-galactosidlase enzyme assay system. FLTI promoter activity is presented as a percentage of
CMVV promoter activity. Presented are mean values ± standard deviations of three independent experiments, each performed in triplicate. (B) The levels of FLT1
mRNA in prostate cancer cells and endlothelial cells. BEAS-2B3 (negative control), PC3, and DU145 prostate cancer cells and HUVEC (positive control) were
collected and total RNA was extracted. The levels of FLTI and GAPDH (loading control) expression were determined using RT-PCR. One representative of three
different experiments is shown. (C) Enhanced FLT1 promoter activity following ionizing radiation treatment of human prostate cancer and endlothelial cells.
DUI145 prostate cancer cells and HUVEC endlothelial cells were infected with the AdFIt-LacZ or AdCMV-LacZ (control) recombinant adenoviruses at an m.o.i, of
100. At 24 h after infection, cells were 60Co irradiated at 3 Gy. LacZ expression was analyzed at 48 h after radiation treatment using a p-galactosidase enzyme
assay system. FLT1 promoter activity is presented as a percentage of CMVV promoter activity. Presented are mean values ± standard deviations of three
independent experiments, each performed in triplicate. (D) VEGF overexpression increases FLT1 promoter activity. DU1 45 and HUVEC cells were infected with an
m.o.i, of 100 AdFIt-Luc or AdCMV-Luc recombinant adenoviruses. Twenty-four hours later cells were exposed to ionizing radiation at 3 Gy. Immediately after
radiation treatment 50 ng/ml rhVEGF was added to the cell culture medium. After 48 h incubation, cells were collected and relative luciferase activity was
determined using a luciferase assay. Presented are mean values + standard deviations of four independent experiments, each performed in six replicates.

tested cell lines. We assessed FLT1 and glyceraldehyde-3- (RT-PCR). The comparative levels of the LacZ expression
phosphate dehydrogenase (GAPDH) (as control) mRNA of prostate cancer cells Correlated with VEGF receptor
levels by reverse transcriptase polymerase chain reaction mRNA expression. DU145 prostate cancer cells demon-
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strated detectable levels of FLT1 mRNA expression in proliferation. Recent studies of prostate carcinoma have
comparison with BEAS-2B control cells, whereas PC3 cells shown that FLT-1 was detected in carcinoma cells in
showed a low level FLT1 mRNA expression (Fig. 1B). 100% of the specimens evaluated. FLT-1 was also
Comparing the FLT1 promoter with CMV promoter- expressed in benign areas adjacent to the tumors [9,10].
driven reporter expression, the specificity of the FLT1 Although it was assumed that the two VEGF receptors
promoter for HUVEC endothelial cells and prostate are expressed almost exclusively on vascular endothelial
cancer cells was demonstrated, cells, recent studies have demonstrated both KDR and

Ionizing radiation has an important role in localized FLT-1 expression in tumor cells, including those derived
prostate cancer treatment. Identification of compounds from neuroblastoma and prostate and pancreatic cancers
that will enhance the efficacy of radiation treatment is an [9,10,27]. In this study, we used DU145 and PC3 cell
essential goal for multimodality therapy. We further lines, which were derived from brain and bone meta-
sought to determine whether ionizing radiation alters stases, respectively, and thus these cells would be
FLT1 promoter activity. Radiation treatment at 3 Gy expected to be differentiated prostate cancer cells. This
increased LacZ expression driven by the FLT1 promoter agrees with observations that VEGF receptor expression is
by 61% in DU145 prostate cancer cells and 34% in increased in prostate intraepithelial neoplasia and malig-
HUVEC endothelial cells in vitro (Fig. 1C). Studies with a nant cells from well and moderately differentiated
number of tumors have identified both FLT1 and VEGF prostate cancer, in comparison with normal glands and
gene expression in malignant cells, suggesting the poorly differentiated cancer [281.
presence of an autocrine stimulatory loop promoting The results of our experiments are in an agreement
tumor cell growth in addition to the more commonly with these findings and suggest the possibility that tumor
recognized effects of VEGF on tumor angiogenesis. Addi- cell-derived VEGF might play an autocrine role in
tionally, exposure of prostate cancer to ionizing radiation prostate cancer spread in addition to its known paracrine
increased the secretion of VEGF by tumor cells that may activity. Also, VEGF overexpression and ionizing radia-
enhance the angiogenic response and play a role in the tion increased FLT1 promoter activity in prostate carci-
protection against radiation damage [22]. noma. According to current literature, these data are the

To test whether VEGF protein expression modulates first demonstration of the ability of ionizing radiation to
FLT1 promoter activity in combination with ionizing increase FLT1 promoter activity.
radiation, we infected DU145 prostate cancer cells and
HUVEC cells with AdFlt-Luc adenoviral vector, exposed Induction of Proapoptotic TRAIL Protein
them to ionizing radiation, and incubated them with Overexpression Causes Prostate Cancer Cell Death
recombinant human VEGF (rhVEGF). As shown in Fig. Failure to undergo programmed cell death has been
1D, incubation in the presence of rhVEGF alone and in implicated in tumor development and resistance to
combination with radiation treatment significantly prostate cancer therapy [29]. Promotion of apoptosis in
increased (P < 0.05) FLT1-driven Luc expression in prostate cancer cells may lead to the regression and
HUVEC endothelial cells (220 and 282%, respectively) improved prognosis of refractory disease. Apoptosis can
in comparison with AdFlt-Luc-infected DU145 prostate be achieved through the exploitation of certain cellular
cancer cells (139 and 151%). These data provide evidence pathways such as death receptors and caspases. TRAIL is
of relatively high levels of FLT1 promoter activity in able to induce p53-independent apoptosis in a variety of
human endothelial cells and prostate cancer cells in vitro, tumor cell types, and it appeared not to induce toxicity in

Tumor growth is critically dependent on blood supply normal cells [30].
and cancer cells can induce the formation of new blood To determine the susceptibility of cells to TRAIL-
vessels. Increased angiogenic activity, based on micro- mediated killing, we incubated DU145 and PC3 prostate
vessel density counts of preserved tissues, has been linked cancer cells and HUVEC endothelial cells with soluble
to a more aggressive phenotype in studies of human TRAIL (sTRAIL) at various concentrations and measured
prostate cancer [23,24]. High levels of VEGF have been relative cell viability using the crystal violet staining assay
observed in aggressive variants of human prostate cancer (Fig. 2A). The results reveal that prostate cancer cells were
lines in comparison to less malignant variants [25]. resistant to sTRAIL protein. Cell viability of DU145 and
Increased levels of VEGF were also identified specifically PC3 cells, following incubation for 96 h with sTRAIL at
in patients with metastatic prostate cancer in comparison 400 ng/ml, was 75 and 77%, respectively. HUVEC
to prostate cancer patients with localized disease [26]. endothelial cells demonstrated a high level of resistance
These observations indicate that increased production of to sTRAIL treatment. Several potential problems for
VEGF may be associated specifically with the emergence sTRAIL as an anti-cancer agent have been identified.
of an aggressive phenotype in prostate cancer progres- Large amounts of sTRAIL were required to inhibit tumor
sion. Studies in model systems have shown that high development, as most of the protein was cleared within
levels of VEGF are likely to promote angiogenesis through several hours after intravenous injection in murine
paracrine mediation of endothelial cell migration and models. Furthermore, the antitumor activity of sTRAIL

1062 MOLECULAR THERAPY Vol. 10, No. 6, December 2004
Copyright © The American Society of Gene Therapy



doi:1 0.101 6/i.ymthe.2004.08.024

A B
125

EDU145 0 PC3 2SVEC4-10

2125- :3 1P-1B CPEA10

o ,100
~oo

ci,
L ] 075

1 5

-50HUVEC "0

Z PC3 (D

25, 7E

Ca) DU145 -

0 25 50 100 200 400
rhTRAIL (ng/ml)

C D E
125 , 2 , 100.

,-1 2 *AdFit-Luc + 3 Gy
-3 [3 No IR 0 3 Gy
.j L_ 13AdFIt-TRAIL
L 100. 4) <

0-0 75, eAdFIt-TRAIL + 3 Gy

0 .~0 1-0 (D

S75, "c".c
. 50,

00

SE 'U" 50, 0 45"

U E 25ý
D 25 0

CU >

of 0' ." ' e 0 -
DU145 PC3 SVEC4-10 1P-IB PEAl0

FIG. 2. Induction of proapoptotic TRAIL overexpression causes prostate cancer cell death. (A) Prostate cancer cells are resistant to sTRAIL. DU145 and PC3
prostate cancer cells and HUVEC were incubated with sTRAIL at various concentrations. Cell viability was determined at 72 h by using the crystal violet staining
assay. Presented are mean values ± standard deviations of three independent experiments, each performed in 10 replicates. (B) AdFIt-TRAIL infection induces
cytotoxicity in prostate cancer cells and endothelial cells. DU145 and PC3 human prostate cancer cells, SVEC4-10 and 1 P-i B mouse endothelial cells, and PEAl 0
normal fibroblasts were infected with AdFlt-TRAIL or AdFlt-Luc recombinant adenoviruses at an m.o.i. of 100. Cell viability was determined at 72 h by using the
crystal violet staining assay. Data shown represent relative cell viability following AdFIt-TRAIL infection compared to AdFlt-Luc viral control. Presented are mean
values ± standard deviations of three independent experiments, each performed in 10 replicates. (C) Induction of TRAIL expression combined with ionizing
radiation resulted in increased prostate cancer cell death. Prostate cancer cells, endothelial cells, and fibroblasts were infected with AdFIt-TRAIL orAdFlt-Luc (viral
control) recombinant adenoviruses at an m.o.i, of 100. At 24 h after infection, cells were 6

0Co irradiated at 3 Gy. Cell viability was determined at 96 h after
radiation treatment using the crystal violet staining assay. Presented are mean values + standard deviations of three to four independent experiments, each
performed in 10 replicates. (D) Mean combination index values for AdFlt-TRAIL infection and radiation treatment combinations with human prostate cancer and
mouse endothelial cell lines. DU1 45, PC3, SVEC4-1 0, and I P-i B cells were treated with different m.o.i. of AdFIt-TRAIL or AdFlt-Luc and 24 h later cells were
irradiated at different doses. The m.o.i. of AdFIt-TRAIL and AdFlt-Luc ranged from 12 to 400 TCIDso per cell, and the radiation dose ranged from i to 6 Gy. Mean
values were derived from three replicate dose ranges sufficient to inhibit growth of tested cells by 5-95%. Error bars indicate the 95% confidence intervals of the
mean value. Combination index values were derived from parameters of the median effect plots, and statistical tests were used to determine whether the mean
combination index values at multiple effect levels (ICs-IC9 5) were significantly different from combination index values equal to 1. (E) Clonogenic survival assay
of DU145 prostate cancer cells. AdFIt-TRAIL- or AdFlt-Luc-infected cells (m.o.i. of 50) were exposed to ionizing radiation at 3 Gy. Cells were fixed and colonies
were counted at 15 days after radiation treatment. Data are presented as percentage of number of colonies in comparison with AdFlt-Luc-infected mock-
irradiated controls. Presented are mean values ± standard deviations of three independent experiments, each performed in 6 replicates.

was highest when given shortly after tumor implantation the effectiveness of this anti-cancer agent [33,341.
[31,32]. Also, the reported cytotoxicity against normal Because of these issues, the development of alternative
human hepatocytes of some forms of sTRAIL could limit approaches to specific TRAIL protein delivery may
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increase specificity and efficacy of treatment. One way to To test whether combined TRAIL expression and
overcome these limitations is to employ adenoviral treatment with ionizing radiation can increase cytotox-
vectors for highly efficient and specific TRAIL gene icity, we infected DU145 and PC3 human prostate cancer
transfer into cancer cells in vitro and in vivo [34-36]. cells and SVEC4-10 and 1P-1B murine endothelial cells

We constructed a replication-deficient recombinant with AdFlt-TRAIL or AdFlt-Luc (as control) adenoviruses
adenoviral vector encoding the human TRAIL gene and exposed them to ionizing radiation. As shown in Fig.
under control of the human FLT1 promoter element 2C, irradiation produced increased AdFlt-TRAIL cytotox-
(AdFIt-TRAIL). We detected TRAIL protein expression icity to DU145 cells (P < 0.05) in comparison to the PC3
following AdFlt-TRAIL infection in cell lysates using an cell line. Treatment with radiation enhanced the AdFlt-
immunoblotting technique (data not shown). To deter- TRAIL-induced SVEC4-10 and 1P-1B endothelial cell
mine the susceptibility of prostate cancer cell and killing in comparison with PEA10 normal fibroblasts
endothelial cell lines to TRAIL-mediated killing, we (Fig. 2C), and the cytotoxic effect improved as the
infected cells with AdFlt-TRAIL and AdFlt-Luc at various m.o.i. of AdFlt-TRAIL was increased (data not shown).
multiplicities of infection (m.o.i.). There was a dose- As shown in Fig. 2D, the combination of AdFlt-TRAIL
dependent correlation in cell killing measured by crystal infection with ionizing radiation treatment of prostate
violet staining assay (results not shown). A major cancer cells and mouse endothelial cells resulted in
advantage of using AdFlt-TRAIL would be transcriptional combination index values of 0.80, with a confidence
targeting of TRAIL gene expression in FLT-1-positive interval (CIgs%) from 0.58 to 1.02 and P value (indicates
endothelial cells. Therefore, it was critical to determine level of statistical significance compared with a combi-
whether murine endothelial cells would be sensitive to nation index value of 1.0) of 0.05 for DU145, 0.89
AdFlt-TRAIL infection before examining the effects of (CIgs% = 0.46 to 1.32, P = 0.41) for PC3, 0.81 (CI1s% =
FLTl-driven TRAIL gene therapy in vivo. We infected 0.54 to 1.08, P = 0.06) for SVEC4-10, and 0.91 (CI1s% =
prostate cancer cells, murine endothelial cells, and 0.67 to 1.15, P = 0.46) for 1P-iB cells. The mean
fibroblasts with AdFlt-TRAIL or AdFlt-Luc at an m.o.i. combination index values, resulting from separate experi-
of 100 and determined cell viability using the crystal ments at multiple effect levels, were not significantly
violet staining assay (Fig. 2B). AdFlt-TRAIL produced different from 1.0, which indicates an additive effect of
increased cytotoxicity to DU145 cells (P < 0.05) in the combined therapy for these cell lines (Fig. 2D).
comparison with the PC3 cell line. SVEC4-10 murine We confirmed the additive interaction observed
endothelial cells were sensitive to AdFlt-TRAIL infection, between AdFlt-TRAIL infection and radiation treatment
in contrast to the 1P-1B mouse endothelial cell line and in DU145 cells using a long-term clonogenic survival
PEA10 normal mouse fibroblasts. Thus, treatment using assay. The day after infection with an m.o.i. of 50 AdFlt-
the TRAIL gene driven by the FLT1 promoter produced TRAIL or AdFlt-Luc (viral control), we exposed DU145
prostate cancer and endothelial cell killing. Several prostate cancer cells to ionizing radiation and subjected
studies recently demonstrated that adenoviral-driven them to clonogenic survival assay. Radiation alone
TRAIL gene expression can overcome an impaired caused a dose-dependent reduction in cell survival of
response to sTRAIL, with induction of cytotoxicity and uninfected cells (results not shown). AdFlt-Luc-infected
apoptotic bystander effects in lung, colon, ovary, and DU145 cells showed a reduction in the number of
prostate cancer cells [37-39]. However, the transduction colonies by 55% after 3 Gy in comparison with uni-
of primary human hepatocytes revealed a high number rradiated cells and AdFlt-TRAIL-infected cells had a 57%
of apoptotic cells [40]. These data imply that adenoviral- reduction in the number of colonies in comparison with
driven TRAIL administration in vivo must be restricted AdFlt-Luc-infected cells (Fig. 2E). There was a signifi-
to tumor tissue and controlled by a specific promoter to cantly greater reduction (P < 0.05) in the number of
avoid liver damage in human trials. AdFlt-TRAIL-infected DU145 colonies (89% after 3 Gy) in

comparison with AdFlt-Luc-infected cells. Thus, treat-
Additive Effect of TRAIL Overexpression in ment with AdFlt-TRAIL and radiation enhanced cell
Combination with Ionizing Radiation in the killing, and the cytotoxic effect improved as the m.o.i.
Production of Prostate Cancer Cell Death of AdFlt-TRAIL was increased (data not shown). Combi-
Surgical extirpation and external beam radiotherapy are nation treatment with ionizing radiation and specific
potentially curative treatment options for clinically proapoptotic gene transfer, two therapies with different
localized prostate cancer. The development of new the- toxicity profiles, has several potential benefits. Gene
rapeutic strategies for the treatment of hormone refrac- therapy may cause radiosensitization and enhanced cell
tory metastatic prostate cancer is imperative. It appears killing [43]. Theoretical mechanisms of the enhanced
that a combination treatment approach will be required antitumor effects from this combined approach may be
to control metastatic disease. Combined radiotherapy that ionizing radiation improves transfection or trans-
and gene therapy is a novel therapeutic approach for duction of a therapeutic gene [44]. On the other hand,
prostate cancer [41,42]. radiation treatment may enhance the efficacy of TRAIL-
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induced apoptosis through up-regulation of death recep- Combined TRAIL Gene Delivery with Ionizing Radia-
tor expression and/or p53-mediated transcriptional acti- tion Increased Cytotoxicity to Prostate Tumor Xeno-
vation of Bax, Bak, or similar proapoptotic Bcl-2 family grafts
members [45]. Multimodality therapy has been widely used in cancer

To confirm that the tumor cell killing following AdFlt- treatment for enhancing efficacy, reducing toxicity, and
TRAIL infection was mediated through an apoptotic preventing or delaying development of resistance. There
mechanism, we analyzed caspase-like activity and alter- is increasing evidence that certain chemotherapeutic
ation of cell membrane (Table 1). We detected increased agents and ionizing radiation synergize with TRAIL-
caspase-3-like activity in the ionizing radiation-treated mediated apoptosis of cancer cells [47,48]. TRAIL triggers
DU145 cells, AdFlt-TRAIL-infected DU145 cells, and cells apoptosis even in cells resistant to apoptosis in response
that received combined treatment, which in comparison to radiation, since ionizing radiation induces apoptosis
with AdFlt-Luc-infected cells were 3.6-, 5.3-, and 8.1-fold by a pathway different from death ligands, although an
greater, respectively.: Since caspase-3 and -7 share the overlapping set of molecules is involved [45]. Combina-
same target substrate sequence, it is difficult to assess the tion of both modalities has been shown to induce
cleavage activity attributed to caspase. The activation of additive or synergistic apoptotic effects and eradication
caspases is the hallmark of apoptosis. The initiator of clonogenic tumor cells. In tumors that retain some
caspases-8 and -9 are activated by two alternative path- responsiveness to conventional therapy, TRAIL overex-
ways and thereby activate downstream, effector caspase- pression in combination with ionizing radiation might
3. This caspase is ultimately involved in proteolytic lead to synergistic apoptosis activation, as well as
cleavage of a variety of cellular proteins that leads to reducing the probability that tumor cells resistant to
apoptotic cell death [46]. either type of agent will emerge. In tumors that have lost

The loss of plasma membrane asymmetry is an early p53 function, death receptor targeting might help
event in apoptosis and could result in the exposure of circumvent resistance to radiotherapy. In mouse models,
phosphatidylserine residues at the outer plasma mem- combinations of TRAIL and certain DNA-damaging drugs
brane leaflet. Annexin V, a phospholipid binding protein, or radiotherapy exerted synergistic antitumor xenograft
specifically binds to phosphatidylserine residues. The activity [47,48].
results from an annexin V-FITC binding assay showed To investigate the effects of the combination of AdFlt-
that the higher proportion of annexin V-positive cells TRAIL infection and ionizing radiation treatment on
was observed in both AdFlt-TRAIL-infected and AdFlt- tumor growth in vivo, we injected DU145 cells subcuta-
TRAIL plus radiation-treated groups, with values of 38 neously into the flank of athymic nude mice. Before
and 61%, respectively. These values were statistically treatment, the mean tumor sizes in groups of 10-12 mice
greater than in AdFlt-Luc-infected or ionizing radiation- at baseline were not significantly different between treat-
treated cells alone (P < 0.05) (Table 1). Additionally, ment groups (P > 0.05), and the within-treatment varian-
DU145 prostate cancer cells showed an increased per- ces were not significantly different (P > 0.05). The baseline
centage of necrotic (propidium iodide (P1)-positive) cells mean and standard deviation for tumor sizes was 97 ± 39
following combined AdFlt-TRAIL infection and radiation mm3 . We initiated in vivo tumor therapy on Day 0, which
treatment (data not shown). corresponded to 22 days post-tumor cell injection. We

These data demonstrated that AdFlt-TRAIL produced injected animals intratumorally with AdFlt-TRAIL or
cytotoxicity in endothelial and prostate cancer cells AdFlt-Luc recombinant adenoviruses on Days 0 and 7.
through activation of the apoptosis pathway. Also, Two groups of mice received radiation treatment at 2 Gy
AdFlt-TRAIL infection plus ionizing radiation produced on Days 1 and 8. We noted an inhibition of tumor growth
additive cell killing, in groups of mice treated with AdFlt-Luc plus radiation,

AdFlt-TRAIL alone, and AdFlt-TRAIL in combination with
ionizing radiation versus the AdFlt-Luc-injected control

TABLE 1: The effects of combined treatment with AdFIt- group (Fig. 3A). There were no significant differences in
TRAIL and ionizing radiation on the apoptosis of DU145 tumor growth between groups that received AdFlt-TRAIL

prostate cancer cells alone versus AdFlt-TRAIL in combination with ionizing

Treatment Fluorescence intensity % of annexin radiation or AdFlt-Luc plus radiation treatment versus
(DEVD-AFC) V-positive cells AdFlt-TRAIL alone (P > 0.05). Comparisons of mean tumor

AdFIt-Luc (control) 350 + 140 5 ± 3 volumes of the AdFlt-Luc in combination with ionizing
Radiation treatment 1250 + 230* 8 ± 4 radiation treatment group versus AdFlt-TRAIL in combi-

(3 Gy) nation with radiation showed significant differences
AdFlt-TRAIL 1840 ± 401* 38 ± 12** between the groups (P < 0.05). This difference in tumor
AdFlt-TRAIL + 3 Gy 2825 + 360** 61 ± 24** size was evident at day 38 and persisted for the duration of

P < 0.05 in comparison with AdFlt-Luc control, the experiment. On day 56, the average tumor size was
P < 0.05 in comparison with AdFlt-Luc control or radiation treatment alone. 101 ± 38 mm3 in mice treated with AdFlt-TRAIL in
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FIG. 3. The effects of AdFlt-TRAIL and radiation treatment on tumor growth in athymic nude mice bearing prostate cancer xenografts. (A) Growth of DU145
prostate cancer xenografts treated with AdFlt-TRAIL in combination with ionizing radiation. Treatment was started at the time of established tumor growth, 22
days postinjection. Animals were injected intratumorally with 1 x 109 TCIDso AdFIt-TRAIL or AdFlt-Luc (control) on Days 0 and 7 and irradiated with 2 Gy on
Days 3 and 9. Data points represent the mean change in tumor volume relative to Day 0 for each group of animals. On the last day of the study, the average
tumor size was 101 + 38 mm

3 
in mice treated with AdFIt-TRAIL in combination with ionizing radiation (n = 10), 193 ± 41 mm

3 
in mice injected with AdFIt-TRAIL

alone (n = 12), and 368 ± 129 mm
3 

in mice treated with AdFlt-Luc plus radiation therapy (n = 11) versus 703 ± 207 mm
3 

in AdFlt-Luc control (n = 12) mice (P=
0.015, 0.028, and 0.04, respectively). (B-E) TUNEL assay of DUI 45 prostate cancer xenografts. Representative areas of a DU145 xenograft tumor from an animal
treated with AdFlt-Luc as control (B), ionizing radiation only (C), AdFlt-TRAIL alone (D), and AdFlt-TRAIL plus ionizing radiation (E). (F-I) Vascular staining in
DU145 xenograft tumors. Photomicrographs of immunocytochemistry staining of tumors from nude mice with DU145 human prostate cancer xenografts,
stained with an anti-CD31 antibody (arrows). Representative areas of a DU145 xenograft tumor from an animal treated with AdFlt-Luc as viral control (F),
ionizing radiation alone (G), AdFIt-TRAIL alone (H), and AdFIt-TRAIL in combination with ionizing radiation (I). Original magnification x200.

combination with ionizing radiation, 193 ± 41 mm 3 in To assess the in vivo effects of AdFlt-TRAIL on
mice injected with AdFlt-TRAIL alone, and 368 + 129 mm3  apoptosis and angiogenesis, we analyzed the tumor
in mice treated with AdFlt-Luc plus radiation therapy samples by terminal deoxynucleotidyl transferase-medi-
versus 703 ± 207 mm3 in AdFlt-Luc control mice (P = ated dUTP nick end labeling (TUNEL) and CD31 staining.
0.015, 0.028, and 0.04, respectively). The mean times to DU145 xenograft-bearing mice received 2 weeks of treat-
tumor doubling for control, AdFlt-Luc plus radiation, and ment with AdFlt-TRAIL or AdFlt-Luc alone (every 7 days
AdFlt-TRAIL alone treatment groups were 12, 32, and 54 for three injections), radiation therapy (every 7 days for
days, respectively; in animals that received AdFlt-TRAIL in three treatments), and AdFlt-TRAIL plus radiation ther-
combination with ionizing radiation tumors had not apy (every 7 days for three injections plus 2 Gy the day
doubled by day 56, the last day of the study. after the adenoviral injection). At 3 days after the last

1066 MOLECULAR THERAPY Vol. 10, No. 6, December 2004
Copyright © The American Society of Gene Therapy



doi:1 0.101 6/i.ymthe.2004.08.024

treatment, we excised the tumors, fixed them in alcoholic group treated with AdFlt-TRAIL in combination with
formalin, and stained them for apoptosis and CD31 by ionizing radiation showed 3/10 regressions without
the procedures described under Materials and Methods. recurrence.
Microscopic examination of TUNEL-stained tumor sec- In an attempt to improve the outcome of patients with
tions showed that, compared to AdFlt-Luc-injected con- prostate cancer, combined modality approaches are
trol mice (Fig. 3B) and ionizing radiation alone (Fig. 3C), frequently considered. Combined therapy, most fre-
AdFlt-TRAIL injection alone (Fig. 3D) or in combination quently radiosensitizing chemotherapy and radiation,
with radiation (Fig. 3E) increased TdT-positive (brown- has been shown to be particularly efficient and has
stained) cells. The quantitative evaluation of apoptosis become standard therapy for many tumor types. One of
showed that, in DU145 prostate tumor xenografts treated the most promising therapies that can be combined with
with AdFlt-TRAIL alone and in combination with radia- ionizing radiation in the treatment of prostate cancer is
tion, the percentage of TUNEL-positive cells increased by antiangiogenic gene therapy. Angiogenesis is a critical
4.6- and 6.5-fold (P < 0.05), respectively, over that of requirement for local proliferation and metastasis in
AdFlt-Luc control tumor (Table 2). The positive control, prostate cancer [49]. The tumor response to radiation is
in which TACS-nuclease was used to generate DNA determined not only by tumor cell phenotype but also by
fragments with free 3'-OH ends, showed positive staining microvascular sensitivity [50]. Inhibitors of tumor angio-
in all the nuclei, whereas in the negative control, in genesis interrupt the angiogenic process to prevent new
which labeling buffer was used instead of TdT, there was vessel formation. In this study, we used specifically
not considerable positive staining (data not shown). targeted proapoptotic gene transfer to cause direct

To determine whether the inhibitory effect of AdFlt- damage to the tumor endothelium and thus lead to
TRAIL on tumor growth is associated with the suppres- extensive secondary tumor cell death. The application of
sion of tumor angiogenesis, we examined the distribution such strategies as TRAIL expression in endothelial cells
of the endothelial cell-specific antigen CD31 (Table 2). and tumor cells with conventional radiation treatments
The negative control, in which only blocking buffer was offers unique opportunities to develop more effective
used instead of anti-CD31 antibody, did not show cancer therapies.
positive staining (data not shown). Immunohistochem- Our results suggest that specific TRAIL delivery
ical analysis of DU145 tumors by staining endothelial employing the FLT1 promoter can effectively inhibit
cells with anti-CD31 antibody showed fewer stained tumor growth and demonstrate the advantage of combi-
endothelial cells and reduced microvessel density (P < nation radiotherapy and gene therapy for the treatment
0.05) in a cross section of tumor from mice treated with of prostate cancer. The FLT1 gene is member of the
AdFlt-TRAIL alone (Fig. 3H) and AdFlt-TRAIL in combi- VEGFIVEGF receptor family, which is extremely impor-
nation with ionizing radiation (Fig. 31) compared with tant for angiogenesis regulation. Neovascularizatiofnis an
radiation treatment alone (Fig. 3F) and AdFlt-Luc- essential step in a number of different physiological
injected tumor control (Fig. 3G), demonstrating the processes. Thus, specific vascular-targeted gene therapy
antiangiogenesis efficacy of AdFlt-TRAIL against endo- may be applied as a therapeutic intervention for angio-
thelial cells in vivo. genesis regulation. For future studies of antiangiogenesis

These in vivo tumor therapy studies demonstrated cancer treatment, specific gene therapy using recombi-
significant inhibition of DU145 tumor growth in animals nant AdFlt-TRAIL may help overcome the undesired
that received AdFlt-TRAIL alone and in combination with neovascularization and decrease the risk of neoplastic
radiation treatment in comparison with PBS control growth and metastasis.
tumors. Moreover, in the group treated with AdFlt-TRAIL
alone (12 mice), 5 of the tumors underwent complete MATERIALS AND METHODS
regression and 2 eventually recurred. In contrast, the

Adenoviral vectors, cell culture, and reagents

TABLE 2: The effects of combined treatment with AdFIt- A replication-deficient recombinant adenoviral vector encoding the

TRAIL and ionizing radiation on apoptosis and tumor TRAIL gene under control of the human FLT1 promoter element (AdFit-
TRAIL) was constructed using a method reported previously [51]. Briefly,

microvessel density of DU1 45 prostate cancer xenografts to generate pShuttleFlt-TRAIL plasmid, the fragment including TRAIL

Treatment TUNEL-positive CD31 -positive vessel cDNA and the SV40 late polyadenylation signal was removed from the
cells (%) density/100x field pGT6OhTRAIL plasmid (InvivoGen, San Diego, CA, USA), blunted, and

cloned into the FLT1 promoter element pShuttleFlt-Luc plasmid, which
AdFlt-Luc 1.8 ± 0.8 35 ± 3.8 was digested and from which Luc cDNA was removed prior to cloning in
Ionizing radiation 2.9 ± 1.2 29 ± 2.4 the TRAIL cDNA and SV40 late polyadenylation signal fragment. The

(2 Gy) insert sequence was confirmed by restriction enzyme mapping and partial

AdFIt-TRAIL 8.4 ± 1.5*"** 21 ± 1.2* sequencing analysis. The resultant plasmid was linearized and cotrans-

AdFlt-TRAIL + 2 Gy 11.8 ± 1.6*,** 11 ± 1.7*"** fected with pAdEasy-1 plasmid (Quantum Biotechnologies, Montreal, QC,

P < 0.05 in comparison with AdFlt-Luc control. Canada). Recombinant clones were confirmed by PCR analysis, linearized,

P < 0.05 in comparison with radiation treatment alone, and transected into 293 cells using the Superfect lipid-based transfection
method (Qiagen, Chatsworth, CA, USA) to generate AdFlt-TRAIL recombi-
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nant adenovirus, which was isolated from a single positive plaque and Cell proliferation assay. The dye in this colorimetric assay is crystal
passed through three rounds of plaque purification and subsequently violet, which is a cationic triarylmethane dye that preferentially stains
confirmed by PCR. AdFlt-Luc (encoding the firefly luciferase gene under DNA and allows one to obtain quantitative information about the relative
the control of the human FLTI promoter element) and AdCMV-Luc density of adherent cells. Upon solubilization, the amount of dye taken
(encoding the firefly luciferase gene under the control of the human CMV up by the monolayer can be quantitated by optical density. To determine
promoter element) were kindly provided by Dr. P. N. Reynolds (University cell growth after recombinant adenovirus infection, human prostate
of Adelaide, Adelaide, SA, Australia). All viruses were propagated in 293 cancer cells were seeded in 96-well plates at 5 x 103 cells/well, incubated
cells, purified by ultracentrifugation in a cesium chloride gradient, and for 24 h with or without rhVEGF, and infected at different m.o.i. with
subjected to dialysis. Viral titer was measured by a standard 50% tissue AdFlt-TRAIL or AdFlt-Luc. At 72 h after incubation cell culture medium
culture infectious dose (TCIDS0) assay using 293 cells and by absorbance was removed and surviving cells were then fixed and stained with 2% (w/
of the dissociated virus at A 2 6 o nm. Multiplicities of infection for v) crystal violet (Sigma-Aldrich, St. Louis, MO, USA) in 70% ethanol for 3
subsequent experiments were expressed as TCID50 per cell. h at room temperature. The plates were washed extensively and air-dried

For this study, cell lines, except human umbilical vein endothelial and optical density was measured at 570 nm using a V Max plate reader
cells (HUVEC), were obtained from the American Type Culture Collec- (Molecular Devices Corp.). Relative density of adherent cells was defined
tion (Rockville, MD, USA). The HUVEC were obtained from Clonetics as ODS70 of treated cells in comparison with untreated cells and the
(San Diego, CA, USA) and were grown in EGM-2 growth medium ODS70 value of blank wells was subtracted.
(Clonetics). The normal human bronchial epithelial adenovirus 12-SV40 virus hybrid-transformed BEAS-2B cells were grown in BEGM Clonogenic survival assay. At 3 h after infection with an m.o.i, of 50
grwt mirum hybCid-tranetcs)ed human1 prolstatre adewnocarino PC3 AdFlt-TRAIL or AdFlt-Luc, cells were trypsinized and diluted to thegrowth medium (Clonetics). The human prostate adenocarcinoma PC3

and DU145 cells, transformed small vessel murine endothelial cells appropriate cell density into six-well culture plates, and after 24 h
SVEC4-10 and IP-1B, and human embryonic kidney HEK293 cells were incubation at 37°C cells were either mock-irradiated or irradiated at 3
grown in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal Gy dose using a 

60
Co -y-irradiator (6°Co Picker Unit, Cleveland, OH, USA)

bovine serum (FBS). All cells were maintained at 37°C in a humidified and were then returned to the incubator and cultured for an additional 15

atmosphere with 5% CO. days. Cells were then fixed with 70% ethanol and stained with 2% (w/v)

Human recombinant VEGF protein was purchased from Pierce (Rock- crystal violet (Sigma-Aldrich). Colonies comprising at least 50 cells were
ford, IL, USA). The full-length TRAIL protein of human orn ws counted. The plating efficiencies were calculated as the number of
provided by Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rat anti- colonies divided by the number of test cells plated for each data point.

mouse CD31 PECAM-1 antibody was obtained from BD Pharmingen (San Plating efficiencies were referenced back to the mock-irradiated control
Diego, CA, USA) and secondary donkey anti-rat antibody was purchased plating efficiency to determine the surviving fraction for each dose.

from Jackson ImmunoResearch Laboratories (West Grove, PA, USA). Apoptosis assays

Reporter gene assays Annexin V staining and propidium iodide uptake of apoptotic cells.

P-Gal assay. Cells were seeded in 24-well plates in triplicate at a density of Annexin V and PI double staining (BioVision, Palo Alto, CA, USA) was used
5 x 10

4 
cells/well, The next day, the cells were infected with AdFlt-LacZ or to determine apoptosis. Annexin V binds to cells that express phosphati-

AdCMV-LacZ (control) at an m.o.i. of 100 in DMEM with 2% FBS for 1 h dylserine on the outer layer of the cell membrane, and PI stains the cellular
DNA of cells with a compromised cell membrane. This allows for theand then maintained in complete medium. For staining, wells were

washed with 1 MM MgC12 in PBS, and cells were fixed by 0.5% (v/v) discrimination of live cells (unstained with either fluorochrome) from
glutaraldehyde at room temperature, then stained using X-gal reaction apoptotic cells (stained only with annexin V) and necrotic cells (stained
solution, and incubated at 37°C, until a color change was obtained, and with both annexin V and PI). Cells were collected and double stained with
the absorbance was measured at 420 nm using a V Max plate reader FITC-conjugated annexin V and PI for 15 min at room temperature.Annexin V and PI were added according to the manufacturer's recoin-
(Molecular Devices Corp., Sunnyvale, CA, USA). LacZ activities were mend ans (I were immediate analyzed byfow

normalized for differences in incubation times. mendations (BioVision). Samples were immediately analyzed by flow
cytometry. Annexin V and PI emissions were detected in the FL-1 (530/
30 nm) and FL-2 (585/40 nm) channels, respectively. For each sample, data

Luciferase assay. Cells were plated in 24-well plates in triplicate at a from approximately 1 x 104 cells were recorded in list mode on logarithmic
density of 5 x 104 cells/well. The next day, the cells were infected with scales. Analysis was performed with CellQuest software (Becton-Dick-
AdFlt-Luc or AdCMV-Luc (control) at an m.o.i. of 50 in DMEM with 2% inson, San Jose, CA, USA) on cells characterized by forward/side scatter
FBS for 1 h and then maintained in complete medium. Forty-eight hours (FSC/SSC) parameters. Cell debris characterized by a low FSC/SSC was
after infection cells were harvested and treated with 100 gi of lysis buffer, excluded from analysis. The percentages of apoptotic cells were calculated.
A luciferase assay (Promega, Pittsburgh, PA, USA) and a FB12 luminometer
(Zylux Corp., Oak Ridge, TN, USA) were used for the evaluation of Caspase protease assay. Caspase-like activity was measured using Ac-
luciferase activity of infected cells. Luciferase activity was normalized by DEVD-AFC as fluorometric substrates for caspase-3 (BioVision). Total
the protein concentration in the cell lysate using the DC Protein Assay adherent and floating cells were resuspended on ice in cell lysis buffer.
(Bio-Rad). The protein concentration in the samples was determined by the Biuret
RNA preparation and RT-PCR. The levels of VEGF receptor FLT1 method using the BCA Protein Assay Kit (Pierce). Fifty micrograms of cellmessenger RNA were determined by RT-PCR. Total RNA was extracted lysate was added (1:1, v/v) to 2x reaction buffer containing 10 mM DTT

essengthe RNAea deniKitermined byoRT-wCRngTotalnAasd exotrcolacd and AFC (7-amino-4-trifluoromethyl coumarin)-conjugated substrates (50
using the RNeasy Mini Kit (Qiagen), following standard protocol, and pM final concentration) and incubated at 37°C for 2 h. The optical density
quantified spectrophotometrically using an MBA 2000 spectrophotom- was measured in a VersaFluor fluorometer (Bio-Rad, Hercules, CA, USA)
eter (Perkin-Elmer, Wellesley, MA, USA). cDNA was synthesized using equipped with 400-nm excitation and 505-nm emission filters. The
random hexamer primers and an Omniscript RT kit (Qiagen). The first- equipe it 400-nm ecitat d50-mmi ssin filte. e
strand cDNA was used as the template for PCR. For amplification of cDNA fchnge in ca eaee actiit was dtheried by com ngrela
encoding FLT1 the following primers were used: 5'-GAGGATTC- fluorescence of treated samples with the level of untreated controls.

TGACGGTTTC-3' (3199-FLT) and 5'-CCTGTCAGTATGGCATTG-3' (FLT- In vivo tumor therapy studies
3782). The human GAPDH cDNA was used as an internal standard for For in vivo experiments 8- to 10-week-old female nude mice (National
template loading of PCR by using primers 5'-TCCCATCACCATCTTCCA-3' Cancer Institute, Frederick Cancer Research and Development Center,
(GAPDH forward) and 5'-CATCACGCCACAGTTTCC-3' (GAPDH reverse). Frederick, MD, USA) were subcutaneously inoculated with 5 X 106 DU145
PCR was performed under the following conditions: 30 cycles of 95'C for tumor cells, which were mixed 1:1 with Matrigel (Becton-Dickinson).
45 s, 55°C for 45 s, and 72'C for 1 min). PCR products were analyzed by Treatment was started 22 days later at the time of established tumor
1% agarose electrophoresis with ethidium bromide staining, growth (250-350 mmH). Mice were randomly divided (10-12 mice/group)
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into four groups receiving different treatments: (1) AdFlt-Luc (control), (2) 5. Folkman, J. (2003). Angiogenesis and apoptosis. Semin. Cancer Biol 13: 159-167.
AdFlt-Luc and 

6
°Co radiation treatment at 2 Gy, (3) AdFIt-TRAIL, and (4) 6. Feng, D., et al. (2000). Ultrastructural localization of the vascular permeability factor/

AdFlt-TRAIL and 2 Gy radiation treatment. Animals were injected intra- vascular endothelial growth factor (VPFIVEGF) receptor-2 (FLK-1, KDR) in normal
tumorally with 1 x i09 TCIDso recombinant adenoviruses. Radiation mouse kidney and in the hyperpermeable vessels induced by VPFIVEGF-expressingtumors and adenoviral vectors. 1. Histochem. Cytochem. 48: 545-556.treatment was administered 24 h after adenoviral injection. Tumor 7. Dvorak, H. F., et at. (1991). Distribution of vascular permeability factor (vascular
volume (0.5 x length x width

2 
in mm

3
) was measured twice a week endothelial growth factor) in tumors: concentration in tumor blood vessels. ). Exp. Med.

using calipers. Percentage change from baseline at 22 days was computed 174:1275-1278.
by comparing the baseline value to the tumor size on each day of 8. Ferrer, F. A., et aL (1999). Expression of vascular endothelial growth factor receptors in
measurement. Also, the times to death from tumor or treatment, to tumor human prostate cancer. Urology 54: 567-572.
regression, and to tumor recurrence were recorded. 9. Fakhari, M., et al. (2002). Upregulation of vascular endothelial growth factor receptors

is associated with advanced neuroblastoma. ). Pediatr. Surg. 37: 582-587.
In situ apoptosis detection by TUNEL staining 10. Soker, S., et al. (2001). Vascular endothelial growth factor-mediated autocrine
The formalin-fixed and paraffin-embedded 5-ptm-thick sections of all stimulation of prostate tumor cells coincides with progression to a malignant
tumor samples were studied by TUNEL staining by using the Apoptag Kit phenotype. Am. ). PathoL 159: 651 -659.
(Intergen, Purchase, NY, USA). The extent of apoptosis was evaluated by 11. Sternberg, C. N. (2003). What's new in the treatment of advanced prostate cancer?
counting the positive brown-stained cells as well as the total number of Eur. ). Cancer 39: 136-146.

12. Scappaticci, F. A., et al. (2001). Combination angiostatin and endostatin gene transfercells at 10 arbitrarily selected fields in a blinded manner. The apoptotic induces synergistic antiangiogenic activity in vitro and antitumor efficacy in leukemia
index was calculated as the number of apoptotic cells per 200x micro- and solid tumors in mice. Mol. Ther. 3: 186-196.
scope field. 13. St George, I. A. (2003). Gene therapy progress and prospects: adenoviral vectors. Gene

Ther. 10: 1135-1141.
Immunohistochemical analysis of tumors for CD31 expression 14. Nicklin, S. A., et al. (2003). Transductional and transcriptional targeting of cancer cells
Sections from paraffin-embedded tumors (those used for TUNEL stain- using genetically engineered viral vectors. Cancer Lett. 201: 165-173.
ing) were incubated overnight with rat anti-mouse CD31 polyclonal 15. Wiley, S. R., et al. (1995). Identification and characterization of a new member of the
antibody. Then sections were incubated with donkey anti-rat antibody TNF family that induces apoptosis. Immunity 3: 673-682.
secondary antibody. Antigen-antibody complexes were visualized by 16. Pan, G., et al. (1997). An antagonist decoy receptor and a death domain-containing
incubation with 3,3'-diaminobenzidine substrate and counterstained receptor for TRAIL. Science 277: 815-818.

with diluted Harris hematoxylin. Tumor vessels containing CD31- 17. Schneider, P., et al. (1997). TRAIL receptors 1 (DR4) and 2 (DR5) signal FADD-

positive (brown) cells were quantified by microscopy in 100x fields (at .dependent apoptosis and activate NF-kappaB. Immunity 7: 831 -836.
18. Mabjeesh, N. I., Zhong, H., and Simons, 1. W. (2002). Gene therapy of prostate cancer:least five random fields/tumor) and were calculated as relative vessel current and future directions. Endocr. Relat. Cancer 9: 115-139.

density. 19. Collis, S. I., Khater, K., and DeWeese, T. L (2003). Novel therapeutic strategies in

Statistical analysis prostate cancer management using gene therapy in combination with radiation
therapy.). World Urol. 21: 275-289.All error terms are expressed as the standard deviation of the mean. 20. Nicklin, S. A., et al. (2001). Analysis of cell-specific promoters for viral gene therapy

Significance levels for comparison of differences between groups in the in targeted at the vascular endothelium. Hypertension 38: 65-70.
vitro experiments were analyzed by the Student t test. The differences 21. Reynolds, P. N., et al. (2001). Combined transductional and transcriptional targeting
were considered significant when P value was <0.05. All reported P values improves the specificity of transgene expression in vivo. Not. Biotechnol. 19: 838-842.
are two-sided. In the animal model tumor therapy studies, the treatment 22. Abdollahi, A., et at. (2003). 5U5416 and SU6668 attenuate the angiogenic effects of
groups were compared with respect to tumor size and percentage of radiation-induced tumor cell growth factor production and amplify the direct anti-
original tumor size over time. To test for significant differences in tumor endothelial action of radiation in vitro. Cancer Res. 63: 3755-3763.

size between treatment groups, one-way analysis of variance (ANOVA) 23. Weidner, N., et al (1993). Tumor angiogenesis correlates with metastasis in invasive
prostate carcinoma. Am. ). PathoL 143: 401 -409.test was conducted. When the ANOVA indicated that a significant 24. Bettencourt, M. C., et al (1998). CD34 immunohistochemical assessment of anglo-

difference existed (P value <0.05), multiple comparison procedures were genesis as a prognostic marker for prostate cancer recurrence after radical prostatec-
used to determine where the differences lay. Multiple drug effect analysis tomy. 1. Urol. 160: 459-465.
was performed using computer software [52]. To calculate combined 25. Balbay, M. D., et al. (1999). Highly metastatic human prostate cancer growing within
AdFIt-TRAIL and ionizing radiation effects, the combination index the prostate of athymic mice overexpresses vascular endothelial growth factor. Clin.
isobologram method was used. Details of this methodology have been Cancer Res. 5: 783-789.

published previously [53]. Briefly, this method defines the expected 26. Duque, j. L., et al (1999). Plasma levels of vascular endothelial growth factor are
additive effect of combined agents and then quantifies the degree of increased in patients with metastatic prostate cancer. Urology 54: 523-527.enancement/educt effect of combineddagentsandtherminiquangthw the d f 27. von Marschall, Z., et al. (2000). De nova expression of vascular endothelial growthenhancement/reduction of effect by determining how much the combi- factor in human pancreatic cancer: evidence for an autocrine mitogenic loop.
nation effect differs from the expected additive effect using the Gastroenterology 119: 1358-1372.

combination index. The combination index equation takes into account 28. Jackson, M. W., et al. (2002). A potential autocrine role for vascular endothelial growth
both the potency and the shape of the dose-effect curves. In this analysis, factor in prostate cancer. Cancer Res. 62: 854-859.
synergy is defined as mean combination index values significantly less 29. Denmeade, S. R., Lin, X. S., and Isaacs, j. T. (1996). Role of programmed
than 1.0, antagonism as mean combination index values significantly (apoptotic) cell death during the progression and therapy for prostate cancer.
greater than 1.0, and additivity as mean combination index values not Prostate 28: 251 -265.

significantly different from 1.0. 30. Walczak, H., et al (1999). Tumoricidal activity of tumor necrosis factor-related
apoptosis-inducing ligand in viva. Nat. Med. 5: 157-163.
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New Adenoviral Vectors for Molecular Chemotherapy of Prostate Cancer. D.L. Della
Manna, M. Yamamoto, V. Krasnykh, K.R. Zinn, J. Davydova, S. Chiz., and D.J. Buchsbaum.
Department of Radiation Oncology, Division of Human Gene Therapy, and Gene Therapy
Center, University of Alabama at Birmingham, Birmingham, Alabama

Object. The goal of this project is to develop novel two gene adenovirus (Ad) vectors
expressing somatostatin receptor subtype 2 (SSTr2) and cytosine deaminase (CD) under control
of the cyclooxygenase-2 (cox2) promoter for radiolabeled peptide/molecular chemotherapy of
prostate cancer. The tumor specific promoter cox2 was selected based on the fact that the liver is
cox2 negative and is the predominant site of Ad vector localization after systemic administration,
thus the Ad may infect normal liver cells but no transgene expression would occur. Two forms
of the cox2 promoter were compared and contrasted to the cytelomegalovirus (CMV) promoter;
a "long" form (cox2L) and a truncated "medium" form (cox2M). Materials and Methods. Ad
were made using the AdEasy system and propagated in 911 cells. Somatostatin binding and
internalization assays were performed by incubating infected cells with 99mTc-P2045, a peptide
specific for SSTr2, and gamma camera imaging after the surface bound peptide was removed.
CD conversion assays were performed with lysates from infected cells with the addition of 3H-
5-fluorocytosine (5-FC) at various time points, and separation on thin layer chromatography
plates in butanol and water. Spots containing 5-FC and 5-fluorouracil (5-FU) were cut out, put
into scintillation fluid, and counted in a beta counter. Cytotoxicity assays were performed using
the MTS assay (Promega) as described in the manufacturer's protocol. Results. Six vectors
expressing CD and SSTr2 were developed and evaluated using the prostate cancer cell lines
DU145 and PC3: Adcox2LCDcox2LSSTr2, Adcox2LSSTr2cox2LCD, Adcox2LCDIRESSSTr2,
Adcox2MCDcox2MSSTr2, Adcox2MSSTr2cox2MCD, and AdCMVCDCMVSSTr2. Based on
CD conversion assays, cytotoxicity assays and SSTr2 binding assays, the vectors driven by
cox2L proved to be superior to those driven by cox2M, however the cox2L vector constructed
using IRES failed to bind 99mTc-P2045. Although AdCMVCDCMVSSTr2 infected cells
converted more 5-FC to 5-FU than Adcox2LCDcox2LSSTr2 and Adcox2LSSTr2cox2LCD (7.53
vs. 2.95 and 2.51 pmol/min/mg, in DU145 cells; 2.46 vs. 1.21 and 0.87 pmol/min/mg in PC3
cells), higher cytotoxicity was demonstrated with the cox2L vectors after exposure to 5-FC in
both cell lines tested (IC 50 of 13.1 and 21.4 nM for Adcox2LCDcox2LSSTr2 and
Adcox2LSSTr2cox2LCD with DU145 cells, and 24.5 and 30.4 WM, respectively with PC3 cells).
Conclusion. The combination of the therapeutic genes CD and SSTr2 with the cox2L promoter
should provide specificity for tumor uptake of radiolabeled peptides that bind to SSTr2 and
selective 5-FC molecular chemotherapy, which are to be evaluated in metastatic prostate cancer
models. Supported by DOD grant DAMD17-02-1-0001.
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Gene expression imaging with radiolabeled peptides
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An approach to image radiolabeled peptide localization at tumor sites by inducing tumor cells to
synthesize membrane expressed human somatostatin receptor subtype 2 (hSSTr2) with a high
affinity for radiolabeled somatostatin analogues is described. The use of gene transfer technology
to induce expression of high affinity membrane hSSTr2 can enhance the specificity and degree of
radiolabeled peptide localization in tumors. Employing this strategy, induction of high levels of
hSSTr2 expression with selective tumor uptake of radiolabeled peptides was achieved in both
subcutaneous non-small cell lung cancer and intraperitoneal ovarian cancer mouse human tumor
xenograft models. The features of this genetic transduction imaging approach are: (1) constitutive
expression of a tumor-associated receptor is not required; (2) tumor cells are altered to express a new
target receptor or increased quantities of a constitutive receptor at levels which may significantly
increase tumor targeting of radiolabeled peptides compared to uptake in normal tissues; (3) gene
transfer can be accomplished by local or regional injection of adenoviral vectors; (4) it is feasible
to target adenovirus vectors to tumor cells by modifying adenoviral tropism (binding) or by the use
of tumor-specific promoters such that the hSSTr2 will be specifically expressed in the desired
tumor; and (5) this technique can be used to image expression of a second therapeutic gene.

Key words: somatostatin receptor, peptide imaging, gene expression imaging

INTRODUCTION Octreotide is an eight amino-acid peptide which has a
high affinity for hSSTr2, which is the most prominent

THE GROUP of somatostatin receptors includes gene prod- somatostatin receptor on human tumors, and is stable
ucts encoded by 5 separate somatostatin receptor genes.1 toward in vivo degradation relative to the endogenous 14
Human somatostatin receptor subtype 2 (hSSTr2) is amino-acid somatostatin-14 peptide. Octreotide and other
expressed on a number of human tumors including neu- somatostatin analogues have been modified with bifunc-
roendocrine, ovarian, renal, breast, prostate, lung, and tional chelating agents, for complexing radiometals, and
meningiomas. 2-6 The receptors have varying tissue levels by changing the amino acid sequence in order to increase
in the brain, gastrointestinal tract, pancreas, kidney, and their hSSTr2 binding affinity and optimize their normal
spleen.7-9 All 5 receptors show high affinity binding to organ clearance. Somatostatin analogues have been
natural somatostatin peptide (either somatostatin-14 or labeled with 11'In and 99mTc for imaging applications.
somatostatin-28). Octreotide, P829, and P2045 are syn- Radiolabeled peptides (e.g. 111in-DTPA-D-Phe 1-
thetic somatostatin analogues that preferentially bind octreotide, Octreoscan® or 99mTc-P829, Neotect®) have
with high affinity to somatostatin receptor subtypes 2, 3, been used to target hSSTr2 positive tumor cells for
and 5.7-12 imaging in patients. 13-16 Despite the success of these

investigations, improved targeting strategies are possible

Received January 8, 2004, revision accepted January 8, 2004. using a genetic approach, in which a gene transfer vector
For reprint contact: Donald J. Buchsbaum, Ph.D., Department is injected to express hSSTr2 on the tumor cell surface

of Radiation Oncology, University of Alabama at Birmingham, which can be imaged after injection of a radiolabeled
1530 3rd Avenue South, WTI 674, Birmingham, AL 35294- peptide (Fig. 1). This approach also offers the possibility
6832, USA. for imaging gene transfer of a second therapeutic gene.

E-mail: djb@uab.edu Our focus has been the development of recombinant
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adenoviral vectors that transfer the hSSTr2 gene alone or radiolabeled peptides. This method thus represents a new
with a second therapeutic gene to tumor cells and use of paradigm by which imaging of gene transfer can be
radiolabeled peptides to image gene transfer.' 7-23 A achieved through radiolabeled peptide localization to
potential advantage of genetic transduction of hSSTr2 tumors transduced in situ to express unique and novel
is that the level of expression may be greater than what receptors.
are generally otherwise low tumor concentrations of
this receptor. GENETIC INDUCTION OF hSSTr2

In this genetic approach we are attempting to specifi- IN VITRO AND IN VIVO
cally increase the number of receptors on tumor cells that
normally express a receptor, or to specifically induce Imaging of human non-small cell lung and prostate
expression on tumor cells that do not ordinarily express cancer cells and tumor xenografts induced to express
the receptor by the use of genetic transduction. It is our hSSTr2
hypothesis that one can deliver a larger fraction of the An adenovirus encoding the gene for hSSTr2 under con-
administered dose of the radiolabeled peptide to the tumor trol of the cytomegalovirus promoter (AdCMVhSSTr2)
cells through increased receptor expression at the tumor was produced.19 In vitro binding of I IllnDTPADPhel1
site. The potential advantages of the genetic transduction octreotide to A-427 human non-small cell lung cancer
approach are: (1) constitutive expression of a tumor- cells infected with AdCMVhSSTr2 was demonstrated by
associated receptor is not required; and (2) tumor cells are imaging of cells in plates (Fig. 2).24 Scatchard analysis of
altered to express a target receptor at levels which may A-427 cells infected with 10 plaque forming units (pfu)
significantly improve tumor-to-normal tissue targeting of AdCMVhSSTr2 and binding of 99mTc-P829 (Neotect)

showed a Bmax of 19,000 fmol/mg and the affinity of
Inject Gene Inject Image Gene 99 mTc-P829 to be 7 nM.20

Transfer Radiolabeled Transfer Other studies showed the localization of 'In-DTPA-
Vector Peptide D-Phei-octreotide to s.c. A-427 non-small cell lung tu-

mors injected intratumorally (i.t.) with AdCMVhSSTr2.24
The gamma camera region of interest analysis showed the
tumor uptake of "'In-DTPA-o-Phel-octreotide to be

Express 2.8% ID/g 48 h after a single AdCMVhSSTr2 injection
hSSTr2 and 3.1% ID/g at 96 h (Fig. 3). Uptake of "lIn-DTPA-D-hPhe'-octreotide in control adenoviral-injected tumors

with the thyrotropin-releasing hormone receptor gene
(AdCMVTRHr) was <0.3% ID/g at both time points.

Fig. 1 Genetic radioisotope targeting strategy to image gene A novel 99mTc-labeled peptide (P2045) described by
transfer. Diatide, Inc. binds with high affinity to hSSTr2.1 We

A B

H10o j . 100

75

"'ln-DTPA-D- + Block 11ln-DTPA-D- + Block
Phei-octreotide Phel-octreotlde

Initial Image 1 h Image

Fig. 2 Gamma camera imaging of AdCMVhSSTr2-infected A-427 non-small cell lung cancer cells
mixed with uninfected cells (percentages of hSSTr2-positive cells indicated on the right) in a 24-well
plate incubated with "'In-DTPA-D-Phel-octreotide in the presence or absence of excess unlabeled
octreotide as a blocking agent.24 Reprinted with permission from the American Cancer Society.
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(A)

Left Circles =AdCMVTRHr .
Right Circles = AdCMVhSSTr2 ' " - Single Adenoviral

Squares = Bladder t Injection
1111n-DTPA-D-Phel-octreotide I
Imaging 5 h after injection "4:.

Two Adenoviral

2 days 4 days

Fig. 3 Gamma camera images of mice after intratumoral AdCMVhSSTr2 injection into athymic nude
mice bearing A-427 xenografts obtained at 2 or 4 days after i.v. injection of 'In-DTPA-D-Phel-
octreotide.24 Reprinted with permission from the American Cancer Society.

Initial Image 5 Hour Image evaluated P2045 in mice bearing s.c. A-427 tumors
injected i.t. with AdCMVhSSTr2 or with a control ade-
novirus. 99mTc-P2045 was injected i.v. 2 or 4 days after
AdCMVhSSTr2 injection and the animals were imaged
using a gamma camera equipped with a pinhole collima-
tor 3.5-4.5 h later. The images showed higher radioactive
uptake in the tumors, compared with 99mTc-P829, for•i.••. •AdCMVhSSTr2 AdCMVhSSTr2

Ar. Stumors injected with AdCMVhSSTr2 but background
uptake in tumors injected with control adenovirus. No
other tissue had greater uptake than the AdCMVhSSTr2-
injected tumor25; -85% 99mTc-P2045 was excreted by 4 h.

Gamma camera imaging was also used to detect hSSTr2
Fig. 4 Gamma camera imaging of 99roTe-P2045 in mice bearing expression in DU145 prostate tumor xenografts infected

DU145 s.c. tumor xenografts injected with AdCMVhSSTr2. with AdCMVhSSTr2 using 99mTc-P2045. Mice bearing
s.c. DU145 tumors injected i.t. with AdCMVhSSTr2
showed uptake of i.v.-injected 99mTc-P2045 detected by

(A) 3 mice with Lp. SK-OV-3.ipl tumors - No adenovirus injection gamma camera imaging (Fig. 4), while uptake was not
-Imaged 5 h after 99mTc-P2045 observed when the tumors were infected with a control

adenovirus (not shown). Uptake averaged 7.5 ± 1.0% for
AdCMVhSSTr2 injected tumors. Of note, the tumor sizes

Ki dy sfor the mouse in Figure 4 were 144 and 167 mg for the left
and right tumors, respectively. Independent confirmation

(B) 3 mice with i.p. SK-OV-3.ipl tumors - AdCMVhSSTrZ i.p. 48 h earlier of hSSTr2 expression was demonstrated by immunohis-
Imaged 5 h after ""Tc-P2045 tochemical analysis.

Imaging of human ovarian cancer xenografts induced
to express hSSTr2
To evaluate the ability to induce receptor expression in
ovarian cancer in vivo, AdCMVhSSTr2 was injected i.p.
to induce hSSTr2 expression on SK-OV-3.ipl human
ovarian tumors 5 days after tumor cell injection in theFig. 5 Gamma camera imaging of AdCMVhSSTr2 gene

transfer to i.p. SK-OV-3.ipl ovarian tumors after i.v. injection of peritoneum in athymic nude mice. Two days later, tumor
99mTc-P2045.21 Reprinted with permission from Springer-Verlag. localization of 11 t n-DTPA-D-Phel-octreotide at 4 h after

i.p. injection was equal to 60.4% ID/g.19 The uptake in
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tumor decreased to 18.6% ID/g at 24 h after injection. The
tumor localization was significantly lower (1.6% ID/g) kW
when a control adenovirus encoding the gene for gastrin -. (
releasing peptide receptor (AdCMVGRPr) was injected.
Imaging of hSSTr2 gene transfer to i.p. SK-OV-3.ipl
tumors after injection of 99mTc-P2045 is shown in Figure
5.21 Thus, these studies demonstrated that tumor uptake of i/ .
"I 'In-DTPA-D-Phel-octreotide and 99mTc-P2045 could T

be detected after infection of the ovarian tumors in vivo
with AdCMVhSSTr2.

Tumor uptake of 99mTc-P2045 in nude mice bearing 51o<

SK-OV-3.ipl tumors in the peritoneum at 48 h after i.v.
injection averaged 2.2 ± 0.3% ID/g for mice injected i.p. Fig. 6 Imaging of gene transfer in mice bearing A-427 s.c.
with AdCMVhSSTr2 (1 x 109 pfu) as compared to 0.2 ± tumors injected with AdCMVhSSTr2CD (left) or
0.002% ID/g in control mice not receiving adenoviral AdRGDCMVhSSTr2CD (right) followed 2 days later by i.v.
injection (p < 0.05) or in tumors from mice injected i.p. injection of 99mTc-P2045.
with an adenovirus encoding the green fluorescent protein
(AdCMVGFP) which averaged 0.3 ± 0.2% ID/g.26

IMAGING OF THERAPEUTIC
GENE EXPRESSION

The molecular suicide gene therapy approach involves
insertion and expression of an enzyme in a target cell
that converts a non-toxic prodrug to a toxic drug.27,28 The 2

two most widely studied systems are thymidine kinase
(TK) and cytosine deaminase (CD). The enzyme CD is a Hr LV Sr Li S1 CE SP LU L-Kl RI-V NKS ML OV R.TU L-Th

non-mammalian enzyme which catalyzes the formation Tissue
of uracil by the deamination of cytosine. When 5-fluorocytosine (5-FC) is the substrate, this enzyme will Fig. 7 Biodistribution of 99mTc-P2045 at 5 h after i.v. injection

in nude mice bearing s.c. A-427 tumors injected with
produce 5-fluorouracil (5-FU), a potent cancer chemo- AdCMVhSSTr2CD gAdCMhSS~2CD(R-TU) or AdRGDCMVhSSTr2CD (L-
therapeutic and radiosensitizing agent.2 9 The genes for TU). HT, heart; LV, liver; ST, stomach; LI, large intestine; SI,

bacterial and yeast CD have been cloned.3 °-33 Because small intestine; CE, cecum; SP, spleen; LU, lungs; L-KI, left
mammalian cells do not normally express the CD gene, 5- kidney; R-KI, right kidney; MU, leg muscle; BL, blood; OV,
FC is nontoxic to these cells, even at high concentrations, ovary; R-TU, right tumor; L-TU, left tumor.
5-FC has been used as an antifungal drug because of its
relative nontoxicity in humans. The CD gene has been
used in gene therapy strategies to mediate intracellular vitro and in vivo. 40-2 More recently, we have used two
conversion of 5-FC to 5-FU, and has been shown to be gene vectors in which hSSTr2 has been used as an imag-
effective in animal tumor models.3 4,35 This therapeutic ing gene and CD has been used as a therapeutic gene.
strategy has the advantage of intracellular production of
high concentrations of radiosensitizing drug as an alterna- Imaging of cytosine deaminase therapeutic gene
tive to systemic administration, therefore potentially lim- transfer
iting systemic toxicities. 36 Converted 5-FU passively Bicistronic adenoviral vectors encoding for hSSTr2 and
diffuses across the cell membrane from CD-positive cells the CD enzyme have been constructed and evaluated.4 6

to nontransduced cells. 37,38 This bystander effect com- One rationale for the construction of these vectors is that
pensates for the inability of current vector systems to hSSTr2 can be used as a target for non-invasive imaging
transduce all but a small fraction of cells in a given to determine the expression of the therapeutic gene (CD)
tumor.28'3 9 The use of adenoviral vectors to encode CD in vivo.23 Second, hSSTr2 can be used for radiolabeled
and convert 5-FC to 5-FU to achieve cell killing has peptide therapy and the combination of this with CD
been reported by our group 404 3 and others.35,38,44, 45 We mediated therapy through conversion of 5-FC to 5-FU
initially used an adenoviral vector encoding CD under may result in an additive or synergistic therapeutic
control of the cytomegalovirus promoter (AdCMVCD) in effect. A-427 cells infected with bicistronic vectors
combination with 5-FC and radiation treatment to demon- AdCMVhSSTr2CD or AdRGDCMVhSSTr2CD, with
strate enhanced cytotoxicity against human colon, pan- the RGD peptide genetically engineered in the fiber knob
creatic, glioblastoma, and cholangiocarcinoma cells in to retarget adenovirus binding to integrins on the cell
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Fig. 8 SPECT imaging of adenovirus-mediated hSSTr2 expression in a tumor xenograft. (A)
Photograph of representative mouse with two A-427 tumors. The right tumor was injected with 1 x 109

pfu AdhSSTr2GFP while the left tumor was injected with a control adenovirus vector. (B, C) planar
gamma camera imaging at 5 h after i~v. 99mTc-.P2045 injection, (D) Transverse slices (0.58 mm each)
showing hSSTr2 expression within the tumor. The adenovirus-mediated hSSTr2 expression led to
specific retention of 99mTc-P2045 in discrete areas of the tumor. Figure 8B shows the highest retention
of the 99mTc-.P2045 was in the right tumor.

surface, produced equivalent hSSTr2 expression as the (0.58 mm each) that are displayed in Figure 8D. The
single gene vector AdCMVhSSTr2.47 In addition, the distribution of hSSTr2 expression within the tumor was
AdCMVhSSTr2CD and AdRGDCMVhSSTr2CD vec- non-uniform and tended to be concentrated at the periph-
tors produced similar CD enzyme activity levels as the ery of the tumor (Fig. 8D). The SPECT imaging technique
single gene vector AdCMVCD.47 Thus, both genes were had sufficient sensitivity and spatial resolution to enable
active in the bicistronic vectors. We next investigated the 3-dimensional hSSTr2 expression to be measured.
imaging of gene transfer in athymic nude mice bearing The A-SPECT system (Gamma Medica, Inc., North Ridge,
s.c. A-427 tumors injected with 1 x 109 pfr AdCMVhSSTr2 CA) was used for this study, with a total of 64 individual
(left) or AdRGDCMVhSSTr2CD (right). After 2 days, projections collected (30 sec each) using a 1 mm pinhole
99mTc-P2045 was i.v. injected and imaging was conducted collimator.
(Fig. 6). The corresponding biodistribution results ob-
tained by counting of tissues in a gamma camera are Imaging of thymidine kinase therapeutic gene transfer
shown in Figure 7. Further studies were carried out using a bicistronic

SPECT imaging was applied to measure the distribu- adenoviral vector encoding hSSTr2 and TK in the A-427
tion of adenovirus-mediated transgene expression within tumor model.23 The tumors were injected i~t, with the
s.c. xenografts. Nude mice bearing two A-427 flank bicistronic vector (AdCMVhSSTr2TK) and the animals
tumors were injected i~t. with bicistronic adenovirus vec- imaged for hSSTr2 expression with 99mTc-P2045 and
tors. The bicistronic Ad5 vector encoding hSSTr2 and TK with '31I-FIAU (Fig. 9). The biodistribution results
green fluorescent protein (GFP) was i.t. injected (1 x i09 showed the uptake of 99mTc-P2045 and 131 1-FIAU for
pfu) in the right A-427 tumor, while a control bicistronic AdCMVhSSTr2TK-injected tumors (n = 8) was 11.1%
vector was injected in the left tumor. Imaging studies were and 1.6% ID/g, respectively. AdCMVhSSTr2-injected
conducted after 2 days. A photograph of a representative tumors (n =4) accumulated 10.2% ID/g of the 99nTc-
mouse with two tumors is shown in Figure 8A. Planar P2045 and 0.3% of the 131I-FIAU. AdCMVTK-injected
gamma camera images are presented in Figures 8B and tumors (n = 4) had 0.2% ID/g for the 99m~Tc-P2045 and
8C at 5 h after i~v. injection of 99mTc-P2045 (55.5 MBq). 3.7% for 131I-FIAU.
The two planar images are identical, with the exception of
scaling; Figure 8C shows the location of transverse slices
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Imaging the
expression of 2 genes
following adenovirus
transfer to A-427
tumors

Images below are 5 h AdM•SSTr2 AdCMIVTKhSSTr2
after i.v. injection of 2 48 h earlier 48hi earlier
radiotracers ;f :

for 1SS TrIxp Iression fo rn `p e s sion

Fig. 9 Simultaneous imaging for hSSTr2 and TK expression in mice bearing s.c. A-427 tumors injected
with AdCMVhSSTr2 or AdCMVTKhSSTr2. Photograph of the mouse shows tumor locations and
adenoviral doses. The expression of hSSTr2 was identified by imaging tumor accumulation of 99roTe-
P2045 (bottom left), while TK expression was depicted by imaging tumor accumulation of •31I-FIAU
(bottom right). The images were obtained 5 h after i.v. injection of the radiotracers.•3 Reprinted with
permission from the Radiological Society of North America, Inc.

T able 1 C onversion of 5-17C to 5-FU in pm ol/m in/m g _ SD y l o g e a -2 ( x 2) to d i e h e r ns ip on fmeasured over a I h period after infection of DU145 cells with cyooyea-2(o2)todiehernsipono
100 pfu of each virus. the hSSTr2 and CD genes. The liver is the predominant

VectorDU145site of adenovirus vector localization after systemic ad-
VectorDU145ministration, and as a consequence is at risk when ad-

Uninfected 0.00 enoviral vectors containing suicide genes such as CD
AdCMVCD 25.6:t 1.3 ectopically localize to this site. Thus, a promoter with
AdCMVCDhSSTr2 7.5 -t 0.3 both tumor specificity and minimal transcriptional activ-
AdCox-2LChSSTr2D 3.50+t 0.2 ity in hepatocytes would be ideal for cancer gene therapy.

Ad~o-2LhS~rCD 25 :t0.2Two new adenoviral vectors expressing CD and hSSTr2
were produced using the long (L) length Cox-2 promoter:

Table 2 Cytotoxicity of adenoviral infected DU145 human A~x2ChSr n do-LS~2D h
prostate cancer cells (10 pfu) exposed to 5-FC expressed as IC50 new vectors expressing CD and hSSTr2 were tested to
(nM). determine their conversion of 5-17C to 5-FU following

Vectr D145infection of DU 145 human prostate cancer cells (Table 1).
The results indicate that AdCox-2LCDhSSTr2 and AdCox-

Uninfected 202.6 2LhSSTr2CD produced a lower level of conversion of
AdCox-2LCDhSSTr2 13.1 5-FC to 5-FU in DU145 cells than AdCMVCD or
AdCox-2LhSSTr2CD 21.4 AdCMVCDhSSTr2. These results support earlier ob-

servations that the CMV promoter is stronger than the
Cox-2 promoter, although less specific.

Imaging of hSSTr2 gene transfer with adenoviral In the next set of studies, we evaluated the cytotoxicity
vectors controlled by the cyclooxygenase-2 promoter of the new vectors after infection of DU145 cells with 10
The specificity of vectors for gene transfer may be pfu/cell of virus. At 24 h after infection, the cells were
improved by combining transductional targeting of seeded at 5,000 cells/well and exposed to varying concen-
adenovirus utilizing the tumor-specific promoter, trations of 5-FC. Cell viability was assessed by the MTS

280 D.J. Buchsbaum, T.R. Chaudhuri, M. Yamamoto and K.R. Zinn Annals of Nuclear Medicine



100 moi hSSTr2 and CD expression.
Initial Image

AdCMVhSSTr2 CONCLUSIONS

AdCox-2LhSSTr2CD 0 These studies demonstrate that genetic induction of hSSTr2

Uninfected cells results in tumor localization of radiolabeled peptides at a
level sufficient for imaging. It should be emphasized that
in this approach we are attempting to specifically increase
the number of receptors on tumor cells that normally

100 moi express a receptor, or to specifically induce expression on
Final Image tumor cells that do not ordinarily express the receptor by

AdCMVhSSTr2 the use of genetic transduction, with the result being
increased targeting of the radiolabeled peptide to the

AdCox-2LhSSTr2CD tumor site. The potential advantages of the genetic trans-

Uninfected cells duction approach are: (1) constitutive expression of a
tumor-associated receptor is not required; and (2) tumor
cells are altered to express a target receptor at levels which

Fig. 10 Gamma camera imaging of hSSTr2 gene transfer to may significantly improve tumor-to-normal tissue target-
DU 145 prostate cancer cells incubated with 99mTc-P2045 before ing of radiolabeled peptides. This method thus represents
(initial) and after (final) acid washing. a new paradigm by which imaging of gene transfer can be

achieved through radiolabeled peptide localization to
Initial Image 5 Hour Image tumors transduced in situ to express unique and novel

receptors. For approaching disseminated disease, trans-
ductional targeting approaches can be used to alter the

.. .tropism of viral vectors to achieve tumor cell specific gene
delivery. Selective tumor targeting may also be achieved
"by transcriptional approaches employing tumor-specific

.. :r7 regulatory elements. Other approaches that are under
"active investigation in other laboratories include gene

Ad .transfer of the type-2 dopamine receptor expressed on the
"tumor cell surface detected by PET using a radiolabeled
antagonist or herpes simplex virus TK gene transfer
detected by gamma camera or PET imaging with radiola-

Fig. 11 Gamma camera imaging of 99mTc-P2045 administered beled substrates trapped intracellularly after phosphory-
i.v. in a nude mouse bearing DU145 s.c. tumors injected two lation by the kinase.48-50 Gene transfer of the sodium
days earlier with no adenovirus (Ad) or AdCox-2LhSSTr2. iodide symporter has also been used for imaging with

radioiodine. 51 Additional studies are needed to confirm
the feasibility of these approaches in humans.
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Radiotargeted Gene Therapy
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ral (Ad) recombinant vectors that transfer the hSSTr2-en-
The radiotargeted gene therapy approach to localizing radionu- coding gene to tumors, enhancing uptake of radiolabeled
clides at tumor sites involves inducing tumor cells to synthesize somatostatin peptide analogues to tumor cells. The use of
a membrane-expressed receptor with a high affinity for injected these vectors to produce preferential tumor localization of
radiolabeled ligands. A second strategy involves transduction of radiolabeled somatostatin analogues in animal xenograft
the sodium iodide symporter (NIS) and free radionuclide ther- models has been described (8-11). A potential advantage of
apy. Using the first strategy, induction of high levels of human
somatostatin receptor subtype 2 expression and selective tu- genetic transduction of hSSTr2 is that the level of expres-
mor uptake, imaging, or growth inhibition with radiolabeled sion may be greater than what are the generally otherwise
somatostatin analogues has been achieved in human tumor low tumor concentrations of such receptors.
xenograft models. Therapy studies have been performed on A second approach to radiotargeted gene therapy is the
several tumor xenograft models with various radionuclides us- transduction of tumors with transporters such as the sodium
ing the NIS radiotargeted gene therapy approach. The use of iodide symporter (NIS) gene, which is responsible for the
gene transfer technology to induce expression of high affinity
membrane receptors or transporters can enhance the specific- active uptake and concentration of iodide, pertechnetate,
ity and extent of radioligand or radionuclide localization in tu- perrhenate, and astatide (12-14). Both approaches for ra-
mors, and the use of radionuclides with appropriate emissions diotargeted gene therapy may be enhanced by codelivery of
can deliver radiation-absorbed cytotoxic doses across several a second therapeutic gene such as herpes virus thymidine
cell diameters to compensate for limited transduction efficiency. kinase (TK) or cytosine deaminase (CD) to accomplish
Clinical studies are needed to determine the most promising of molecular prodrug therapy (11,15). That therapeutic ap-
these new therapeutic approaches. proach involves insertion and expression of an enzyme in a
Key Words: human somatostatin receptor subtype 2; sodium target cell that converts a nontoxic prodrug to a toxic drug.
iodide symporter; gene therapy; radiopharmaceuticals; radiola-
beled peptides Two of the most widely studied systems are TK and CD.

J Nucl Med 2004; 45:000-000 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
Rd ........... a I.. e: :: -: eguracil by the deamindtion of cytosine. When 5-fluorocy-.. 2.adiolabeled somatostatin analogues (e.g., 11 ln-pentet- tsn 5F~stesbtae Dwl rdc -loo

reotide [OctreoScan; Mallinckrodt Inc.] or 99mTc-depreotide tosine (5-FC) is the substrate, CD will produce 5-fluoro-

[Neotect; Diatide Inc.]) have been used to target human uracil, a cancer chemotherapeutic and radiosensitizing

somatostatin receptor subtype 2 (hSSTr2)-positive tumor agent. The CD gene has been used successfully in gene

cells for imaging of patients (1,2). The peptides have been therapy studies in animal tumor models. Results reported by
labeled with i aringous radionuclis ( f. therapeutides happa b our group and other investigators involving combination oflabeled with various radionuclides for therapeutic applica- radiation therapy with molecular prodrug therapy have

tions, which have been performed on preclinical animal shon that CD-based prodrug therapy s i u e
modes (-5)andon cnce paiens (67).Desitetheshown that CD-based prodrug therapy sensitizes tumor cells

mdcels (o-5) ane onv canertatients (6,7)d Dgespite sate- to external-beam radiation both in vitro and in vivo (16).
success of these investigations, improved targeting strate- Studies involving combination of radiolabeled peptide ther-

gies are needed to produce an even greater effect in the

treatment of cancer. One approach is to use gene transfer apy with molecular prodrug therapy are described in this

methods to upregulate tumor-associated receptor expres- Lict hh

sin olwe yssemcamnstaino rdoaee Linking tumor transduction of the hSSTr2 or the NIS tosion, followed by systemic administration of radiolabeled induced binding of radiolabeled ligands or radionuclides
peptide. We have developed replication-defective adenovi- might enhance the therapeutic effect, since cells near bound

ligand or internalized radionuclide may be killed from ex-

Received May 7, 2004; revision accepted Aug. 13, 2004. posure to the local radiation field. When used with radio-
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genetic transduction approach: Constitutive expression of a receptor expression in an animal model, AdCMVhSSTr2 was
tumor-associated receptor or transporter is not required, and injected intraperitoneally into athymic nude mice bearing SK-OV-
tumor cells are altered to express a new target receptor or 3.ipl human ovarian tumors in the peritoneum. "y-Camera imaging
transporter at levels that increase tumor targeting of radio- was used to detect hSSTr2 expression in subcutaneous A-427

labeled ligands or free radionuclides and increase therapeu- non-small cell lung tumors injected with AdCMVhSSTr2 using

tic efficacy. lSSRe-P829 somatostatin analog (9).
99mTc-P2045 binds with high affinity to hSSTr2 and has favor-

Tetarget ofs maeny therapy siehis withrassedions rable able in vivo biodistribution (19). 99mTc-P2045 tumor uptake was
evaluated in mice bearing SK-OV-3.ipl tumors in the peritoneum

human tumors including neuroendocrine, ovary, kidney, injected intraperitoneally with AdCMVhSSTr2 (1 X 109 plaque-
breast, prostate, lung, and meningioma tumors (17). The forming units [pfu]). In another study, 99mTc-P2045 was injected
somatostatin receptor group includes gene products encoded intravenously 2 or 4 d after AdCMVhSSTr2 intratumoral injection
by 5 separate somatostatin receptor genes. Somatostatin in mice bearing subcutaneous A-427 tumors, and the animals were
receptor subtype 2 is the most prominent somatostatin re- imaged using a -y-camera 3.5-4.5 h later.
ceptor on human tumors. The receptors are expressed at Tumor localization of 64Cu-triethylenetetramine (TETA)-oct- AQ: c
varying levels in the brain, gastrointestinal tract, pancreas, reotide was studied in mice bearing intraperitoneal SK-OV-3.ipl
kidney, and spleen. All 5 receptors show high-affinity bind- human ovarian tumors induced to express hSSTr2 with AdCMVh-
ing to natural somatostatin peptide (either somatostatin-14 SSTr2. 64Cu is a potentially therapeutic radionuclide that can be
or somatostatin-28). Octreotide, P829, and P2045 are syn- imaged by PET. In a therapy study, a single administration of 51.8

thetic somatostatin analogues that preferentially bind with or 74 MBq of 64Cu-TETA-octreotide 2 d after AdCMVhSSTr2

high affinity to somatostatin receptor subtypes 2, 3, and 5 of injection was used in mice bearing intraperitoneal SK-OV-3.ipl
its tumors. Also, 51.8 MBq of 64Cu-TETA-octreotide was adminis-huma, muse orratoriin (8-2). omaosttinand tered 2 d after AdCMVhSSTr2 injection, followed by a second

analogues effectively inhibit the proliferation of various ted2dafr CMhS2incioolwdbyasod
dose of AdCMVhSSTr2 11 d later and administration of 25.9 MBq

types of cancer cells as a result of binding to hSSTr2 (21). of 64Cu-TETA-octreotide 2 d afterward.
Octreotide is an 8-amino-acid peptide that has a high Another somatostatin analog that has been used for therapy is

affinity for hSSTr2 and is stable toward in vivo degradation 9°Y-SMT 487 (4,23). Nude mice bearing subcutaneous A-427
relative to the endogenous 14-amino-acid somatostatin-14 tumors were administered 1 X 109 pfu of AdCMVhSSTr2 intra-

AQ: A peptide. Octreotide and other somatostatin analogues have tumorally (day 0). Mice received an intravenous injection of either
been conjugated with bifunctional chelating agents, for 14.8 or 18.5 MBq of 90Y-SMT 487 on days 2 and 4. The mice
complexing radiometals, and by changing the amino acid received an additional intratumoral injection of AdCMVhSSTr2
sequence to increase their hSSTr2 binding affinity and op- on day 7, followed by 2 more 14.8- or 18.5-MBq doses of 9oY-
timize their normal organ clearance. Somatostatin ana- SMT 487 on days 9 and 11. Control tumor-bearing mice either did
logues have been labeled with several radionuclides, includ- not receive treatment or received four 18.5-MBq doses of 90Y-
ing "'In, 90y, 64Cu, 177Lu, and 18sRe, for therapeutic SMT 487 on days 2, 4, 9, and 11 without AdCMVhSSTr2 injec-

applications in preclinical models (3-5,22) or clinical trials tions (27).

(23-25). 90 Y-1,4,7,10-tetraazacyclododecane-..NN,N",N"'- Ad vectors were produced expressing hSSTr2 with a second
tetraacec acid TA heTroceotd (MT487) therapeutic gene (TK or CD). This offers the potential for combi-

t .nation therapy using radiolabeled somatostatin analogues and pro-was administered to patients with malignant tumors (carci- dgs such as GCV or 5-FC. Localization and imaging studies
noids, breast cancer, medullary thyroid cancer, meningi- were performed using a bicistronic nonreplicative Ad vector en-
oma) in a phase I trial (23). Complete and partial responses coding hSSTr2 and TK in a non-small cell lung cancer xenograft
were obtained in 25% of patients, and 55% showed stable model (11). The A-427 tumors were injected intratumorally with
disease lasting at least 3 mo. Thus, several radiolabeled the bicistronic vector (AdCMVhSSTr2TK), and the animals were
somatostatin analogues have shown potential as radiother- imaged for hSSTr2 expression with 99mTc-P2045 and TK with
apeutic agents in animal tumor models and in humans. 1311-fialuridine (FIAU).

Bicistronic Ad vectors encoding for hSSTr2 and the TK enzyme
were constructed and evaluated (11). The rationale for the con-

STUDIES COMBINING RADIOTHERAPY AND struction of these vectors is 2-fold. First, hSSTR2 can be used for
AQ: B MOLECULAR PRODRUG THERAPY noninvasive imaging to determine expression of the therapeutic

Study Descriptions gene (TK) in vivo (11). Second, hSSTR2 can be used for therapy,
A replication-incompetent Ad vector encoding the gene for and the combination of this with TK-mediated prodrug therapy

hSSTr2 (subtype a) under control of the cytomegalovirus promoter may have an additive or synergistic therapeutic effect. The
(AdCMVhSSTr2) was produced (8). In vitro binding of 1251- AdCMVhSSTr2TK was injected intratumorally into A-427 tumors
somatostatin, 99mTc-P829 (99mTc-depreotide), and IIlln-diethylene- at 2 X 108 pfu on days 20 and 27. The 9°Y-SMT 487 was
triaminepentaacetic acid (DTPA)-n-Phe1-octreotide ('lIn-pentet- administered intravenously on days 22, 24, 29, and 31 at 18.5 MBq
reotide) to cells or cell membrane preparations of human ovarian per injection. The GCV was administered intraperitoneally at 50
and non-small cell lung cancer cells infected with AdCMVhSSTr2 mg/kg daily for 14 d beginning on day 22. Controls included
was shown by imaging of cells in plates (26) or counting of cell administration of unlabeled SMT 487 alone, GCV alone, or 90y_
membrane preparations (8). To evaluate the ability to induce SMT 487 alone.
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Bicistronic Ad vectors encoding for hSSTr2 and the CD enzyme or with 0.3 ± 0.2 %ID/g in mice injected intraperitoneally

were constructed and tested. Ad vectors expressing CD and with an Ad encoding the green fluorescent protein (AdCM-
hSSTr2 (AdCox-2LCDhSSTr2 and AdCox-2LhSSTr2CD) were VGFP) (28). Images of mice bearing subcutaneous A-427
produced using the long (L) length Cox-2 promoter. hSSTr2 has tumors injected with 99mTc-P2045 showed uptake in the
been used as a target for noninvasive imaging to determine ex-
pression of the therapeutic gene (CD) in vivo (11). Also, hSSTr2 tumors injected with c ohtro buT backr up-
can be used for radioligand therapy, and the combination of this take in tuminjectd withr Ad . The ctuor ake
with CD-mediated molecular prodrug therapy may result in radio- results in the mice 4 d after AdCMVhSSTr2 injection and
sensitization. The A-SPECT system ("y-Medica, Inc.) was used for 4 h after 99mTc-P2045 injection were 7.8 %ID/g. No other
SPECT, with a total of 64 individual projections collected (30 s tissue had greater uptake than the AdCMVhSSTr2-injected
each) using a 1-mm pinhole collimator. Therapy studies were tumor (26). In another study, mice bearing subcutaneous
performed with AdCMVhSSTr2CD injected intratumorally into MCF-7 breast tumor xenografts were injected intratumor-
A-427 tumors at 1 X 109 pfu on days 20 and 27. 90Y-SMT 487 was ally with AdCMVhSSTr2GFP. hSSTr2 gene expression AQ: D
administered intravenously on days 22, 24, 29, and 31 at 18.5 MBq was detected with 99rTc-P2045 via y-camera imaging, and
per injection. The 5-FC was administered intraperitoneally at 400 GFP was detected by fluorescent stereomicroscopic imaging
mg/kg twice a day for 5 d beginning on day 21, followed by (Fig. 1). Fl
another 5 d cycle beginning on day 28. Therapy Studies with the Single-Gene Vector AdCMVhSSTr2.

Study Results Untreated animals bearing intraperitoneal SK-OV-3.ipl
Induction of hSSTr2 In Vivo and Localization/Imaging tumors had a median survival of 34 d, whereas the median

ofRadiolabeled Somatostatin Analogues. Tumor localiza- survivals were 36 d after AdCMVhSSTr2 injection and a
tion of 111In-DTPA-D-Phei-octreotide in mice bearing single 51.8 MBq dose of 64Cu-TETA-octreotide and 14 d
intraperitoneal SK-OV-3.ipl tumors injected intraperitone- after AdCMVhSSTr2 injection and a single 74 MBq dose.
ally with AdCMVhSSTr2 2 d earlier at 4 h after intraperi- The mice that received 2 doses of 64Cu-TETA-octreotide
toneal injection was 60.4 percentage injected dose per gram (51.8 MBq plus 25.9 MBq) had a median survival of 62 d.
(%ID/g), which decreased to 18.6 %ID/g at 24 h after Thus, the combination of AdCMVhSSTr2 gene transfer and
injection (8). Thus, these studies demonstrated that tumor 64Cu-TETA-octreotide significantly lengthened survival of
uptake of lllln-DTPA-D-Phel-octreotide could be achieved the mice. These results establish the key feasibilities of
after transduction of the ovarian tumor in vivo with inducing hSSTr2 expression in ovarian tumors and therapy
AdCMVhSSTr2. with a radiolabeled somatostatin analog.

Another study investigated the localization of I'l1n-DTPA- Mice bearing subcutaneous A-427 tumors that received 2
D-Phe'-octreotide to subcutaneous A-427 non-small cell lung intratumoral injections of AdCMVhSSTr2 and four 14.8- or
tumors injected intratumorally with AdCMVhSSTr2 (27). 18.5-MBq doses of 90Y-SMT 487 had significantly longer
"y-Camera imaging showed the tumor uptake of '1 In-DTPA- median tumor-quadrupling times (40 and 44 d, respectively)
D-Phel-octreotide to be 2.8 %ID/g at 48 h after injection and than did the mice receiving no treatment and the mice
3.1 %ID/g at 96 h. Uptake of 1 1ln-DTPA-D-Phel-octreotide receiving four 18.5-MBq doses of 90Y-SMT 487 but no
in control Ad-injected tumors with the thyrotropin-releasingi virus (16 and 25 d, respectively). The difference in time
hormone receptor gene (AdCMVTRHr) was <0.3 %ID/g at to tumor quadrupling between the groups that received
both time points. AdCMVhSSTr2 plus 90Y-SMT 487 and the control groups

188Re is a potentially therapeutic radionuclide that can be was statistically significant.
imaged with a -y-camera. 188Re-P829 bound with high af- Enhancement of Tumor Killing by Radiosensitization
finity (6-7 nmol/L) to membrane preparations from A-427 Through Molecular Prodrug Therapy. Subcutaneous A-427
cells infected with AdCMVhSSTr2 (9). Mice bearing tumors injected with AdCMVhSSTr2 or AdCMVhSSTr2TK
subcutaneous A-427 tumors injected intratumorally with
AdCMVSSTr2 showed uptake of intravenously injected B
188Re-P829 detected by y-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 AdhSST2GFP C
"y-counter, which showed 2.9 %ID/g of 188Re-P829 in the 0
AdCMVhSSTr2-injected tumors, compared with <0.4 L
%ID/g in the tumors infected with the control Ad. hSSTr2 0
expression was independently confirmed by immunohisto- R
chemical analysis. FIGURE 1. Dual reporter genes detected by -y-camera imag-

Uptake of 99mTc-P2045 in intraperitoneal SK-OV-3.ipl ing and fluorescent imaging. (A) Representative mouse bearing
tumors in the peritoneum of mice injected intraperitoneally a MCF-7 human breast tumor xenograft was dosed with

AdCMVhSSTr2GFP (1 x 109 pfu) and, after 48 h, receivedwith AdCMVhSSTr2 at 48 h after intravenous injection intravenous injection of 99mTc-P2045. (B and C) Dual-modality
averaged 2.2 t 0.3 %ID/g, compared with 0.2 ± 0.002 imaging after 5 h included -y-camera imaging (B) and fluorescent%ID/g in control mice not receiving Ad injection (P < 0.05) stereomicroscopic imaging (C).
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Initial 4 h 20 h 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

C , •-vector induced a level of hSSTr2 expression in A427
L cells equivalent to that induced by the single-gene AQ:E
0 AdCMVhSSTr2 virus, as shown in Figure 3. Transfected F3R cells were killed after exposure to the prodrug GCV (Fig.

FIGURE 2. Imaging of accumulation of 188Re-P2045 in A-427 4). Having demonstrated that this bicistronic vector was F4
tumor previously injected with AdCMVhSSTr2TK. 188Re-P2045 functionally active, we initiated therapy studies. Table 1 T1
was injected intravenously 2 d after intratumoral injection of Ad contains the efficacy summary for these studies. The GCV
vector. Images were collected initially and after 4 and 20 h. treatment group had the only 2 tumors that regressed. Sig- AQ: F

nificant differences were found with respect to tumor-dou-

could be seen by imaging with 99mTc-P2045, and tumors in_ bling time overall (P < 0.001), with multiple comparisons
jected with AdCMVhSSTr2TK or AdCMVTK could be seen showing that 90Y-SMT 487 (14.8 MBq X 4) alone or in
by imaging with 1311-FIAU. Tumors injected with AdCMVTK combination with GCV had the greatest tumor growth sup-
did not accumulate 99mTc-P2045 (11). Uptake of 99mTc-P2045 pression over all treatment groups, with no other significant
and 1311-FIAU for AdCMVhSSTr2TK-injected tumors was differences. However, the combination of 90Y-SMT 487 and
11.1 and 1.6 %ID/g, respectively. AdCMVhSSTr2-injected GCV resulted in severe toxicity as demonstrated by a dra-
tumors accumulated 10.2 %ID/g of the 99mTc-P2045 and matic loss of animal weight. Liver toxicity has been re-
0.3% of the 1311-FIAU. AdCMVTK-injected tumors had 0.2 ported with Ad-mediated delivery of the TK gene and GCV
%ID/g for the 99mTc-P2045 and 3.7% for 13 11-FIAU. A prodrug administration. The toxicity issue was addressed by
separate group of mice bearing a single subcutaneous A-427 reducing the dose of 90Y-SMT 487 from 18.5 MBq per
tumor (on the right side) was injected intratumorally with injection to 14.8 MBq per injection. The results show that
AdCMVhSSTr2TK. After 2 d, 188Re-P2045 was injected tumor inhibition was achieved with 90Y-SMT 487 alone and
intravenously (11.1 MBq) and the mice were imaged. Im- with 90Y-SMT 487 in combination with GCV (Table 1).

F2 ages from a representative mouse are presented in Figure 2 However, the combination treatment did not improve the
and demonstrate accumulation of 188Re-P2045 in the turmor, results achieved with 9°Y-SMT 487 alone. Toxicity was

Mice bearing intraperitoneal SK-OV-3.ipl tumors in- greatly reduced using 14.8 MBq of 90Y-SMT 487 instead of
jected with 1 X 109 pfu of AdCMVhSSTr2 5 d after tumor the 18.5-Mlq dose. In view of the toxicity obtained with the

70

'0 60
yj i

A-427
A-427 cells ~

S40

AdCMVhSSTr2TK 3 I
Or

AdRGDCMVhSS'r2TK 20

10 MOI 
48 h 

.0 -

1. Harvest cells and prepare membranes 032 d
2. Incubate membranes for I h with 12-l- U

FIGURE 3. Evaluation of AdhSSTr2TK somatostatin ± somatostatin block
bicistronic vectors for expression of 3. Count membranes in y"counter
hSSTr2 in infected A-427 cells by 125 1-so- j Bound Block
matostatin binding.
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LDo (mmol/L)

1 AdCMVTK 0.99
120,000-

A-427 cells 0 AdCMVhSSTr2TK 0.43
100,000.

AdCMVhSSTr2TK A AdCMVhSSTr2 ND

10 MOI 80,000"

60,000-
24 h T•U4h 40,0004

1. Reseed in 96-well plates 20,0001

2. 24 h later add GCV
3. Determine cell number using 0

AQ: I MTS assay 5 dafter GCV 0 1 10 100 FIGURE 4. Evaluation of AdhSSTr2TK

mmol/L GCV bicistronic vectors for TK activity in in-
I fected A-427 cells exposed to GCV.

AdCMVhSSTr2TK vector and radiolabeled peptide, we The SPECT technique had sufficient sensitivity and spatial
chose to next investigate the CD/hSSTr2 2 gene vector, resolution to enable the 3-dimensional hSSTr2 expression to

Therapy Studies with the Bicistronic Vector be measured.
AdCMVhSSTr2CD. A-427 cells infected with bicistronic Tumor inhibition results in mice with subcutaneous
vector AdCMVhSSTr2CD or AdCMVhSSTr2CDRGD, with A-427 tumors injected intratumorally with AdCMVhSSTr2
the RGD peptide genetically engineered in the fiber knob to showed that 90Y-SMT 487 and 90Y-SMT 487 in combina-
retarget Ad binding to integrins on the cell surface, had hSSTr2 tion with 5-FC slowed tumor growth (29). The combination
expression equivalent to that of the single-gene vector treatment inhibited tumor growth more than did the 90Y-
AdCMVhSSTr2 (29). In addition, the AdCMVhSSTr2CD SMT 487 treatment alone, and the levels of toxicity (weight
and AdCMVhSSTr2CDRGD vectors produced CD enzyme loss) were modest (29). The next therapy study consisted of
activity levels similar to those of the single-gene vector radiotargeted gene therapy in combination with external-
AdCMVCD (29). Thus, both genes were active in the bi- beam radiation therapy. Tumor inhibition results were en-
cistronic vectors. We next investigated imaging of gene couraging, as they showed that the combination of 90Y-SMT
transfer in athymic nude mice bearing subcutaneous A-427 487, 5-FC, and 60Co resulted in tumor regressions (Fig. 7; F7
tumors injected with 1 x 109 pfu of AdCMVhSSTr2 or Table 1). All combination therapies had at least 2 complete
AdCMVhSSTr2CDRGD. After 2 d, 99mTc-P2045 was intra- regressions, with most being recurrence free. However, the
venously injected and -y-camera imaging demonstrated lo- intense triple-therapy regimen was not well tolerated and

F5 calization in the tumors (Fig. 5) (30). SPECT was used to produced significant weight loss.
measure the distribution of Ad-mediated transgene expres- Use of a Tumor-Specific Promoter to Drive Gene Expres-
sion within subcutaneous xenografts. Nude mice bearing 2 sion. The specificity of vectors for gene transfer may be
A-427 flank tumors were injected intratumorally with improved by combining transductional targeting of Ad us-
AdCVhSSTr2GFP (1 X 109 pfu) in the right A-427 tumor, ing a tumor-specific promoter to drive the transcription of

AQ: G and a control bicistronic vector was injected in the left the hSSTr2 and CD genes (30). The liver is the predominant
F6 tumor. Imaging studies were conducted after 2 d (Fig. 6). site of Ad vector localization after systemic administration

TABLE I
Tumor Doubling Times and Complete Regressions in AdCMVhSSTr2TK Experiments

Tumor doubling time Complete regressions

Treatment n Mean Median Total No relapse

90 Y-SMT 487 (500 iCi x 4) + 0
GCV 10 8 6 0
SMT 487 20 8 7 0 0
GCV (50 mg/kg) 20 14 7 2 2
9 0Y-SMT 487 (18.5 MBq x 4) 10 18 12 0 0

9°Y-SMT 487 (14.8 MBq x 4) + 0
GCV 10 25 11 0
90Y-SMT 487 (14.8 MBq x 4) 10 39 38 0 0

RADIOTARGETED GENE THERAPY * Buchsbaum et al. 5S
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xenograft models using this radiotargeted gene therapy ap-
proach (14,35,38). The results with 1311 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 MS-transported therapeu-
tic radionuclides with a shorter physical half-life or superior

C A decay proprieties, including 188Re and 21lAt, has been re-

L ported (12,14).
0
R DISCUSSION

Witial imago S himage These studies demonstrate that genetic induction of
FIGURE 5. y-Camera imaging of gene transfer in mice bearing hSSTr2 results in tumor localization of radiolabeled soma-
A-427 subcutaneous tumors injected with AdCMVhSSTr2CD (left)
or AdRGDCMVhSSTr2CD (right), followed 2 d later by intravenous tostatin analogues at a level sufficient to produce therapeutic
injection of i9mTc-P2045. 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

and consequently is at risk when Ad vectors containing hSSTR2 gene. Efforts continue to optimize this novel ap-
suicide genes such as TK or CD localize to this site. Thus, proach to cancer gene therapy by the use of radiation-
a promoter with both tumor specificity and minimal tran- inducible tumor-specific promoters. Another radiotargeted
scriptional activity in hepatocytes would be ideal for cancer gene therapy approach has been to transfect tumor cells with
gene therapy. Both AdCox-2LCDhSSTr2* and AdCox- the noradrenaline transporter to actively accumulate I11I-
2LhSSTr2CD produced cytotoxicity after infection of metaiodobenzylguanidine (40). This approach has been
DU145 human prostate cancer cells in vitro in the presence tested on cells and spheroids but not on animal models.
of 5-FC, with a moderately low value for inhibitory con- Gene transfer of the NIS has been used successfully for
centration of 50%. Binding of 99mTc-P2045 to DU145 cells imaging and therapy in preclinical animal models.
infected with AdCMVhSSTr2 or AdCox-2LhSSTr2CD was The ability to localize radiolabeled ligands or radionu-
detected in plates by imaging with a "y-camera (30). 99mTc- clides within the target tumor provides a new, specific
P2045 localization in DU145 subcutaneous tumors injected approach to killing cancer cells. The radiotargeted gene
with AdCox-2LhSSTr2 was demonstrated by "y-camera im-
aging (30). Another promising approach would be to use a
radiation-inducible promoter. Takahashi et al. (31) reported A ` B C
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. 7 jA

Gene Transfer of the NIS. Iodide transport into the thy- 21
roid gland is mediated by a specific sodium-dependent D
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 C
iodide has provided an effective means for imaging and 0

treatment of hyperthyroidism and both primary and meta-

static thyroid carcinoma (32). R
In 1996, both rat and human NIS complementary DNA

was cloned and characterized (33,34). Gene transfer of the FIGURE 6. SPECT of adenovirus-mediated hSSTr2 expres- AQ: I
NIS gene has been performed with a variety of vectors, cell sion in tumor xenograft. (A) Photograph of representative mouse
lines, and tumor xenografts, with successful localization and with 2 A-427 tumors. Right tumor was injected with 1 X 109 pfu

of AdCMVhSSTr2GFP, and left tumor was injected with controlimaging of tumor xenografts demonstrated after systemic Ad vector. (B and C) Planar -y-camera images obtained 5 h after
injection of l31i, i23i, 1241, i25J, and 99mTc (13,14,35,36). This intravenous 99mTc-P2045 injection (55.5 MBq) show that highest
approach may also be useful for detection of gene transfer retention of 99mTc-P2045 was in right tumor. These 2 images are AQ: K
of coexpressed therapeutic genes delivered during gene identical, with the exception of scaling. (D) Transverse -y-camera
therapy (15,37). In this regard, Barton et al. (15) imaged images (0.58-mm slices at location of planar slice shown in C)

show hSSTr2 expression within tumor. Adenovirus-mediatedCD/TK gene expression in dog prostate using the NIS gene hSSTr2 expression led to specific retention of 99mTc-P2045 in
and 9

9mTc. nonuniform, discrete tumor areas tending to be concentrated at
Therapy studies have been performed on several tumor periphery. (Reprinted with permission from (X).) AQ: L
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400-
0 Untreated

0 90Y-SMT 487

300- 0 90Y-SMT 487 + 3 Gy

M A 9°Y-SMT 487 + 5-FC + 3 G
Y 4 -FIGURE . 7. Therapy results with

2AdCMVhSSTr2CD, 9
°Y-SMT 487, 5-FC,

and 6
0Co in athymic nude mice bear-

-2o200 ing subcutaneous A-427 xenografts.

A AdCMVhSSTr2CD (1 X 109 pfu) was in-
F jected into A-427 tumors on days 18, 25,
"o 32, and 39. 9 0

Y-SMT 487 (18.5 MBq per

S100- injection) was administered intravenously

on days 20, 22, 27, 29, 34, 36, 41, and 43.
5-FC (400 mg/kg twice a day) was admin-
istered intraperitoneally for 5 d beginning

0- Ion day 19 followed by 3 more 5-d cycles

0 10 20 30 40 50 60 beginning on days 26, 33, and 40. 60Co
external-beam radiation was given as a

Day single 3-Gy dose on days 21, 28, 35, and
42. (Reprinted with permission from (X).)

therapy approach has several advantages. Constitutive ex- 2. Blum JE, Handmaker H, Rinne NA. The utility of a somatostatin-type receptor

pression of a tumor-associated receptor or transporter is not binding peptide radiopharmaceutical (P829) in the evaluation of solitary pulmo-
nary nodules. Chest. 1999; 115:224-232.

required. Tumor cells are altered to express a new target 3. Zamora PO, Gulhke S, Bender H, et al. Experimental radiotherapy of receptor-

receptor (hSSTr2) or a transporter (NIS) or to •express an positive human prostate adenocarcinoma with I'5
Re-RC-160, a directly-radiola-

existing receptor at higher levels to significantly improve beled somatostatin analogue. Int J Cancer. 1996;65:214-220.
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Imaging and Therapy of Tumors Induced to Express
Somatostatin Receptor by Gene Transfer Using Radiolabeled

Peptides and Single Chain Antibody Constructs

Donald J. Buchsbaum

The fields of radioimmunodetection and radioimmuno- Strategy." Using this strategy, induction of high levels
therapy began with an initial paradigm that a targeting of gastrin releasing peptide receptor or human soma-
molecule (eg, antibody) carrying a radioisotope had the tostatin receptor subtype 2 expression and selective
potential of selectively imaging and delivering a thera- tumor uptake of radiolabeled peptides was achieved.
peutic dose of radiation to tumor sites. A second para- The advantages of the genetic transduction approach
digm was developed in which injection of the targeting are (1) constitutive expression of a tumor-associated
molecule was separated from injection of a short-lived antigen/receptor is not required; (2) tumor cells are
radioisotope-labeled ligand (so-called "pretargeting altered to express a new target receptor or increased
strategy"). This strategy has improved radioisotope de- quantities of an existing receptor at levels that may
livery to tumors in animal models, enhanced radioim- significantly improve tumor targeting of radiolabeled
mune imaging in man, and therapeutic trials are in an ligands compared with normal tissues; (3) gene transfer
early'phase. We proposed a third paradigm to achieve can be achieved by intratumoral or regional injection of
radioisotopic localization at tumor sites by inducing gene vectors; (4) it is feasible to target adenovirus
tumor cells to synthesize a membrane expressed recep- vectors to receptors overexpressed on tumor cells by
tor with a high affinity for infused radiolabeled ligands. modifying adenoviral tropism (binding) so that the virus
The use of gene transfer technology to induce expres- will be targeted specifically to the desired tumor; and (5)
sion of high affinity membrane receptors can enhance it is possible to coexpress the receptor gene and a
the specificity of radioligand localization, while the use therapeutic gene, such as cytosine deaminase, for mo-
of radioisotopes with the ability to deliver radiation lecular prodrug therapy to produce an enhanced thera-
damage across several cell diameters will compensate peutic effect.
for less than perfect transduction efficiency. This ap- © 2004 Elsevier Inc. All rights reserved.
proach was termed "Genetic Radioisotope Targeting

T HE USE of radiolabeled monoclonal Neotect, Berlex Laboratories, Inc, Wayne, NJ) to
antibodies (mAb) to "target" radioactivity target human somatostatin receptor subtype 2

to tumor sites is a promising strategy, as shown (hSSTr2) positive tumor cells for imaging in
in a number of animal models and in human patients. 21 -24 The peptides can be labeled with
trials.'- 7 Radioimmunotherapy (RIT) is typi- radioisotopes for therapeutic applications, which
cally administered systemically. However, it have been performed in preclinical animal mod-
also has been delivered intraperitoneally (IP) els and in patients with cancer.25-3 2 Despite the
or intralesionally. Favorable results have been success of these investigations, improved deliv-
observed in the treatment of lymphomas, in ery systems and/or targeting strategies are

tumors confined within the peritoneal cavity needed for RIT to have an even greater effect in

(ovarian), and in malignant gliomas through the treatment of cancer.

direct intratumoral injection.8 -20 Another strat- LIMITATIONS OF CURRENT TARGETED
egy has used radiolabeled peptides (eg, Oc- RADIODETECTION AND RADIOTHERAPY
treoscan, Mallinckrodt, Hazelwood, MO, or STRATEGIES

The success of radioimmunodetection (RID) and
RIT has been limited by the low percentage uptake

From the Department of Radiation Oncology, University of of injected radioactivity in tumors due to low target

Alabama at Birmingham, Birmingham, AL.

Address reprint requests to Donald J. Buchsbaum, PhD, antigen expression and slow penetration of the
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© 2004 Elsevier Inc. All rights reserved, the tumor, and the development of human anti-
0001-2998/04/3401-0005$30.00/0 mouse antibody responses. 2,3 3 Strategies to over-
doi.10.1053/j.semnuclmed.2003.09.005 come these limitations have included the use of
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mAb fragments, single chain antibodies (scFv) and Radiolabeled Peptides Targeting
minibodies or diabodies, 34-37 radiolabeled pep- Somatostatin Receptors in Cancer
tides,2 1

,
2 2

,
25 '2 7

,
38 locoregional administration of the Detection and Therapy

radiolabeled ligand,39-41 the use of cleavable che- We identified one lead system that seemed to
lating agents,42,43 biological response modifiers offer the desired features for use in the proposed
such as interferon or gene transfer methods to context. The target of most imaging and therapy
upregulate tumor-associated antigen/receptor ex- studies with radiolabeled peptides has been the
pression,44-51 irradiation of the tumor to increase hSSTr2, which is expressed on a number of human
vascular permeability,2 the use of radiosensitizing tumors, including neuroendocrine, ovarian, renal,
agents, 52-5 4 and antiangiogenic therapy.55-57 breast, lung, and meningiomas. 64-68 The somatosta-

tin receptor group includes gene products encoded
Strategies to Overcome Targeted by 5 separate somatostatin receptor genes. 69 The
Radiotherapy Limitations subtype 2 exists in 2 forms due to alternate splicing

There are several strategies designed to over- of hSSTr2 messenger ribonucleic acid, which pro-
come the limitations of RID and RIT. Several duces 2 products. The subtype 2A receptor (herein
desirable features can be envisioned for optimum referenced as hSSTr2) is slightly longer (369
receptor-ligand systems for tumor detection and amino acids), while the shorter subtype 2B differs
therapy. Expression of an endogenous receptor only in regard to a truncation on the C-terminal tail
exclusively on malignant cells within the normal (356 amino acids). The receptors have varying
tissue parenchyma would provide a certain degree tissue levels in the brain, gastrointestinal tract,
of specificity and safety. If cross-reactivity of the pancreas, kidney, and spleen. 70 -72 It is for this
radioligand with corresponding human receptors is reason that it might be helpful to produce ligands
known, it would be most desirable if the human reactive with a mutated form of hSSTr2 to achieve
receptor-positive cells were expendable or were more selective binding to transfected tumors with-
isolated from the treatment area. Thus, nontumor out inducing toxicity to normal tissues that natu-
localization of radioligand would not have signif- rally express hSSTr2. All 5 receptors show high
icant deleterious clinical sequelae. Our group affinity binding to natural somatostatin peptide,
showed that an adenoviral (Ad) vector encoding either somatostatin-14 or somatostatin-28. Oct-
the gene for carcinoembryonic antigen (CEA) reotide, P829, and P2045 are synthetic somatosta-
could infect human glioma cells and induce the tin analogues that preferentially bind with high
expression of CEA in vitro and in vivo, as evi- affinity to somatostatin receptor subtypes 2, 3, and
denced by an increase in the binding and localiza- 5 of human, mouse, or rat origin.70 -74 Somatostatin
tion of a radiolabeled anti-CEA antibody when and its analogues effectively inhibit the prolifera-
compared with uninfected cells. 48 Another desir- tion of various types of cancer cells as a result of
able feature of candidate ligand-receptor systems binding to hSSTr2.75-77

would be the potential for a high affinity ligand- Octreotide is an 8 amino-acid peptide that has a
receptor interaction. Our recent focus has been on high affinity for hSSTr2 and is stable towards in
the development of recombinant vectors that trans- vivo degradation relative to the endogenous 14
fer receptor-encoding genes with high binding amino-acid somatostatin-14 peptide. Octreotide
affinities to radiolabeled peptides to tumor cells, and other somatostatin analogues have been mod-
Receptors that we investigated for targeting with ified with bifunctional chelating agents, for com-
radiolabeled peptides include hSSTr2 and the gas- plexing radioactive metals, and by changing the
trin releasing peptide receptor (GRPr). Our group amino acid sequence to increase their hSSTr2
has published on the use of Ad vectors encoding binding affinity and optimize their normal organ
the genes for hSSTr2, 58-61 GRPr,49,50 and epider- clearance. Somatostatin analogues have been la-
mal growth factor receptor 62,63 in the genetic ra- beled with "'In, 90Y, 64Cu, and 118Re for thera-
dioisotope targeting approach. A potential advan- peutic applications. Smith-Jones and coworkers
tage of genetic transduction of a receptor is that the showed that a single 0.48 mCi IP injection of a
level of expression may be higher than what are 90Y-labeled somatostatin analogue in nude mice
generally otherwise low tumor concentrations of bearing subcutaneous (s.c.) AR42J rat pancreatic
such receptors. 38 tumors resulted in a significant reduction in tumor
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growth.78 Stolz and colleagues showed that a (CD) is a nonmammalian enzyme that normally
single dose of 9 0Y-DOTA-D-Phe'-Tyr 3-octreotide catalyzes the formation of uracil by the deamina-
(90Y-SMT 487) led to reductions of 60% and 50% tion of cytosine. When 5-fluorocytosine (5-FC) is
of the initial tumor volume in nude mice bearing the substrate, this enzyme will produce 5-fluorou-
AR42J and NCI-H69 human small cell lung cancer racil (5-FU), a potent cancer chemotherapeutic and
tumors, respectively.79 Complete remissions were radiosensitizing agent. 90 The genes for bacterial
observed in rats bearing (s.c.) CA20948 rat pan- and yeast CD have been cloned. 91-94 Because
creatic tumors when a single 2.0 mCi dose of mammalian cells do not normally express the CD
90Y-DOTA-Tyr3-octreotide was administered. 27  gene, 5-FC is nontoxic to these cells, even at high
The 90Y-DOTA-lanreotide that binds to hSSTr concentrations. The 5-FC has been used as an
produced a therapeutic response in a patient with antifungal drug because of its relative nontoxicity
metastatic gastrinoma.80 The 90Y-SMT 487 was in humans. The CD gene has been used in gene
administered to 20 patients with malignant tumors therapy strategies to mediate intracellular conver-
(17 carcinoids, 1 breast cancer, 1 medullary thy- sion of 5-FC to 5-FU, and has been effective in
roid cancer, 1 meningioma) in a phase I trial.81 animal tumor models. 95 ,96 This therapeutic strategy
Complete and partial responses were obtained in has the advantage of intracellular production of
25% of patients along with 55% showing stable high concentrations of radiosensitizing drug as an
disease lasting at least 3 months. The 9 0Y-SMT alternative to systemic administration, therefore487 has been tested in patients with neuroendo-crine tumors.27,81,82 potentially limiting systemic toxicities.97 Direct

Zamora and coworkers labeled the somatostatin injection of 5-FU itself into a solid tumor would

analogue RC-160 with 18
8Re and administered 7 not be effective because it would be washed out

doses of 0.2 mCi over a 14-day period intralesion- immediately. Converted 5-FU passively diffuses

ally to nude mice bearing PC-3 human prostate across the cell membrane from CD-positive cells to
cancer tumors.25 They reported that animals re- nontransduced cells.98 ,99 This bystander effect
ceiving 186Re-RC-160 had 60% survival compared compensates for the inability of current vector
with no survivors when control animals were systems to transduce all but a small fraction of
injected with saline. Anderson and colleagues cells in a given tumor.89,"00

showed tumor growth inhibition of s.c. CA20948 Recent studies by our group and others involv-
tumors in Lewis rats using either single or multi- ing combination of radiation therapy with molec-
pie intravenous (IV) doses of 64Cu-TETA-oct- ular prodrug therapy have shown that CD-based
reotide. 26 Thus, several radiolabeled somatostatin prodrug therapy sensitizes tumor cells to radiation
analogues have shown potential as radiotherapeu- in vitro and in vivo. 10 1-10 3 Human colon and head
tic agents in animal tumor models and in humans, and neck cancer cells that were stably transduced
However, in most of the published studies, there to express the CD gene were radiosensitized by the
has been limited tumor uptake and retention of the addition of 5-FC in vitro and in vivo.93,94,104,105

radiolabeled peptides (peak uptake <10% injected The use of Ad vectors to encode CD and convert
dose [ID]/g), presumably due to the rapid clearance 5-FC to 5-FU to achieve cell killing has been
from the blood. This has resulted in the use of reported by our group10 2

,1
03

,1
06

,1
07 and oth-

rather high quantities of radionuclides in preclini- ers.96,99,101,10 8 We initially used an Ad vector en-
cal studies with multiple administrations. More- coding CD under the control of the cytomegalovi-
over, large radionuclide doses (0.4 to 1 Ci) have rus promoter (AdCMVCD) in combination with
been administered to patients.8 3-87  5-FC and radiation treatment to show enhanced

cytotoxicity against human colon, pancreatic, gli-
Tumor Killing is Enhanced by Increasing oblastoma, and cholangiocarcinoma cells in vitro
Radiosensitivity Through Molecular and in vivo.10 1-1°3,10 9 Recent results in a lung
Prodrug Therapy cancer animal model are described later. The

The molecular prodrug gene therapy approach results of a CD/5-FC molecular prodrug therapy
involves insertion and expression of an enzyme in phase I trial in patients with breast cancer have
a target cell that converts a nontoxic prodrug to a been published." 0 There was evidence of reduc-
toxic drug.88,89 The enzyme cytosine deaminase tion of tumor volume in 4 of 12 patients.
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Phage Display Technology: In Vitro binding sites."14 These fragments show antigen
Generation of Recombinant Antibodies binding comparable to intact bivalent antibodies,

Within the last decade, a novel approach has and may show improved tumor penetration and
facilitated the in vitro production of recombinant faster normal tissue clearance. They include the
antibodies directed against a variety of targets. The scFv (27 kDa), diabody (a noncovalent dimer of
key technology in this approach is the surface scFv, 55 kDa), and the minibody (a dimer of
expression of antigen-binding fragments of mAb scFv-hinge-CH3, 80 kDa).
on filamentous bacteriophage (Phage Display)."' Biodistribution and tumor targeting studies of
Recombinant antibodies can be expressed in Esch- radioiodinated or radiometal-labeled anti-CEA
erichia coli as a single polypeptide consisting of 2 minibodies and diabodies in athymic mice bearing
antigen binding domains, VH and VL, joined by a s.c. LS174T human colon cancer xenografts
flexible peptide linker (termed scFv - single chain showed that these fragments localize to CEA-
antibody variable fragment). The further develop- positive tumors with fast clearance from blood and
ment of recombinant antibody technology has led normal tissues (P3 half-life 3 to 5 hours) after IV
to creation of libraries of antibody genes obtained injection."3,115,11 6 Maximum uptake levels of 10%
from immunized or nonimmunized donors. These to 15% ID/g for radioiodinated diabody at 1 to 2
antibody genes are expressed as scFvs on the hours after injection, or 20% to 25% ID/g for
surface of bacteriophage. This phage display ap- minibody at 6 to 12 hours after injection occurred
proach allows selection of clones with highly following IV administration to mice. The blood
specific antigen binding out of a vast number of pharmacokinetics of ...ln- and 64Cu-labeled mini-
primary clones in the library. Using this principle, bodies was similar, and high uptake in LS174T
extremely large antibody gene libraries can be tumors occurred. However, radiometal-chelate
screened, conjugated minibody showed uptake in the liver,

Recombinant antibodies also can be isolated and the anti-CEA diabody localized in the kidneys.
from hybridoma cell lines. The genetic information Nevertheless, the rapid blood clearance of both of
for the recombinant antibody VH and VL structural these antibody fragments resulted in high tumor-
domains is amplified from hybridoma cells using to-normal tissue ratios for other tissues. Results in
the polymerase chain reaction with antibody gene- the CEA system have been confirmed in other
specific primers. The necessity of creating phage tumor-associated antigen systems, including TAG-
display libraries when recombinant mAb are gen- 72, Her2/neu, placental alkaline phosphatase, and
erated from hybridomas is dictated by their se- fibronectin ED-B domain.'1 7 Furthermore, anti-
quence heterogeneity." 2  body fragments, such as diabodies or scFv, show

improved tumor penetration.34.118 Anti-CEA mini-
Tumor Targeting With Radiolabeled bodies labeled with 64Cu have been used for
Minibodies and Diabodies imaging by micro-positron emission tomography

The engineering of antibodies can be used to (PET)," 7 and potentially provide a vehicle for the
produce recombinant fragments with properties delivery of therapeutic radionuclides either as a
optimized for in vivo applications. Intact, murine single agent or in genetic radioisotope and molec-
mAb are immunogenic in humans and display poor ular prodrug therapy approaches as described
pharmacokinetics for RID. ScFvs (constructed herein.
from hybridoma cells or isolated via phage display,
as described previously) are themselves poor re- COMBINATION OF GENE THERAPY AND
agents for targeting radionuclides to tumors due to TARGETED RADIOTHERAPY ADDRESSES THE
their small size and that they only contain a single KEY SHORTCOMINGS IN GENE THERAPY
binding site. Nonetheless, scFvs provide an excel- (LESS THAN COMPLETE TRANSDUCTION)
lent building block for intermediate size engi- AND TARGETED RADIOTHERAPY
neered fragments, such as minibodies, in which the (INADEQUATE DELIVERY/LOCALIZATION
scFv have been fused to the human IgGI hinge and OF RADIOLIGANDS)
CH3 regions to provide a dimerization domain" 3  The ability of recombinant Ad vectors to accom-
and diabodies, where scFv self-assemble into non- plish efficient gene transfer to tumor cells in vivo
covalent dimers containing 2 functional antigen has led to the use of this vector approach in several,
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clinical cancer gene therapy trials.1 19 A number of transduction approach are (1) constitutive expres-
gene therapy approaches use direct in situ trans- sion of a tumor-associated receptor is not required,
duction of tumor for the purpose of achieving an and (2) tumor cells are altered to express a new
anticancer effect. In these various strategies, the target receptor at levels that may significantly
limited transduction - frequency achievable with improve tumor to normal tissue targeting of radio-
currently available vectors mitigates against effi- labeled ligands. This method thus represents a new
cacy. Thus, strategies to amplify the biologic paradigm by which augmented therapeutic efficacy
effects of genetic transduction events would poten- can be achieved through enhanced radiolabeled
tially allow the enhanced therapeutic effect of ligand localization to tumors transduced in situ to
these gene therapy methods. By linking tumor express unique and novel receptors. The use of
transduction to the induced binding of radiolabeled modem molecular biology techniques to increase
ligands, it is possible that this effect may be the expression of tumor-associated receptors for
achieved because cells in proximity to bound radiolabeled ligands is a novel approach to the
ligand may be killed as a result of exposure to the treatment of cancer. The importance of this ap-
local radiation field. It should be understood that proach lies in that although each modality alone
with this approach, we are attempting to increase has limitations, the combination of gene transfer
specifically the number of receptors on tumor cells and radioligand therapy would be synergistic in
that normally express a receptor or to induce effect.
specifically expression on tumor cells that do not
ordinarily express the receptor by genetic transduc- INDUCTION OF RECEPTOR IN VITRO
tion, with the result being increased targeting of the We produced an Ad encoding the gene for
radiolabeled ligand to the tumor site. It is our hSSTr2 under the control of the cytomegalovirus
hypothesis that one can deliver a larger fraction of promoter (AdCMVhSSTr2), and showed in vitro
the administered dose of the radiolabeled ligand to binding of 125I-somatostatin and "1 In-DTPA-D-
the tumor cells selectively through increased re- Phel-octreotide to cell membrane preparations of
ceptor expression at the tumor site. SK-OV-3.ipl human ovarian cancer cells and

When used with radiation therapy, uniform sys- A-427 human nonsmall cell lung cancer cells
temic incorporation of the genetic construct into infected with AdCMVhSSTr2. 6O The cells were
tumor cells is not necessary. It should be empha- infected with various amounts of AdCMVhSSTr2,
sized that the advantage of the proposed strategy is and binding assays on membrane preparations
that transduction of 20% to 40% of tumor cells from these cells showed high expression of hSSTr2
may be all that is necessary for radiolabeled (Fig 1).120 In addition, reverse transcriptase poly-
ligands to produce tumor responses, given the merase chain reaction analysis showed the pres-
ability of P-emitters to deliver radiation across ence of hSSTr2 messenger ribonucleic acid in
several cell diameters in primary tumor sites and A-427 and SK-OV-3.ipl cells infected with AdC-
metastases. Current strategies only transduce 5% to MVhSSTr2. Scatchard analysis of A-427 cells
10% of the tumor cells. The chief stumbling block infected with 10 plaque forming units (pfu) AdC-
in the use of radiolabeled peptides has been the low MVhSSTr2 and binding of 99mTc-P829 (Neotect)
dose of radiation that can be delivered to the tumor showed a Bm.a of 19,000 fmnol/mg and the affinity
due to rapid catabolism. The use of high affinity of 99mTc-P829 to be 7 nM.
radiolabeled minibodies and diabodies will likely
increase the delivered radiation dose to tumor due INDUCTION OF RECEPTORS IN VIVO
to better tumor uptake and retention. There should To evaluate the ability to induce receptor ex-
be enhanced cell killing as a result of gene transfer pression in vivo, AdCMVhSSTr2 was injected IP
being combined with radiation therapy. to induce hSSTr2 expression on SK-OV-3.ipl

We have developed an approach to increase tumors 5 days after tumor cell injection in the
expression of targetable cell surface receptors in peritoneum in nude mice. Two days later, tumor
tumor cells using a gene transfer strategy. Using localization of 11 In-DTPA-D-Phel-octreotide 4
this strategy, we have accomplished induction of hours after IP injection was equal to 60.4% ID/g of
high levels of receptors for radioligand targeting, the radiolabeled peptide.60 However, the uptake in
as described later. The advantages of the genetic tumor decreased to 18.6% ID/g at 24 hours after
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Fig 1. Binding of l
251-Tyrl-so- lzSlsomatostatin "'In-DTPA-D- 2l'-somatostatin "'In-DTPA-D-

Phel-etretidephe
1

-oetreotide
matostatin and '111n-DTPA-D-

Phel-octreotide to A-427 and SK- A-427 SK-OV-3.ipl
OV-3.ipl membrane preparations.

injection (Fig 2). The tumor localization was sig- of ".'In-DTPA-D-Phel-octreotide to s.c. A-427
nificantly lower (1.6% ID/g) when a control Ad nonsmall cell lung tumors injected intratumorally
(AdCMVGRPr) was injected. These studies also (i.t.) with AdCMVhSSTr2.' 21 The gamma camera
showed that the tumor uptake of "'In-DTPA-D- region of interest analysis showed the tumor up-
Phel-octreotide was similar 1, 2, or 4 days after take of 11 In-DTPA-D-Phel-octreotide to be 2.8%
AdCMVhSSTr2 injection and that 2 injections of ID/g 48 hours after a single intratumoral AdCM-
AdCMVhSSTr2 did not improve the tumor local- VhSSTr2 injection and 3.1% ID/g at 96 hours.
ization of "1In-DTPA-D-Phel-octreotide. Thus, Uptake of 'lln-DTPA-D-Phel-octreotide in con-
these studies showed that tumor uptake of "'In- trol Ad-injected tumors was <0.3% ID/g at both
DTPA-D-Phe1 -octreotide could be achieved after times.
infection of the ovarian tumor in vivo with AdC- Gamma camera imaging was used to detect
MVhSSTr2. hSSTr2 expression in s.c. A-427 tumors infected

Other studies have investigated the localization with AdCMVhSSTr2 using a 99mTc- or 188Re-

80- 125i-Somatostatin - 4 h

70- "'In-Octreotide - 4 h

"- L ll"'In-Octreotide -24 h
60-

S50-

"7 40-
Fig 2. Biodistribution of 1251[

somatostatin and 111
1n-DTPA-D-

a30- Phe
1
-octreotide in mice bearing

2 Tintraperitoneal (IP) SK-OV-3.ipl
20 tumors injected with AdCMVh-20 SSTr2. BL, blood; LU, lung; LI,

liver; SI, small intestine; SP,
10- spleen; KI, kidney; SK, skin; BO,

bone; MS, muscle; TU, tumor;
0: PL, peritoneal lining; UT, uterus.BL LU LI SI SP KI SK BO MS TU PL UT Reprinted with permission from

the American Association for
Tissue Cancer Research, Inc.
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Imaging the expression
of 2 genes following Ad
transfer to A-427 tumors

Fig 3. In vivo simultaneous
Images below are 5 h imaging for human somatosta-
after Lv. injection of 2 tin receptor subtype 2 (hSSTr2)
radiotracers 2Ad AdC V ICSr2 and thymidine kinase (TK) ex-Ad ..... Y. pression. Photograph of the

48 .. earlier•48 bearer i.. mouse shows tumor locations
.. and adenoviral (Ad) doses. The

expression of hSSTr2 was de-
' picted with imaging tumor accu-

mulation of 
9 "mTc-labeled P2045

(bottom left), while TK expres-
sion was depicted with imaging

.".I tumor accumulation of 13 11-la-
beled FIAIJ (bottom right). The
images were obtained 5 hours
after intravenous (IV) injection
"of the radiotracers. Reprinted

•' 
9 m" c . • l3J W indow with permission from the Radio-

for hSST2 v'xpression for K 'expresslon logical Society of North Amer-
ica, Inc.

labeled somatostatin analogue.122 The somatostatin from mice injected IP with an Ad encoding the
analogue, P829, was radiolabeled with 99mTc at green fluorescent protein, which averaged 0.26 ±
high specific activity and was shown to bind with 0.17% ID/g.124 We also evaluated P2045 in mice
high affinity to hSSTr2-positive tumors by external bearing s.c. A-427 tumors injected i.t. with AdC-
scintigraphic imaging. The 99mTc-P829 and 188Re- MVhSSTr2 or with a control Ad. The 99mTc-P2045
P829 bound with high affinity (6 to 7 nM) to was injected IV 2 or 4 days after AdCMVhSSTr2
membrane preparations from A-427 cells infected injection, and the animals were imaged using a
with AdCMVhSSTr2, and were internalized simi- gamma camera equipped with a pinhole collimator
larly by AdCMVhSSTr2-infected A-427 cells.' 2 2  3.5 to 4.5 hours later. The images showed similar
Mice bearing s.c. A-427 tumors injected i.t. with uptake of 99 mTc-P2045 in the tumors injected with
AdCMVhSSTr2 showed uptake of IV-injected AdCMVhSSTr2, but background uptake in tumors
99 mTc-P829 and 1

88Re-P829 detected by gamma injected with control Ad. The biodistribution re-

camera imaging, while uptake was not observed sults in the mice 4 days after AdCMVhSSTr2

when the tumors were infected with a control Ad. injection and 4 hours after 99mTc-P2045 injection

This result was confirmed by counting the tumors showed 7 h e pste tum or. noo
in agama cunte, wichshoed 38% nd .9% showed 7.8% ID/g in the positive tumor. No otherin a gamma counter, which showed 3.8% and 2.9% tsu a ihrutk hnteAC~S~2

ID/g of 99mTc-P829 and '8"Re-P829 in the AdC- tissue had higher uptake than the AdCMVhSSTr2-

MVhSSTr2 injected tumors, respectively, com- injected tumor.' 20

pared with <0.4% TD/g in the tumors infected with Further studies were reported using a bicistronic

the control Ad. Independent confirmation of Ad vector encoding hSSTr2 and thymidine kinase

hSSTr2 expression was shown by immunohisto- (TK) in the same mouse tumor model.'25 The

chemical analysis. tumors were injected i.t. with the bicistronic vector

A novel 99mTc-labeled peptide (P2045) recently (AdCMVhSSTr2TK), and the animals were im-

described by Diatide, Inc.121 binds with high affin- aged for hSSTr2 expression with 99 mTc-P2045 and
ity to hSSTr2 and has favorable in vivo biodistri- TK with 13II-FIAU (Fig 3). The biodistribution
bution. This peptide was evaluated in mice bearing results showed the uptake of 99mTc-labeled P2045
SK-OV-3.ipl tumors in the peritoneum. Tumor and 131I-labeled FIAU for AdCMVhSSTr2TK-
uptake of 99mTc-P2045 at 48 hours after IV injec- injected tumors (n = 8) was 11.1% and 1.6% ID/g,
tion averaged 2.2 -_ 0.3% ID/g for mice injected IP respectively. AdCMVhSSTr2-injected tumors (n =
with AdCMVhSSTr2 (1 X 109 pfu), as compared 4) accumulated 10.2% ID/g of the 99mTc-labeled
with 0.18 ± 0.002% ID/g in control mice not P2045 and 0.3% of the 13 11-labeled FIAU. AdC-
receiving Ad injection (P < 0.05) or in tumors MVTK-injected tumors (n = 4) had 0.2% ID/g for
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"Cu-TETA-Octreotide
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35- ] 100 PFU AdhSSTr2
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AdCMVhSSTr2ma 30-
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aE 10- ..

Protein Quantitation

Fig 4. Induction of human so- I
matostatin receptor subtype 2 0

(hSSTr2) and 
54Cu-TETA-oct- 6'Cu-TETA.Octreotide A427 SK-OV-3,3p1 Block

reotide binding in vitro. Cell Line

the 99mTc-labeled P2045 and 3.7% for 13 1I-labeled THERAPY STUDIES WITH THE SINGLE GENE
FIAU. VECTOR AdCMVhSSTr2

It was shown that 64Cu-TETA-octreotide bound In a therapy study, we evaluated a single admin-
to cell membrane preparations of A-427 and SK- istration of 1.4 or 2.0 mCi of 64Cu-TETA-oct-
OV-3.ipl cells infected with AdCMVhSSTr2 (Fig reotide 2 days after AdCMVhSSTr2 injection in
4). Tumor localization and pharmacokinetics of mice bearing IP SK-OV-3.ipl tumors. Also, mice64Cu-TETA-octreotide was investigated in mice received 2 doses of 64Cu-TETA-octreotide. In this
bearing IP SK-OV-3.ipl human ovarian tumors group of animals, 1.4 mCi of 64Cu-TETA-oct-
induced to express hSSTr2 with AdCMVhSSTr2. reotide was administered 2 days after AdCMVh-
Mice bearing IP SK-OV-3.ipl tumors infected SSTr2, followed by an additional dose of AdCM-
with 1 X 109 pfu AdCMVhSSTr2 5 days after VhSSTr2 13 days after the first, and administration
tumor cell inoculation followed by IP injection of of 700 /Ci of 64Cu-TETA-octreotide 2 days later.
64Cu-TETA-octreotide 2 days later had median Untreated animals had a median survival of 34
tumor uptake of 25. 1%ID/g at 4 hours after 64Cu- days, while median survival following a single 1.4
TETA-octreotide administration (Fig 5). The up- mCi dose was 36 days, and a single 2.0 mCi dose
take at 4 hours was significantly higher than when was 14 days. The mice that received 2 doses of
the control Ad (AdCMVLacZ) was given (1.6% 64Cu-TETA-octreotide (1.4 plus 0.7 mCi) had a
ID/g). The tumor uptake of 64Cu-TETA-octreotide median survival of 62 days (Fig 6). Overall, the
decreased to 7.2% ID/g at 18 hours after injection, combination of gene therapy and 64Cu-TETA-

octreotide resulted in significantly (P < 0.05)
35- -longer survival of the mice. These results establish1 '•Cu-TETA.Octreotide - 4h

30-

25- ']Cu-TETA-Octreotide- 18h 1-I ControlS5U 1.4 mCi Cu-TETA-Octreotide

20- 0.8 1.4 + 0.7 mCi 4Cu-TETA-Octreotide
-It- 40.7n C

2.0 mCi Cu-TETA-Octreotide

3 aC

I~L ~ 0.2
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Tissue 0 30 60 90 120 150

Day
Fig 5. Biodistribution of 

64
Cu-TETA-octreotide in mice

bearing intraperitoneal (IP) SK-OV-03.ipl tumors injected Fig 6. Survival of nude mice bearing intraperitoneal (IP)
with AdCMVhSSTr2. SK-OV-3.ipl tumors treated with "Cu-TETA-octreotide.



40 DONALD J. BUCHSBAUM

Al-427tel) 5(Bnol/ing) R2 2 i.t. injections of AdCMVhSSTr2 and 4 doses of
S..... 7.6 13,100 0.963 400 or 500 p.Ci 90Y-SMT 487 had median tumor

A-1-. 10.8 170300 0.929 quadrupling times of 40 and 44 days, respectively.
AdCNTVrSreCD ..... S.. 04 11,700 o The log-rank test revealed a statistically significant

AAC,0MoT lb .... VCo NIo 27 0.50 difference in time to tumor, quadrupling between

the AdCMVhSSTr2 + 90Y-SMT 487 treatment
1.) Harvest cells and prepare membranes
2.) Satchard analysis wlth....so.atostatln groups and the control groups (P < 0.02). The

mounts nradilabeled smatostatin median tumor quadrupling times of the no treat-

ment group and the no virus + 4 doses of 500 pCi
Fig 7. Evaluation of AdSSTr2CD bicistronic vectors for 

90Y-SMT 487 group were 16 and 25 days, respec-
expression of human somatostatin receptor subtype 2
(hSSTr2). tively.

the key feasibilities of inducing hSSTr2 expression THERAPY WITH THE BICISTRONIC VECTOR

in ovarian tumors and achieving therapy with a AdCMVhSSTr2CD

radiolabeled somatostatin analogue. Our hypothe- We have constructed and evaluated bicistronic
sis is that a radiolabeled ligand with a longer Ad vectors encoding for hSSTr2 and the CD
retention time would deliver a higher radiation enzyme.1 26 The rationale for the construction of
absorbed dose and result in higher therapeutic these vectors is 2-fold. First, hSSTr2 can be used
efficacy. for noninvasive imaging to determine the expres-

Another somatostatin analogue that is being sion of the therapeutic gene (CD) in vivo.125

used for therapy is 9 0Y-SMT 487.27,81 Nude mice Second, hSSTr2 can be used for therapy as
were inoculated s.c. with 2 X 106 A-427 cells, discussed previously, and the combination of this
Twenty-four days later the mice were administered with CD mediated therapy through conversion of
1 X 109 pfu AdCMVhSSTr2 i.t. (day 0), and the 5-FC to 5-FU may result in an additive or syner-
first measurement of the tumor size (surface area gistic therapeutic effect. The A-427 cells infected
equal to length x width) was made with vernier with bicistronic vectors AdCMVhSSTr2CD or
calipers. Mice received an IV injection of either AdCMVhSSTr2CDRGD with the arginine-gly-
400 or 500 [Ci 90Y-SMT 487 on days 2 and 4. The cine-aspartic acid (RGD) peptide genetically engi-
mice then received an additional i.t. injection of neered in the fiber knob to retarget Ad binding to
AdCMVhSSTr2 on day 7, followed by 2 more 400 integrins on the cell surface had equivalent hSSTr2
or 500 tCi doses of 90 Y-SMT 487 on days 9 and expression as the single gene vector AdCMVh-
11. Control tumor-bearing mice either did not SSTr2 (Fig 7). In addition, the AdCMVhSSTr2CD
receive treatment or received 4, 500 tCi doses of and AdCMVhSSTr2CDRGD vectors produced
90 Y-SMT 487 on days 2, 4, ,9, and 11 without similar CD enzyme activity levels as the single
AdCMVhSSTr2 injections.12' Mice that received gene vector AdCMVCD (Fig 8). Thus, both genes

350

d• • 250
300' 1

A-427 cells

200a

A 0 150'
AdCMVb55Tr2CD 50 a

or 500

AdRGDCMZ~hSSTr2CD10 48 h 50,

1.) Harvest cells and prepare cell lysates
2.) Add 3H-5-FC to 25 Itg of cell lysates 2e 30 40 50 60 70

and incubate at 37°C for

various times O AdCMVCD 17.7 El AdCMVhSSTr2 ND

3.) Monitor conversion of 3H-5-FC to 3H- *AdCMVhSSTr2CD 27.4 Fig 8. Evaluation of AdSSTr2CD
5-FU by TLC 2bicistronic vectors for cytosine

- LAdRGDCMVhSSTr2CD 55.2 deaminase (CD) activity.
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Fig 9. Therapy results with AdCMVSSTr2CD, 5-FC, and
5

°Y-SMT 487 in athymic nude mice bearing subcutaneous Fig 11. Therapy results with AdCMVSSTr2CD, 5-FC, eoCo,
(s.c.) A-427 xenografts. and aoY-SMT 487 in athymic nude mice bearing subcutaneous

(s.c.) A-427 xenografts.

were active in the bicistronic vectors. Therefore,
therapy studies were initiated with AdCMVhSSTr2CD The next therapy study consisted of intratumoral
and 90Y-SMT 487 in combination with 5-FC. injections of AdCMVhSSTr2CD into A-427 tu-

The AdCMVhSSTr2CD was injected i.t. into mors at 1 X 109 pfu on days 18, 25, 32, and 39.
A-427 tumors at 1 X 109 pfu on days 20 and 27. The 90Y-SMT 487 was administered IV on days
The 90 Y-SMT 487 was administered IV on days 20, 22, 27, 29, 34, 36, 41, and 43 at 500 /iCi per
22, 24, 29, and 31 at 500 [Ci per injection. The injection. The 5-FC was administered IP at 400
5-FC was administered IP at 400 mg/kg twice a mg/kg twice a day for 5 days beginning on day 19,
day for 5 days beginning on day 21, followed by followed by 3 more 5-day cycles beginning on
another 5-day cycle beginning on day 28. Tumor days 26, 33, and 40. The 60Co was given as a single
inhibition results showed that 90Y-SMT 487 and 3 Gy dose on days 21, 28, 35, and 42. Tumor
90Y-SMT 487 in combination with 5-FC inhibited inhibition results were extremely encouraging be-
tumor growth (Fig 9). Importantly, the combina- cause they show that the combination of 90Y-SMT
tion treatment had a higher tumor growth inhibi- 487 + 5-FC + 3 Gy resulted in tumor regressions
tion than the 90Y-SMT 487 treatment alone. In (Fig 11 and Table 1). All combination therapies
addition, the levels of toxicity (weight loss) were had at least 2 complete regressions with most being
modest (Fig 10). recurrence-free. The triple therapy groups had the

highest mean tumor growth suppression of all
140- treatment groups, but these differences were not
120- statistically significant (P = 0. 116). The problem,

100 however, was that the intense therapeutic regimen
Z was not well tolerated (Table 2). A summary of theS80-

80weight change data is shown in Table 2. From
60- 0 SMT487 before and after weight (paired t-test) comparisons,

the controls had a significant weight gain (P <S40- Y- T47

20 -Y-SMT487+5Fc 0.001), while 90Y-SMT 487 (400 .Ci x8) and

0. A________________C 
90Y-SMT 487,(500 pCi x4) + 5-FC + 3 Gy had

0 10 20 3'0 60 no significant weight changes (P = 0.065 and
Day 0.216, respectively), and all other treatments

Fig 10. Toxicity with AdCMVSSTr2CD, 5-FC, and 
9 °Y-SMT groups had significant mean weight losses (all P •

487 in athymic nude mice bearing subcutaneous (s.c.) A-427 0.01). We plan to investigate lower doses of 5-FC
xenografts. and 90Y-SMT 487 in future studies.
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Table 1. Tumor Doubling Times and Complete Regressions in AdCMVhSSTr2CD Experiments

Tumor Doubling Time Complete Regressions
Treatment no. (mean/median) Total (n) No Relapse (n)

Untreated controls 15 16/10 1 1
s0Y-SMT 487 (500 tCi X 8) 8 19/9 0 0
S5y-SMT 487 (400 pCi X 8) 8 25/12 0 0

s0Y-SMT 487 (500 fCi X 8) + 3 Gy 8 29/25 3 2
9Sy-SMT 487 (400 pCi x 8) + 3 Gy 8 32/19 2 1
s0y-SMT 487 (500 ACi x 4) + 5-FC + 3 Gy 8 47/19 3 3
s5y-SMT 487 (400 tCi x 8) + 5-FC + 3 Gy 8 53/32 3 3

CONCLUSION The development of new ligands (eg, minibody

These studies show that genetic induction of and diabodies) against hSSTr2 and mutant forms

hSSTr2 results in tumor localization of radiola- of hSSTr2 offer the potential for higher and more

beled peptides at a level sufficient to produce specific tumor uptake and, thus, improved sensi-
therapeutic effects. Efforts continue to optimize tivity of detection and higher therapeutic efficacy.
this novel approach to cancer gene therapy by Other approaches that are under active investiga-
molecular chemotherapy and radiation therapy. tion include gene transfer of the type-2 dopamine

receptor expressed on the tumor cell surface de-
Table 2. Animal Weight Changes in tected by PET using a radiolabeled antagonist, or

AdCMVhSSTr2CD Experiments herpes simples virus TK gene transfer detected by

Percentage gamma camera or PET imaging with radiolabeled
Percent with >20% substrates trapped intracellularly after phosphory-

Treatment no. Change loss lation by the kinase.127-129 Gene transfer of the
Untreated controls 15 117 0 sodium iodide symporter has also been used for
9

5
Y-SMT 487 (500 gCi X 8) 8 78 63

s`Y-SMT 487 (400 gCi x 8) 8 85 38 imaging and therapy. Clinical studies are needed to
aSy-SMT 487 (500 /Ci X 8) + 3 Gy 8 84 38 determine the most promising approach.
90Y-SMT 487 (400 xCi X 8) + 3 Gy 8 78 50
eay-SMT 487 (500 gCi X 4) + 5-FC ACKNOWLEDGMENTS

+ 3Gy 8 91 50S+ySMT 487 (400 pCi x 8) + 5-FC Anna Wu, Alex Pereboev, Kurt Zinn, Tandra Chaudhuri,+ 3 Gy 8 79 50 Mark Carpenter, and Buck Rogers are acknowledged for theircontributions to the concepts and results presented.
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SUMMARY

Adenovirus (Ad) mediated cytosine deaminase/5-fluorocytosine (CD/5-FC)

enzyme/prodrug therapy (VDEPT) is a promising approach for enhancing local control of

prostate cancer (CaP) by ionizing radiation (XRT). We evaluated the efficacy of two CD-based

chemoradiation systems in vitro and in vivo involving either CD alone or coexpression of CD

and uracil phosphoribosyltransferase (UPRT), an enzyme known to potentiate 5-fluorouracil (5-

FU) cytotoxicity. Ad-mediated gene transfer efficiency (AdCMVGFP) to human CaP cell lines

(PC-3, DU145, and LNCaP) and their expression of Ad receptors (coxsackie-Ad receptor (CAR)

and avP33 and cvP35 integrins) were quantified by flow cytometry. Ad gene transfer efficiency
J

correlated strongly with both CAR and cxvf35, but not ccv33, integrin expression. Following

infection of CaP cells with Ad expressing CD (AdCMVCD) or a CDUPRT fusion protein

(AdCMVCDUPRT), 5-FU and 5-FC cytotoxicity were examined in vitro by a tetrazolium

reduction assay. While both viruses expressing CD displayed a viral dose-dependent increase in

5-FC cytotoxicity, AdCMVCDUPRT was 6-125 fold more potent than AdCMVCD. In addition,

AdCMVCDUPRT, but not AdCMVCD, markedly increased 5-FU cytotoxicity 20-156 fold,

presumably secondary to increased intratumoral 5-FU anabolism. Efficacy of both CD and

CDUPRT VDEPT with and without XRT was tested in nude mice bearing subcutaneous DU145

human CaP xenografts. While AdCMVCDUPRT/5-FC/XRT-treated xenografts grew slower

than those receiving XRT alone or AdCMVCD/5-FC/XRT, no significant differences in time to

tumor doubling were evident relative to untreated control tumors. Thus, although CDUPRT

coexpression enhances Ad-mediated CD/5-FC cytotoxicity, further refinements are necessary to

adequately assess the impact of this strategy on local control in experimental animal models of

CaP.
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INTRODUCTION

Adenocarcinoma of the prostate (CaP) is now a treatable disease in most cases, primarily

due to early detection and low clinical stage at the time of diagnosis. This early detection has

largely been attributed to more aggressive screening measures in the overall population, with

particular emphasis placed on evaluation of prostate specific antigen (PSA). Still, for the year

2001, CaP is predicted to be the second leading cause of cancer-related deaths and the cancer

with the highest incidence in men.1 Management options for localized CaP include watchful

waiting, radical prostatectomy, radiation therapy (XRT), hormonal therapy, and newer strategies

such as cryotherapy, photodynamic therapy, and laser therapy. 2 Despite acceptable cure rates,

the active treatment options for localized CaP may result in substantial morbidity, including

impotence and incontinence, urinary and bowel irritative symptoms, and stricture and fistula

formation.2 Hence, further development of novel treatment strategies that are efficacious and

minimize complications are necessary for localized CaP.

Molecular chemotherapy refers to use of gene-directed enzyme/prodrug therapy

(GDEPT) systems to achieve similar goals as conventional chemotherapy, maximizing the

therapeutic index. The main advantages of GDEPT over traditional systemic chemotherapy are

increased local (intracellular and intratumoral) production of a chemotherapeutic drug from a

non-toxic, systemically delivered prodrug and reduced systemic toxicity to normal tissues.3 In

addition, GDEPT elicits a potent bystander effect on surrounding, untreated cancer cells. This

effect is important to the overall efficacy of GDEPT, potentially compensating for the inherently

low gene transfer efficiency of current gene delivery systems.4

The most extensively studied GDEPT system is herpes simplex virus thymidine

kinase/ganciclovir (HSV-TK/GCV)'. HSV-TK/GCV has been investigated in preclinical animal



models of a variety of tumor types as well as in numerous clinical trials, including CaP. While

HSV-TK/GCV GDEPT is promising for CaP, other more attractive alternatives have been

described.5 A particularly promising approach utilizes the E. coli enzyme cytosine deaminase

(CD, EC 3.5.4.1). CD converts the nontoxic prodrug 5-fluorocytosine (5-FC) into the toxic

agent 5-fluorouracil (5-FU). 5-FC is non-toxic to humans due to the absence of CD.6 We have

previously utilized a replication-defective Ad vector encoding the E. coli CD (AdCMVCD) in

animal models of gastrointestinal (GI) malignancies, 7-10 tumors for which 5-FU is a clinically

important chemotherapeutic agent, particularly in combination with external beam XRT.11-14 In

this system, termed virus-directed enzyme/prodrug therapy (VDEPT), intratumoral injection of

AdCMVCD results in localized, intratumoral CD expression, which enzymatically converts the

systemically administered, nontoxic 5-FC into intratumoral 5-FU. Ad-mediated CD/5-FC

VDEPT offers several distinct advantages over HSV-TK/GCV, including a bystander effect that

does not require cell-cell contact through gap junctions, 15-18 proteins known to be down-

regulated in CaP,19 and the capacity of 5-FU to sensitize cells to the effects of ionizing XRT. 12 3 13

A major factor limiting 5-FU-based therapy and potentially CD/5-FC GDEPT for

localized CaP is 5-FU resistance, which is due in part to intratumoral 5-FU catabolism to inactive

metabolites by the enzyme dihydropyrimidine dehydrogenase (DPD).2 °23  One strategy to

overcome high intratumoral expression of DPD involves expression of the enzyme uracil

phosphoribosyltransferase (UPRT). This enzyme, a homologue of human orotate

phosphoribosyltransferase expressed only in bacteria and yeast, converts 5-FU to 5-fluorouracil

monophosphate (5-FUMP), the next metabolite in the 5-FU anabolism pathway. Expression of

UPRT has been shown to overcome 5-FU resistance in human stomach cancer cells,24

presumably due to shunting of 5-FU down the anabolic pathway, away from DPD-mediated



catabolism. Moreover, coexpression of CD and UPRT as a fusion protein (CDUPRT) has been

shown to sensitize E. col?5 and human tumor cells 26 to both 5-FC and 5-FU in vitro, and to

greatly augment CD/5-FC efficacy in vivo.26

Based upon the facts that Ad vectors have shown utility in animal models of CaP and are

currently being investigated in clinical trials,27 the advantages of CD/5-FC over HSV-TK/GCV,

the potentially superior cytotoxicity facilitated by coexpression of CD and UPRT, the clinical

utility of external beam or intersitital XRT in the management of localized CaP, and the known

radiosensitizing effects of 5-FU, 11-14 we hypothesized that Ad-mediated CD or CDUPRT/5-FC

VDEPT may be useful as an adjunct to XRT in the management of localized CaP. Previous

work by Anello et al. demonstrated that Ad-mediated expression of CD sensitized mouse RM-1

CaP cells to 5-FC and 5-FC/XRT in vitro.28 Blackburn et al. demonstrated that Ad-mediated

expression of a CD/HSV-TK fusion gene sensitized human PC-3 CaP cells to both 5-FC and

GCV, and that this combination also potentiated XRT sensitivity.29 Yoshimura et al. recently

reported efficacy of CD/5-FC in cultured LNCaP cells, but did not address its affect on

radiosensitization.
30

While these studies demonstrate the potential of CD/5-FC VDEPT for radiosensitization

of CaP, its efficacy in animal models of CaP has yet to be evaluated. In this report, Ad gene

transfer efficiency (AdCMVGFP) and Ad receptor expression profiles of three common human

CaP cell lines (DU145, LNCaP, PC-3) were determined and their correlation assessed. The

effects of Ad-mediated expression of either CD or CDUPRT on 5-FC and 5-FU were determined

in vitro. The first studies on the efficacy of CD and CDUPRT/5-FC VDEPT and XRT in a nude

mouse subcutaneous xenograft model of DU145 human CaP are then presented.



RESULTS

Ad receptor expression. CAR and av integrin expression was assessed by indirect

31immunofluorescence as previously described. CAR, avP3 and avf35 integrin expression was

variable on the 3 CaP cell lines tested (Table 1). DU145 cells expressed the highest level of both

CAR and avP3 integrins, while avP5 expression was similar in all three cell lines.

Ad gene transfer efficiency. AdCMVGFP-mediated gene transfer to all 3 CaP cell lines

was efficient, but variable (Fig. IA). DU145 were the most transducible, while PC-3 cells were

the least (MO15 0 4.0 and 39.2, respectively, p<0.001). An intermediate but significantly lower

level of transduction was seen with LNCaP cells (MO150 8.0) compared to DU145 cells (p<0.05).

With all 3 CaP cell lines, there was a significant dose-dependent increase in GFP expression with

increasing AdCMVGFP MOI (Fig. IB, R2>0.85, p<0.0001 for each individual cell line). As

shown in Fig. 1 C, AdCMVGFP transduction (AdCMVGFP MOb01) correlated strongly with the

composite index of Ad receptor expression (RMFIAdR, R2 0.71), and with CAR (RMFIcAR, R2

0.95) and avP5 (RMFICv, 5, R2 0.79) expression levels but not avP3 (R-FIý,33, W2 0.09).

However, lack of sufficient sample size (n=3 cell lines) precluded assessment of the significance

of these relationships.

AdCMVCD versus AdCMVCDUPRT-mediated 5-FC cytotoxicity. 5-FC cytotoxicity

to cells infected with either AdCMVCD or AdCMVCDUPRT at various MOI (10-300) was

determined after 5 days of continuous exposure. As shown in Table 2, 5-FC cytotoxicity to the 3

CaP cell lines after viral infection was variable. LNCaP cells were the most susceptible to 5-FC

after infection with either AdCMVCD or AdCMVCDUPRT, PC-3 cells displayed an



intermediate level of sensitivity, and DU145 cells were the least sensitive. However, in all 3

cells lines, coexpression of CD and UPRT from AdCMVCDUPRT rendered cells much more

sensitive to 5-FC (range 6-125 fold) than CD expression alone from AdCMVCD. The

magnitude of enhancement in 5-FC sensitivity between AdCMVCDUPRT and AdCMVCD

varied among cell lines, with LNCaP>PC-3>DU145 cells in order of decreasing sensitivity

(increasing IC50). While a trend towards a dose-dependent increase in 5-FC sensitivity was

apparent with both LNCaP and DU145 cells, a significant relationship between AdCMVCD or

AdCMVCDUPRT dose and 5-FC cytotoxicity existed only with PC-3 cells (R2>0.97, p<0.01 for

both viruses, Fig. 2). Taken together, these data demonstrate a significant enhancement in 5-FC

cytotoxicity to CaP cells after Ad-mediated expression of CDUPRT versus CD alone.

AdCMVCDUPRT-mediated 5-FU cytotoxicity. 5-FU sensitivities of the 3 CaP cell

lines tested were found to be remarkably similar (Table 3, IC50 0.17-0.39 gtg/ml, p>0.05).

Moreover, 5-FU sensitivity levels with these CaP cells did not significantly differ from levels

determined with cells derived from GI malignancies (human colon and pancreas), as previously

described (p>0.05). 32 To determine whether the AdCMVCDUPRT-mediated enhancement of 5-

FC cytotoxicity. was due to UPRT expression, 5-FU cytotoxicity to PC-3 cells was determined

after infection with AdCMVCDUPRT versus AdCMVCD. As shown in Fig. 3, compared to

treatment with 5-FU alone, no change in 5-FU sensitivity was seen after infection with a high

dose of AdCMVCD (100 pfu/cell, IC 50 0.22 versus 0.15, p>0.05). However, a significant

decrease in 5-FU cytotoxicity was apparent after infection with either 10 or 30 pfu/cell of

AdCMVCDUPRT (IC50 0.005 versus 0.003, respectively, p<0.001). These data suggest that the



enhanced cytotoxicity of CDUPRT/5-FC was due to UPRT mediated conversion of 5-FU to its

downstream toxic metabolite 5-FUMP.

AdCMVCD versus AdCMVCDUPRT and 5-FC/XRT therapy in nude mice bearing

DU145 xenografts. The efficacy of AdCMVCDUPRT/5-FC/XRT therapy in local tumor

control was assessed using a subcutaneous xenograft model of DU145 CaP in nude mice.

Tumors were established (63±8 mm2, range 16-168 mm 2, p=0.97 among groups) and animals

randomized to receive a single intratumoral injection of either saline, 109 pfu AdCMVCD or

AdCMVCDUPRT, followed by either 5-FC alone or 5-FC plus 6 Gy XRT. As shown in Fig.

4A, therapy with AdCMVCDUPRT/5-FC without XRT caused marginal growth delay compared

to saline/5-FC over the first 6 weeks of therapy, but no significant difference in TTD was

apparent (76 ± 13 vs. 69 ± 9 days, respectively, p>0.05). While combined therapy with

AdCMVCDUPRT/5-FC/XRT achieved a greater level of tumor growth inhibition (TTD 91 ± 8

days) relative to animals treated with AdCMVCDUPRT/5-FC alone, this difference was not

statistically significant (p>0.05). Moreover, the treatment effects of neither AdCMVCDUPRT-

containing regimen significantly differed from that obtained by saline/5-FC/XRT (TTD 75 ± 12

days, p>0.05).

The effect of coexpression of CD and UPRT was assessed by comparing the efficacy of

AdCMVCD/5-FC versus AdCMVCDUPRT/5-FC with or without XRT (Fig. 4B). In general,

AdCMVCDUPRT-containing regimens achieved an increased level of growth inhibition

compared to AdCMVCD-containing regimens. In addition, while concurrent XRT increased the

tumor growth inhibition of AdCMVCD/5-FC therapy without XRT (68 ± 13 versus 56 ± 6 days,

respectively), neither treatment regimen with this virus enhanced local tumor control relative to



saline/5-FC/XRT (p>0.05). One-way ANOVA of experimental endpoint mean - SEM surface

areas confirmed that no differences existed across all 6 treatment groups (data not shown,

p>0 .18). Taken together, these results indicate that, under the conditions examined, infection

with neither AdCMVCD nor AdCMVCDUPRT significantly increased local tumor control over

that obtained in the absence of viral infection.



DISCUSSION

GDEPT involves the intratumoral transduction of genes encoding foreign enzymes into

cancer cells and concurrent systemic prodrug therapy. Expression of these enzymes within

transduced cells results in localized metabolism of the nontoxic prodrug and thus accumulation

of a high intratumoral concentration of the cytotoxic metabolite. Since production is localized,

this system has the capacity to avoid systemic chemotherapy-induced toxicity. Thus, GDEPT

represents an alternative drug delivery platform through which well-known chemotherapeutic

agents that have been clinically abandoned due to unacceptable therapeutic indices may be re-

evaluated.33

A number of GDEPT systems have been described, with HSV-TK in combination with

the antiherpetic nucleoside analogue GCV and CD/5-FC being the two most actively

investigated. Recent studies have suggested that the CD/5-FC system may be the better potential

clinical treatment modality.34-36 In contrast to phosphorylated GCV, which requires intercellular

gap junctions to elicit a bystander effect, converted 5-FU freely diffuses from cells expressing

CD and thus mediates a gap junction-independent bystander effect. 17' 34,35 In addition, 5-FU is a

potent XRT sensitizer7' ', 17, 3' and has been a component of standard-of-care multimodality

therapy for several cancers. 39

Systemic 5-FU, both alone and in combination with other cytotoxic agents, has been

evaluated in numerous clinical trials over the last thirty years for localized, locally advanced, and

metastatic CaP. Few have reported sufficient therapeutic indicies to warrant its routine clinical

use. Given the advantages of GDEPT, we evaluated CD/5-FC-based VDEPT both in vitro and in

a preclinical animal model for radiosensitization of CaP. We first assessed the transduction

efficiency of 3 commonly investigated human CaP cell lines (DU145, LNCaP, PC-3).



Transducibility, as quantitatively determined by monitoring GFP expression from

AdCMVGFP,32 was variable among the 3 cell lines, with DU145>LNCaP>>PC-3 (Fig. IA and

1B). Ad gene transfer has been shown to depend upon expression of the cell surface receptors

necessary for Ad entry, CA 4 1 and av integrins. Lack of expression of CAR or ov integrins

on primary tumor cells from different tissues significantly limits Ad gene transfer.43-45 Ad

receptor expression, quantified on CaP cells by indirect immunofluorescence as previously

3146described,31' was variable (Table 1). The overall level of Ad receptor expression, as defined by

the composite RMFIAdR, directly correlated with AdCMVGFP transducibility (inversely with

M015 0 , R>0.71). This correlation was largely due to CAR, the individual receptor of the three

that most strongly correlated with M0150 (R2>0.95, Fig. IC). These results demonstrate the

importance of CAR expression levels on Ad gene transfer efficiency and suggest that targeted

Ad vectors capable of CAR-independent gene transfer 47 may be utilized in future Ad-based CD

vectors to overcome the problem of low CAR expression on CaP cells.

Three reports have previously investigated Ad-mediated CD/5-FC VDEPT of CaP in

vitro using murine RM-1, 28 human PC-3, 29 and human LNCaP cells.30 This report is the first to

evaluate the cytotoxicity of AdCMVCD/5-FC in multiple human CaP cell lines in vitro and to

evaluate the potential enhancement produced by its expression in fusion with UPRT. While the

magnitude of enhancement varied, data presented in Table 2 demonstrate that both AdCMVCD

and AdCMVCDUPRT greatly sensitized all 3 human CaP cell lines to 5-FC. Furthermore, this

effect was dependent on viral dose (Fig. 2). These data suggest that CD/5-FC-based VDEPT

may be efficacious in heterogeneous tumors composed of cells with distinct genetic,

morphologic and phenotypic properties and emphasize the importance of Ad gene transfer

efficiency in the level of response.



Competition for 5-FU anabolism within tumors cells by the catabolic enzyme DPD is a

key limitation to 5-FU cytotoxicity.48 Exogenous expression of UPRT has been shown to

overcome 5-FU resistance and greatly augment its cytotoxicity, presumably due to its increased

conversion to 5-FUMP.25  Thus, UPRT expression may be utilized to overcome high

intratumoral levels of DPD expression or inefficient anabolism of 5-FU to its downstream

metabolites. Results presented in Table 2 and Fig. 2 are consistent with this hypothesis. In

general, expression of CDUPRT rendered cells significantly (1-2 orders of magnitude) more

sensitive to 5-FC than CD alone. Analyzing its effect on 5-FU cytotoxicity validated the effect

of UPRT expression on CD/5-FC cytotoxicity. As shown in Fig. 3, AdCMVCDUPRT infection

significantly enhanced 5-FU cytotoxicity to PC-3 cells at MOI 10 and 30 (p<0.001), while

AdCMVCD infection at a higher MOI (100) had no effect (p>0.05). These results are consistent

with previous reports25' 26 and suggest that the enhanced efficacy of CDUPRT/5-FC in vitro was

due to further anabolism of 5-FU produced from CD/5-FC to its downstream metabolite, 5-

FUMP. Further work is necessary to determine the impact of DPD expression on 5-FU

cytotoxicity in CaP and the potential of CDUPRT coexpression to overcome its effect.

Finally, we present the first report on the efficacy of CD and CDUPRT/5-FC VDEPT in

an animal model of CaP. While there was a distinct trend towards slowing tumor growth acutely

(<6 weeks), treatment of nude mice bearing subcutaneous DU145 xenografts with intratumoral

AdCMVCD or AdCMVCDUPRT and systemic 5-FC with 6 Gy external beam XRT did not

significantly delay tumor growth compared to animals receiving saline/5-FC/XRT (TTD 68 ± 13,

91 ± 8 and 75 ± 12 days, respectively, p>0.05). These results contrast with our previous work

demonstrating a significantly enhanced therapeutic effect of AdCMVCD/5-FC/XRT on human

SK-ChA-1 bile duct7 and WiDr colon 9 tumor xenografts.



Obvious causes of these disappointing results may include tumor-, virus-, drug-, or XRT-

related issues. The most straightforward explanation is sampling bias. DU145 cells were the

most refractory cells of the 3 tested to both AdCMVCD/5-FC and AdCMVCDUPRT/5-FC in

vitro (Table 2). These cells were chosen for in vivo studies based upon the desire to utilize the

most stringent animal model available. Studies are currently ongoing to evaluate whether

LNCaP tumors, the most sensitive of the 3 cell lines tested, respond more robustly to CD/5-FC-

based VDEPT.

Alternatively, the inherent biology of CaP in general, and DU145 cells specifically, may

be responsible. Growth of CaP is largely androgen-related and most tumors grow fairly slowly

relative to tumors from other organs.2  Since its effects are cell-cycle dependent, 5-FU

cytotoxicity and radiosensitization are maximal in rapidly proliferating tumors.39 DU145 cells

are known to be androgen-independent, as are most human CaP cell lines, and grow slowly in

nude mice. 49 We have previously shown that the group of 3 human prostate cancer cell lines

included in the present study (DU145, LNCaP, PC-3) are equally sensitive as human colon tumor

cell lines (LS174T, WiDr) to 5-FU-mediated cytotoxicity in vitro.34 However, Smalley et al.

found that 5-FU-mediated radiosensitization of DU145 cells was significantly less than with HT-

29 human colon cancer cells. 50 The human colon carcinoma cell line WiDr was derived from

HT-29,51 grows rapidly as subcutaneous xenografts in nude mice, is equally sensitive as DU145

cells to 5-FU in vitro, and responds well to AdCMVCD/5-FC-mediated radiosensitization both in

vitro and in vivo.9 Thus, DU145 tumors may be inherently less sensitive to 5-FU-mediated

radiosensitization than human colon xenografts based solely upon their relatively slow growth in

vivo. Preliminary results demonstrating that clonogenic survival of DU145 cells after infection

with AdCMVCDUPRT at 30 pfu/cell and treatment with 5-50 Rg/ml 5-FC and 8 Gy XRT is



decreased over two orders of magnitude compared to 5-FC/XRT alone and one order of

magnitude greater than that achieved by AdCMVCD/5-FC/XRT would support this hypothesis

(data not shown). Work comparing the radiosensitizing effect of AdCMVCD and

AdCMVCDUPRT/5-FC on DU145 with other human CaP and colon cancer cells both in vitro

and in vivo is currently underway.

Secondly, the above studies were conducted with a single intratumoral injection of

AdCMVCD and AdCMVCDUPRT. It is well established that intratumoral Ad gene transfer is

limited to the area around the needle track in subcutaneous animal models of cancer, presumably

due to poor diffusion secondary to the high interstitial pressure within the tumor.52 Therefore, to

maximize intratumoral transgene expression and thus efficacy, further optimization of the

intratumoral Ad dosing regimen is necessary. We are currently evaluating a strategy previously

shown to be efficacious in animal models of cholangio- and colon carcinomas, whereby 3 doses

of intratumoral AdCMVCD were given at days -2, 0, and 2 relative to XRT.7' 9 An alternative

approach we are also pursuing involves construction of a conditionally replicative Ad encoding

CDUPRT, since it has been previously shown that replicative Ad vectors are capable of lateral

infection throughout the tumor mass. 53

Thirdly, inefficient intratumoral 5-FU metabolism may be responsible for the lack of CD

and CDUPRT/5-FC radiosensitization in vivo. Three anabolic pathways have been described for

5-FU metabolism. In GI tumors, 5-FU-mediated cytotoxicity and radiosensitization occurs

predominantly through its conversion into 5-fluorodeoxyuridine-monophosphate (5-FdUMP).5 °

In combination with reduced intracellular folates or analogs such as leucovorin, 5-FdUMP forms

a ternary complex with and reversibly inhibits thymidylate synthase (TS), a key enzyme in DNA

synthesis. This effect can be reversed with exogenous thymidine, providing a method by which



TS-directed 5-FU effects may be investigated. Thus, in colon cancer cells, 5-FU-mediated

radiosensitization occurs predominantly via DNA-directed effects.54 Finally, downstream 5-FU

metabolites may also be incorporated into RNA, where they inhibit RNA processing and

translation. Little is known about the relative importance of these three mechanisms of

cytotoxicity in CaP cells. Further studies involving biochemical modulation with leucovorin and

thymidine rescue of CD and CDUPRT/5-FC-mediated cytotoxicity and radiosensitization in CaP

cells will help delineate between these mechanisms and guide future optimization efforts.

Lastly, the timing of external beam XRT relative to 5-FU administration is known to

affect 5-FU radiosensitization. 55 Recent data have indicated that progression of cells into S

phase after 5-FU-induced alterations in intracellular deoxynucleotide triphosphate pools,

primarily the dATP:dTTP ratio, is essential to 5-FU-mediated radiosensitization.56 These results

suggest that therapeutic levels of intratumoral 5-FU prior to XRT exposure is necessary to

achieve maximal radiosensitization. The treatment regimen described in this report consisted of

7 days of systemic 5-FC (500 mg/kg b.i.d. delivered i.p.) on days 2-9 post-infection, with single-

dose XRT on day 2 post-infection. Since only a single i.p. dose of 5-FC was administered prior

to XRT, sufficient intratumoral 5-FU levels were unlikely to be achieved with this regimen.

Studies combining multiple intratumoral vector injections and fractionated XRT after sufficient

systemic 5-FC preloading are currently underway to optimize any CD or CDUPRT/5-FC-
N

mediated radiosensitizing effects in vivo. Based upon the encouraging in vitro results and the

number of readily identifiable tumor-, virus-, drug-, and XRT-related areas for future treatment

optimization in vivo, we conclude that CD and CDUPRT/5-FC VDEPT still holds promise for

CaP radiosensitization.



MATERIALS AND METHODS

Tumor cells, viruses and mAbs. Human prostate (DU145, LNCaP, PC-3) carcinoma

cell lines (American Type Culture Collection, Manassas, VA) were maintained in RPMI

(Mediatech, Herndon, VA) containing 10% FBS (Summit Biotechnology, Ft. Collins, CO) and 2

mM glutamine. Cells were cultured at 37°C in a 5% CO 2 atmosphere without antibiotics and

passaged less than 12 times during the course of these experiments.

AdCMVGFP, a first-generation El-, E3-deleted vector expressing green fluorescent

protein (GFP) from the cytomegalovirus (CMV) immediate-early promoter, was obtained from

Corey Goldman (Cleveland Clinic, Cleveland, OH). The construction and characterization of

AdCMVCD has been previously described. To construct an identical virus encoding CDUPRT,

cDNA encoding a fusion protein between CD and UPRT25 was PCR amplified from pGT65

(Invivogen, San Diego, CA) using the following primers: upstream Orimer 5'-

GCAGAATTCGCCATCATGGTG-TCGAATAAC-3' containing an EcoRI site (underlined)

and an ATG start codon (bold); and downstream primer 5'-

GCAGGATCCCGACAAGCTTATTTCGTACCA-3' containing a BamHI site (underlined) and

the original CDUPRT stop codon (bold). The PCR fragment was digested with EcoRI/BamHI

and subcloned into EcoRI/BamHI-digested pAcCMVCD 7 to generate pAcCDUPRT.

Recombinant virus (AdCMVCDUPRT) was obtained by homologous recombination in 293 cells

using pJM17 rescue vector as previously described for the construction of AdCMVCD.7 DNA

sequencing using an ABI Prism 377 sequencer (Applied Biosystems, Foster City, CA) at the

University of Alabama at Birmingham Center for AIDS Research DNA Sequencing Core

Facility and comparison to GenBank sequence L37432 confirmed the integrity of the CDUPRT

insert. Viruses were propagated and plaque titered on permissive 293 cells and purified twice by



centrifugation on CsCl gradients. All virus aliquots were maintained at -80'C until use. A

single batch of each individual virus was used for all studies reported. Anti-CAR RmcB mAb

was purified from ascites produced from RmcB hybridoma cells (ATCC). Murine mAbs LM609

to avP3 integrin and P1F6 to avP5 integrin were purchased from Chemicon (Temecula, CA).

Indirect immunofluorescence. Receptor expression was analyzed by indirect

immunofluorescence as previously described. 31 Briefly, subconfluent cells were harvested with

versene and resuspended at 1-2 x 106 cells/ml in phosphate buffered saline (PBS) containing

0.1% BSA and 0.1% sodium azide. Cells were then incubated for 1 hour at 4VC with primary

mAbs at a final concentration of 5 gg/ml. After washing with buffer, cells were stained for 30

min at 4VC with Alexa 488-conjugated goat-anti-mouse IgG secondary antibody (Molecular

Probes, Eugene, OR) also at 5 jig/ml. Cells (104 per sample) were then analyzed on a Becton-

Dickinson FACSVantage at the UAB Rheumatology FACS Core Facility. Percent positive cells

was calculated by setting at 1% the cells incubated in the absence of primary mAb (mock) as

positive. RMFIReceptor (relative mean fluorescence intensity of a given receptor) was calculated

as the ratio of the MFI of the sample of interest (RMFICAR, RMFlvf03, and RMFIf,,$ 5 for CAR,

avf33 and avf35, respectively) to the MFI for the corresponding mock (no primary antibody)

sample of each individual cell line. Composite Ad receptor expression (RMFIAdR) was

calculated as the product of the 3 RMFIReceptor values.

Quantitation of Ad transducibility. Ad gene transfer efficiency was quantitated by

monitoring expression of GFP in AdCMVGFP-infected cells as previously described.46 Cells

(0.5-Ix10 6) were plated in 6-well plates (Coming, Coming, NY), allowed to adhere overnight,



and subsequently infected with AdCMVGFP at various multiplicities of infection (MOI, 0-500

plaque forming units (pfu) per cell) in 0.6 ml of OptiMEM (Invitrogen, Carlsbad, CA) for 1 hour

at 37'C with continuous rocking. Twenty-four hours post-infection, cells were harvested with

0.25% trypsin/EDTA (Mediatech), washed with buffer (PBS, 0.1% sodium azide, 0.1% BSA)

and resuspended at 1-2xl 06 cells/ml. Cells (104 per sample) were analyzed by flow cytometry as

described above. MOb0o values, defined as the AdCMVGFP MOI required to produce detectable

GFP in 50 percent of cells, were determined for each cell line by fitting the data plotted as the

logarithm of AdCMVGFP MOI versus percent GFP-positive cells to the sigmnoidal dose-

response function with variable slope (Hill equation) using GraphPad Prism 3.01 (GraphPad

Software, San Diego, CA). MOb01 were then compared by one-way ANOVA. To assess the

AdCMVGFP dose-response, the RMFIGFp was calculated as the ratio of the MFI at each

individual MOI versus the MFI of uninfected cells. Linear regression analysis was then

performed on logarithmically converted MOI and RMFIGFP values using Prism 3.01.

Correlations of M015 0 with Ad receptor expression (RMFI~eceptor) was determined by linear

regression analysis on logarithmically converted data.

5-FC and 5-FU cytotoxicity. Confluent cell monolayers were harvested with 0.25%

trypsin/EDTA, plated (5,000 cells in 100 il/well) in 96-well tissue culture plates, and allowed to

adhere overnight at 37°C. Ten serial half-log dilutions of 5-FC or 5-FU (six replicates per

dilution) were made and 100 RlI of drug-containing media was added directly to cells to achieve

final concentrations of 0-200 jig/ml. Cells were incubated at 37°C for 5 days and cellular

metabolism determined by tetrazolium reduction assay using 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS, Promega, Madison, WI) as



per the manufacturer's protocol. Fractional cell survival at each drug concentration was

calculated as the ratio of absorbance at 490 nm of cells incubated in the presence versus absence

of drug, corrected for background absorbance of media alone. Fractional cell survival data from

n separate experiments for each cell line was plotted against the logarithm of drug concentration

and the data fit by nonlinear regression to a sigmoidal dose-response function with variable slope

using Prism 3.01. LOG IC 50 values, defined as the logarithm of the drug concentration

producing 50% reduction in corrected absorbance, were then determined. To ensure quality

control, a correlation coefficient of R2 > 0.85 was necessary for each cell line in each separate

experiment. Verified data consisting of n times 30 drug concentration-fractional cell survival

(x,y) datapoints were then pooled for each cell line, the data fit to the sigmoidal dose-response

function as described above, and the mean ± SEM LOG IC 50 determined. Mean LOG IC50

values for each cell line were then compared by one-factor ANOVA with Tukey's multiple

pairwise comparison post-test using Prism 3.01.

For AdCMVCD or AdCMVCDUPRT drug cytotoxicity experiments, cells were

harvested from confluent monolayers and plated at 1.5-3x10 6 cells/well in T25 flasks (Coming)

overnight at 37°C. Cells were infected with varying amounts of virus (0-300 pfu/cell) in 2 ml of

OptiMEM (Invitrogen) for 1 hour at 37°C with continuous rocking. Twenty-four hours post-

infection, cells were harvested with 0.25% trypsin/EDTA, plated into 96-well tissue culture

plates at 5,000 cells/well in 100 jtl complete media, and allowed to adhere overnight at 37°C.

One hundred [LI of media supplemented with serial dilutions of drug (5-F1C or 5-FU) was added

and drug cytotoxicity (IC50) determined at 5 days as described above.



Subcutaneous DU145 xenograft animal studies. Therapy studies were conducted as

previously described.7  Briefly, DU145 human CaP xenograft tumors were established

subcutaneously in the right flanks of nu/nu mice (NCI Frederick, Frederick, MD) by injecting

5x10 6 cells in 50 [tl of sterile RPMI medium and allowing growth for approximately 14 days.

Mice were then randomized to 6 treatment arms consisting of intratumoral injection of 109 pfu

AdCMVCD or AdCMVCDUPRT in 50 pl sterile saline on day 0, systemic therapy with

intraperitoneal 5-FC at 400 mg/kg bid for 7 days (days 2-9 post-infection), and either XRT or not

with 6 Gy from a 60Co source on day 2 post-infection. Tumor growth was then monitored 3

times per week until the mice died or the tumor caused ulceration of the overlying skin. Tumor

surface area was calculated (length x width) and data plotted as the percent increase in tumor

surface area versus time. Mean + SEM initial (before treatment), time-to-tumor doubling (TTD),

and endpoint surface areas were then determined and analyzed by one-way ANOVA across

treatment groups using GraphPad Prism v3.01.
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Table 1 CAR and av integrin expression on human prostate cancer cells

CAR c•vj3 cevl5
Cell Line

% RMFI % RMFI % RMFI

DU145 97.9 13.7 64.6 3.4 72.2 3.4

LNCaP 75.4 6.7 5.3 1.7 67.7 4.7

PC-3 44.0 3.3 24.4 2.4 66.6 5.3

Receptor expression determined by indirect immunofluorescence as

described in Materials and Methods. Data from 1-2 separate

experiments presented as the percent of cells gated positive (%) and the

relative mean fluorescence intensity (RMFI) of cells incubated in the

presence versus the absence of primary anti-receptor antibody.



Table 2 AdCMVCD versus AdCMVCDUPRT mediated 5-FC cytotoxicity to
human prostate cancer cells in vitro

MOI 5-FC 1C5 o (jtg/mi)
Cell Line Enhancement(pfu/cell) AdCMVCD AdCMVCDUPRT

10 >200 20.3 1.6 (3) >10
DU145 100 24.8 ± 0.6 (3) 0.7 ± 0.7 (4) 34

300 15.4 15.4 (2) 0.3 0.01 (2) 56

1 15.8(1) ND
LNCaP 10 3.9 ± 0.7 (3) 0.03 ± 0.01 (4) 125

100 1.0 ± 0.4 (3) 0.01 ± 0.001 (4) 108

1 >200 34.4(1) >6

PC-3 10 26.6 ± 0.02 (2) 1.6 ± 0.7 (3) 17

100 5.7 ± 1.9 (4) 0.2 ± 0.2 (3) 24
300 4.6 ± 1.5 (2) 0.1(1) 46

Mean ± SEM 5-FC IC 50 determined by piecewise linear regression from log-linear

dose-response curves (6 replicates at 10 separate drug concentrations) from 1-4

separate experiments. ND, not determined.



Table 3 5-FU cytotoxicity to human
prostate cancer cells in vitro

5-FU ICso
Cell Line (jIg/i

(gg/ml)

DU145 0.39 ± 0.17

LNCaP 0.18 ± 0.04

PC-3 0.17 ± 0.07

Mean ± SEM 5-FU ICs0 determined by

piecewise linear regression from log-linear

dose-response curves (6 replicates at 10

separate drug concentrations) from 3

separate experiments. Differences in means

not statistically significant at 0.05.



TITLES AND LEGENDS TO FIGURES

Fig. 1. AdCMVGFP gene transfer to human CaP cells in vitro. Cells were infected with

various MOI of AdCMVGFP and GFP expression determined 24 hours post-infection.

Data presented as (A) percent transduction and (B) relative mean fluorescence intensity

(RMFI) compared to uninfected control cells. MO150 values compared by one factor

ANOVA. The relationships between M015o and Ad receptor expression determined by

linear regression analysis on log-log converted MOb0o and RMFIReceptor(s) values (C).

AdCMVGFP M0150 correlated strongly with RMFICAR, RMFIW0 5, and the composite

RMFIAdR, but not with RMFIe4 3.

Fig. 2. Dose-response of 5-FC cytotoxicity to PC-3 cells upon infection with AdCMVCD

(open circles) or AdCMVCDUPRT (closed circles) in vitro. Cells were infected for 1

hour at various MOI (1-300 pfu/cell). Twenty-four hours post infection, cells were

treated with varying concentrations of 5-FC and cytotoxicity (IC50, ý.g/ml) determined

at day 5. Data plotted as log Ad MOI vs. log 5-FC IC 50 and linear regression analysis

performed. A significant linear relationship (p-0.01) existed for both AdCMVCD/5-

FC and AdCMVCDUPRT/5-FC.

Fig. 3. 5-FU cytotoxicity to PC-3 cells after infection with AdCMVCD or AdCMVCDUPRT

in vitro. Cells were infected for 1 h, treated with varying concentrations of 5-FU 24

hours post-infection, and cytotoxicity (IC 50, ýig/ml) determined 5 days later.

AdCMVCD infection at MOI 100 did not significantly affect 5-FU cytotoxicity relative

to uninfected cells (IC 50 0.22 vs. 0.15 ýig/ml, respectively, p>0.05). AdCMVCDUPRT

infection significantly enhanced 5-FU cytotoxicity 50- and 75-fold at MOI 10 and 30,

respectively (IC50 0.005 and 0.003 ýtg/ml, respectively, p<0.001).



Fig. 4. AdCMVCD vs. AdCMVCDUPRT plus systemic 5-FC and XRT therapy of

subcutaneous human DU145 prostate xenografts in nu/nu mice. Flank tumors were

established (63±8 mm2 , range 20-168 mm2 , p=0.97 among groups) and treated with a

single injection of no virus (saline), 109 pfu AdCMVCD or 10' pfu AdCMVCDUPRT.

Animals in the XRT groups received 6 Gy 2 days post-infection. Either saline or 400

mg/kg 5-FC was given bid for 7 days beginning at 2 days post-infection. Data

presented as the mean percent change in initial tumor area (n = 5 per group). A

representative of 2 separate experiments is shown comparing saline vs.

AdCMVCDUPRT regimens (A) and AdCMVCDUPRT vs. AdCMVCD regimens (B).
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