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Introduction:

The scope of this project is to develop adenoviral vectors that are capable of mediating gene
expression specifically in prostate and prostate cancer cells. We propose to incorporate a
highly potent and specific two-step transcriptional amplification (TSTA) system to mediate
prostate-targeted gene expression. In diagnostic applications, this targeted vector will be
utilized to express optical and PET imaging reporter genes. The hypothesis is that
administration of these imaging reporter vectors could detect prostate metastatic cells in
living animals. In a second therapeutic approach, the TSTA system is employed to regulate
viral replication, which leads to specific lysis of prostate tumor cells. Creation of consistent
and easy to follow metastatic prostate cancer models will be very useful towards the
evaluation of the proposed vector-based diagnostic and therapeutic approaches.

Body:

Task 1A: Determine sensitivity of vector-based imaging.

In the last year’s annual report, we demonstrated that the prostate-targeted adenoviral vector
(ADTSTA-sr39tk) can produce robust PET imaging signals in androgen-independent as well
as androgen-dependent tumor models by utilizing tissue specific transcriptional amplification
(TSTA) system. Two studies have been published from our group demonstrating the
prostate-targeted imaging and therapeutic activity of AdTSTA-sr39tk (see below). Based on
an earlier publication (Sato et al. Mol Ther 2003) we realized that the activity of the original
head-to-head configured TSTA vector can be improved upon. To accomplish this goal, we
took on several different approaches (see Figure 1). Instead of locating two components
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(GAL4VP16 activator and reporter driven by GAL4 binding sites) of the TSTA system as 3’
to 5’-5’ to 3’ (designated as head-to-head), we developed 5’ to 3’-3 to 5’ (named tail-to-tail)
and one in E1 and another in E3 (named E1E3) (FIGURE 1). In vitro analysis suggested that
the E1E3 vector has the higher androgen induction over both head-to-head and tail-to-tail
vector (Figure 2A), and it also exhibited superior cell specificity assayed by activity in
prostate cancer cell (LNCaP) over non-prostate cell line, HeLa (Figure 2B). Collectively, we
are able to further improve TSTA vector, resulting in more robust activity (tail-to-tail, T-T),
more androgen responsiveness (T-T and E1E3) and cell-specificity (E1E3) compared to the
original (head to head, H-H) construct. The enhanced cell-selectivity of the E1IE3 construct is
particular pertinent to Task 2, as the designed configuration of our replicating oncolytic
construct is similar to the ELE3 vector (see Figure 4).

w01 A e B T Figure 2. Improvements of
— 1 0] (=1 the other configurations of
== 1] | the TSTA vectors. A. Tail-
2000 | e : to-tail and E1E3 vectors
== ;
, T — showed superior androgen
e L ) Bt e induction over head-to-head
il § o743 i vector in LNCaP. B. In
2 2o g comparison to HelLa
5001 Eim (negative cell line), the E1E3
ol L N e —ted vector exhibited higher
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cell lines tested.

Task 1B: Optical imaging in preclinical models.
We have established prostate tumor models that consistently metastasize to regional lymph
nodes and lung. As reported last year, these models were induced by expression of pro-



lymphangiogenic growth factors (VEGF-C and VEGF-C (C156S) mutant) in the tumor (see
Figure 3). These models will greatly facilitate the evaluation of the diagnostic and therapeutic
capabilities of our imaging and oncolytic vectors.
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Task 1C: Generation of gutless diagnostic Ad, testing in TRAMP model.

We have encounter difficulty in achieving the preset goals of this task for two reasons. 1)
The production yield of gutless adenoviral vector is very low, with significant contamination
of the helper virus, a first generation adenoviral vector. 2) In our experience, the first
generation TSTA diagnostic PET imaging vector is efficient to produce and exhibit high and
cell-selective activity (Figure 1 & 2). Thus, we decided to pursue the TSTA vector for further
development (see publication listed), and clinical-grade TSTA vector is currently being
produced by NCI RAID program for upcoming clinical investigation.

Task 2A: Generation of therapeutic oncolytic adenovirus.

In last year’s annual report, we confirmed that bi-directional ELA and E1B expression in a
plasmid construct and separate virus can confer prostate-specific viral replication. Thus, we
initiated the construction of all-in-one TSTA oncolytic adenovirus to overcome the drawback
of. The all-in-one TSTA oncolytic adenovirus has E1A and E1B in divergent orientation with
centrally located GAL4 binding site repeats (0, 2 or 4) inserted in E1 region and the synthetic
transactivator GAL4VP16 regulated by modified PSA promoter inserted in E3 region (Figure
4). As we shown in Task 1A, superior specificity can be expected with this ELIE3
configuration, which should be helpful to safeguard nonspecific viral replication in non-
prostate tissues. To accomplish this, we first modified pAdEasy-1 plasmid which encompass
most of adenoviral genome except left end. We then inserted the activator component of the
TSTA system, chimeric PSA promoter driving GAL4VP16 transactivator, resulted in
pAdNUEZ. The all-in-one TSTA oncolytic adenovirus was constructed by the homologous
recombination between pAdNUEZ and pShuttleG4E1, which has bidirectional ELA and E1B
expression cassettes driven by GAL4 binding site repeats (0, 2, or 4).
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Task 2B: In vitro evaluation of TSTA oncolytic adenovirus.



Prostate specific viral DNA replication was observed in in vitro infection study using the all-
in-one TSTA oncolytic adenovirus with 4 repeats of GAL4 binding sites (AdG4A), which is
expected to be the most efficient replicating construct (Figure 5).
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Figure 5. Prostate specific replication assessed by viral
DNA of TSTA oncolytic adenovirus. Cell lines were
infected with the all-in-one TSTA oncolytic adenovirus
(AdG4A) and harvested at different time points until 4 days
later. Total DNA was prepared from the each time points of
the cell lines and subjected for real-time PCR analysis using
the primer set for E2 region of adenovirus to quantify
adenoviral DNA amplification. Negligible to low level of
replication was seen in HeLa and A549. More than 100- and
400-fold increase of viral DNA was observed in CWR22Rv1
and LNCaP, respectively.
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AdG4A exhibited significant viral DNA replication in LNCaP and CWR22Rv1, along with
293 as a positive control. The quantitative analysis of this study showed that 137- and 405-
fold increase of viral DNA at 4 days compared to 12 hrs post infection in CWR22Rv1 and
LNCaP, respectively. To further confirm the TSTA oncolytic viral replication, we infected
prostate cancer cell lines, LNCaP and LAPC-4, and examined the expansion in infectious
virus by plague formation on 293 cells (Figure 6). All-in-one TSTA oncolytic adenovirus
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with 2 GAL4 binding sites was used for this experiment. As shown in Figure 6, AdG2A
showed efficient viral replication in both LNCaP and LAPC-4. This assay confirms that
infectious virus is produced after the expansion of viral DNA. These preliminary findings
indicate that the kinetics of viral replication appear to be delayed compared to wildtype virus
or in 293 cells (Figure 5). The kinetics and efficiency of TSTA oncolytic adenovirus
replication will be assessed in detail.

Task 3C: In vivo analyses of therapeutic activity of oncolytic virus.

After completing the generation of the oncolytic viruses and confirming their replicative
activity, the immediate task will be assessed their therapeutic activity in preclinical prostate
tumor models.

Key Research Accomplishments:

e We demonstrated that different configurations of prostate-specific TSTA adenoviral
vector that exhibited superior specificity and androgen responsiveness than the
original head-to-head configuration. This improved configuration has been
incorporated into our oncolytic virus.

¢ We have developed lymphatic metastasis model of prostate cancer that can be
monitored by molecular imaging. These models will be very useful in the
development of vector-targeted diagnostic imaging.



e The all-in-one TSTA oncolytic adenovirus was constructed. Analyses in cell culture
system showed promising results of replication of the virus in a robust and specific
manner in prostate cancer cells.

Reportable Outcomes:
Manuscripts:

1) Sato M, Johnson M, Zhang L, Gambhir SS, Carey M, Wu L. Functionality of
Androgen Receptor-based Gene Expression Imaging in Hormone Refractory Prostate
Cancer. Clin Can Res 2005, 11:3743-9.

(This study confirms that modified PSA promoter (PSE-BC) mediated TSTA adenoviral

vector can direct effective gene expression including PET imaging reporter gene in

androgen-independent prostate tumor.)

2) BaoY, Peng W, Verbitsky A, Chen J, Wu L, Rauen KA, Sawicki JA. Human
coxsackie adenovirus receptor (CAR) expression in transgenic mouse prostate tumors
enhances adenoviral delivery of genes. Prostate 2005, 64:401-7.

(This confirms that PSE-BC can direct prostate-specific expression in transgenic mouse

model.)

3) Johnson M, Sato M, Burton J, Gambhir SS, Carey M, Wu L. MicroPET/CT
monitoring of herpes thymidine kinase suicide gene therapy in a prostate cancer
xenograft: the advantage of a cell-specific transcriptional targeting approach. 2005
Mol Imaging, 4:463-72.

(This study utilized TSTA adenovirus expressing HSV-tk gene in cytotoxic gene therapy

that’s coupled to molecular imaging.)

4) Bjorndahl MA, Cao R, Burton JB, Brakenhielm E, Religa P, Galter D, Wu L, Cao Y.
Vascular Endothelial Growth Factor A Promotes Tumoral Lymphangiogenesis and
Lymphatic Metastasis. 2005 Can Res, 65:9261-8.

(This study applied optical imaging to monitor lymphatic metastasis in a mouse model of

fibrosarcoma.)

Abstracts:

1) Burton J.B., Brakenhielm E., Priceman S.J., Chavarria N., Alitalo K, and Wu L.
Lymphatic And Systemic Metastasis Of Prostate Cancer Induce By VEGF-C. Inter-
Prostate SPORE Meeting, Houston, Texas, Feb 4-6, 2006, invited speaker.

2) Figueiredo M.L.*, Sato M *, Chen M.N., Powell R, and Wu L. The Optimal
Placement And Orientation Of The Bipartite Two-Step Transcription Amplification
(TSTA) Expression System In Adenoviral Vectors For Prostate Cancer Gene
Therapy. American Society of Gene Therapy (ASGT) annual meeting at Baltimore,
MD. 6/2006

3) Sato M, Huyn S, Carey M, Gambhir SS, Wu L. Prostate targeted TSTA oncolytic
adenovirus. American Society of Gene Therapy (ASGT) annual meeting at
Baltimore, MD. 6/2006



Conclusions:

We have demonstrated that the TSTA approach can greatly augment prostate-specific
gene expression, and the TSTA adenoviral vectors can mediate effective imaging and
therapeutic activity in animal prostate tumor models. The lymphatic metastatic prostate
cancer models we have developed will be applied to evaluate the diagnostic capability of our
prostate-targeted TSTA imaging vectors. We also established the feasibility and functionality
of prostate-specific oncolytic adenovirus regulated by the bi-directional TSTA method. The
evaluation of our oncolytic therapeutic strategy in preclinical models of prostate cancer,
including advanced androgen-independent and metastatic stage of disease, are underway.



Appendices:

Published work:

1) Sato M, Johnson M, Zhang L, Gambhir SS, Carey M, Wu L. Functionality of
Androgen Receptor-based Gene Expression Imaging in Hormone Refractory Prostate
Cancer. Clin Can Res 2005, 11:3743-9.

2) Johnson M, Sato M, Burton J, Gambhir SS, Carey M, Wu L. MicroPET/CT
monitoring of herpes thymidine kinase suicide gene therapy in a prostate cancer
xenograft: the advantage of a cell-specific transcriptional targeting approach. 2005
Mol Imaging, 4:463-72.
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Functionality of Androgen Receptor—Based Gene Expression
Imaging in Hormone Refractory Prostate Cancer

Makoto Sato,' Mai Johnson,"? Liqun Zhang,? Sanjiv S. Gambhir, %7
Michael Carey,®*® and Lily Wu'*>°

Abstract

Purpose: A highly augmented, prostate-specific two-step transcriptional amplification (TSTA)
method was developed with the ultimate goal of delivering an effective and safe gene-based
treatment to prostate cancer patients. Because very limited treatment options are available for
recurrent hormone refractory prostate cancer (HRPC), it is imperative to assess whether the
prostate-specific antigen (PSA) promoter-based TSTA gene therapy will be functional in HRPC.
Experimental Design: We tested the TSTA-driven adenovirus vector on three androgen-
dependent and six HRPC models. Real-time gene expression was monitored by both optical
imaging and the combined modality of positron emission tomography (PET) and computed
tomography.

Results: TheTSTA-driven firefly luciferase expressing adenoviral vector was active in all androgen
receptor (AR)—expressing HRPC models, but inactive in AR- and PSA-negative lines. Inter-
estingly, the TSTA-mediated gene expression was induced by hydrocortisone in MDA PCa 2b,
a cell line with mutated AR that possesses altered ligand specificity. In animal models, the TSTA-
mediated optical signal was more robust in the HRPC than androgen-dependent tumors. In a
parallel trend, aTSTA vector that expresses the herpes simplex virus thymidine kinase PET reporter
gene also displayed more robust PETsignal in the HRPC tumor.

Conclusions: The activity of TSTA system is AR dependent and it recapitulates the functional
status of endogenous AR. These data support the conclusion that AR function is activated
in HRPC despite castrated levels of androgen. Together with the fact that majority of recurrent
prostate cancers express AR and PSA, we foresee that the TSTA approach can be a promising
gene therapy strategy for the advanced stages of prostate cancer.

Although recent data suggest that the death rate from prostate
cancer is decreasing by 4% per year since 1994, it is still the
second leading cause of cancer death in men, with an estimated
230,110 new cases and 29,900 deaths in the United States in
2004 (1). About one third of men with prostate cancer believed
to have localized disease will already have micrometastasis at
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the time of therapy (2). Despite treatment with surgery, 20% to
30% of the patients will suffer from disease recurrence as
defined by serum prostate-specific antigen (PSA) elevation
(3, 4). In the aggressive, high-grade (Gleason 8-10) disease,
majority of PSA recurrence is detected within 2 years after
surgery with median survival of <3 years (3). Hormone therapy
blocking androgen function can induce short-term remission,
but the refractory disease eventually recurs (2). At this stage, the
disease is defined as androgen-independent (AI) or hormone
refractory prostate cancer (HRPC). The median survival for
patients with metastatic HRPC is ~18 months, and systemic
chemotherapy provides only a palliation of symptoms (5).
Androgen receptor (AR), the mediator of the physiologic
effects of androgen (6), regulates the growth of normal and
malignant prostate epithelial cells. Following the binding of the
activating ligand dihydrotestosterone, AR translocates from the
cytoplasm into the nucleus, binds directly to DNA recognition
sites, and induces the expression of androgen-responsive genes,
including PSA. A central issue in HRPC is to understand the role
of AR in this stage of disease. Would AR function be obsolete
under treatment where the activating ligand was depleted?
Several mechanisms have indicated the continual involvement
of AR in HRPC (reviewed in ref. 7), including (a) AR gene
amplification and overexpression; (b) altered ligand specificity
of AR (promiscuous AR); and (c¢) activation of AR through cross-
talks with other Al pathways. The precise role of AR in clinical

Clin Cancer Res 2005;11(10) May 15, 2005
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situations is not fully understood. However, given the fact that
AR expression is documented in the majority of HRPC cases
(8, 9) and that PSA remains the most reliable marker for
recurrent, metastatic prostate cancer (10), it is highly probable
that the gene regulatory activity of AR is functional in this setting.

Several PSA or probasin promoter-based gene therapy
approaches have been developed (ref. 11; reviewed in ref. 12).
However, thorough investigations questioning the functionality
of these AR-dependent therapeutic strategies in HRPC have not
been completed. The current report uses cell-based activity
measurements and in vivo molecular imaging to show that a
highly amplified PSA promoter-derived (two-step transcrip-
tional amplification, TSTA) system is active in HRPC models.
Noninvasive bioluminescence imaging and positron emission
tomography (PET) illustrate that the prostate-specific TSTA
gene expression vectors exhibit robust activity in HRPC as well
as androgen-dependent (AD) tumors. We project that our
vector-based gene therapy coupled to molecular imaging would
be a promising therapeutic option to develop for treating
patients with recurrent disease.

Materials and Methods

Adenovirus constructs. AdTSTA-FL was constructed as previously
described (13, 14). The AdTSTA-sr39tk was constructed with the AdEasy
system (15). The head-to-head orientation of activator (BCVP2) and
reporter (SR39tk) in the single plasmid was constructed by replacing FL
with SR39tk in PBCVP2G5-L (16). The BCVP2G5-sr39tk fragment
generated by NotI and Sall digestion of PBCVP2G5-sr39tk was inserted
into pShuttle, which was used in bacterial recombination to generate
the full-length virus. The virus was grown on 293 cells, purified on a
CsCl gradient, and titered by plaque formation assays on 293
monolayers. The level of replication competent adenovirus contami-
nation in the viral stocks was evaluated by plaque formation on A549
cells. No plaque was detected at 105-fold higher viral stock dilution
compared with assays on 293 cells.

Prostate cell lines and luciferase activity assay. The human prostate
cancer cell lines LNCaP, CWR22Rv1, DU145, and PC-3 were grown in
RPMI 1640 supplemented with 10% fetal bovine serum. Iscove’s
modified DMEM was used for LAPC-4. MDA PCa 2b line obtained from
American Type Culture Collection (Manassas, VA) was grown in BRFF-
HPC1 (Athena Environmental Sciences, Baltimore, MD) supplemented
with 20% fetal bovine serum. For AdTSTA-FL assays, the cultured cells
were plated onto 24-well plates at 5 X 10* cells per well with phenol
red - free RPMI 1640 supplemented with 10% charcoal-stripped fetal
bovine serum. Cells were counted and infected at 1 plaque-forming unit
per cell [multiplicity of infection (MOI) = 1]. At 48 hours postinfection,
the cells were harvested and lysed in radioimmunoprecipitation assay
buffer [1% NP40, 0.1% sodium deoxycholate, 150 mmol/L NaCl,
50 mmol/L Tris-HCl (pH 7.5), and 1 mmol/L phenylmethylsulfonyl
fluoride]. Luciferase activity was measured according to the manufac-
turer’s instructions (Promega, Madison, WI) using a luminometer
(Berthold Detection Systems, Pforzheim, Germany). Each value was
normalized with protein concentration and calculated as the average of
triplicate samples. The infectivity of all cell lines was assessed by
quantitative PCR of internalized viral DNA and expression mediated by
constitutive AACMV-FL as previously described (14). Relative to the
infectivity of LNCaP cells (designated as 1), the infectivity of all other
lines are within 2-fold. The highest infectivity was in CWR22rv1 (2.0)
and the lowest was in PC-3 (0.7). Due to the similarity of infectivity
among the cell lines, activity results reported here were not adjusted.

Synthetic androgen methylenetrienolone (R1881; NEN Life Science
Products, Boston, MA) or the antiandrogen bicalutamide (casodex) was
added to experiments as indicated. To measure the androgen induction
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effect, we used the activity in the presence of 10 pmol/L bicalutamide
as the basal level rather than in charcoal-stripped fetal bovine serum.
The TSTA system is highly amplified and low level of residual androgen
in charcoal-stripped fetal bovine serum can activate expression (16).
For Western analysis, cell lysates were fractionated on 4% to 20%
gradient acrylamide gels (Bio-Rad, Hercules, CA) and subjected to
immunoblot analysis with anti-AR N-20 (Santa Cruz Biotechnologies,
Santa Cruz, CA) or p-actin A5316 (Sigma, St. Louis, MO) antibodies,
and visualized with HRP-labeled secondary antibody and ECL
(Amersham, Piscataway, NJ).

Statistical analyses were done using the two-tailed Student’s ¢ test. For
all analyses, P < 0.01 was considered statistically significant.

Preparation of tumor cell suspension. Preparation of tumor cell
suspensions was done by slight modification of a published protocol
(17). Briefly, tumors were harvested, minced to 1 mm?>, and then
incubated in 1% Pronase solution (Roche Molecular Biochemicals,
Mannheim, Germany) for 20 minutes at room temperature. After
overnight incubation in PrEGM media (Cambrex, Walkersville, MD)
with Fungizone, the cultured cells were disaggregated by pipetting
through sterile 200 um Cell-Sieve mesh (Biodesign Inc. of New York,
Carmel, NY). Tumor cells were infected at 1 plaque forming unit per
viable cell (MOI = 1) and analyzed after 48 hours. No difference in the
infectivity (determined by infection with a green fluorescent protein
expressing adenoviral vector) or nonspecific viral toxicity was observed
between the androgen-dependent and androgen-independent LAPC-9
tumor cells.

Thymidine kinase enzyme assay. LNCaP and LAPC-4 were plated
onto six-well plates at 5 x 10° cells per well and infected with AdTSTA-
sr39tk at MOI = 1. R1881 (10 nmol/L) or asodex (10 pmol/L) was added
to the infected cells as indicated and the cells were harvested and lysed in
0.5% NP40, 25 mmol/L NaF, 3 mmol/L p-mercaptoethanol, and
10 mmol/L Tris-HCI (pH 7.0) after 48 hours. The protein concentration
of the cell lysates was determined by the detergent-compatible protein
assay (Bio-Rad); 1 pg of the lysate was mixed with 3 pL Tk mix
([H]penciclovir (Movarek Biochemicals, Brea, CA), 250 mmol/L
Na,HPO, (pH 6.0), 25 mmol/L ATP, and 25 mmol/L Mg acetate) and
incubated at 37°C for 20 minutes. Reactions were terminated by the
addition of 40 pL cold water and heating at 95°C for 2 minutes. Forty
microliters of mixture was blotted onto DE81 filters (Whatman, Clifton,
NTJ). The filters were dried and washed thrice with 4 mmol/L ammonium
formate and 10 pmol/L thymidine, once in water and twice in 95%
ethanol. After drying, the filters were counted by scintillation. Each value
was calculated as the average of duplicate samples.

Animal experiments with optical and positron emission tomography
imaging. Animal care and procedures were done in accordance with
the University of California Animal Research Committee guidelines.
Ten- to twelve-week-old male SCID mice obtained from Taconic Farms
(Germantown, NY) were implanted s.c. with a tumor chunk (~0.2 cm
diameter) coated with Matrigel (Collaborative Research, Bedford, MA)
and allowed to grow to ~ 0.8 cm diameter (18). For the optical imaging
experiments, 107 plaque-forming units of AdTSTA-FL were subdivided
and injected intratumorally (i.t.) into three sites. In vivo expression was
monitored sequentially using a cooled IVIS CCD camera (Xenogen,
Alameda, CA). For each imaging session, the mice were anesthetized
with ketamine/xylazine (4:1), given the D-luciferin substrate (200 pL of
150 mg/kg substrate in PBS) i.p., and imaged after a 20-minute
incubation. Images were analyzed with IGOR-PRO Living Image
Software as described (13, 19). Immunohistochemistry to detect AR
expression in the tumor was done with anti-AR antibody (Upstate, Co.,
Charlottesville, VA) as previously described (13, 19).

For micro-PET imaging, 10° plaque-forming units (~30 uL) of
AdTSTA-sr39tk were injected i.t. for 4 consecutive days. PET imaging
was done on day 7 using ~200 pCi ['®F]FHBG substrate (specific
activity 5-10 Ci/mmol) that was administered via the tail vein. After
1 hour of uptake time, mice were given inhalation isoflurane
anesthesia, placed in a prone position, and imaged for 20 minutes in
the micro-PET scanner (Concorde Microsystems, Knoxville, TN).
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Images were reconstructed using a filtered back projection reconstruc-
tion algorithm. Micro - computed tomography (micro-CT; Imtek, Inc.,
Knoxville, TN) was done for the same animal sequentially, and images
were overlapped using ASIPro VM (Concorde Microsystems).

Results

The transcriptional amplification activity in prostate cancer cell
lines. We have developed several transcriptionally targeted
gene expression systems based on the PSA gene regulatory
regions. The method that exhibits most potent activity, tissue
selectivity, and androgen regulation is termed two-step tran-
scriptional activation. It uses an enhanced PSA promoter (20)
that drives a potent GAL4VP16 synthetic activator, which in
turn binds to tandem repeats of GAL4 binding sites to activate
the secondary reporter or therapeutic gene. This TSTA method
achieved nearly 1,000-fold augmentation of activity over the
native PSA promoter and is more active than the strong viral
cytomegalovirus promoter (14). Recently, we have shown that
AR in hormone refractory LAPC-9 tumors is functionally active,
and it binds to known sites in the PSA gene regulatory region by
chromatin immunoprecipitation (13). Expanding upon this
observation, the key objective of this study is to survey the
activity of TSTA vectors in a wider array of HRPC models and
to visualize the in vivo activity of the vectors by multimodal
molecular imaging techniques.

The activity of the TSTA adenoviral vector (AdTSTA-FL;
Fig. 1A) was first determined in two AD lines LNCaP and
LAPC-4, and three HRPC lines CWR22Rv1, DU145, and PC-3.
As shown in Fig. 1B, AdTSTA-FL activity was negligible in the
AR-negative DU145 and PC-3 lines. In the three AR-expressing
lines, the activity of AATSTA-FL was stimulated by androgen
ranging from 11.4- to 60.6-fold. When bicalutamide
(10 pmol/L) was given simultaneously in the presence of
synthetic androgen R1881 (10 nmol/L), a ~50% suppression
of peak activity was observed (data not shown). In the presence
of androgen, LNCaP cells exhibited the highest expression at
4.8 times the level of LAPC-4 and 14.4 fold-higher than
CWR22Rv1.

We also investigated the activation in a fourth HRPC line,
MDA PCa 2b, which interestingly expresses AR with a double
mutation (L701H and T877A) that allows gene expression and
growth to become glucocorticoid responsive (21). As shown
in Fig. 1C, gene expression mediated by this promiscuous
AR responded to both androgen and hydrocortisone. The
induction was 105-fold by hydrocortisone and 144-fold by
R1881. The absolute expression level in MDA PCa 2b was 4.4-
fold lower than CWR22Rv1. Based on these expression data,
we deduced that the PSA-based TSTA method is active in
HRPC but its activity is dictated by the AR function in the cell.

Two-step transcriptional amplification activity in hormone
refractory LAPC-9 tumor monitored by optical imaging. LAPC-
9 and LAPC-4 are two human prostate tumors that can
recapitulate the clinical scenario of HRPC (17, 18). They grow
routinely in intact male mice and undergo tumor regression
upon castration. However, after a substantial time delay, a
hormone refractory tumor develops, mimicking the recurrence
of HRPC. The activity of AATSTA-FL was monitored by optical
imaging of paired AD and hormone refractory LAPC-9 tumors
from days 4 to 14 (Fig. 2A). By this real-time in vivo activity
measurement, hormone refractory tumors supported a higher
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level of transgene expression than AD tumors. Immunohisto-
chemistry analysis revealed that the AR protein was expressed
in both AD and HRPC tumors, but the magnitude of
expression is very heterogenous among the tumor cells
(Fig. 2B).

Equivalent gene delivery into the different tumors by i.t. viral
injection was difficult to achieve. Thus, we converted the paired
tumors into single cell suspension to examine androgen
regulation and the activity of the TSTA system more accurately.
In doing so, the dosage of viral vector and androgen
administered on a per cell basis can be controlled. The
dispersed tumor cells were infected with AdTSTA-FL in the
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Fig. 1. The activity of AdTSTA-FL and the induction with androgen in a panel of
prostate cancer cell lines. A, schematic representation of the AATSTA-FL. The two
TSTA components of activator (GAL4-VP16 driven by PSE-BC) and reporter

(Fluc driven by 5XxGAL4) are inserted into E1 region of recombinant adenovirus.

B, AJTSTA-FL activity on a panel of prostate cancer cell lines. The cell lysates

were harvested 2 days after infection and subjected to FL activity and Western
analysis with anti-AR antibody. Fold inductions calculated by the activity ratio with
10 nmol/L R1881 over 10 umol/L casodex are indicated at the top in parentheses.
The activity difference between the AR-positive cell lines and the AR-negative lines
(DU-145 and PC-3) is statistically significant (P < 0.01). C, AdTSTA-FL activity in
MDA PCa 2b. The cells were infected and incubated with 10 pmol/L casodex,

10 nmol/L R1881, and 5 and 50 nmol/L hydrocortisone.
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Fig. 2. AdTSTA-FL — mediated activity in vivo. A, AdTSTA-FL — mediated optical signal in LAPC-9 AD and Al (HRPC) tumors. Ten million infectious units of virus were injected
i.t. and imaged by optical CCD camera on the specified day postviral injection. Common logarithms of the percentages of the signal at day 4 of AD and Al tumors are plotted
in the right panel. B, AR protein in LAPC-9 tumors. Paraffin-fixed, thin tumor sections were stained with anti-AR antibody. C, AdTSTA-FL activity in tumor cell suspension
prepared from LAPC-9 AD and Al (HRPC) tumors. Tumor cell suspension was infected with AdTSTA-FL at MOI = 1 and incubated in the presence of 10 pmol/L casodex or
0.10r10 nmol/L R1881. The cell lysates were prepared after 2 days and subjected to FL assay and AR Western blot [10 umol/L casodex (C); 10 nmol/L R1881 (R)]. The activity
difference between Al and AD cells in the presence of R1881 was statistically significant (P < 0.01).

presence of specified ligands. AR protein and androgen-
responsive FL activity was observed in both cell populations
(Fig. 2C). In close agreement with the optical imaging results in
tumors, we also observed that the activity of AATSTA-FL is
7.2-fold higher in the hormone refractory (Al) than in AD
tumor cells in culture in the presence of >1 nmol/L
concentrations of R1881.

Use of the two-step transcriptional amplification vector in
positron emission tomography imaging. It is important to
develop molecular imaging approaches that can be applied
in clinical settings for advanced prostate cancer. To this end, we
adapted our prostate-specific gene imaging to PET, a radio-
nuclide functional imaging modality that enables three-
dimensional signal localization. An adenoviral vector that
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expresses the herpes simplex virus thymidine kinase (HSV-tk)
PET reporter gene under the control of TSTA was generated
(Fig. 3A). An enhanced HSV-tk variant, sr39tk, was incorporated
into the AdTSTA-sr39tk because this variant tk gene augments
the uptake of radiolabeled PET tracers and improves PET
imaging sensitivity by 2-fold (22). The sr39tk protein expres-
sion and enzymatic activity mediated by the vector was
regulated by androgen (Fig. 3B and C).

AdTSTA-sr39tk was administered into AD and hormone
refractory LAPC-4 tumors, and its activity was documented by
the combined micro-PET/micro-CT. This combined imaging
modality enables the precise localization of the PET signals
with the anatomic information obtained from the CT scan.
Using ['®F]FHBG as the PET substrate, robust signals were
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observed in both AD and hormone refractory LAPC-4 tumors
(Fig. 3D). The activity was higher in the hormone refractory
tumor (0.78% injected dose/g) than in the AD tumor (0.50%
injected dose/g). These results confirm that the TSTA-mediated
prostate-specific gene imaging is feasible for advanced stages
of tumor using the clinically relevant PET.

Discussion

Effective treatment options for recurrent prostate cancer are
notably limited. Our goal has been to develop novel gene-based
diagnostic and therapeutic approaches to treat advanced stages of
prostate cancer. Toward this end, the well-studied PSA promoter/
enhancer was utilized to achieve prostate-specific gene expres-

sion. Given that transcriptional regulation of the PSA promoter/
enhancer is AR dependent, it was prudent to first verify that our
PSA promoter-based expression strategy is feasible in HRPC. In
this study, we showed that the highly amplified prostate-specific
TSTA gene delivery vectors are indeed functional in many models
of HRPC under androgen-deprived conditions.

Our data support that the presence of functional AR is
necessary to activate PSA-based promoter constructs. However,
other factors are likely to modulate AR activity in HRPC cells.
The 14-fold range of luciferase activity observed in different
models does not correlate with the level of AR expression or
the status of AR mutation in the cell lines. The AR in LAPC-4
is wild type, whereas it contains the T877A mutation in
LNCaP and the H874Y mutation in the ligand-binding
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higher affinity for acycloguanosines. B, AdTSTA-sr39tk activity in AD prostate cancer cell lines LNCaP and LAPC-4.The cells were infected with AdTSTA-sr39tk at MOI =1
and harvested 2 days later. The cell lysates were subjected to thymidine kinase enzyme assay. Phosphorylated forms of [°H]penciclovir were counted and plotted after
normalization with total cellular protein. C, androgen regulation of expression from AdTSTA-sr39tk. LNCaP cells were infected with AdTSTA-sr39tk at MOI = 5 and incubated
with 0 to 100 nmol/L R1881. Cells were lysed and subjected to Western analysis using anti-HSV-tk polyclonal antibody. D, combined micro-PETand micro-CTof LAPC-4 AD
and Al tumor. AdTSTA-sr39tk (4 x 10° infectious units) was injected to AD and Al LAPC-4 tumors. One week later, ['®F]FHBG injected animals were anesthetized and scanned
for micro-PETand micro-CTsequentially. The signal in the tumor was measured by percentage injected dose of substrate per gram of tissue (%/D/g) listed below the image.
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domain of CWR22Rv1. Differential activity of coactivators of
the AR pathway could modulate AR function in vivo. Gregory
et al. (23) reported elevated level of nuclear receptor
coactivators, SRC1, and SRC2 in recurrent prostate cancer.
Recently, Dr. Tindall's group also showed that coactivator
p300 confers increased growth and progression potential in
prostate cancer (24). Many other growth signaling pathways,
such as IGF, Her2, or IL6, can also modulate AR-mediated
expression (reviewed in ref. 7). Further investigations are
needed to determine the precise AR activation mechanism in
different cases of HRPC.

Both optical imaging and PET illustrated higher TSTA activity
in the hormone refractory xenograft subline versus the parental
AD tumor in two models. These findings endorse the idea that
activation of AR function occurs despite the castrated level of
androgen in vivo. A recent report by Chen et al. (25) showed that
3-to 5-fold elevated expression of AR is a cardinal distinguishing
feature between paired AD and hormone refractory tumors.
Their work also supports that AR overexpression can lead to
HRPC. In fact, the two models reported here were assessed in the
gene expression profiling study (25). Moreover, our results
showed that the real-time assessment of AR functional activity in
prostate tumors, including HRPC, can be accomplished by
introducing TSTA adenoviral vectors into the tumor.

In contemplating future applications in clinical settings, we
postulate that the TSTA gene expression strategy will be active
in all PSA-positive prostate cancers, which include the recurrent
metastatic disease. Previous histologic evaluations of clinical
materials have detected AR and PSA expression in all stages of
prostate cancer (8, 26, 27). Recent preliminary results (reported
at Specialized Programs of Research Excellence meeting July
2004, Baltimore MD) indicated that AR expression is detected
in metastatic lesions, albeit at heterogeneous level. A subtype of
HRPC, the neuroendocrine prostate cancer, lacks AR and is
associated with poor prognosis (28, 29). We anticipate any
AR-dependent gene expression approach will be inactive in
neuroendocrine tumor cells. However, solitary neuroendocrine
tumors are rare as most neuroendocrine tumor cells exist in
small foci interspersed within conventional AR- and PSA-
positive prostate adenocarcinoma. If an AR-dependent toxic
gene therapy was applied to a mixed lesion, then indirect
tumoricidal effects can be transmitted to neuroendocrine
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Abstract

Cancer gene therapy based on tissue-restricted expression of
cytotoxic gene should achieve superior therapeutic index over
an unrestricted method. This study compared the therapeutic
effects of a highly augmented, prostate-specific gene expres-
sion method to a strong constitutive promoter-driven ap-
proach. Molecular imaging was coupled to gene therapy to
ascertain real-time therapeutic activity. The imaging reporter
gene (luciferase) and the cytotoxic gene (herpes simplex
thymidine kinase) were delivered by adenoviral vectors
injected directly into human prostate tumors grafted in SCID
mice. Serial bioluminescence imaging, positron emission
tomography, and computed tomography revealed restriction
of gene expression to the tumors when prostate-specific vector
was employed. In contrast, administration of constitutive
active vector resulted in strong signals in the liver. Liver
serology, tissue histology, and frail condition of animals
confirmed liver toxicity suffered by the constitutive active
cohorts, whereas the prostate-targeted group was unaffected.
The extent of tumor killing was analyzed by apoptotic staining
and human prostate marker (prostate-specific antigen). Over-
all, the augmented prostate-specific expression system was
superior to the constitutive approach in safeguarding against
systemic toxicity, while achieving effective tumor killing.
Integrating noninvasive imaging into cytotoxic gene therapy
will provide a useful strategy to monitor gene expression and
therapeutic efficacy in future clinical protocols. Mol Imaging
(2005) X, 1-10.

Keywords: Prostate cancer, molecular imaging, suicide gene therapy, targeted gene
expression, systemic toxicity, two-tiered amplification, adenoviral vector.

Introduction

Prostate cancer remains the second leading cause of
cancer-related mortality in men in the United States.
Recurrent and disseminated disease contributes to the
majority of the estimated 29,089 deaths in 2004. No
effective treatment currently exists for the advanced
stage of human prostate cancer [1]. Hence, limitations
of current therapeutic options demand the develop-
ment of more effective detection and treatment meth-
ods. Gene therapy is a promising treatment because a
great variety of growth inhibitory strategies can be

implemented [2—5]. When used in combination, it could
also augment therapeutic effects of conventional pros-
tate cancer treatment. In particular, cytotoxic therapy
employing the herpes simplex virus type 1 thymidine
kinase (HSV1-tk) gene has been widely used in both
experimental and clinical settings [6,7]. Despite promis-
ing therapeutic efficacy in preclinical models, the clinical
benefit of this HSV1-tk suicide gene therapy is unreal-
ized at this time. The lack of therapeutic success could
be attributed to limited specificity, modest potency,
inadequate gene delivery, and inability to monitor gene
expression at the targeted site [8]. In this study, we aim
to address these challenges to improve upon the current
status of prostate cancer gene therapy.

The use of prostate-specific promoter to express
therapeutic gene is likely to be advantageous over
constitutive promoters in achieving cell-specific selectiv-
ity. In support of this concept, specific gene transfer and
expression in distant prostate metastatic lesions was
achieved by employing a modified prostate-specific an-
tigen (PSA) gene promoter [9]. However, the weak
activity of the native PSA promoter precludes efficient
gene expression in prostate cancer therapeutic applica-
tions [10]. Several methods have been used to enhance
the activity of the PSA promoter. By duplicating the
upstream enhancer core of the PSA promoter, a 20-fold
enhancement of activity over the parental construct
was achieved [11,12]. In a second method, a two-step
transcriptional amplification (TSTA) strategy was em-
ployed, which boosted the activity of the native PSA
enhancer/promoter over 1000-fold, exceeding the activ-
ity level of the strong cytomegalovirus immediate early
(CMV) promoter [13,14]. In the two-tiered TSTA system
(Figure 1A), the PSA regulatory region was employed to
express the potent synthetic transcription activator,
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Figure 1. Prostate-specific suicide gene therapy vector. (A) The Ad containing
the TSTA system. The enbanced PSE-BC promoter drives the expression of the
potent synthetic activator, composed of two herpes VP16 activation domains
(aa 413-454) fused to the GAL4 DNA-binding domain (red). The GAL4-VP2
activators bind to the GAL4 binding sites, activating the expression of a
therapeutic gene. These two components were inserted into an Ad5 vector. (B)
The magnitude of sr39tk expression by AdTSTA-sr39tk. LNCaP cells were
infected with AdCMV-sr39tk or AdTSTA-sr39tk at MOI 1 and 5. The level of sr39tk
protein expression was assessed by Western blot using a polyclonal HSVI-tk
antibody [15] as well as B-actin as a control.

GAL4-VP2, which in turn activates the expression of a
GAL4-responsive gene. The prostate cell specificity and
androgen responsiveness activity of the PSA promoter
were retained in the TSTA method [13-17].

Coupling molecular imaging approaches to gene
therapy will allow real-time monitoring of in vivo gene
delivery and expression [18]. Optical bioluminescent
imaging based on the firefly luciferase gene has fre-
quently been utilized to study gene expression in living
animals [19-18,20,21]. Light is produced through the
enzymatic interaction of luciferase with its substrate
p-luciferin in the presence of magnesium and ATP [20].
The bioluminescence generated within the animal can
be detected by a highly sensitive cooled charge-coupled
device (CCD) camera [21,22]. This form of optical
imaging is very rapid and inexpensive compared to
radionuclide-based imaging. However, one advantage
of radionuclide imaging is its ability to provide 3-D
tomographic signals. Positron emission tomography
(PET) is one such modality that has been adapted to
studies in small animals, using the HSVI1-tk or the
enhanced sr39tk derivative as the reporter gene [18].
The sr39tk contained multiple amino acid substitutions
at the active site, which greatly improved the binding

affinity for guanosine analogues compared to the wild-
type (WT) enzyme [23]. The use of the sr39tk gene has
been demonstrated to increase the sensitivity of PET
imaging by twofold over the WT HSV1-tk gene [24].

The unique enzymatic activity of HSV1-tk enables it to
function both as a PET reporter gene as well as a
cytotoxic suicide gene [15,24—26]. Unlike its mammalian
counterpart, this HSV enzyme can efficiently phospho-
rylate guanosine analogues such as ganciclovir (GCV).
The phosphorylation of various radioactive derivatives
such as 9-(4-["*F]-fluoro-3-hydroxymethylbutyl) guanine
(["®F]FHBG), will lead to the trapping and accumulation
of the radiolabeled tracer in cells expressing HSV1-tk,
which in turn can be detected and located by the PET
scanner. The cytotoxic effects of HSV1-tk require the
subsequent phosphorylation of the otherwise nontoxic
GCV monophosphate by cellular kinases. The triphos-
phate derivative causes chain termination during DNA
replication and can lead to chromosomal aberrations
and cell death [25]. The pharmacologic dosage of GCV
in cytotoxic therapy is three to four orders higher than
the PET tracer dose. The sr39tk variant also exhibited
stronger cytotoxicity compared to the WT enzyme [15].
The dual imaging and cytotoxic capability of the sr39tk
gene is very useful in gene therapy, allowing researchers
to directly monitor location, temporal representation,
and magnitude of the therapeutic gene expression
in vivo by noninvasive imaging.

In this study, we report the use of the bioluminescent
optical CCD and micro-PET imaging to assess the effec-
tiveness of TSTA-mediated gene therapy. Micro-PET
imaging was utilized to monitor sr39tk expression by
measuring the uptake of ['*F]FHBG in organs where the
gene is expressed. More importantly, the tissue selectiv-
ity and high magnitude of the TSTA-mediated sr39tk
suicide gene therapy resulted in diminished systemic
side effects and effective antitumor activity in a human
prostate cancer xenograft model.

Materials and Methods
Vector Design

The AdTSTA-sr39tk was constructed with the AdEasy
system [27]. The head-to-head orientation of activator
(BCVP2) and reporter (sr39tk) in the single plasmid was
constructed by replacing FL with sr39tk in PBCVP2G5-L
[13]. The BCVP2G5-sr39tk fragment generated by Notl
and Sall from PBCVP2G5-sr39tk was then ligated to
pShuttle to generate pShuttleTSTA-sr39tk, which was
used for the recombination with pAdEasy-1. The virus
was propagated in 293 cells, purified on a CsCl gradient,
and titrated by plaque assays on 293 cell monolayers.
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Expression Analysis in vitro

Human prostate cancer cell line LNCaP was infected
with AACMV-sr39tk or AdTSTA-sr39tk at the multiplicity
of one or five virus per cell. Cells were harvested 2 days
after infection and lysed with RIPA buffer (0.1% Na de-
oxycholate, 0.1% SDS, 0.15M NaCl, ImM EDTA, 10 mM
Tris—HCI [pH 7.4] with protease inhibitor cocktail; Cal-
biochem, San Diego, CA). Equal amounts of total protein
from each sample were subjected to SDS-PAGE. Fol-
lowing the transfer of analyzed proteins to PVDF mem-
brane (Millipore, Bedford, MA), Western analysis was
performed using polyclonal anti-HSV-tk antibody [15]
and monoclonal anti-3-actin antibody [28]. Visualization
was performed by BM Chemiluminescence (Roche Diag-
nostics, Indianapolis, IN) with HRP-conjugated respec-
tive antibodies.

Optical Imaging of Mice

Animal experiments were performed in accordance
with the University of California Animal Research Com-
mittee guidelines. Ten to 12-week-old male SCID
(Taconic Farms, Germantown, NY) mice were subcuta-
neously implanted with 0.2 cm tumor coated with
matrigel. When tumors reached ~0.8 cm, the specified
Ad was injected into the tumor for four consecutive
days, using a 28G1/2 syringe (10 pL per site, at three
different sites, and waiting 5 min between injections).
Optical imaging was performed with an IVIS CCD cam-
era (Xenogen, Alameda, CA). Mice were anesthetized
with ketamine and xylazine (4:1), then given 200 pL of
15 mg/mL p-luciferin (Xenogen) intraperitoneally, and
imaged 20 min after substrate administration.

Micro-PET/CT Imaging and GCV Treatment

For the therapeutic study, the specified sr39tk Ad was
administered intratumorally at 1 x 10° pfu/day x 4 days
(30 pL/day). On Days 8 and 22, animals were injected
with 200 pCi [**F]JFHBG via the tail vein. Following an
hour of substrate uptake, the entire animal was scanned
for 20 min in a Focus micro-PET scanner (Concorde Mi-
crosystems, Knoxsville, TN) and transferred to a micro-
CT scanner (MicroCAT I, Imtek, Knoxsville, TN), and
imaged for 15 min at 50 keV, 325 pA, and 196 total angles
of rotation in two bed positions. From Days 9 to 16,
animals received intraperitoneal administration of GCV
(80 mg/kg in 0.9 % saline) or saline vehicle. PET signals
were quantified as the percentage of injected dose per
gram (%ID/g) tissue. This %ID/g is a measure of the
amount of tracer accumulated in a given area normal-
ized to the injected amount and to the mass of the tissue
examined. PET images were superimposed on CT
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images. All PET/CT data analyses and 3-D images were
compiled using AMIDE. A total of six animals were used
in each of four treatment groups. PET imaging was
performed on four out of six animals in each group.

Quantitative PCR

Organs were frozen in liquid nitrogen, ground into
fine powder, resuspended in 10 volumes lysis buffer
(10 mM Tris—HCI pH 8.0, 5 mM EDTA pH 8.0, 200 mM
NaCl, 0.2 % SDS, 100 pg/mL proteinase K), and incubat-
ed at 55°C for 3 hr. One milliliter of each lysate was
treated with RNase A (50 pug/mL) for 20 min at 37°C,
followed by extracting twice with phenol/chloroform/
isoamyl alcohol (25:24:1). The DNA was precipitated and
resuspended in TE buffer (pH 8.0). Real-time PCR was
performed using the Opticon 2 Monitor (MJ Research,
San Francisco, CA). The specific primers for (3-actin and
HSV-tk are: (3-actin: forward, 5-TCA AGA TCA TTG CTC
CTC CTG AGC-3, reverse, 5-TAC TCC TGC TTG CTG
ATC CAC ATC-3"; HSV-TK: forward, 5-ACA AAA AGC CAC
GGA AGT CC-3/, reverse, 5-AGT TGC GTG GTG GTG
GTT T-3"). Primers for B-actin recognize an identical
conserved region of the human and mouse gene. Re-
actions were run in triplicate, each containing 1x SYBR
Green master mix (Applied Biosystems), 0.4 pmol/uL
of primers and 100 ng genomic DNA in 25 pL. The am-
plification conditions were: 1 cycle of 2 min at 50°C and
1 cycle of 10 min at 95°C, followed by 35 cycles of
15 sec at 95°C, 30 sec at 60°C, and 30 sec at 72°C. Af-
ter completion of PCR, 10 pL of the pooled triplicated
reactions was run on a 2% agarose gel, resolving the
106 bp B-actin and 101 bp HSV-tk amplified fragment.

Immunobistochemical Analysis

Tumors harvested at Day 22 were fixed in 10%
formalin overnight. Paraffin-embedded sections (4 pm)
were deparaffinized, and stained with hematoxylin and
eosin. Proliferating cells were visualized using mouse
monoclonal Ki67 antibody 1:50 (Novocastra, Norwell,
MA) at 4°C overnight. Color visualization of immunohis-
tological reaction was performed with multilink anti-
body, streptavidin peroxidase (BioGenex, San Ramon,
CA), and 3,3 diaminobenzidine (DAB) as previously
described [12]. Apoptotic cells were visualized by using
DeadEnd Colorimetric TUNEL System (Promega, Madi-
son, WI), performed according to manufacturer’s in-
structions. Samples were blinded and staining was
quantified by dividing each tumor into four quadrants.
Cells were then counted under x40 magnification.
Staining was recorded as a percentage of positive cells
over total cells counted (average of 100 cells/field).
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Liver Enzyme and PSA Assays

Blood was collected at various time points by the
retro-orbital eye bleed method. Serum ALT levels were
measured using GTP/ALT reagent strip with SPOTCHEM
EZ system (HESKA, Fort Collins, CO). Serum PSA levels
were measured in duplicates using PSA ELISA kit (Amer-
ican Qualex, San Clemente, CA). The relative rate of
change in PSA was obtained by calculating the difference
in PSA levels pre- and posttreatment divided by post-
treatment.

Statistical Analysis

Statistical analyses were performed using the two-
tailed Student’s ¢ test. For all analyses, p < .05 was
considered statistically significant.

Results
Prostate-specific Gene Delivery Vector

Using the prostate-specific two-step TSTA method
should be advantageous, as this method has been shown
to boost the activity of a comparable one-step prostate-
specific promoter by 50-fold [12,13,16]. In this study, the
TSTA system was incorporated into an adenoviral vector
to drive the sr39tk gene, which is designated as AATSTA-
sr39tk (Figure 1). The magnitude of sr39tk protein

expression mediated by this prostate-targeted Ad was
comparable to the AACMV-sr39tk, as analyzed in LNCaP
(Figure 1B) and LAPC-4 (data not shown) human pros-
tate cancer lines. Furthermore, AAdTSTA-sr39tk mediated
gene expression was regulated by androgen and active
in advanced AR+ androgen-independent prostate can-
cer cell lines and tumors [28]. The promising properties
AdTSTA-sr39tk exhibited in cell culture studies lend
support to assess its activities in preclinical prostate
tumor models.

Imaging Transgene Expression in Prostate Tumors

To learn more about the in vivo activity of the gene
therapy vectors, we applied several molecular imaging
modalities, including bioluminescent imaging and
micro-PET, to monitor transgene expression during
treatment. The study design, as outlined in Figure 2A,
was to compare the performance of the CMV versus the
TSTA vectors. In the CMV group (i) of the first study, 4 x
10® infectious plaque forming units (pfu) each of the
luciferase-expressing virus (AdCMV-FL) and the sr39tk-
expressing virus (AdCMV-sr39tk) were coinjected into
the tumor. The same viral dosage was used in the TSTA
group (ii). Given that in both groups the luciferase and
sr39tk are expressed from the same promoter and
inserted into the same adenoviral backbone, the lucifer-
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{iv) AdCMV-sr30tk 3 1
Imaga Image
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Figure 2. Optical and PET imaging of vector mediated gene expression. (A) Therapeutic study scheme. Coinjection of the two vectors in groups i and ii in one study
enables the optical FL signal to reflect the expression of sr39%k. Group iii and iv injections were performed in a second study to compare the therapeutic activity
between the TSTA and the CMV vector. (B) Coinjection of the two adenoviral vectors (Ad) into LAPC-4 tumors. 4 x 10° pfu of each vector was injected and optical CCD
imaging and micro-PET were performed on Day 8. Tumor and liver signals were detected in the CMV group (i), but in the TSTA group (ii) signals were limited to the
tumors. Signals in the abdomen were due to the bepatobiliary and renal route of FHBG excretion. Animals were sacrificed at Day 22 and bioluminescent imaging of
the isolated organs revealed the tumor-restricted expression of the TSTA vector. (C) PCR amplification of the sr39tk gene in the tumor and the liver. DNA was isolated
Sfrom organs of AdCMV-sr39tk and AdTSTA-s139tk treated animals (groups iii and iv). Real-time quantitative PCR was performed to quantify the sr39tk gene. Agarose
gel resolution after completion of the 35-cycle PCR reaction revealed the presence specific HSVI-sr39tk DNA (101-bp amplified fragment) in the tumor and liver
extracts. B-actin served as internal control.
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ase gene can serve as a reporter gene to reflect the ex-
pression of the sr39tk therapeutic gene. An advantage
of this approach over a single vector expressing both
imaging genes simultaneously is that the distribution
and the gene expression profile can be verified by two
independent vectors and imaging modalities. The LAPC-
4 tumor was the model we examined. It is a PSA-
expressing human prostate xenograft originally derived
from a patient’s lymph node metastases [29].

On Day 8, prominent optical signals were observed in
the tumors of the CMV group (i). Strong signals emitted
from the livers were consistently detected after intra-
tumoral injection of CMV-driven vectors (Figure 2B, i).
On the other hand, in the TSTA group (ii), the optical
signal was confined to the tumor and the liver was
devoid of signal (Figure 2B, ii). Similar to the optical
analysis, micro-PET illustrated the same pattern of
['"®F]FHBG uptake mediated by the sr39tk gene in the
corresponding locations (Figure 2B).

To understand why gene expression was observed
consistently in the liver of the CMV group but not in the
TSTA group, real-time quantitative PCR was employed to
quantify the viral distribution following intratumoral
injection. The sr39tk gene delivered to the tumor rela-
tive to endogenous {-actin gene was 0.072 and 1.18 in a
CMV and TSTA animal, respectively. In a CMV-treated
animal, the ratio of the sr39tk gene delivered to the
tumor was 452-fold higher than that in the liver. Simi-
larly, the ratio in a TSTA-injected animal was 263-fold
higher in the tumor than in the liver. The correct size of
the sr39tk fragment was detected from the tumor and
liver extracts (Figure 2C). These PCR data indicate that
tumor-directed vector administration does not preclude
gene delivery to nontargeted vital organs such as the
liver. Our results would support the assumption that a
tissue-specific vector provides added safety over a con-
stitutively active vector. Imaging studies showed that the
prostate-specific TSTA vector in the liver remained
transcriptionally silent.

Treatment Side Effect Seen by Imaging

To compare the therapeutic activity between the
CMV- and the TSTA-driven vector, a total of 4 x 10° pfu
of the respective vector was injected into the LAPC-4
tumor (group iii and iv, Figure 2A). The animals were
imaged by combined PET/CT on Day 8, just prior to GCV
treatment (80 mg/kg for 7 days). The control groups
received saline instead of GCV. All animals were re-
imaged on Day 22, one week after the last day of GCV
administration. At this point, no residual GCV should
remain in the animal to interfere with uptake of PET
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substrate ["*F]JFHBG. In the therapeutic studies, micro-
CT was performed in series with the micro-PET. This
combined technology enables the precise alignment of
the PET signal with the anatomical location in the
subject [30].

In the AdCMV-sr39tk injected group, a strong
["®F)FHBG PET signal was observed in the liver on
Day 8 (Figure 3A). The ['°F]FHBG retention signal was
not affected by saline treatment (2.5 = 0.4 to 2.7 =
0.06), but was decreased in the GCV-treated group from
3.7 = 1.1 to 1.5 = 0.3. The prominent ['°F|FHBG PET
signal in the liver forecasted liver toxicity in this group.
This is because the same sr39tk activity that phospho-
rylates ['®*F]FHBG also functions in the first step of cy-
totoxic activation of GCV. After GCV treatment, a clear
decrease of sr39tk-mediated PET signal in the liver was
observed (Figure 3A, graph). The decrease in the func-
tional PET signal could be attributed to the elimination
of sr39tk expressing cell with GCV. No loss of PET signal
was observed with saline treatment (Figure 3A, graph).
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Figure 3. Liver toxicity after GCV treatment in AdCMV-sr39tk animals. (A)
Micro-PET/micro-CT of AdCMV-sr39tk treated animals. Compared to the saline
treatment, GCV treatment (n = 6 per treatment group) resulted in a reduction
of PET signal in the liver (PET, n = 4 per group). The graph on the right shows
average ["SFIFHBG retention in the liver pre- and posttreatment. (B) Liver
toxicity in the animals. GCV-treated mice in the CMV group were weak and
disheveled. GCV treatment resulted in elevated serum ALT levels in the CMV
group compared to TSTA and saline groups on Day 22. (C) Immunobistochem-
ical analysis of the liver. Liver sections from these mice revealed significant
TUNEL positive staining (arrows) indicative of apoptosis. This was not observed
in the TSTA cohort.
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The extent of liver damage in the animals was as-
sessed by several means including signs and symp-
toms of the animals, hepatic serology, and histology.
Alanine aminotransferase (ALT) is an intracellular en-
zyme produced by hepatocytes that are released into
the bloodstream as a result of liver cell destruction. The
GCV-treated animals in the CMV group exhibited more
than four times higher ALT than the saline control or
TSTA groups (Figure 3B), and they appeared weak and
unkempt. At the end point of the study, the average liver
weight of the CMV group was 50% of the saline and
TSTA-treated groups. Immunohistochemistry of the liver
sections by terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP nick end labeling (TUNEL) revealed
extensive apoptosis in the CMV GCV-treated animals
(Figure 3B).

Monitoring Therapeutic Efficacy of Suicide
Gene Therapy

The previous results (Figure 3) suggested that the
destruction of sr39tk-expressing cells resulted in the
diminution of sr39tk-mediated PET signals. Thus, we
applied the radionuclide micro-PET/micro-CT to moni-
tor the therapeutic effects of tumor cell destruction. In
the AdTSTA-sr39tk-treated animals, PET signal in the
tumor was significantly weakened on Day 22 compared
with Day 8 (Figure 4A). Results of the entire TSTA
treatment cohort showed that [**F|JFHBG accumulation
in the tumors was 0.52 = 0.04 %ID/g (n = 12) prior to
GCV treatment on Day 8, 0.54 = 0.09 %ID/g in the
saline-treated group, and 0.33 = 0.04 %ID/g in the GCV-
treated group (z = 5) on Day 22. The GCV treatment
resulted in a significant reduction of signals in the tu-
mor ( p = .026). Although adenoviral-mediated gene ex-
pression is expected to decay over time, we observed
a higher magnitude of decrease (50%) in [**F]FHBG re-
tention in the GCV-treated group compared to a 20%
decrease in saline-treated group from pre- to posttreat-
ment (Figure 4A).

In the CMV treatment group, a decrease in PET
signals was observed in the animal’s tumor as well as
in the liver following GCV treatment (Figure 3A). Three-
dimensional reconstructed images of the whole animal
were compiled from the PET/CT studies. The magnitude
and localization of the PET signals pre- and post-GCV
treatment are shown for one representative animal in
the CMV and TSTA group (please refer to supplemental
material for 3-D movie).

To validate the therapeutic outcome, PSA levels were
examined during the course of treatment. Serum PSA, a
widely used marker for the detection of prostate cancer,

was applied to measure tumor load during suicide gene
therapy. In this tumor model, serum PSA measurements
have been shown to accurately reflect tumor volume and
growth in several studies [29,31-33]. Serum PSA was
sampled prior to treatment (baseline), and on Days 11
and 19 (i.e., 3 and 11 days post-GCV treatment). In the
CMV group, the average baseline PSA was 21 ng/mL and
increased to 26 ng/mL after GCV treatment, whereas the
saline-treated group climbed to 72 ng/mL (p = .019). A
similar trend was observed in the AdTSTA-sr39tk
injected group. The average PSA in this cohort was
12 ng/mL at baseline and 13 ng/mL after GCV treatment
compared with 46 ng/mL in saline controls (p = .018).
The relative change of PSA was determined for each
group (Figure 4B). The two saline-treated control
groups showed continual tumor growth as is evident
by the increasing PSA level, whereas tumor growth in the
GCV-treated groups was halted.

Detailed histological examinations with hematoxylin
and eosin (H&E) staining, proliferative marker Ki-67,
and the apoptotic TUNEL staining were performed.
Figure 4C shows representative tumor sections of eight
different animals from the specified treatment groups.
The hematoxylin dye (purple/blue) stains DNA content.
Thus, the extent of purple/blue coloring in a tissue
section is indicative of the extent of living cells. The
overall hematoxylin staining in the unmagnified tumor
sections of both saline groups was more extensive than
the GCV-treated groups (Figure 4C). Moreover, the
areas of proliferation that stained positive by Ki-67
were decreased in the GCV-treated tumors compared
with saline controls. In contrast, the areas that did
not stain for Ki-67 exhibited strong TUNEL staining.
The apoptotic TUNEL staining also supports the PSA
measurement that tumor growth was halted in the GCV-
treated group. Quantitation of the tumor TUNEL stain-
ing revealed that an average of 67.6% tumor cells were
positive in the GCV-treated versus 7.6% in the saline-
treated tumor of the TSTA group. Overall, the histolog-
ical assessment demonstrated that the GCV-treated
tumors exhibited increased apoptosis (TUNEL staining),
reduced proliferation (Ki-67 staining), and decreased
living cells (hematoxylin staining). These observations
therefore support that GCV treatment coupled to
the sr39tk gene therapy results in effective tumor cell
destruction.

Discussion

Achieving both potent and cell-selective expression
could improve the therapeutic outcome of cytotoxic
gene therapy of cancer. Here, we showed that the
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adenovirus-based TSTA system can express the suicide
gene in a robust, tissue-specific manner. The tissue
selectivity of the TSTA method restricted the transgene
expression to the LAPC-4 human prostate tumor, and
thus, limited the transgene-mediated toxicity in a non-
targeted organ such as the liver. The highly augmented
activity of TSTA allowed the visualization of transgene
expression by bioluminescent and PET imaging during
treatment.

We postulated that functional gene expression activ-
ity in the tumor might provide more accurate, dynamic
information on the content of living cells in a tumor than
tumor size measurements. Due to its easy-to-use and
rapid scan time capabilities, in vivo optical imaging has
been applied frequently to interrogate tumor activities
[13,14,16-22], including monitoring growth and thera-
py of marked tumors [22]. However, when we applied
optical imaging to monitor the therapeutic effects of
suicide gene therapy on renilla luciferase-labeled LAPC-4
tumors, changes in intratumoral signals were not corre-
lated with treatment effects. Several factors could con-
tribute to the difficulties we encountered. (i) Optical
signal is known to be attenuated by hemoglobin levels,
extent of tissue depth or necrotic tissue, and (ii) high,
saturated signals in the xenograft tumors could make
lost of signal during therapy difficult to detect. Thus, we
decided to utilize PET imaging, which is a high-energy
modality that is not attenuated by tissue depth, and it is
applicable to human subjects. In fact, ["*F]FHBG was
determined to be a safe tracer in healthy human volun-
teers [34]. Our results support the use of PET/CT to
monitor the pharmacokinetic of HSV-tk suicide gene
therapy in vivo.

Despite substantial tumor destruction in the suicide
gene treatment, the tumor cell annihilation was incom-
plete at the specified end point of this study (Day 22).
Potentially, a more prolonged treatment course could
achieve more extensive tumoricidal effects. To ensure
accuracy of gene delivery, we intentionally employed
large size tumors, ~0.8cm diameter at the start of
therapy. Consequently, one limiting factor likely to have
contributed is the incomplete gene transduction via
intratumoral viral injection. Several measures were
attempted to achieve more optimal intratumoral trans-
duction. To circumvent the high intratumoral pressure,
the viral solution was administrated at a slow rate, in a
small volume, divided into multiple sites and over
several days. Despite these measures, the transduction
rate was between 30% and 50%, which was estimated by
performing flow cytometry of single-cell suspension of
tumors 4 days after injection of a viral vector expressing

green fluorescent protein (data not shown). Several
strategies can be applied to enhance therapeutic efficacy
of suicide gene therapy. The high level and specific gene
expression accomplished by the TSTA method is helpful
to maximize in vivo gene transduction as well as to boost
the bystander effect. This bystander phenomenon,
where cytotoxic effect spreads from transduced cells to
neighboring nontransduced cells, is known to be aug-
mented by increasing intercellular transfer of metabo-
lites through gap junctions [35,36]. By combining the
HSV-tk cytotoxic approach with other gene-based ther-
apeutic targets such as anti-angiogenic or immune acti-
vation strategies, synergistic enhancement of remedial
effects could be accomplished. In the context of improv-
ing efficacy of cancer treatment, gene therapy should be
considered as one arm of a multiprong approach to
manage cancer. Thus, it is promising that adenoviral-
mediated suicide gene therapy has been shown to
induce radiation sensitizing effects in tumors [37].

Another interesting finding from this and other stud-
ies [8,16,38] is that intratumoral injections of viral
vectors often result in ‘“leakage” into the systemic
circulation, triggering transgene expression in the liver.
Ongoing research in our laboratory indicates that tumor
models exhibit differential viral “leakage” [16], and this
phenomenon is likely modulated by tumor vasculature.
Hence, these findings further underscore the impor-
tance of incorporating a noninvasive mean to monitor
the location of toxic transgene expression in vivo, there-
by obtaining the assurance that the “on-target” and “off-
target” effects can be visualized. One unanticipated
finding is that higher PET signal was detected in the
liver of the AACMV-sr39tk injected animal despite a
much higher level of sr39tk gene delivery to the tumor
(Figure 3). The possible explanations could be: (i)
preferential adenoviral transduction of hepatocytes or
(ii) preferential gene expression mediated by the CMV
promoter in the liver or (iii) limiting PET substrate
delivery to the tumor relative to the liver. We are actively
investigating these possibilities.

In an attempt to improve prostate cancer gene ther-
apy, we have coupled noninvasive imaging to a highly
amplified, prostate tissue-specific gene expression sys-
tem to express an enhanced cytotoxic HSV1-tk gene
(sr39tk). The results demonstrated here confirm that
the adenoviral vector containing prostate-specific TSTA
system can achieve targeted expression in vivo. In the
delivery of the potent variant sr39tk gene, effective
tumor eradication with minimal systemic toxic affects
was achieved. The coupling of PET imaging to this
targeted suicide gene therapy will be a promising strat-

Molecular Imaging e Vol. X, No. Y, Month 2005
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egy to develop future clinical protocols for patients with
advanced stage prostate cancer.
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