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Abstract

In this study, we investigated the preclinical utility and antitumor efficacy of tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL) delivered by Ad-1U2, a prostate-specific
replication-competent adenovirus (PSRCA), against androgen-independent prostate cancer.
Through transcriptional control of adenoviral early genes Ela, E1b and E4, as well as TRAIL by
two bidirectional prostate-specific enhancing sequences (PSES), expression of TRAIL as well
adenoviral replication was limited to prostate-specific antigen (PSA) and prostate-specific
membrane antigen (PSMA)-positive cells. Ad-1U2 induced 5-fold greater apoptosis selectively in
PSA/PSMA-positive CWR22rv and C4-2 cells than an oncolytic adenoviral control. Furthermore,
prolonged infection with Ad-1U2 reversed TRAIL resistance in LNCaP cells. Ad-1U2 exhibited
superior killing efficiency in PSA/PSMA-positive prostate cancer cells at doses 5- to 8-fold lower
than required by a PSRCA to produce a similar effect. This cytotoxic effect was not observed in
non-prostatic cells, however. As an enhancement of its therapeutic efficacy, Ad-1U2 exerted a
TRAIL-mediated bystander effect through direct cell-to-cell contact and soluble factors such as
apoptotic bodies. In vivo, Ad-1U2 markedly suppressed the growth of subcutaneous androgen-
independent CWR22rv xenografts compared to a PSRCA at six weeks post-treatment (3.1- vs.
17.1-fold growth of tumor). This study demonstrates the potential clinical utility of a PSRCA
armed with an apoptosis-inducing ligand.
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Introduction

In 2008, it was estimated that prostate cancer would account for the most new cancer
diagnoses, aside from skin cancer, at 186,320 men in the United States and would be the
second most common cause of cancer deaths at 28,660 men.1 The management of prostate
cancer remains challenging given the fact that as many as 15% of men with prostate cancer-
specific mortality may initially have low-risk prognostic factors;2 furthermore, up to 9% of
patients will be diagnosed with metastatic disease at initial presentation.3 Current therapies
for men presenting with localized prostate cancer include radical prostatectomy, external
beam radiation therapy and brachytherapy; however, 25% of these men will experience local
failure within ten years of treatment.4, 5 Given that prostate cancer is dependent on
activated androgens for growth,6 adjuvant androgen deprivation therapy (ADT) is well
established as standard of care for high risk prostate cancer to slow the growth and
dissemination of undetectable residual cancer cells at local or distant sites. Nearly all
advanced prostate cancers will become hormone refractory within 14 to 20 months of
initiating ADT,7, 8 and secondary hormonal therapy agents merely provide palliation
without survival benefit for this fatal disease phenotype. Results from phase 11 clinical
studies have recently suggested a role for docetaxel in the treatment of androgen-
independent prostate cancer, demonstrating a two month survival advantage in addition to
palliation.9, 10 Unfortunately, dose-limiting toxicities associated with such therapies limit
the amount of the drug that can be delivered to the tumor, allowing the cancer to survive and
fail therapy. While there is a pressing need to develop better systemic therapies to treat or
prevent disseminated disease, there also exists an urgent need to develop more effective
local treatment modalities. Due to its ability to selectively target prostate cancer cells
through the use of tissue-specific promoters and its widely demonstrated clinical safety
profile, molecular therapy for androgen-independent prostate cancer is an attractive adjuvant
to conventional therapies.

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), also known as Apo-2
ligand, is a member of the tumor necrosis factor (TNF) family. Originally discovered
because of its similarity to Fas-ligand, TRAIL is a 32 kDa type Il transmembrane protein,
whose C-terminal extracellular domain (amino acids 114-281) is homologous to other
members of the TNF family.11, 12 After binding of homotrimeric TRAIL to the death
domain-containing receptors DR413 and DR5,14 the apoptotic signal is transduced via the
adapter molecule, Fas-associated death domain (FADD), which recruits the initiator
caspases to the death-inducing signaling complex (DISC).15 TRAIL has been shown to
preferentially kill tumor cells over normal cells, which reflects its role as a key tumor
immunosurveillance molecule in the body.16 This marked specificity for cancer cells gives
TRAIL a distinct advantage over other cancer therapies.

TRAIL expression has been detected in several normal human tissues, suggesting that
TRAIL is not toxic to those cells in vivo.13 It is hypothesized that these cells are shielded
from TRAIL by the surface expression of antagonistic decoy receptors. Three non-apoptotic
signaling receptors exist for TRAIL, and these include DcR1 which lacks an intracellular
death domain,14 DcR2 which contains a truncated death domain that activates anti-apoptotic
NF«B signaling,17 and osteoprotegrin, a secreted receptor for TRAIL which also inhibits
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osteoclastogenesis.18 Several prostate cancer cell lines including ALVA-31, DU-145 and
PC-3 are extremely sensitive to TRAIL and undergo apoptosis when exposed; however,
other cell lines such as LNCaP are highly resistant.19 Such mechanisms of resistance in
cancer cells include overexpression of decoy TRAIL receptors, anti-apoptotic BCL-2 family
members, and other inhibitor of apoptosis proteins (IAP).20 This resistance has been shown
to be reversed by infection with adenovirus,21 treatment with chemotherapeutic agents such
as paclitaxel, vincristine, etoposide, doxorubicin or camptothecin,22 or treatment of the cells
with radiation therapy.23

Recent preclinical and clinical studies of molecular therapy approaches with TRAIL have
involved a soluble form of the protein that is secreted out of producer cells and into the
surrounding tumor matrix. Although repeated administration of soluble TRAIL was not
toxic to normal tissues in mice24 and non-human primates,25 recent data suggest that
cultured human hepatocytes may be sensitive to soluble forms of TRAIL.26, 27 To enhance
the safety and clinical feasibility of this gene therapy strategy for high risk prostate cancer,
we armed Ad-1U2, a prostate-specific replication-competent adenovirus (PSRCA), with full-
length membrane-bound TRAIL under the transcriptional control of the chimeric prostate-
specific enhancing sequence (PSES). Furthermore, to limit the replication of Ad-1U2 to
prostate cancer cells, adenoviral Ela, E1b and E4 genes were placed under control of PSES.
PSES is comprised of the minimal sequences from prostate-specific antigen (PSA)
androgen-responsive element core (AREC) and prostate-specific membrane antigen (PSMA)
enhancer (PSME) that retained the highest prostate-specific activity. PSES was found to be
active in PSA/PSMA-positive cells and demonstrated 5-fold higher activity than Rous
sarcoma virus (RSV) promoter and activity equal to cytomegalovirus (CMV) promoter.28
As PSES is active only in PSA/PSMA-positive cells, adenoviral replication and TRAIL
expression is limited to PSA/PSMA-positive cells. To date, this is the first prostate-specific
promoter-driven TRAIL molecular therapeutic strategy for advanced prostate cancer.

Materials and Methods

Cell Culture

The packaging cell line HER911E4 stably expresses the adenoviral E4 gene under control of
the inducible tetR promoter29 and was derived from the human embryonic retinoblast
(HER911) cell line which was transformed with a plasmid containing the adenoviral genome
(bp 79-5789).30 HER911E4 cells were cultured in DMEM supplemented with 10% FBS
(Atlanta Biologicals, Lawrenceville, GA), 1% penicillin-streptomycin (Gibco, Grand Island,
NY), 0.1 mg/ml hygromycin B (Calbiochem, San Diego, CA) and 2 pg/ml doxycycline
(Sigma, St. Louis, MO). To induce adenoviral E4 gene expression, HER911E4 cells were
cultured in medium without doxycycline for 24 hours prior to infection. CWR22rv is an
androgen-independent, PSA/PSMA-positive prostate cancer cell line derived by the
propagation of the androgen-dependent parental xenograft, CWR22, in nude mice.31
LNCaP is an androgen-dependent, PSA/PSMA-positive prostate cancer cell line established
from a lymph node of a patient with metastatic disease.32 C4-2, an androgen-independent,
PSA/PSMA-positive prostate cancer line, was derived by co-injection of LNCaP and bone
stromal cells into nude mice.33 PC-3 is an androgen-independent, PSA/PSMA-negative
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prostate cancer cell line that was originally derived from the bone marrow aspirates of a
patient with bone metastases.34 DU-145, an androgen-independent prostate cancer cell, is
PSA/PSMA-negative and was derived from a brain lesion from a patient with confirmed
metastatic disease.35 All prostate cancer cell lines were cultured in RPMI 1640
supplemented with 10% FBS and 1% penicillin-streptomycin. Adult human dermal
fibroblasts (HDFa) were cultured in Medium 106 supplemented with 2% FBS, 1 pg/ml
hydrocortisone, 10 ng/ml human epidermal growth factor, 3 ng/ml basic fibroblast growth
factor and 10 ug/ml heparin (Cascade Biologics, Portland, OR). All cells were maintained in
a humidified incubator at 37°C and 5% CO».

Adenoviral Vectors

Ad-1U2 was developed by modifying Ad-E4PSESE1a, the previously described PSRCA
with a CMV promoter-driven enhanced green fluorescent protein (EGFP) marker.36 To
construct Ad-1U2, human full-length TRAIL cDNA from pORF-hTRAIL (InvivoGen, San
Diego, CA) was cloned downstream of PSES into pAd1020SfidA (OD 260, Boise, ID), the
adenoviral cloning vector containing the left ITR and packaging signal, to make
pAd1020SfidA-PSESTRAIL, which was further digested with Sl to release the left ITR
and PSES-TRAIL expression cassette. This fragment was cloned into pAd288E1b-
E4PSESE1a,36 the modified adenoviral genome vector, and the ligation product was
transformed into TOP10 E. coli competent cells (Invitrogen, Carlsbad, CA). The adenoviral
genome (Fig. 1A) was released by digestion with Pacl and transfected into HER911E4 cells
with Lipofectamine 2000 (Invitrogen). Ad-1U2 was further amplified in HER911E4 cells
and purified by CsClI centrifugation gradient and dialyzed, as described previously.36

Replication-competent control viruses used in this study include Ad-E4PSESE1a and Ad-
IU1. Ad-1U1 was constructed in a similar fashion as Ad-1U2; however, a PSES-HSV-TK
expression cassette replaces the PSES-TRAIL expression cassette. Without administration
of a nucleoside analog prodrug, the only cytotoxicity provided by Ad-1U1 is due to
replication. As a replication-defective control, Ad-ATATA-E1a, in which the Ela TATA
box was deleted from the Ad-E4PSESE1a viral backbone, was used. To achieve equal
bioactivity of Ad-1U2 and control viruses, a titer assay was performed. 1 x 104 HER911E4
cells were plated overnight in 96-well plates and infected with serial dilutions of Ad-1U2,
Ad-1U1, Ad-E4PSESE1a or Ad-ATATA-E1a, so that 10 wells in every row received the
same dose, ranging from 1073 to 1010, Media were changed 24 hours after infection, and
cells were observed daily under light microscopy for cytopathic effect. 7 days after
infection, lethal dose (LDsp) was determined to be the dose at which 50% of cells or greater
were killed (at least 5 wells per row). Viral titers were calculated as LDsq units (LDU) per
pl. Conversions from viral particles (vp) to LDU were as follows: Ad-1U2, 1 x 10> LDU/vp;
Ad-1U1, 6 x 106 LDU/vp; Ad-E4PSESE1a, 7.8 x 10-° LDU/vp; and Ad-ATATA-Ela, 1.5 x
10 LDU/vp.

Western Blot Analysis

For TRAIL expression, 1 x 108 CWR22rv cells were cultured overnight in 6-well plates and
infected with 0.01 LDU/cell Ad-1U2 or Ad-ATATA-Ela. As a positive control, CWR22rv
cells were transfected with pPORF-hTRAIL using Lipofectamine 2000. Media were changed
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24 or 3 hours after infection or transfection, respectively. 48 hours after infection, cells were
washed with cold PBS and harvested with radioimmunoprecipitation assay (RIPA) buffer
containing 1 ml modified RIPA buffer, 20 ul 57 mmol/L phenylmethylsulfonyl fluoride and
2.5 pl phosphatase inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). Cell lysates were kept
on ice for 1 hour, centrifuged to pellet debris, and supernatants kept at -70°C. To determine
whether cleaved TRAIL was present in Ad-1U2 conditioned media, 1 x 106 CWR22rv cells
were infected with 0.01 LDU/cell, as above. 48 hours after infection, the medium was
harvested, centrifuged at 800 x g for 10 minutes, and the cell lysate was prepared as above.
As positive controls, various dilutions from 100 to 25 ng/ml recombinant human TRAIL
(rhTRAIL) (BioSource, Camarillo, CA) were loaded. Protein concentration was analyzed by
Bradford assay (Bio-Rad, Hercules, CA), and 20 ug of protein (with 0.3 M DTT) were
separated by 4-10% SDS-PAGE or 4-12% SDS-PAGE for the cleaved TRAIL experiment
and transferred to a nitrocellulose membrane. Membranes were blocked overnight at 4°C in
5% fat-free milk and TBST and incubated with anti-human TRAIL primary antibody (Santa
Cruz Biotechnology, Santa Cruz, CA). Blots were incubated with appropriate HRP-
conjugated secondary antibodies, and specific binding was detected by ECL (Pierce,
Rockford, IL).

Measurement of TRAIL Surface Expression

1 x 10° CWR22rv cells were plated overnight in 24-well plates and infected with 0.01 LDU/
cell Ad-1U2 or Ad-1U1 or treated with PBS. Fresh media were replaced 24 hours after
infection. 48 hours post-infection, cells were harvested and resuspended in 100 pl ice cold
staining buffer (PBS containing 10% FBS and 1% sodium azide) in fluorescence-activated
cell sorting (FACS) tubes. Cells were stained with PE-conjugated anti-human TRAIL
antibody (Abcam, Cambridge, MA) for 1 hour at 4°C, protected from light. Cells were
washed twice with ice cold PBS and resuspended in 500 pl staining buffer. Analysis was
performed on a FacScan flow cytometer (BD Biosciences, Franklin Lake, NJ) and data
analyzed using WinMDI 2.8 software.

Viral Replication Assay

1 x 10 CWR22rv, C4-2, LNCaP, PC-3 and DU-145 prostate cancer cell lines were seeded
in 6-well plates overnight and infected with standardized doses of virus based on each cell
line's infectivity.36 Media were changed 24 hours after infection, and cells were observed
daily by light microscopy for cytopathic effect. Viral supernatants were harvested 3 days
after infection by subjecting the cells and media to three freeze-thaw cycles and centrifuging
to remove the cell debris pellet. HER911E4 cells were plated in 96-well plates and infected
with serial dilutions of viral supernatant ranging from 1 to 1011, so that every well in each
column received the same dose. Cells were examined for cytopathic effect on day 7, and
LDsg was recorded as the dose causing cytopathic effect in at least four of eight wells in one
column.

Measurement of Apoptosis Induction

CWR22rv, C4-2, LNCaP, PC-3 and DU-145 prostate cancer cells were seeded in 24-well
plates overnight and infected with 0.01 LDU/cell Ad-1U2 or Ad-1U1 or treated with PBS. 24
hours after infection, media and cells were harvested, washed with PBS and resuspended in
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100 pl binding buffer. LNCaP cells were also infected with 0.01 LDU/cell Ad-1U2 or Ad-
U1 or treated with PBS. 48 hours after treatment, media and cells were harvested, washed
with PBS and resuspended in 100 pl binding buffer. Cells were stained with 2.5 pl each of
Annexin V-FITC and propidium iodide (P1) (BD Biosciences, Pharmingen) for 15 minutes
at room temperature and analyzed by FACS analysis as above. Cells that were single-
positive for Annexin V-FITC or double-positive for Annexin V-FITC and PI were
considered as positive for apoptosis.

In Vitro Cell Killing Assay

CWR22rv, C4-2, LNCaP and HDFa cells were seeded in 24-well plates overnight and
treated with various doses of Ad-1U2, Ad-E4APSESE1a, Ad-ATATA-Ela or PBS. Media
were replaced with fresh medium 24 hours after infection, and cells were maintained in
culture, changing media every other day, until a cytopathic effect was observed under light
microscopy. Once a cytopathic effect was evident, cells were fixed with 1%
paraformaldehyde, washed twice with cold PBS, stained with 0.5% crystal violet solution
for 10 minutes and washed with cold tap water. To quantitate the remaining attached cells,
stained cells were permeabilized with 1% SDS and analyzed for optical density at 570 nm
on a Spectra Max Plus spectrophotometer (Molecular Devices, Sunnyvale, CA). Cell
viability was determined as the ratio of the Ag7q value for Ad-1U2-, Ad-E4PSESE1a- or Ad-
ATATA-Ela-treated cells to the Ag7q value for untreated (PBS) cells at each viral dose.

Evaluation of Bystander Effect

CWR22rv cells were plated in a 12-well plate overnight and infected with 0.01 LDU/cell
Ad-1U2 or Ad-1U1 or treated with PBS. 24 hours post-infection, cells were washed three
times with cold PBS to remove residual virus, and fresh medium was replaced. PC-3 cells
stably expressing a fusion of humanized Renilla luciferase (hrl) and monomeric red
fluorescent protein (mrfp) reporter genes were co-cultured with the CWR22rv cells at a ratio
of 3 CWR22rv cells to 1 PC-3 cell. The plasmid conferring expression, pcDNA3.1-CMV-
hrl-mRFP, was constructed from pcDNA3.1-CMV-hrl-mrfp-ttk (a gift from Dr. Sanjiv
Gambhir, Stanford University, CA) by deleting truncated thymidine kinase (ttk) from the
vector. 24 hours after co-culture, media and cells were harvested, washed with PBS and
resuspended in 100 pl binding buffer. Cells were stained with 2.5 pl Annexin V-FITC for 15
minutes at room temperature and analyzed by FACS analysis as above. Percent apoptotic
PC-3 cells was determined as the fraction of Annexin V-FITC-positive cells in the mRFP-
positive population.

To determine whether direct cell-to-cell contact was required to mediate a bystander effect,
CWR22rv cells were seeded overnight in 6-well plates and infected with 0.01 LDU/cell Ad-
IU2, Ad-1U1 or Ad-E4PSESE1a. 48 hours after infection, media were harvested, centrifuged
at 800g for 10 minutes to remove dead cells and debris, and heat-inactivated at 56°C for 30
minutes. CWR22rv or PC-3 cells were seeded in 24-well plates overnight and treated with
the heat-inactivated medium for 24 hours, at a ratio of 1:1. Media and cells were harvested
and analyzed for apoptosis by FACS analysis as described above. To determine whether
adenovirus was inactivated by heat-treatment, CWR22rv cells were seeded onto 24-well
plates overnight and treated with conditioned medium from Ad-E4PSESE1a-infected
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CWR22rv cells, as above, before or after heat-inactivation at 56°C for 30 minutes. 24 hours
after treatment, cells were washed with cold PBS, harvested, fixed with 2%
paraformaldehyde, resuspended in PBS, and analyzed for GFP expression by FACS
analysis.

In Vivo Evaluation of Ad-IU2 Anti-Tumor Effect

CWR22rv xenografts were established by injecting 2 x 106 CWR22rv cells subcutaneously
(SQ) into the flanks of 6 week-old male athymic nude mice. One week after injection, mice
were anesthetized and bilateral orchiectomies were performed to ablate the production of
androgens. Once tumors were established (33.5 to 65.45 mms3), mice were injected
intratumorally with 2 x 104 LDU Ad-1U2, Ad-1U1 (PSRCA control) or PBS (vehicle
control). Tumor sizes were monitored weekly, and tumor volumes were calculated as (L2 x
W) / (n/6). Tumor data was presented as fold-increase in tumor size relative to initial size at
time of treatment. Mice were sacrificed at 6 weeks, and tumors were harvested, fixed in
formalin and embedded in paraffin. All animal procedures were approved by the Indiana
University School of Medicine Institutional Animal Care and Use Committee (IACUC).
Tumor sections were deparaffinized with xylene, hydrated in ethanol and distilled water, and
stained with Hematoxylin and Eosin (H&E). Tumor sections were evaluated for in situ
apoptosis using a fluorometric terminal dUTP nick-end labeling (TUNEL) assay (Promega,
Madison, WI). Nuclei were counterstained with DAPI and tumor sections visualized by
confocal microscopy on a Bio-Rad MRC1024 laser scanning dual-photon confocal
microscope (Bio-Rad).

Statistical Analysis

Results

Statistical significance was determined using two-way ANOVA with Bonferroni's post-test
or unpaired t test, as indicated, using GraphPad Prism version 5.01 for Windows (GraphPad
Software, San Diego, CA). Statistical significance was defined as a P value < 0.05, or better.
Experiments were plated in triplicate, unless otherwise noted, and performed as at least three
independent experiments.

Ad-IU2 Delivered Surface-Bound TRAIL and Replicated Effectively in PSA/PSMA-Positive

Cells

The structure of Ad-1U2 (Figure 1A) is based on the PSRCA, Ad-E4PSESE1a, in which the
E1 promoter was deleted and Ela moved to the right ITR E4 region under control of the
bidirectional PSES enhancer sequence.36 Full-length, membrane-bound TRAIL cDNA was
inserted at the left ITR in the Ela region upstream from adenoviral E1b, both under the
control of PSES. As depicted in Figure 1B, full-length TRAIL protein expression was
confirmed by western blot in PSA/PSMA-positive CWR22rv prostate cancer cells.
Immunoblot of Ad-1U2-infected cells revealed a 32 kD band comparable in size to that of
full-length TRAIL expressed in pPORF-hTRAIL-transfected cells. Infection with Ad-
ATATA-E1a confirmed the lack of endogenous TRAIL expression or the upregulation of
TRAIL by adenoviral infection in CWR22rv cells. To confirm that TRAIL was expressed on
the cellular membrane of infected cells, we performed FACS analysis for cell-surface
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expression of TRAIL. Infection of CWR22rv prostate cancer cells with Ad-1U2 resulted in a
significant enhancement of TRAIL surface expression (25.97%, 95% CI 20.41 to 31.54%, p
<0.001), compared to infection with Ad-1U1 (Figure 1C).

Previous studies have demonstrated that adenoviral vectors expressing apoptosis-inducing
transgenes and death ligands replicate poorly due to decreased adenoviral gene expression
and producer cell toxicity. This results in disabling replication efficiencies, low production
yields and poor transduction efficiencies.37 Expression of TRAIL protein in cells may be
inversely proportional to the ability of the virus to replicate in those cells; therefore, we
performed a replication assay in prostate cancer cell lines to determine whether Ad-1U2
replication efficiency was inhibited by TRAIL expression. Ad-1U2 replicated as efficiently
as the PSRCA, Ad-E4PSESE1a, in PSA/PSMA-positive cells; however, Ad-1U2 failed to
propagate in PSA/PSMA-negative cells, resulting in viral output yields comparable to that of
the replication-deficient virus, Ad-ATATA-E1a (Table 1). These results demonstrate that
Ad-1U2 replication is not hindered by the expression of TRAIL in PSA/PSMA-positive
prostate cancer cells. In addition, these data demonstrate the selectivity of Ad-1U2
replication for PSA/PSMA-positive prostate cancer cells, in which expression of adenoviral
early genes is controlled by PSES.

Ad-lIU2 Effectively Induced Apoptosis and Reversed Resistance in PSA/PSMA-Positive
Prostate Cancer Cells

Apoptosis-inducing agents such as TRAIL have shown promising clinical potential against
solid tumors;21, 38, 39 therefore, we tested the ability of Ad-1U2 to induce apoptosis in
prostate cancer cell lines. PSA/PSMA-positive prostate cancer cells, CWR22rv, C4-2 and
LNCaP, as well as PSA/PSMA-negative cell lines, PC-3 and DU-145 were treated with
PBS, Ad-1U2 or Ad-1U1 for 24 hours and analyzed for apoptosis by FACS analysis. As
depicted in Figure 2A, apoptosis induction within 24 hours of Ad-1U2 infection in
CWR22rv and C4-2 cells was nearly 5-fold higher than baseline or Ad-1U1-induced levels.
As expected, no apoptosis above baseline was detected in PSA/PSMA-negative PC-3 and
DU-145 prostate cancer cell lines. Likewise, no apoptosis was detected in the PSA/PSMA.-
positive LNCaP cell line, which has been shown to be highly resistant to TRAIL-mediated
apoptosis due to high AKT activity.19 This TRAIL resistance was overcome however, by
prolonged infection with Ad-1U2. LNCaP cells infected with Ad-1U2 for 48 hours
demonstrated greater than 5-fold induction of apoptosis above that of control virus infection
(Figure 2B). This is consistent with previous reports demonstrating that TRAIL resistance
can be overcome by co-expression of TRAIL and adenoviral Ela. 40

Ad-1U2 Effectively Killed Prostate Cancer Cells, While It Spared Normal Cells

To assure that apoptosis induction and viral replication within cells was sufficient to kill
prostate cancer cells, an in vitro killing assay was performed on CWR22rv, C4-2, LNCaP
and adult human dermal fibroblast (HDFa) cells. Following treatment with PBS or serial
dilutions of Ad-1U2, Ad-E4PSESEla or Ad-ATATA-E1a, cytopathic effect of the virus was
monitored by light microscopy and viral killing was determined by staining attached cells
with crystal violet. The oncolytic effect was observed earliest in C4-2 and LNCaP cells,
resulting in assay endpoints of 3 days post-infection for C4-2 and LNCaP and 4 days post-
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infection for CWR22rv. This difference in time course between prostate cancer cell lines is
consistent with delayed replication and transgene expression due to slightly reduced PSES
transcriptional activity in CWR22rv cells.28 Ad-1U2 exhibited greater killing efficiency in
PSA/PSMA-positive prostate cancer cells at doses markedly lower than the PSRCA, Ad-
E4PSESE1a. As depicted in Figure 3A-C, the dose of Ad-1U2 required to kill at least 50%
of CWR22rv, C4-2 and LNCaP cells was 5-, 6- and 8-fold lower than that of Ad-
E4PSESE1a, respectively. Of note, in our hands, LNCaP cells are extremely sensitive to
viral infection, as depicted in Figure 3C, and although Ad-ATATA-Ela is a replication-
deficient adenovirus, it still induces cytotoxicity due to an intact E3 region. To demonstrate
specificity for PSA/PSMA-positive cells, this experiment was repeated using normal human
fibroblasts. Despite treatment of cells for a longer period of time, Ad-1U2 produced no
cytotoxicity in HDFa cells (Figure 3D). Cytotoxicity in normal prostate epithelial cells was
not tested, as Ad-1U2 would be expected to replicate in these PSA/PSMA-positive cells;
however, this does not pose a safety concern because the prostate is a non-vital organ in the
post-reproductive male. These data suggest that expressing TRAIL in a PSRCA enhanced its
anti-tumor cytotoxicity, while maintaining its PSA/PSMA-specificity.

Ad-1U2 Demonstrated a Bystander Effect in PSA/IPSMA-Negative Prostate Cancer Cells

Due to limited viral transduction efficiency in vivo and the heterogeneity of human prostate
tumors with regards to PSA/PSMA-expression, the ability to target and destroy prostate
cancer cells in which a PSRCA cannot replicate and lyse the cell is critical to prevent the
development of foci of untreated cells within a tumor. The killing power of Ad-1U2 could be
enhanced through cell-to-cell contact of neighboring cells with infected prostate cancer cells
or cell contact with the apoptotic bodies from dying cells. To determine whether Ad-1U2
imparted a bystander killing effect on neighboring PSA/PSMA-negative prostate cancer
cells, we co-cultured Ad-1U1- or Ad-IU2-infected CWR22rv cells with mRFP-stably
transfected PC-3 cells and detected the level of apoptosis induction in the mRFP-labeled
PC-3 cells. As depicted in Figure 4A, PC-3 cells, which failed to undergo apoptosis
induction following direct infection by Ad-1U2, due to a lack of PSA and PSMA expression
(Figure 2A), exhibited a 4-fold induction of apoptosis above the level induced by Ad-1U1
co-culture when co-cultured with Ad-1U2-infected CWR22rv cells.

To determine whether direct cell-to-cell contact was necessary to produce a bystander
killing effect, we tested the ability of conditioned media from Ad-1U2-infected cells to elicit
a similar response. Conditioned media collected from CWR22rv cells infected with Ad-1U2
or control virus were heat-treated to inactivate any adenoviral particles present. When
treated with conditioned media, both CWR22rv and PC-3 cells achieved a similar level of
apoptosis induction (Figure 4B). To assure that this effect was not directly mediated by
adenoviral infection and that adenovirus was inactivated effectively by heat treatment,
CWR22rv cells were treated with conditioned media from Ad-E4PSESEla-infected
CWR22rv cells. Heat inactivation of the conditioned media resulted in a 40-fold reduction in
GFP-positivity compared to conditioned media without heat inactivation (Figure 4C),
demonstrating effective inactivation of adenovirus by heat treatment of the conditioned
media. These results suggest that unidentified soluble factors can mediate the Ad-1U2
bystander effect. This in turn would enhance distribution of the cytotoxic effects throughout
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the entire tumor, as direct cell-to-cell contact is not required. To determine whether soluble
TRAIL was cleaved from the cell membranes of infected cells and contributed to the
bystander killing of prostate cancer cells, we performed western blot analysis on conditioned
media from Ad-1U2-infected CWR22rv cells for TRAIL protein. As shown in Figure 4D,
cell lysate from Ad-1U2-infected CWR22rv cells expressed full-length, 32 kD TRAIL
protein; however, no band was detected in the conditioned media from these cells. As a
control, various dilutions of rhTRAIL were immunoblotted from 100 to 25 ng/ml, and the
intensity of the 18 kD bands decreased with respect to protein concentration. These results
confirm that soluble TRAIL was not secreted or cleaved from Ad-1U2 infected cells at
concentrations suitable to induce cytotoxicity in prostate cancer cells.

Ad-IU2 Inhibited the Growth of Subcutaneous Androgen-Independent CWR22rv Xenografts

Previously, we investigated the oncolytic potential of Ad-E4PSESE1a, a PSRCA, which
significantly inhibited the growth of CWR22rv xenografts as compared to control virus;
however, the response only lasted two weeks, after which the tumor growth exceeded the
rate of oncolysis. Rapid intratumoral viral replication and spread peaked at 3 days and was
diminished by 1 week after injection.36 For this reason, we determined whether TRAIL
could augment the in vivo antitumor effects of a PSRCA. Androgen-independent CWR22rv
human prostate cancer xenografts were established SQ in the flanks of castrated athymic
male mice and injected with Ad-1U2, Ad-1U1 (replication-competent control) and PBS
(vehicle control). Ad-1U2 significantly suppressed the growth of CWR22rv tumor
xenografts as compared to Ad-1U1 (3.1-vs. 17.1-fold growth of tumor, respectively). 4
weeks after treatment, Ad-1U1-treated tumors began to fail therapy, resulting in a rebound of
tumor growth. On the other hand, Ad-1U2 continued to inhibit tumor growth through the 6-
week end-point of the study. Mock-treated mice were sacrificed at 5 weeks due to
overwhelming tumor burden (Figure 5A). Of the nine tumors treated with Ad-1U2, six
responded favorably with partial regression in four of six or complete regression in two of
six tumors. Of the three tumors that failed, two were significantly suppressed compared to
Ad-1U1 tumors at 6-weeks (Figure 5B). Given the fact that CWR22rv xenografts are
clonogenic, the variation in treatment outcome may be attributed to incomplete tumor
infiltration or leakage of virus at the time of injection. Histological examination of PBS-
treated tumors revealed healthy cells arranged in normal tumor architecture with significant
tumor vasculature in the margins of the growing tumor (Figure 5C). Ad-1U1-treated tumors
were characterized by scattered necrotic patches surrounded by healthy tumor cells,
indicative of incomplete oncolysis due to limited viral replication and propagation
throughout the entire tumor mass (Figure 5D). Although patches of healthy tumor cells
remained within the Ad-1U2-treated tumors, necrotic centers of viral replication and
oncolysis were more diffuse throughout the entire tumor. Furthermore, cells immediately
surrounding the necrotic centers appeared unhealthy with condensed nuclei, indicating
spread of the cytotoxic and apoptotic effect beyond the necrotic centers (Figure 5E). To
determine whether apoptosis contributed significantly to the tumor killing process, in situ
TUNEL assays were performed on the tumor sections. No apoptotic nuclei were detected in
the control tumors (Figure 5F-G). On the other hand, Ad-1U2-treated tumors displayed
marked apoptosis in the margins surrounding necrotic centers of oncolysis (Figure 5H).
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These data suggest that TRAIL potentiated the in vivo killing power of a PSRCA through
apoptosis induction in cells beyond the margin of viral replication.

Discussion

Early gene therapy clinical trials for cancer involved replication-deficient adenoviral vectors
due to safety concerns of nonspecific viral replication in immunocompromised patients;
however, these studies were limited by poor viral transduction efficiencies. To overcome
this, replication-competent oncolytic adenoviral vectors were developed to kill cancer cells
directly and further propagate the vector. The first tumor-specific oncolytic adenovirus
developed was ONYX-015, in which E1b-55kd was deleted to restrict replication to p53-
deficient cancer cells;41 however, later studies have demonstrated replication independent
of p53 status.42 ONYX-015 has been widely tested in clinical trials and has demonstrated
inefficient cell lysis and viral replication, resulting in poor clinical outcomes.43, 44 In a
second approach, the adenoviral immediate early Ela gene was placed under control of
tissue-specific promoters.45-47 To achieve greater control of viral replication, both Ela and
E1b genes were placed under control of multiple or single bidirectional promoters.48, 49 We
developed a prostate-specific oncolytic adenovirus, called Ad-E4PSESE1a, in which
adenoviral Ela and E4 genes were controlled by the bidirectional PSES enhancer.36
Previous studies have demonstrated that TRAIL-mediated apoptosis potentiated oncolysis
and spread of a replication-competent adenovirus throughout a tumor.50 Therefore, to
enhance the oncolytic and therapeutic potential of this PSRCA, we incorporated TRAIL
cDNA under the transcriptional control of PSES, making Ad-1U2 the first prostate-specific
TRAIL vector.

Currently, four strategies have been developed to deliver TRAIL via conditionally-
replicating adenoviral vectors. Ad5/35.IR-E1a/TRAIL is an adenovirus containing an
inverted Ela sequence that replicated exclusively in tumor cells via complementation with
unknown cellular factors.51 Through an adenoviral replication-dependent homologous
recombination event, the bicistronic 3’ to 5 TRAIL-IRES-E1a cassette is flipped to the
correct orientation and expressed under control of the universal RSV promoter.39 In a
second tumor-specific approach, a CMV-TRAIL expression cassette was incorporated into
the E1b-55kd-deleted adenovirus, ONYX015. To improve the anti-tumor efficacy of this
virus, ZD55-hTRAIL, against colorectal carcinoma, it was administered in combination with
5-FU.52 Ad/TRAIL-E1 contains two duplicated synthetic promoters in close proximity
comprised of the full hTERT promoter and minimal sequences from the CMV promoter to
control the expression of both Ela and TRAIL as separate transcripts.53 The final approach
achieved tissue-specific replication and TRAIL expression for hepatocellular carcinoma
using the a-fetoprotein promoter to control the expression of a bicistronic Ela-TRAIL
cassette.54 Our strategy is unique to the previously described replication-competent TRAIL
vectors in that tight tissue-specific regulation of adenoviral replication was achieved by
controlling three early adenoviral genes, Ela, E1b and E4. Furthermore, in our study TRAIL
was co-expressed with adenoviral Ela in PSA/PSMA-positive cells without the use of
bicistronic elements, which can result in decreased gene expression of transgenes
downstream of the internal ribosomal entry sequence (IRES), or universal promoters, which
may induce adenoviral replication outside of the target tissue. The use of a prostate-specific
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promoter such as PSES to control viral replication and transgene expression enhanced the
safety of this vector, while enabling its use for both locally advanced and metastatic prostate
cancer.

We hypothesized that arming a prostate-specific oncolytic adenoviral vector with TRAIL
would enhance the anti-tumor efficacy of a replication-competent adenovirus. In this
approach, prostate cancer cells would undergo apoptosis by the tumor-specific apoptosis
inducer, TRAIL. Furthermore, the replication of the adenoviral vector would kill prostate
cancer cells directly by oncolysis and result in amplification of both adenoviral vector and
viral transduction efficiency. Finally, through a TRAIL-mediated bystander effect,
cytotoxicity of this molecular therapy would spread throughout the tumor, killing
nontransduced cells.

We have demonstrated that while TRAIL was expressed in PSA/PSMA-positive prostate
cancer cells, this had no mal-effects on viral replication (Table 1). This is consistent with our
ability to produce high titers of Ad-1U2 (1.02 x 1012 vp/ml). Ad-1U2 effectively induced
apoptosis in receptive, PSA/PSMA-positive cells (Figure 2), and this was correlated to
strong in vitro killing ability. The addition of TRAIL to a PSRCA augmented the killing
power of a replication-competent virus (Figure 3), and Ad-1U2 significantly suppressed the
in vivo growth of androgen-independent CWR22rv xenografts in nude mice compared to a
PSRCA control (3.1 vs. 17.1-fold growth of tumor). Important to the clinical success of a
PSA/PSMA-restricted replication-competent adenovirus is the ability to target PSA/PSMA-
negative prostate cancer cells as well as cells beyond the direct contact of infected cells.
This effect was mediated by direct cell-to-cell contact with or soluble factors released from
Ad-l1U2-infected cells, and its in vivo efficacy was evidenced by apoptosis detection away
from necrotic centers of viral replication in CWR22rv tumor xenografts (Figure 5H). It is
assumed that because the treatment is administered intralesionally, the bystander effect will
remain within the local tumor; however, prior to the clinical translation of this molecular
therapy, toxicology studies must be performed to determine whether normal cells outside of
the prostate are affected. Likewise, it should be determined whether the soluble factors
responsible for the local bystander effect have an impact on distant tumor sites.

In summary, we have developed a novel strategy to deliver TRAIL to androgen-independent
tumors of the prostate via a prostate-restricted oncolytic adenovirus. The use of the highly
tissue-specific PSES promoter will allow systemic administration of the virus to target
distant metastases as well as locally advanced or recurrent tumors without damaging vital
organs such as the liver. Of the prostate-specific promoters available, PSES retains the
highest tissue-specificity and activity in conditions depleted of androgens, giving this
PSRCA greater clinical utility in patients undergoing simultaneous ADT. Although gene
therapy may not be feasible as a monotherapy for advanced androgen-independent prostate
cancer, Ad-1U2 may benefit from combination with conventional therapies such as
chemotherapy or radiation therapy.

Acknowledgments

This work was supported by the following funding sources, NIH F31 CA106215-01 (J.A. Jiménez), NIH R0O1
CA074042 (C. Kao), and DOD W81XWH-04-1-0168 (C. Kao).

Cancer Gene Ther. Author manuscript; available in PMC 2010 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jiménez et al. Page 13

References

1. Jemal A, Siegel R, Ward E, Hao Y, Xu J, Murray T, et al. Cancer statistics, 2008. CA Cancer J Clin.
2008; 58(2):71-96. [PubMed: 18287387]

2. Thompson KE, Hernandez J, Canby-Hagino ED, Troyer D, Thompson IM. Prognostic features in
men who died of prostate cancer. J Urol. 2005; 174(2):553-556. discussion 556. [PubMed:
16006890]

3. Jemal A, Siegel R, Ward E, Murray T, Xu J, Thun MJ. Cancer statistics, 2007. CA Cancer J Clin.
2007; 57(1):43-66. [PubMed: 17237035]

4. Coen JJ, Zietman AL, Thakral H, Shipley WU. Radical radiation for localized prostate cancer: local
persistence of disease results in a late wave of metastases. J Clin Oncol. 2002; 20(15):3199-3205.
[PubMed: 12149291]

5. Han M, Partin AW, Pound CR, Epstein JI, Walsh PC. Long-term biochemical disease-free and
cancer-specific survival following anatomic radical retropubic prostatectomy. The 15-year Johns
Hopkins experience. Urol Clin North Am. 2001; 28(3):555-565. [PubMed: 11590814]

6. Huggins C, Hodges CV. Studies on prostatic cancer. I. The effect of castration, of estrogen and
androgen injection on serum phosphatases in metastatic carcinoma of the prostate. CA Cancer J
Clin. 1972; 22(4):232-240. [PubMed: 4625049]

7. Crawford ED, Eisenberger MA, McLeod DG, Spaulding JT, Benson R, Dorr FA, et al. A controlled
trial of leuprolide with and without flutamide in prostatic carcinoma. N Engl J Med. 1989; 321(7):
419-424. [PubMed: 2503724]

8. Eisenberger MA, Blumenstein BA, Crawford ED, Miller G, McLeod DG, Loehrer PJ, et al. Bilateral
orchiectomy with or without flutamide for metastatic prostate cancer. N Engl J Med. 1998; 339(15):
1036-1042. [PubMed: 9761805]

9. Petrylak DP, Tangen CM, Hussain MH, Lara PN Jr, Jones JA, Taplin ME, et al. Docetaxel and
estramustine compared with mitoxantrone and prednisone for advanced refractory prostate cancer.
N Engl J Med. 2004; 351(15):1513-1520. [PubMed: 15470214]

10. Tannock IF, de Wit R, Berry WR, Horti J, Pluzanska A, Chi KN, et al. Docetaxel plus prednisone
or mitoxantrone plus prednisone for advanced prostate cancer. N Engl J Med. 2004; 351(15):
1502-1512. [PubMed: 15470213]

11. Wiley SR, Schooley K, Smolak PJ, Din WS, Huang CP, Nicholl JK, et al. Identification and
characterization of a new member of the TNF family that induces apoptosis. Immunity. 1995; 3(6):
673-682. [PubMed: 8777713]

12. Pitti RM, Marsters SA, Ruppert S, Donahue CJ, Moore A, Ashkenazi A. Induction of apoptosis by
Apo-2 ligand, a new member of the tumor necrosis factor cytokine family. J Biol Chem. 1996;
271(22):12687-12690. [PubMed: 8663110]

13. Pan G, O'Rourke K, Chinnaiyan AM, Gentz R, Ebner R, Ni J, et al. The receptor for the cytotoxic
ligand TRAIL. Science. 1997; 276(5309):111-113. [PubMed: 9082980]

14. Pan G, Ni J, Wei YF, Yu G, Gentz R, Dixit VM. An antagonist decoy receptor and a death
domain-containing receptor for TRAIL. Science. 1997; 277(5327):815-818. [PubMed: 9242610]

15. Kuang AA, Diehl GE, Zhang J, Winoto A. FADD is required for DR4- and DR5-mediated
apoptosis: lack of trail-induced apoptosis in FADD-deficient mouse embryonic fibroblasts. J Biol
Chem. 2000; 275(33):25065-25068. [PubMed: 10862756]

16. Takeda K, Hayakawa Y, Smyth MJ, Kayagaki N, Yamaguchi N, Kakuta S, et al. Involvement of
tumor necrosis factor-related apoptosis-inducing ligand in surveillance of tumor metastasis by
liver natural killer cells. Nat Med. 2001; 7(1):94-100. [PubMed: 11135622]

17. Degli-Esposti MA, Dougall WC, Smolak PJ, Waugh JY, Smith CA, Goodwin RG. The novel
receptor TRAIL-R4 induces NF-kappaB and protects against TRAIL-mediated apoptosis, yet
retains an incomplete death domain. Immunity. 1997; 7(6):813-820. [PubMed: 9430226]

18. Emery JG, McDonnell P, Burke MB, Deen KC, Lyn S, Silverman C, et al. Osteoprotegerin is a
receptor for the cytotoxic ligand TRAIL. J Biol Chem. 1998; 273(23):14363-14367. [PubMed:
9603945]

Cancer Gene Ther. Author manuscript; available in PMC 2010 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jiménez et al.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 14

Nesterov A, Lu X, Johnson M, Miller GJ, Ivashchenko Y, Kraft AS. Elevated AKT activity
protects the prostate cancer cell line LNCaP from TRAIL-induced apoptosis. J Biol Chem. 2001;
276(14):10767-10774. [PubMed: 11278284]

Zhang L, Fang B. Mechanisms of resistance to TRAIL-induced apoptosis in cancer. Cancer Gene
Ther. 2005; 12(3):228-237. [PubMed: 15550937]

Voelkel-Johnson C, King DL, Norris JS. Resistance of prostate cancer cells to soluble TNF-related
apoptosis-inducing ligand (TRAIL/Apo2L) can be overcome by doxorubicin or adenoviral
delivery of full-length TRAIL. Cancer Gene Ther. 2002; 9(2):164-172. [PubMed: 11857034]

Shankar S, Chen X, Srivastava RK. Effects of sequential treatments with chemotherapeutic drugs
followed by TRAIL on prostate cancer in vitro and in vivo. Prostate. 2005; 62(2):165-186.
[PubMed: 15389801]

Shankar S, Singh TR, Srivastava RK. lonizing radiation enhances the therapeutic potential of
TRAIL in prostate cancer in vitro and in vivo: Intracellular mechanisms. Prostate. 2004; 61(1):35-
49. [PubMed: 15287092]

Walczak H, Miller RE, Ariail K, Gliniak B, Griffith TS, Kubin M, et al. Tumoricidal activity of
tumor necrosis factor-related apoptosis-inducing ligand in vivo. Nat Med. 1999; 5(2):157-163.
[PubMed: 9930862]

Ashkenazi A, Pai RC, Fong S, Leung S, Lawrence DA, Marsters SA, et al. Safety and antitumor
activity of recombinant soluble Apo2 ligand. The Journal of clinical investigation. 1999; 104(2):
155-162. [PubMed: 10411544]

Jo M, Kim TH, Seol DW, Esplen JE, Dorko K, Billiar TR, et al. Apoptosis induced in normal
human hepatocytes by tumor necrosis factor-related apoptosis-inducing ligand. Nat Med. 2000;
6(5):564-567. [PubMed: 10802713]

Lawrence D, Shahrokh Z, Marsters S, Achilles K, Shih D, Mounho B, et al. Differential hepatocyte
toxicity of recombinant Apo2L/TRAIL versions. Nat Med. 2001; 7(4):383-385. [PubMed:
11283636]

Lee SJ, Kim HS, Yu R, Lee K, Gardner TA, Jung C, et al. Novel prostate-specific promoter
derived from PSA and PSMA enhancers. Mol Ther. 2002; 6(3):415-421. [PubMed: 12231179]
He TC, Zhou S, da Costa LT, Yu J, Kinzler KW, Vogelstein B. A simplified system for generating
recombinant adenoviruses. Proc Natl Acad Sci U S A. 1998; 95(5):2509-2514. [PubMed:
9482916]

Fallaux FJ, Kranenburg O, Cramer SJ, Houweling A, Van Ormondt H, Hoeben RC, et al.
Characterization of 911: a new helper cell line for the titration and propagation of early region 1-
deleted adenoviral vectors. Hum Gene Ther. 1996; 7(2):215-222. [PubMed: 8788172]

Sramkoski RM, Pretlow TG 2nd, Giaconia JM, Pretlow TP, Schwartz S, Sy MS, et al. A new
human prostate carcinoma cell line, 22Rv1. In Vitro Cell Dev Biol Anim. 1999; 35(7):403-4009.
[PubMed: 10462204]

Horoszewicz JS, Leong SS, Kawinski E, Karr JP, Rosenthal H, Chu TM, et al. LNCaP model of
human prostatic carcinoma. Cancer Res. 1983; 43(4):1809-1818. [PubMed: 6831420]

Wu HC, Hsieh JT, Gleave ME, Brown NM, Pathak S, Chung LW. Derivation of androgen-
independent human LNCaP prostatic cancer cell sublines: role of bone stromal cells. Int J Cancer.
1994; 57(3):406-412. [PubMed: 8169003]

Kaighn ME, Narayan KS, Ohnuki Y, Lechner JF, Jones LW. Establishment and characterization of
a human prostatic carcinoma cell line (PC-3). Invest Urology. 1979; 17:16-23.

Stone KR, Mickey DD, Wunderli H, Mickey GH, Paulson DF. Isolation of a human prostate
carcinoma cell line (DU145). Int J Cancer. 1978; 21:274-281. [PubMed: 631930]

Li X, Zhang YP, Kim HS, Bae KH, Stantz KM, Lee SJ, et al. Gene Therapy for Prostate Cancer by
Controlling Adenovirus Ela and E4 Gene Expression with PSES Enhancer. Cancer Res. 2005;
65(5):1941-1951. [PubMed: 15753394]

Bruder JT, Appiah A, Kirkman WM 3rd, Chen P, Tian J, Reddy D, et al. Improved production of
adenovirus vectors expressing apoptotic transgenes. Hum Gene Ther. 2000; 11(1):139-149.
[PubMed: 10646646]

Griffith TS, Broghammer EL. Suppression of tumor growth following intralesional therapy with
TRAIL recombinant adenovirus. Mol Ther. 2001; 4(3):257-266. [PubMed: 11545617]

Cancer Gene Ther. Author manuscript; available in PMC 2010 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jiménez et al.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Page 15

Sova P, Ren XW, Ni S, Bernt KM, Mi J, Kiviat N, et al. A tumor-targeted and conditionally
replicating oncolytic adenovirus vector expressing TRAIL for treatment of liver metastases. Mol
Ther. 2004; 9(4):496-509. [PubMed: 15093180]

Hu B, Zhu H, Qiu S, Su 'Y, Ling W, Xiao W, et al. Enhanced TRAIL sensitivity by E1A expression
in human cancer and normal cell lines: inhibition by adenovirus E1B19K and E3 proteins.
Biochem Biophys Res Commun. 2004; 325(4):1153-1162. [PubMed: 15555548]

Bischoff JR, Kirn DH, Williams A, Heise C, Horn S, Muna M, et al. An adenovirus mutant that
replicates selectively in p53-deficient human tumor cells. Science. 1996; 274:373-376. [PubMed:
8832876]

Rothmann T, Hengstermann A, Whitaker NJ, Scheffner M, zur Hausen H. Replication of
ONYX-015, a potential anticancer adenovirus, is independent of p53 status in tumor cells. Journal
of virology. 1998; 72(12):9470-9478. [PubMed: 9811680]

Ganly I, Kirn D, Eckhardt G, Rodriguez GI, Soutar DS, Otto R, et al. A phase | study of Onyx-015,
an E1B attenuated adenovirus, administered intratumorally to patients with recurrent head and
neck cancer. Clin Cancer Res. 2000; 6(3):798-806. [PubMed: 10741699]

van Beusechem VW, van den Doel PB, Grill J, Pinedo HM, Gerritsen WR. Conditionally
replicative adenovirus expressing p53 exhibits enhanced oncolytic potency. Cancer Res. 2002;
62(21):6165-6171. [PubMed: 12414643]

Hallenbeck PL, Chang YN, Hay C, Golightly D, Stewart D, Lin J, et al. A novel tumor-specific
replication-restricted adenoviral vector for gene therapy of hepatocellular carcinoma. Hum Gene
Ther. 1999; 10(10):1721-1733. [PubMed: 10428217]

Matsubara S, Wada Y, Gardner TA, Egawa M, Park MS, Hsieh CL, et al. A conditional
replication-competent adenoviral vector, Ad-OC-E1a, to cotarget prostate cancer and bone stroma
in an experimental model of androgen-independent prostate cancer bone metastasis. Cancer Res.
2001; 61(16):6012-6019. [PubMed: 11507044]

Rodriguez R, Schuur ER, Lim HY, Henderson GA, Simons JW, Henderson DR. Prostate
attenuated replication competent adenovirus (ARCA) CN706: a selective cytotoxic for prostate-
specific antigen-positive prostate cancer cells. Cancer Res. 1997; 57(13):2559-2563. [PubMed:
9205053]

Yu DC, Chen Y, Seng M, Dilley J, Henderson DR. The addition of adenovirus type 5 region E3
enables calydon virus 787 to eliminate distant prostate tumor xenografts. Cancer Res. 1999;
59(17):4200-4203. [PubMed: 10485454]

Hsieh CL, Yang L, Miao L, Yeung F, Kao C, Yang H, et al. A Novel Targeting Modality to
Enhance Adenoviral Replication by Vitamin D(3) in Androgen-independent Human Prostate
Cancer Cells and Tumors. Cancer Res. 2002; 62(11):3084-3092. [PubMed: 12036918]

Mi J, Li ZY, Ni S, Steinwaerder D, Lieber A. Induced apoptosis supports spread of adenovirus
vectors in tumors. Hum Gene Ther. 2001; 12(10):1343-1352. [PubMed: 11440627]

Steinwaerder DS, Carlson CA, Otto DL, Li ZY, Ni S, Lieber A. Tumor-specific gene expression in
hepatic metastases by a replication-activated adenovirus vector. Nat Med. 2001; 7(2):240-243.
[PubMed: 11175857]

Qiu S, Ruan H, Pei Z, Hu B, Lan P, Wang J, et al. Combination of Targeting Gene-ViroTherapy
with 5-FU enhances antitumor efficacy in malignant colorectal carcinoma. J Interferon Cytokine
Res. 2004; 24(4):219-230. [PubMed: 15144568]

Dong F, Wang L, Davis JJ, Hu W, Zhang L, Guo W, et al. Eliminating established tumor in nu/nu
nude mice by a tumor necrosis factor-alpha-related apoptosis-inducing ligand-armed oncolytic
adenovirus. Clin Cancer Res. 2006; 12(17):5224-5230. [PubMed: 16951242]

Ren XW, Liang M, Meng X, Ye X, Ma H, Zhao Y, et al. A tumor-specific conditionally replicative
adenovirus vector expressing TRAIL for gene therapy of hepatocellular carcinoma. Cancer Gene
Ther. 2006; 13(2):159-168. [PubMed: 16082383]

Abreviations List

ADT

androgen deprivation therapy

Cancer Gene Ther. Author manuscript; available in PMC 2010 September 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Jiménez et al.

TNF
TRAIL
FADD
DISC
PSRCA
PSES
PSA
PSMA
PSME
RSV
CMV
HER
HDFa
EGFP
LDU

vp
FACS
P
mRFP
SQ
H&E
TUNEL
hTERT

Cancer Gene Ther. Author manuscript; available in PMC 2010 September 01.

tumor necrosis factor
TNF-related apoptosis-inducing ligand
Fas-associated death domain

death-inducing signaling complex

prostate-specific replication-competent adenovirus

prostate-specific enhancing sequence
prostate-specific antigen
prostate-specific membrane antigen
PSMA-enhancer

Rous sarcoma virus
cytomegalovirus

human embryonic retinoblast

adult human dermal fibroblast
enhanced green fluorescent protein
lethal dosesgq units

virus particles
fluorescence-activated cell sorting
prodidium iodide

monomeric red fluorescent protein
subcutaneous

Hematoxylin and Eosin

terminal dUTP nick-end labeling

human telomerase reverse transcriptase



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

IL

Jiménez et al.
A
ITR_W_ TRAL" _E1b
PSES o
B
&
& &
& &
R \&,& &
36 kDa —=—
-- Monomer
CWR22rv
Figure 1.

Full-Length

4

Events

Page 17

2.65 * 0.145%

h
S,

28.63 * 1.998% ***

 Ad-lU1
O Ad-u2

T
10

FL2-Height

o
10°

T0*

Characterization of Ad-1U2. A, genomic structure of Ad-1U2. TRAIL cDNA was cloned
into the left ITR under control of the bidirectional PSES enhancer. To avoid interference
with the adenoviral packaging sequence (y), Ela was placed at the right ITR under the
transcriptional control of PSES along with E4. Replication competent adenoviral control
vector, Ad-1U1 was constructed by replacing the PSES-TRAIL cassette with a PSES-HSV-
TK expression cassette (*). B, immunoblot confirming TRAIL expression in PSA/PSMA.-
positive CWR22rv cells following infection with 0.01 LDU/cell Ad-1U2 or transfection with
pORF-hTRAIL. No endogenous TRAIL expression was detected following infection with
Ad-ATATA-E1la. C, cell surface expression of TRAIL was confirmed in CWR22rv prostate
cancer cells following infection with Ad-1U2. Overlapping histograms for Ad-1U1 and Ad-

IU2 are depicted. *** = p<0.001.
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Figure 2.
Apoptosis induction by Ad-1U2. A, 0.01 LDU/cell Ad-1U2 induced 5-fold greater apoptosis

at 24 hours than the PSRCA control, Ad-1U1, specifically in PSA/PSMA-positive prostate
cancer cells. B, infection of TRAIL-resistant, PSA/PSMA-positive LNCaP cells with Ad-
U2 for 48 hours reversed resistance to TRAIL-mediated apoptosis, inducing apoptosis to
similar levels as in TRAIL-sensitive PSA/PSMA-positive prostate cancer cells. *** =
p<0.001.
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Figure 3.
Cytotoxicity of Ad-1U2 was specific to PSA/PSMA-positive prostate cancer cells. Crystal

violet killing curves for CWR22rv (A), C4-2 (B), LNCaP (C) and human dermal fibroblasts
(D). Cell killing was assayed once cytopathic effect was detected at 4 days (CWR22rv), 3
days (C4-2 and LNCaP) and 7 days post-infection (HDFa, cytopathic effect was not
detected). * = p<0.05, *** = p<0.001 difference between Ad-1U2 and Ad-E4PSESE1la.
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Figure 4.
Bystander effect of Ad-1U2. A, marked apoptosis was induced in mRFP-labeled PC-3 cells

co-cultured with CWR22rv cells 24 hours after infection with Ad-1U2. B, heat-inactivated,
apoptotic body-enriched conditioned media from Ad-1U2 infected CWR22rv cells induced
significant levels of apoptosis in PSA/PSMA-positive and -negative prostate cancer cells. C,
heat treatment of conditioned media was sufficient to inactivate adenovirus, as indicated by
a drastic reduction in GFP-positive CWR22rv cells following treatment with heat-
inactivated Ad-E4PSESE1a conditioned media. D, TRAIL was not cleaved from the surface
of Ad-1U2-infected CWR22rv cells and present in conditioned medium at physiologically
relevant concentrations. CWR22rv cells were infected with 0.01 LDU/cell Ad-1U2 for 48
hours, and cell lysate and conditioned medium (CM) were collected. Cell lysate, CM and
various concentrations of soluble rhTRAIL were separated by 12% SDS-PAGE and
immunoblotted with anti-human TRAIL antibody. *** = p<0.001, **** = p<0.0001.
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Figure 5.
Ad-1U2 suppressed the growth of androgen-independent human prostate tumors in athymic

mice. A, subcutaneous androgen-independent CWR22rv xenografts were established in
castrated male athymic mice and treated with intratumoral injections of PBS (vehicle
control, n = 5), Ad-1U1 (PSRCA control, n = 6) or Ad-1U2 (n = 9). Mean tumor volumes at
day 0 and study endpoints are listed. *** = p<0.001 (Ad-1U2 vs. Ad-1U1). B, fold tumor
growths for individual mice at the 6-week end-point. Histological appearance of harvested
tumors 6 weeks after treatment with PBS (C), Ad-1U1 (D) (large yellow arrows, necrotic
centers of oncolysis; small yellow arrows, patches of healthy tumor cells) or Ad-1U2 (E)
(large yellow arrows, necrotic centers of oncolysis; small yellow arrows, condensed nuclei)
(200x magnification). In situ TUNEL assay detected no apoptosis in tumors treated with
PBS (F) or Ad-1U1 (G) and marked apoptosis in tumors treated with Ad-1U2 (H).
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Table 1

Ad-1U2 replicated efficiently in and restricted to PSA/PSMA-positive prostate cancer cells. Replication assay
was performed in HER911E4 producer cells with viral supernatants collected from infected PSA/PSMA-
positive (CWR22rv, C4-2 and LNCaP) and PSA/PSMA-negative (PC-3 and DU-145) cells. LDsg was
calculated as the greatest viral dilution factor producing a cytopathic effect in at least 4 of 8 wells.
*Replication-deficient negative control. **Replication-competent negative control.

Input Dose (LDU) Output Viral Dose (LDsp)
Cell Line ATATA*  Ad-E4PSESEla** Ad-1U2
CWR22rv 1x10* 3.4x10? 3.7x10% 3.7 x108
C4-2 1x 104 7 x 10! 4x10° 4x10°
LNCaP 1x10% 7 x 10! 7x10° 3.7 x108
PC-3 1x10° 7 x 10t 4 x 10t 4 x 10t
DU-145 1x10° 7 x 10t 7x10t  7x10!
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