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Abstract

Juan Antonio Jiménez

ANTI-TUMOR AND RADIO-SENSITIZING PROPERTIES OF AD-IU2, A PROSTATE-

SPECIFIC REPLICATION-COMPETENT ADENOVIRUS ARMED WITH TRAIL

In this thesis, | investigated the preclinical utility and antitumor efficacy of
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, E1lb and E4, as well as
TRAIL by two bidirectional prostate-specific enhancing sequences (PSES),
expression of TRAIL as well as adenoviral replication was limited to prostate-
specific antigen and prostate-specific membrane antigen (PSA/PSMA)-
expressing cells. Ad-IU2 replicated efficiently in and was restricted to
PSA/PSMA-positive prostate cancer cells and induced 5-fold greater apoptosis in
androgen-independent CWR22rv and C4-2 prostate cancer cells than the
PSRCA control not expressing TRAIL. Ad-IU2 exhibited superior killing efficiency
in PSA/PSMA-positive prostate cancer cells at doses 5 to 8-fold lower than that
required by a non-TRAIL expressing PSRCA to produce a similar effect. This
enhanced cytotoxic effect was not observed in non-prostatic cells, however. As
an enhancement of its therapeutic efficacy, Ad-1U2 exerted a bystander effect
through either direct cell-to-cell contact or soluble factors present in conditioned
media from Ad-lU2-infected cells. In vivo, Ad-IU2, as compared to a control

PSRCA, markedly suppressed the growth of subcutaneous CWR22rv xenografts
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at six weeks post-treatment (3.1 vs. 17.1-fold growth of tumor). The treatment of
androgen-independent prostate cancer with Ad-lU2 prior to external beam
radiation therapy (EBRT) significantly reduced clonogenic survival with dose
reduction factors of 4.91 and 2.43 for CWR22rv and C4-2 cells, respectively.
Radio-sensitization by Ad-lU2 was restricted to PSA/PSMA-positive cells.
Combinatorial radio-gene therapy resulted in accumulation of cells in G; phase
and a perturbation of the radiation-induced G, phase arrest. This multi-modal
approach combining viral lysis, apoptosis-inducing gene therapy, and radiation
therapy could have great impact in achieving complete local tumor control while
reducing radiation dose and associated treatment morbidities. This would result

in improvement of the clinical outcome of patients with high risk prostate cancer.

Thomas A. Gardner, M.D., Chair
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Introduction

Clinical Significance of Prostate Cancer

In 2008, it is estimated that prostate cancer will account for the most new cancer
diagnoses, aside from skin cancer, at 186,320 men in the United States and will be the
second most common cause of cancer-specific mortality at 28,660 men. The incidence
of locally advanced or high risk prostate cancer has decreased since the advent of
prostate-specific antigen (PSA) screening; however 9% of newly diagnosed men will
present initially with locally advanced or metastatic disease (1). For American men, the
overall lifetime risk of developing clinically-detectable prostate cancer is 1 in 6; however,
post-mortem examination of men above the age of 80 reveals a prevalence of greater
than 80%, indicating that most men die with the disease rather than of prostate cancer.
In addition, microscopic foci of disease can be found incidentally in surgical specimens
from transurethral resections of the prostate for benign prostatic hyperplasia (BPH);
however, approximately 90% of these lesions remain sub-clinical throughout the entire
lifetime of the patient (2). The hallmarks of this disease include an initially indolent and
multi-focal cancer, temporary response to androgen depletion by growth suppression
and apoptosis, development of androgen-independent tumors and distant metastasis to
bone in late stages of the disease, resulting in the demise of the patient.

Significant risk factors for developing prostate cancer include age, race and
family history. Prostate cancer is rare in men below the age of 50, with an incidence of
only 1%. The risk of developing cancer of the prostate increases with advancing age,
from 20% in men in their fifties to 70% in men in their seventies (3). Drastic differences
in incidence occur among men of different races as well. Men of Asian descent in China
and Japan have an age-adjusted incidence of 2 and 9 per 100,000, respectively,
compared to 101 for whites in the United States. The greatest risk of developing
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prostate cancer and disease-specific mortality is among African-Americans, with an age-
adjusted incidence of 137 per 100,000 (4). Interestingly, when Japanese men immigrate
to the United States, their incidence of prostate cancer increases; however, not to the
extent of Caucasian-American men, implicating a role for environmental and lifestyle
factors. For example, obesity is associated with higher grade prostate cancer and local
or biochemical recurrence following radical prostatectomy (5, 6). Furthermore, a study
involving 46,786 men found that higher caloric intake was associated with increased risk
of metastatic prostate cancer and mortality, especially in young men and men with a
family history of prostate cancer (7). Higher risk of advanced prostate cancer was also
associated with diets high in red meat, saturated fats, dairy products and beer (8-11).
Heredity plays a major role in determining risk for the development of prostate cancer.
Nearly 10% of cases world-wide are attributable to inheritance, while the remainder
appear to be sporadic and influenced by other factors (12). Several autosomal dominant
and X-linked alleles have been identified through segregation analysis and linked to
prostate cancer risk. The best described susceptibility locus, hereditary prostate cancer
(HPC1) is found on the chromosomal region 1g24-25 (13). Polymorphic variations of the
gene encoding the androgen receptor (AR), specifically polyglutamic repeats (CAG),
have been described in which the length of the repeat is inversely proportional to AR
transcriptional activity (14, 15). Finally, certain polymorphisms of SRD5A2, the gene that
encodes 5- -reductase-2 which is responsible for activating androgens within the
prostate, have been shown to have increased enzymatic activity and linked to a 2-fold
increase in risk of prostate cancer and disease progression (16).

The majority of cases of adenocarcinoma of the prostate develop in the
peripheral zone, along the posterior aspect of the prostate, which is palpable on digital
rectal examination. Spread of the disease occurs by local extension beyond the capsule
into the seminal vesicles or the bladder neck. Hematogenous spread occurs primarily as
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osteoblastic lesions to the lumbar spine, femur and pelvis, although dissemination
occurs rarely to other organs, including the lungs and brain. Lymphatic spread often
precedes osseous metastases and occurs initially in the obturator fossa. Grading of
prostatic tumors is critical, as a correlation exists between high Gleason score and poor
prognosis (17). Tumors are graded on the basis of glandular pattern and differentiation
under low-power magnification and are given a score of 1 for well differentiated glands
or 5 for poor differentiation. Because prostatic adenocarcinoma is heterogeneous and
multi-focal, the Gleason score is comprised of the sum of the primary and secondary
patterns observed. Tumor staging is classified using the TNM system where T
represents the size of the primary tumor, N represents spread to lymph nodes, and M
represents evidence of metastatic spread. T stage ranges from 1 for tumors that cannot
be palpated and are incidental findings to 4 for tumors that have spread to adjacent
tissues beyond the seminal vesicles. Elevation of PSA can occur with cancer of the
prostate; however, this is not a cancer-specific marker, and other conditions such as
prostatitis and benign prostatic hyperplasia (BPH) can also elevate this serum marker.
Of greater prognostic utility is PSA velocity (rate of change in serum PSA values with
respect to time), which predicts the aggressiveness of the cancer (18), and PSA
doubling time, which is the best surrogate marker for survival in metastatic disease (19).

Historically, the extent of disease was established on clinical staging alone;
however, because most prostate cancer diagnosed today is nonpalpable, more
guantitative tests are performed to characterize tumors as low, intermediate or high risk
of treatment failure. High risk stratification criteria include patients with a single
parameter of cT3 disease, Gleason score >7, baseline PSA >20 ng/ml or pretreatment
PSA velocity >2 ng/ml per year (20). Although these criteria aid in clinical decision

making for the urologist, the management of prostate cancer remains challenging given



the fact that as many as 15% of men with prostate cancer-specific mortality (PCSM)

initially may have had low risk prognostic factors (21).

Molecular Pathogenesis of Prostate Cancer
Most prostate cancers are sporadic in nature and result from numerous somatic
mutations, DNA hypermethylations, chromosomal rearrangements and gene
amplifications. Accumulation of genomic insults is responsible for progression from
normal prostatic epithelium to high-grade prostatic intraepithelial neoplasia (PIN) to
malignancy, as outlined in Figure 1. Inflammation plays an early role in the development

of prostate cancer, especially high-grade PIN (22), and the reactive oxygen species
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produced by inflammatory cells cause both cellular and genomic damage. Glutathione
S-transferase (GST) is an enzyme produced within the prostate that protects cells
against oxidative DNA damage (23), and this house-keeping gene is inactivated in
greater than 90% of cases of PIN and tumors of the prostate by hypermethylation of
CpG islands within the promoter region of GSTP1 (24, 25). Loss of chromosome 8p21,
and specifically loss of the tumor suppressor gene NKX3.1, occurs early during the
progression from high-grade PIN to prostate cancer. This prostate-specific homeobox
gene is essential for normal prostate development (26) and represses activity of the PSA
promoter (27). Haploinsufficiency of NKX3.1 appears to be correlated to progression of
disease, as one study found NKX3.1 expression to be absent in 20% of PIN lesions, 6%
of Tla/b tumors, 22% of T3/4 samples, 34% of androgen-independent tumors and 78%
of cancer metastases (28). Recently, chromosomal translocations and gene fusions
have been identified involving ETV1 (7p21.2) and ERG (21g22.3), two members of the
erythroblastosis virus E26 transforming sequence (ETS) family of transcription factors,
and the 5’ untranslated region of the prostate-specific transmembrane protease serine 2
(TMPRSS2, 21922.2) (29). TMPRSS2:ETS fusions act as oncogenes, and because
TMPRSS?2 is induced by androgen stimulation, ETS genes are overexpressed in
prostate cancer, resulting in the progression from PIN and the ability to invade (30).
Another tumor suppressor associated with cancer progression is phosphatase and
tensin homologue (PTEN), whose somatic mutation was correlated with high grade and
stage of prostate cancer (31) and particularly with metastatic disease (32).

Finally, systemic disease is usually treated with androgen deprivation therapy
(ADT); however, despite an early response, most advanced tumors will progress to a
hormone-refractory state where cell proliferation occurs in the absence of androgens.
This occurs through somatic mutations in the gene for AR. Gene amplification allows
overexpression of AR, and thereby enhances the sensitivity of tumor cells to lower levels
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of circulating androgens (33). Also, somatic mutations within the ligand-binding domain
of AR allow constitutive activation or activation by estrogens and anti-androgens (34-36).
Treatment of androgen-independent metastatic prostate cancer remains challenging and

ultimately leads to poor outcomes.

Current Therapy for Locally Advanced Prostate Cance  r

In two large clinical studies, despite definitive treatment with radical
prostatectomy, at least 56% of patients with cT3 disease experienced biochemical
disease recurrence at 10 years, with the development of local and systemic disease
recurrence in 27% of patients (37, 38). In a study evaluating the benefit of postoperative
irradiation, the addition of adjuvant external beam radiation therapy (EBRT) significantly
decreased biochemical failure at 5 years to 26% vs. 47.4% compared to the surgery
alone group, and the rate of local failure decreased from 19% to 8.8%; however,
because follow-up was only for 5 years, no impact was observed on the rate of distant
metastasis formation or PCSM (39). Given that prostate cancer is dependent on
activated androgens and the AR for growth (40), 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.
Primary hormonal therapy involves surgical castration or medical castration with
gonadotropin-releasing hormone (GnRH) agonists such as leuprolide and AR
antagonists such as bicalutamide. Nearly all advanced prostate cancers will become
hormone refractory within 14 to 20 months of initiating ADT (41, 42), and secondary
hormonal therapy with ketoconazole and GnRH antagonists such as abarelix merely
provide palliation without survival benefit for this fatal disease phenotype. Most patients

die within 3 to 5 years of developing osseous metastases. 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.
EBRT for prostate cancer can take the form of electromagnetic (X-ray) or particle
(proton) beams focused directly onto the patient’s tumor. Regardless of the mode of
EBRT, its therapeutic effect may occur directly from ionization of DNA resulting in lethal
strand breakage or indirectly from the interaction between the oxygen radical species
produced and DNA or a perturbation of cellular homeostasis regulators which are
responsible for control of the cell cycle, DNA repair and apoptosis (43). EBRT can be
prescribed as definitive treatment for advanced prostate cancer, where a 70 to 80 Gy
total dose is administered to the prostate, seminal vesicles and pelvic lymph nodes in
1.8 to 2 Gy fractions, or as palliative treatment of vertebral osseous metastases that
compress the spinal cord, where a 30 Gy total dose is administered in 3 Gy fractions
(44). Multiple clinical studies have demonstrated that tumor eradication is directly
proportional to the dose of radiation given. Hanks et al recently reported significant
improvement in biochemical disease-free survival with EBRT dose escalation in high risk
patients with pretreatment serum PSA levels of 10 to 20 ng/ml. Patients receiving <71.5,
71.5 to 75.6 or >75.6 Gy experienced 19%, 31% and 84% biochemical free survival,
respectively at 8 years. Likewise, increased radiation dose enhanced freedom from
distant metastases in this patient population (45). These data confirmed the results from
a case-matched retrospective study in which a dose increase from 72 to >76 Gy for
patients with intermediate to high risk prostate cancer resulted in significant
improvement in biochemical disease-free survival, freedom from distant metastases and
PCSM (46). However, as the radiation dose is elevated, the incidence of moderate to
severe adverse effects also increases. Acute reactions are the result of damage to
rapidly dividing mucosal cells and include cystitis, hematuria, dysuria, nocturia (from
urinary flow obstruction due to an inflamed prostate), proctitis, diarrhea, rectal bleeding
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and tenesmus. Late or chronic reactions are caused by irreversible damage to slowly
proliferating cells such as fibroblasts and endothelial cells and include vascular damage,
fibrosis, urethral strictures, impotence, vesicorectal fistulas and spinal cord necrosis (in
the case of palliative irradiation) (47, 48). To overcome these adverse events, 3-
dimensional conformal radiation therapy (3D-CRT) was developed to accurately limit and
shape the radiation field to the target tissue through the use of image-guided beam
alignment. A further enhancement of this technology is intensity-modulated radiation
therapy (IMRT), where steep intensity gradients are created within the tumor by
modulating the intensity of the radiation beam within each field. Despite these
advancements, toxicity to adjacent tissues remains the dose-limiting factor resulting in
incomplete tumor eradication and poor clinical outcomes.

Clinical evidence supports the hypothesis that poor local control of the primary
tumor leads to the development of distant metastases, increased morbidity and ultimate
demise of the patient. Fuks et al. documented a 4-fold increase in the relative risk of
developing distant metastases in patients with local failure following pelvic lymph node
dissection and 1'* brachytherapy compared to the risk in patients without local failure.
The relationship between distant metastases and local control was seen regardless of
tumor stage or grade. The actuarial freedom from distant metastases at 15 years was
77% in the 351 patients with local control vs. 24% in 328 patients with local failure. Most
importantly, patients who developed distant metastases despite adequate local control,
failed sooner (37 months) than patients who experienced local recurrence (54 months).
These data suggest that distant metastases in patients with local control preexisted as
micrometastases prior to the initiation of therapy (49). In a larger study involving EBRT
without adjuvant ADT, local failure was independently and strongly associated with
distant failure. The 10-year freedom from distant metastases was 77% in the locally
controlled group vs. 61% in the local failure group. As in the previous study, the median
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time to distant metastasis detection was longer in patients with locally controlled disease
(54 months) as compared to patients with local failure (34 months). The initial hazard
rate of developing distant metastases was higher in patients with local failure (3.6% vs.
3.0%), suggesting that a more aggressive and malignant tumor may present with a
higher incidence of micrometastases at the time of diagnosis. However, the hazard rate
for the development of distant failure increased over time, while the risk of distant
metastases decreased in the locally controlled group (9.1% vs. 0.8% at 12 to 15 years),
supporting the theory that persistent local disease may embolize tumor cells to distant
sites (50). These studies provide evidence that early and complete eradication of all foci
of prostate cancer is necessary to achieve a long-term cure and reduce the need for
salvage ADT, which is associated with significant morbidity. Therefore, the combination
of a radiation sensitizer with EBRT will allow for RT dose reduction, resulting in less

acute toxicity and enhanced therapeutic efficacy, resulting in better patient outcomes.

The Development of Molecular Therapy for Prostate C  ancer

Gene Delivery Vectors

The antitumor effect of gene therapy for prostate cancer is achieved when a
therapeutic gene expression cassette is delivered directly to a target cancer cell by a
viral vector. The ideal vector would be specific for prostate cancer cells, have high
transduction efficiency and be nonmutagenic. Furthermore, a vector should be
inexpensive to produce and administer to the patient. Much research is underway to
improve the specificity, transduction efficiency, and safety of gene therapy vectors. The
route of administration of the therapeutic agent depends by and large on the vector
employed. At the present time, most prostate cancer gene therapy trials entail the
intralesional administration of the vector, which is quite suitable given the ease with
which to visualize the prostate using transrectal ultrasound (TRUS) and its convenient
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transrectal or transperineal access. Ultimately, the desired route of administration is
intravenous infusion of the vector. This approach would seek and destroy all foci of
cancer, regardless of their location; however, limiting factors include vector half-life,
immunologic clearing of the vector and the infection of non-target organs. Recent
improvements in prostate-specific promoter systems and viral targeting have allowed
this approach to be used in human prostate cancer clinical trials. The viral vectors
currently available for use in gene therapy clinical trials are listed in Table 1; however,
only adenoviral vectors will be discussed, as this is the viral vector currently under

development in our laboratory.

Table 1. Characteristics of vector systems commonly used for molecular therapy. This
table lists the key attributes of the vectors used previously in gene therapy clinical trials

for prostate cancer.

Adeno- Vaccinia
Adenovirus associated Retrovirus X
virus virus
Maximum insert size 10 -35kb 2.4/48kb 8 kb >30 kb
In vivo gene delivery High High Low High
Gene expression Transient Stable Stable Transient
Cell cycle dependent No No Yes No
Genome integration No Site-specific Random No
Immunoreactive Yes / No No No Yes

Adenovirus. The most commonly used viral vector in human gene therapy
clinical trials is adenovirus, a non-enveloped, icosahedral virus containing a double-
stranded linear DNA genome 36 kb in size. This non-integrating virus has a wide safety
profile and is advantageous over many vectors in part due to its ability to carry a large

insert and infect any cell, regardless of its cell cycle status. In addition, its genome is
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easily manipulated in the laboratory, and it is readily produced in high titers with
relatively minimal expense. Early-generation adenoviral vectors induced strong innate
and adaptive immune responses, thereby limiting their gene delivery potential (51).
Furthermore, it has been shown that nearly all humans have developed humoral
immunity to adenovirus due to previous exposure; however, only 55% of the detected
immunoglobulins are neutralizing antibodies (52). Recently, adenoviral vectors have
been modified to reduce immunogenicity, reinstating their hope for clinical utility (53).
The adenoviral genome, as depicted in Figure 2, is flanked on both ends by short
inverted terminal repeats (ITRs) which contain identical origins of replication. Near the 5’
end is a short packaging signal ( ) which is required for proper association of the viral
genome with the capsid proteins (54). Its transcription units are divided into two groups,

early and late genes. The viral genome carries six early units (Ela, E1lb, E2, E3 and
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Figure 2. Organization of the adenoviral genome. Adenovirus contains a double-
stranded genome that is 36 kb in length. Transcription occurs from both ITRs and uses
alternative splicing to take advantage of overlapping sequences. This transcription map
depicts the early adenoviral transcription units with thin arrows, late transcripts in heavy
arrows, and delayed mRNAs in italics. Encoded within the E3 region and under the
control of the major late promoter is a late transcript which includes adenovirus death
protein (ADP). Map units are indicated by the hashes. Products of the late transcripts

contribute to the structure of adenovirus.
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E4), two delayed early units (IVa2 and IX), and two late units, one that is processed into
five mRNAs (L1-L5) and one in the E3 region that is controlled by the major late
promoter (MLP). In addition, either one or two copies of virus-associated (VA) genes are
encoded and transcribed by RNA polymerase Ill. As shown in Figure 2, the transcription
of adenoviral genes occurs from both strands and uses alternative splicing and multiple
poly(A) sequences.

Ela is the first sequence transcribed in the adenoviral genome. Controlled by a
constitutively active promoter, the Ela transcription unit encodes up to five polypeptides,
of which only two, Ela 12S and Ela 13S, have known functions. Ela proteins
transactivate the promoters of other adenoviral genes (55). Expression of Ela is critical
to the virus. In fact, deletion of the E1 region of the genome results in a replication-
deficient adenovirus (56). Ela proteins also stimulate viral DNA synthesis by preventing
G, arrest and advancing the host cell into S-phase. This is accomplished by binding
pRB and releasing the associated transcription factor E2F (57), antagonizing the cyclin-
dependent kinase inhibitory protein p27,,: (58), or inhibiting the transactivation of p53 by
p300/CBP (59). Furthermore, Ela proteins induce apoptosis of infected cells through
p53-dependent and p53-independent pathways (59), both of which are blocked through
the action of E1b proteins (60). Acting in concert, E1b and E4 proteins shut-down host
cell protein synthesis by blocking the cytoplasmic accumulation of cellular mRNAs, while
stabilizing and exporting viral mRNAs from the nucleus to the cytoplasm (61, 62).
Although adenovirus is not responsible for human malignancies, the products of the Ela,
Elb and E4 genes transform cells in vitro (63); however, Ad5, the adenoviral serotype
used mostly in prostate cancer gene therapy belongs to a non-oncogenic subgroup.
Viral DNA synthesis occurs as E2 gene products accumulate. The E2 region encodes a
DNA polymerase that is essential for viral DNA replication (64) and the terminal protein
(TP) which is covalently bound to the 5’ ends of the viral chromosome and serves as a
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primer for DNA synthesis (65). The expression of E3 is not essential for viral replication;
however, it protects virally infected cells from lysis by cytotoxic T-lymphocytes (CTLs) by
downregulating the expression of MHC class | antigen (66) and Fas receptor (67) on the
infected cell surface. Further protection from the body’s antiviral defense system is
provided by VA RNA which forms a hairpin-loop structure and inhibits the activation of
interferon-induced RNA-dependent protein kinase (PKR) (68).

Late gene products include ten structural proteins, of which seven (ll, 111, llla, 1V,
VI, VIl and IX) form the capsid and two (V and VII) are involved with the DNA-containing
core. Figure 3 depicts the structure of the adenovirus particle. The most abundant
protein on the capsid surface is the trimeric hexon (Il), whose assembly requires the
assistance of the L4 100-kd scaffold protein (69). Neutralizing antibodies to the capsid

Il (entonbase) Figure 3. Structure of the adenoviral
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are formed against surface loops of the hexon structure. Polypeptides llla, VI, VIl and
IX stabilize the hexon capsid structure and form a bridge with the adjacent core proteins.
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The penton base (lIl) forms at the twelve vertices of the capsid structure, with a trimeric
fiber and distal knob (IV) projecting from each base. Together, polypeptides Il and IV
form the penton complex and mediate host cell binding. Initially, the knob domain of
polypeptide IV binds to its cellular receptor, the coxsackie and adenovirus receptor
(CAR) (70), followed by binding of an arg-gly-asp (RGD) motif in the penton to , 3 and

v 5 integrins on the cell surface, stimulating internalization (71). The E3 region
encodes one late protein called adenovirus death protein (ADP) which is controlled by
the major late promoter and is responsible for cell lysis and release of viral progeny (72).
Recently, vectors have been constructed that overexpress ADP, leading to enhanced
viral spread and oncolysis (73).

While the majority of prostate cancer cells upregulate CAR expression (74),
actual tumors may vary in adenoviral susceptibility. For this reason, efforts have been
made to retarget the virus, thereby enhancing its ability to infect prostate cells.
Furthermore, the retargeting of adenovirus has narrowed its expansive tropism, allowing
for safer systemic delivery without infection of non-target tissues such as liver and
respiratory epithelium. Early studies in adenoviral retargeting employed bispecific
antibodies which cross-linked the virus to alternative cellular receptors (75, 76). This
has been applied to prostate cancer with a bifunctional antibody to the adenoviral fiber
knob and prostate-specific membrane antigen (PSMA) (77). Perhaps a more clinically
feasible approach to prostate-specific retargeting of adenovirus is the genetic
modification of the fiber knob. Cell-binding peptides have been displayed on the
carboxyl terminus of the fiber knob (78); however, this approach is unfavorable due to
size constraints and structural hindrance. Larger peptides can be incorporated into the
HI loop of the fiber knob without structural consequences (79). Lupold et al. identified
two candidates for prostate-targeting peptides by phage display library which bind to
PSMA (80); however, there exist no reports of its use for the transductional targeting of
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adenovirus. A final approach to the retargeting of adenovirus was devised by
Shayakhmetov et al. in which the Ad5 fiber was replaced by the short-shafted Ad35 fiber
(81). This chimeric Ad5/35 uses CD46 as its cellular receptor (82) which is upregulated
on the surface of many cancer cells. Most importantly, systemic administration of these
vectors does not result in hepatic infection, and Ad5/35 has demonstrated prostate
cancer tropism (83). In combination with transcriptional targeting, the transductional
retargeting and detargeting of adenoviral vectors will increase the safety and efficacy of

systemically-delivered molecular therapies for prostate cancer.

Gutless adenovirus.  Although adenoviral vectors are attractive gene transfer
agents, the presence of adenoviral genes within infected cells triggers an adaptive
cellular immune response which produces cytotoxic T lymphocytes (CTLs), resulting in
the elimination of transduced cells and shorter transgene expression (84). To overcome
this, gutless or helper-dependent adenoviral vectors were developed. These high-
capacity vectors (up to 36 kb insert size) are devoid of all adenoviral coding sequences,
resulting in little to no CTL immune response and long-term transgene expression.
Therefore, this vector serves best for corrective gene therapy, immunotherapy and the
delivery of anti-angiogenic factors. Because gutless vectors only retain the 5’ and 3
ITRs and the packaging signal, genomic space not occupied by the therapeutic
expression cassette must be filled with stuffer DNA from human introns and non-coding
sequences (85, 86). To allow for gutless adenoviral genome replication, capsid
formation and packaging, wild-type proteins must be provided in trans by co-infection of
packaging cells with both a gutless and helper adenovirus. However, the packaging
efficiency of the helper virus must be reduced to prevent contamination of the gutless
vector sample with replication-competent adenovirus. This was achieved by Parks et al.
through the use of a packaging signal flanked by two loxP sequences. When amplified
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in 293Cre cells, a packaging cell line that expresses the Cre recombinase, the
packaging sequence is excised, preventing encapsidation of the helper genome (87).
Employing this system, contamination levels of 0.1 to 10% are achieved, which is not
acceptable for clinical applications. One possible mechanism for such a high level of
contamination is homologous recombination between the helper vector and adenoviral
E1l sequences in HEK293 cells. To circumvent this, PER.C6 packaging cells, in which
no recombination occurs, can be used for co-infection to achieve contamination levels
under 1% (88). Currently, due to multiple and tedious vector co-infections, large-scale
gutless virus production efficiency is limited. This must be improved before helper-

dependent vectors can be widely deployed for therapeutic applications.

Adeno-associated virus. Adeno-associated virus (AAV), a member of the
parvovirus family, is a small single-stranded DNA virus that is dependent on a helper
virus, such as adenovirus, for replication. AAV is an attractive vector for gene therapy
because it elicits nearly no immune response, is known to cause no disease in humans,
and integrates stably and site-specifically in a region on chromosome 19 (89). The
genome consists of two ITRs, which encode a packaging signal and the origin of
replication, and two genes, rep and cap. Cap encodes the viral capsid proteins while rep
encodes four products of alternative splicing, Rep40, Rep52, Rep68 and Rep78, of
which only Rep68 or Rep78 are necessary for replication and site-specific integration
(90). Recombinant AAV vectors are made by deleting rep and cap and inserting ~4.7 kb
of therapeutic DNA; however, it has been observed that deletion of rep results in non-
specific integration of the virus (91). Nonetheless, the majority of AAV vectors used
today are rep-deleted. Recombinant AAV is produced in HEK293 cells by co-
transfecting a plasmid containing the therapeutic DNA cloned between two ITRs and a
plasmid containing the rep and cap genes. Subsequently, the cells are infected with
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adenovirus or transfected with a plasmid containing the adenoviral genes required for
AAV replication (92). Recently, methods have been devised to produce higher AAV
titers, necessary for large-scale production for gene therapy applications (93). Following
infection, the rate-limiting step in gene expression appears to be the synthesis of the
second strand (94). This has been overcome by the recent development of self-
complementary, double-stranded AAV vectors which carry half the insert size of the
single-stranded virus (95). Similar to adenovirus, peptides can be inserted into the AAV
capsid to retarget the vector specifically to receptors on the surface of prostate cancer
cells (96). To achieve site-specific integration of a transgene with the targeting capability
of an adenoviral vector, Recchia et al. developed a hybrid Ad/AAV vector which carries a
drug-inducible rep expression cassette and a transgene cassette flanked by two AAV
ITRs. Site-specific integration of the ITR-flanked transgene cassette was observed in a

rep-dependent fashion (97).

Prostate- and Tumor-Specific Promoters

Recently, much effort has been made to develop tissue-specific delivery systems
that reduce the risk of harming the patient. Several studies have demonstrated the
importance of tissue-specific vectors, revealing systemic toxicity with the administration
of high doses of nonspecific vectors (98, 99). Viral vectors with broad tropisms can
transduce any cell in the body, provided that the cell expresses the correct receptor for
the virus. Through the use of tissue-specific promoters and enhancers, the expression
of a therapeutic gene can be limited to prostate cells. To date, several prostate-specific
genes have been identified and their promoters have been well characterized. Because
no promoter is prostate cancer-specific, the entire prostate epithelium is susceptible;
however, this poses no risk, as the prostate is a nhon-vital organ in the post-reproductive
population.
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Prostate-specific antigen promoter. PSA is released into the bloodstream
when the prostatic basement membrane is compromised, such as occurs in prostate
cancer and therefore is used as a sensitive serum marker for the diagnosis and
progression of prostate cancer (100). PSA, a serine protease, is encoded by the human
kallikrein-3 (hK3) gene (101). PSA expression is AR-dependent, and its transcript levels
are significantly reduced in the absence of androgen (102). AR regulates PSA
expression by binding to a 440 bp androgen-responsive enhancer core (ARECc) in the
upstream 5’ flanking region of the PSA gene (103, 104). In vitro experiments have
confirmed the tissue-specificity and androgen-dependency of this promoter (105). In
addition, this promoter has been used in multiple gene therapy studies (106, 107).
Although this promoter confers high tissue-specificity, its utility in men undergoing
androgen ablation therapy is limited. To circumvent this problem, Gotoh et al.
characterized the long (5,837 bp) PSA promoter as less dependent on androgen and
therefore, more active than the short (631 bp) PSA promoter in the absence of androgen
(106). Two cis-acting elements within the long PSA promoter, a 440 bp AREc and a 150
bp pN/H androgen-independent positive regulator, are responsible for this androgen-
independent activity. A chimeric promoter with three-fold higher activity than the native
PSA promoter has been produced by juxtaposing both elements (108). Further attempts
to enhance the activity while retaining the specificity of the PSA promoter in adenoviral
vectors include duplication of the AREc, which led to a twenty-fold increase (109) or
tandem duplication of the PSA promoter, which led to a fifty-fold increase above basal

promoter activity (110).

Prostate-specific membrane antigen promoter. PSMA was discovered by
Horoszewicz et al. by a monoclonal antibody produced in mice immunized with cell
membranes from LNCaP cells (111). PSMA is a type Il integral membrane glycoprotein
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with folate hydrolase (112), N-acetylated alpha-linked acidic dipeptidase (113) and
glutamate carboxypeptidase (114) activities. PSMA is expressed predominantly in
prostate tissue and tumor neovasculature, with low levels detected in the gastrointestinal
tract, salivary glands, kidney and brain (115). Its expression is elevated higher in
prostate cancer than in benign hyperplastic or normal prostate epithelium (116). In
addition, serum PSMA levels are highest in patients with metastatic disease, suggesting
enhanced PSMA expression as prostate cancer progresses (117). Unlike PSA, PSMA
expression is upregulated under androgen-depleted conditions (118). A 1.2 kb PSMA
promoter has been identified with high promoter activity (119); however, significant non-
specific activity in PSMA-negative cells limits its clinical usefulness as a gene therapy
promoter. Recently, the PSMA enhancer (PSME) was discovered within the third intron
of the PSMA gene, FOLH1 (120). Lee et al. have demonstrated PSMA activity mediated
by NFATc1 cooperatively binding at the AP-3 site within PSME (121). PSME has been
used to transcriptionally target suicide (122) and oncolytic (123) gene therapies for

prostate cancer under low androgen levels.

Prostate-specific enhancing sequence. To achieve the highest transcriptional
activity with strong prostate-specificity, Lee et al. developed a novel chimeric promoter,
called PSES, under the hypothesis that AREc and PSME could function synergistically in
any androgen environment. Through deletion and linker scan mutagenesis, the main
prostate-specific enhancer activities of the PSA AREc and PSME were located in a 189
bp region called AREc3 and a 331 bp region called PSME(del2), respectively. PSES
was developed by combining both AREc3 and PSME(del2) and placing AREc3
upstream from PSME(del2). AREc3 contains six GATA transcription factor binding sites
and three AR binding sites, leading to high enhancer activity once surrounding silencer
regions were deleted. PSME(del2) contains eight AP-1 and three AP-3 binding sites

19



acting as positive regulators in the absence of androgen and a downstream deletion of
an Alu transcription-silencing repeat. PSES showed significantly stronger transcriptional
activity than either AREc3 or PSME(del2) alone in the presence or absence of androgen.
Furthermore, PSES demonstrated five-fold higher activity than universal promoter RSV
and activity equal to CMV promoter. In vitro studies revealed that PSES is active in
several PSA- and PSMA-positive prostate cancer cell lines, but not in PSA- and PSMA-
negative prostate cells or non-prostate cell lines (124). Due to its small size, high level
of tissue-specificity, and strong promoter activity regardless of androgen status, PSES is

an ideal promoter for use in prostate cancer gene therapy.

Osteocalcin promoter.  Osteocalcin (OC) is a highly conserved bone gamma-
carboxyglutamic acid protein (BGP) that has been shown to be transcriptionally
regulated by 1,25-dihydroxyvitamin D3 (125). This noncollagenous bone protein
constitutes 1-2% of the total protein in bone, and its expression is limited to differentiated
osteoblasts and osteotropic tumors, especially primary and metastatic prostate cancer
(126). The osteoblastic nature of osseous prostate cancer metastases is well
characterized (127), and the mechanism is believed to be via its osteomimetic
properties, specifically its ability to express bone-related proteins such as OC (128). The
human OC promoter contains numerous regulatory elements including a vitamin D-
responsive element (VDRE), making it inducible by vitamin D3 administration (129, 130),
a glucocorticoid-response element (GRE), an AP-1 binding site (131), and an AML-1
binding site which has been shown to be responsible for 75% of OC expression (132).
The OC promoter retained its tissue-specificity in a recombinant OC promoter-driven
herpes simplex virus-thymidine kinase (HSV-TK)-expressing adenoviral vector. Ko et al.
developed a gene therapy for osteosarcoma in which co-administration of Ad-OC-TK
and acyclovir (ACV) resulted in osteoblast-specific cell toxicity (133). A similar strategy
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was developed for the intralesional injection of Ad-OC-TK to osseous prostate cancer
metastases followed by administration of valacyclovir (VAL). In phase | clinical trials,
this therapy induced apoptosis in every lesion treated, without serious adverse effects to

the patients (134, 135).

Human telomerase promoter.  Telomeres are tandem repeat structures found
at the termini of chromosomes that maintain chromosomal integrity by preventing DNA
rearrangements, degradation and end-to-end fusions. In most normal somatic cells, the
telomeric cap is shortened with each cycle of DNA replication and cell division. When
telomeres shorten to a critical length, cells progress toward irreversible arrest of growth
and cellular senescence (136). In contrast, tumor cells have evolved a means to prevent
telomere shortening through the activation of the catalytic component of human
telomerase reverse transcriptase (hTERT) (137). The hTERT promoter region has been
cloned and characterized, and contains a high GC content. Unlike most promoters, it
does not contain TATA or CAAT boxes (138). Importantly, the hTERT promoter is active
in most cancer cells including prostate cancer (139) and inactive in most normal cells,
thereby providing a unique approach to specifically targeting cancer cells. Promising
results have been reported using the hTERT promoter to deliver TRAIL (140) and Bax
(141), inducers of apoptosis, to prostate cancer cells. Recently, the hTERT promoter
was used to control adenoviral genes Ela and E1lb to control the replication of an
oncolytic Adenovirus in a tumor-specific manner. This virus replicated efficiently in and
killed a broad spectrum of cancer cells without harming normal human cells lacking
telomerase activity (142). Clinical use of this promoter may be limited, however, to local
intralesional gene therapy, because systemic delivery of an hTERT virus could have

toxic effects on normal proliferating cells and stem cells, in which telomerase is active.
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Current Gene Therapy Approaches for Advanced Prosta  te Cancer

The ideal therapy for hormone-refractory prostate cancer would be one that Kills
cancer cells, but spares normal cells. This therapy would have limited toxicities,
increase survival, and enhance the quality of life of men afflicted with prostate cancer.
Due to its prior success in clinical studies, gene therapy promises to answer these
challenges. While locally advanced prostate cancer can cause much suffering, mortality
is usually secondary to the inability to inhibit metastatic spread. Lack of successful
conventional therapies for locally advanced and metastatic prostate cancer makes this
patient population an excellent candidate for gene therapy. Of course, as with most
therapies, the ability to treat men with low volume disease should enhance the success
of the therapy.

Over the past decade, four categories of gene therapy approaches for prostate
cancer have emerged: corrective gene therapy, oncolytic viral therapy, cytotoxic gene
therapy and immunotherapy. Each molecular therapy has a strong foundation of
preclinical data allowing for the approval of several clinical studies. Currently, 88 gene
transfer protocols registered with the Office of Biotechnology Activities (OBA) are
targeted against prostate cancer. This accounts for 15% of all cancer gene therapy
protocols listed to date (143). Table 2 summarizes the approaches registered with the

OBA and the Recombinant DNA Advisory Committee (RAC).

Corrective Gene Therapy

This approach repairs inherited or acquired genetic defects that give the cancer a
survival advantage such as those affecting tumor suppressors or growth-promoting
oncogenes. These mutations affect the regulation of the cell growth cycle and are
among the multiple mutations that occur in the pathogenesis and progression of prostate
cancer. Correction of a single genetic insult, however, may not be sufficient to change
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Table 2. Current approaches for prostate cancer gene therapy clinical trials. This list

includes all clinical trials listed on the Office of Biologic Activities (OBA) protocol list as of

February 29, 2008 (143).

Strategy

Vector

Transgene

Corrective

Cytoreductive
(suicide)

(oncolytic)

Immunotherapy

Adenovirus

Retrovirus

Adenovirus

Adenovirus

AAV
Adenovirus

Liposome

Retrovirus

RNA

Vaccinia

p16
p53
c-myc antisense

CD/HSV-TK
HSV-TK

NIS

TRAIL

OC promoter
PSA promoter

GM-CSF
IL-12
INF-
MUC-1/CD40L
p501
PSA
PSMA
PTVP-1
hTERT/lg heavy chain
IL-2
Prostatic acid phosphatase (PAP)
PSA
PSMA
(1,3) galactosyltransferase
GM-CSF
HPV-E6
hTERT
PSA
Tumor RNA
5T4
MUC-1/IL-2
PSA
PSA/B7.1
PSA/B7.1/ICAM-1/LFA-3
PSA/B7.1/ICAM-1/LFA-3/GM-CSF
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the cell phenotype. Nevertheless, in vivo correction of single gene defects have shown

success in several preclinical and clinical studies.

p53. Tumor suppressor p53 is referred to as the molecular gatekeeper,
protecting the integrity of the genome (144). When cellular DNA damage occurs, wild
type p53 is activated and stimulates the expression of GADD45 (growth arrest and DNA
damage-induced gene) and the cyclin-dependent kinase (CDK) inhibitor, p21. p21
inhibits the CDK-cyclin D complex required to phosphorylate Rb, thereby halting the cell
at the G,/S checkpoint to allow for DNA repair. If GADD45-mediated DNA repair is
unsuccessful, p53 activates bax which mediates apoptosis (145). p53 mutations occur
in approximately one third of early prostate cancers (146), and this increases in patients
with advanced and metastatic disease (147). Replacement of wild-type p53 with
recombinant adenoviral vectors (Ad-p53) resulted in growth inhibition and induction of
apoptosis in prostate cancer both in vitro (148, 149) and in vivo (149, 150). In addition,
intratumoral administration of Ad-p53 has been shown to slow the progression of
localized prostate cancer to metastatic disease (151). Hernandez et al. described a
natural variant of p53, p53(R172L), in which an arginine-to-leucine mutation at codon
172 confered stronger protection against malignancy. When introduced into a
transgenic adenocarcinoma of the mouse prostate (TRAMP) model, higher levels of bax
were detected in addition to a lower incidence and reduced rate of prostate cancer
growth (152). Perhaps the most powerful use of p53 replacement is in combination with
conventional therapies. Ad-p53 has been shown to sensitize prostate cancer cells in
vitro and in vivo to DNA-damaging drugs such as cisplatin, doxorubicin, 5-fluorouracil (5-
FU), methotrexate and etoposide (153). Similarly, correction of p53 mutations with
adenoviral vectors sensitized radio-resistant prostate cancer cells to radiation in vitro
(154, 155). Cowen et al. described an additive effect when orthotopic LNCaP mouse
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xenografts were treated with both Ad-p53 and radiation therapy (156). Phase I/Il clinical

trials are ongoing to determine the safety of such therapies (157, 158).

Murine double minute clone 2. A key regulator of p53 is the oncoprotein
murine double minute clone 2 (mdmz2). It binds to the native tetrameric form of p53 to
inactivate its transcriptional function (159) or to promote the ubiquitination (160) and
degradation (161) of p53. Mdm2 primarily binds to p53 in the N-terminal transactivation
domain, overlapping the p300 and TAF binding sites (162). Overexpression of mdmz2 in
prostate cancer is associated with more aggressive tumors, increased cell proliferation,
and larger tumor volumes (163). Zhang et al. developed second-generation antisense
oligonucleotides against mdmz2 to target the degradation of mdm2 mRNA. This led to
decreased proliferation, increased apoptosis, and sensitization to paclitaxel in LNCaP,
PC-3 and DU-145 cell lines in addition to chemosensitization and growth suppression in
LNCAP and PC-3 xenografts (164). As expected, antisense mdm2 sensitized prostate
cancer cell lines and xenografts to radiation therapy (165, 166). Interestingly, the
delivery of antisense mdm2 to LNCaP cells restored the apoptotic response to androgen
deprivation (167). The addition of antisense mdm2 to existing p53 corrective gene
therapy may enhance the antitumor effect and further sensitize prostate cancer to

conventional therapies.

Phosphatase and tensin homologue. PTEN is a tumor suppressor with
plasma membrane lipid phosphatase activity. Its primary function is to remove the 3’
phosphate on phosphatidylinositol (3,4,5)-triphosphate (PIP3) in the phosphatidylinositol
signaling cascade. Upon growth factor stimulation, phosphoinositide 3-kinase (PI3K)
phosphorylates phosphatidylinositol (3,4)-bisphosphate (PIP2), generating PIP3 which
transmits growth and survival signals. By regenerating PIP2, PTEN reverses the PI3K

25



signal (168). Loss of PTEN occurs in 20% of prostate tumors and is associated with
higher Gleason score and advanced stage cancer (31). PTEN loss also leads to altered
cell cycle regulation (169), increased cellular invasion (170), enhanced cell survival
(171), and stimulation of angiogenesis (172). Davies et al. demonstrated the inhibition of
cell cycle progression in PC-3 cells infected with Ad-PTEN. Intratumoral injection of Ad-
PTEN into orthotopic PC-3 tumors did not result in tumor growth inhibition; however, it
suppressed metastasis formation (173). In Bcl-2 overexpressing PC-3 and LNCaP
prostate cancer cell lines, Ad-PTEN sensitized cells to radiation therapy and induced a
G./M cell cycle arrest (174). Similarly, Ad-PTEN sensitized PC-3 and DU-145 cells to

doxorubicin treatment (175).

Oncolytic Viral Therapy

Safety concerns of nonspecific viral replication in immune-compromised cancer
patients limited the early clinical trials to the use of replication-deficient adenoviral
vectors; however, previous studies have shown that the replication of adenovirus within
a cell is sufficient to kill prostate cancer cells (176). By placing adenoviral early genes
under the control of prostate-specific promoters, viral replication can be limited to
prostate cells. This strategy allows the viral vector to propagate from a limited number of
infected cells to the whole tumor mass, overcoming the problem of inadequate in vivo

infectivity. This local viral amplification limits the number of injections required.

ONYX-015. The first tumor-specific oncolytic adenovirus, named ONYX-015,
was developed by Bischoff et al. to replicate specifically in p53-deficient cells, a mutation
common to several cancers. Tumor-specificity was achieved by deleting the adenoviral
E1lb-55K gene, whose gene product binds to and inactivates p53, enabling infected cells
to enter S-phase and promote viral replication. Theoretically, normal cells would not be
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permissive to ONYX-015 replication. Originally, this virus was reported to demonstrate
mutant p53-dependent replication (177), effective tumor regression following
intratumoral or systemic injection in several nude mouse xenograft models including
colon, cervical and laryngeal carcinomas (178, 179), and augmentation of tumor Killing
with co-administration of chemotherapeutic agents such as cisplatin and 5-fluorouracil
(178). To date, ONYX-015 has been tested in sixteen phase | and Il clinical trials for
multiple malignancies including head and neck carcinoma, pancreatic cancer, ovarian
cancer, colorectal cancer, hepatobiliary cancer, gastric cancer and gliomas. In these
trials, no dose-limiting toxicities were observed; however, only modest to no objective
responses were achieved (180-186). Although the virus has been shown clinically not to
destroy normal tissues (187), several groups have reported that ONYX-015 replication is
independent of p53 status (188-190). Recently, O’Shea et al. reported that the tumor-
specific replication of ONYX-015 is due to differential late viral mRNA export in
malignant cells rather than the cell's p53 status (191). Despite the conflicting reports,
ONYX-015 appears to favor viral replication in malignant cells over normal cells. The
clinical utility of ONYX-015 for prostate cancer has not been tested, but prostate cancer

gene therapy vectors with similar E1b-55K deletions have been developed (192).

Calydon virus 706 and 787. The first prostate-specific replication-competent
adenovirus (PSRCA) was developed by Rodriguez et al. Calydon virus (CV706) was
engineered by placing the adenoviral E1la gene under the control of the minimal PSA
promoter and enhancer sequences. In vitro, Ela expression was limited to PSA-positive
LNCaP cells. Furthermore, in vivo analysis demonstrated the powerful antitumor
efficacy of the virus against LNCaP mouse xenografts (193). When combined with
radiation therapy, a significant synergistic effect was demonstrated both in vitro and in
vivo in LNCaP xenograft models (194). CV706 was the first PSRCA tested in a human
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gene therapy clinical trial. The virus was found to be safe, as the maximum tolerable
dose was not reached, and a drop in serum PSA greater than 50% was demonstrated in
patients treated with the highest doses of CV706 (194). Yu et al. developed CV787, a
PSRCA with higher killing efficiency than CV706. This virus retains the entire adenoviral
E3 region, which enhances the virus’ oncolytic effect. In addition, two promoters drive
the expression adenoviral early genes. Ela is under the control of the prostate-specific
rat probasin promoter, and Elb is controlled by the human PSA promoter/enhancer.
This virus replicated as efficiently as wild-type adenovirus and eliminated LNCaP
xenograft tumors via tail vein injection (195). Further in vivo analysis revealed a
synergistic enhancement of CV787 with both radiation therapy (196) and
chemotherapeutic agents such as paclitaxel or docetaxel (197). Results from ongoing
CV787 clinical studies are pending. Although CV706 and CV787 promise success in
combination with conventional therapies, the androgen-dependency of the promoter

systems used may limit their success.

Ad-OC-Ela and Ad-hOC-E1. Matsubara et al. developed a PSRCA using the
mouse OC promoter to restrict the expression of Ela to prostate epithelia and its
supporting bone stroma in osseous metastases of prostate cancer. This virus, named
Ad-OC-E1la, appears to be more effective than a PSA-controlled virus at killing a broader
spectrum of prostate cancer cells including LNCaP, C4-2, and ARCaP (PSA-positive) as
well as PC-3 and DU-145 (PSA-negative). Intratumoral injection of Ad-OC-Ela was
effective at obliterating subcutaneous androgen-independent PC-3 athymic mouse
xenograft models. In addition, intraosseous C4-2 prostate cancer xenografts responded
very well to the systemic administration of Ad-OC-Ela. 100% of the treated mice
responded with a drop in serum PSA below detectable levels. At the conclusion of the
study, 40% of the treated mice were cured of prostate cancer, as no PSA rebound or
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prostate cancer cells in the skeleton were detected (198). To improve upon this virus,
Hsieh et al. developed a second PSRCA, Ad-hOC-E1, containing a single bidirectional
human OC promoter to control the expression of both Ela and Elb (199). Previous
studies have shown that controlling the expression of the early gene Elb in addition to
Ela results in better viral replication control (195). Under the control of this VDRE-
containing promoter, Ad-hOC-E1 replication was induced 10-fold higher than wild-type
viral replication and cytotoxicity was enhanced by the administration of vitamin D (199).
Although still controversial (200), some preclinical studies indicate that vitamin D has an
anti-proliferative effect on androgen-independent prostate cancer (201, 202). In
preclinical studies, administration of vitamin D3 in nude mice with subcutaneous DU-145
xenografts demonstrated a therapeutic effect; however, the systemic administration of
Ad-hOC-E1 in combination with vitamin D showed marked repression of the tumors,

indicating the potential for clinical use (199).

Ad-E4PSESEla. As discussed above, the control of viral replication has been
achieved by tightly controlling both Ela and Elb adenoviral genes under prostate-
specific promoters. Recent studies have also demonstrated that tight control of viral
replication can be achieved by placing E4 in addition to Ela under the control of two
separate or duplicate tissue-specific promoters (203, 204). Due to the difficulty of finding
two active and tightly regulated promoters for the prostate and because promoter
duplication might induce recombination, Li et al. developed a novel strategy to control
Ela and E4 genes under a single promoter. This is also the first report of the use of
PSES to drive the replication of a PSRCA. The virus, Ad-E4PSESE1a, also contains the
gene encoding green fluorescent protein (GFP) driven by CMV promoter for the purpose
of in vivo viral tracking. In vitro, the replication and cell killing abilities of this virus were
similar to that of wild-type adenovirus in PSA/PSMA-positive cells. As expected,
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replication of Ad-E4PSESEla was severely impaired in PSA/PSMA-negative cells. Ad-
E4APSESEla effectively suppressed the growth of androgen-independent CWR22rv
mouse xenograft tumors (205). The oncolytic properties of this virus could be
augmented by the replacement of CMV-GFP with a therapeutic gene under control of a

prostate-specific promoter.

Overcoming current limitations of oncolytic vectors . Through the use of
intravital imaging, Li et al. mapped the replication and spread of a PSRCA throughout
prostate xenografts. Three days after Ad-E4PSESEla injection, a burst in GFP
expression was observed, indicating rapid replication and viral spread, which decreased
one week after injection. At two weeks, tumor growth and cell killing reached
equilibrium. After this, tumor growth exceeded the killing rate. A subsequent rebound in
GFP expression was observed, indicating renewed viral amplification.  Although
immunohistochemistry analysis revealed persistent viral infection for up to 28 days, the
xenograft tumors did not completely respond to the viral therapy (205). Other studies
have also described limited viral spread and lack of tumor response despite the high
oncolytic activity of a virus (206). One explanation for this is that conditions within the
established tumor may become unfavorable to support viral replication. As tumor lysis
occurs, the tumor environment becomes highly necrotic and hypoxic, unlike the well-
oxygenated tissues adenovirus usually infects. The fact that virus particles accumulate
around blood vessels within a tumor provides further supporting evidence (207). Shen
et al. found that levels of Ela protein but not mRNA are reduced in Ad-infected cells
under hypoxic conditions (208). The significance of this finding is great because
transcription of adenoviral genes, and therefore adenoviral replication, is dependent on
Ela. Further work in this area is needed to improve the stability of E1la under hypoxic
conditions.
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A second hypothesis to explain the poor tumor response to oncolytic therapy also
involves the hypoxic environment created within the tumor. Such a condition would
induce angiogenesis, and the resulting neovasculature could then support new tumor
growth. Eventually, this growth may overcome viral replication. If this is a significant
factor in lowering the efficacy of oncolytic viral therapy, then the use of an antiangiogenic
factor as adjuvant therapy should enhance the tumor response to oncolytic therapy.
Recently, Li et al. combined the PSRCA Ad-E4PSESEla with a replication-defective
adenovirus expressing the anti-angiogenic fusion product of endostatin and angiostatin,
called EndoAngio. It has been reported that replication-deficient vectors can co-amplify
along with replication-competent vectors, resulting in enhanced transgene expression
(209). When co-administered in CWR22rv androgen-independent prostate xenografts in
nude mice, 7 of 8 tumors completely regressed, while one demonstrated growth
suppression for at least 14 weeks post-treatment (210). Because the co-administration
of multiple adenoviral vectors could result in reduced gene transduction efficiency, due
to the need for both vectors to infect each tumor cell, Li et al. improved this therapy by
inserting the EndoAngio expression cassette into a PSRCA. The results were more
dramatic, with 9 out 10 CWR22rv xenografts demonstrating complete regression and
one tumor remaining dormant for at least 28 weeks (211).

Another limitation to the use of early tissue-restricted replicative adenoviruses
was the inability to deliver large or multiple therapeutic transgenes. Ciritical vector
backbone modifications have been made to allow for larger insert sizes. The first
modification is the chimeric Ad5/35 vector which retargets the virus by substituting the
fiber from Ad5, which binds to CAR, with the shorter fiber from Ad35, which uses CD46
as its cellular receptor. The resulting chimeric genome is 756 bp shorter than wild-type
Ad5. In addition to this packaging advantage, Ad5/35 has greater infectivity for prostate
cancer cells than Ad5, and neutralizing antibodies to Ad35 are not as prevalent as Ad5
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neutralizing antibodies (81). Modification of the adenoviral E4 region also results in
genomic space conservation. Open reading frames 1, 2 and 4 encode proteins with
minimal or unknown function on viral replication and the lytic process (212), and the
function of the gene products of open reading frames 3 and 6 overlap (213). Deletion of
open reading frames 1 to 4 does not significantly alter viral replication in tumor cells
(213), and the deletion results in approximately 1.2 kb greater insert size. The E3 region
encodes several proteins that enable an infected cell to evade the host immune system
and prevent apoptosis induction, functions that are not critical for viral replication (66). In
addition, it encodes ADP which is expressed late in infection and necessary for efficient
cell lysis (72). By removing the E3 region and reinserting the ADP coding sequence,
approximately 2 kb of genomic space is conserved. If all three vector backbone
modifications are performed, approximately 4 kb additional space is allowed for insertion
of therapeutic transgenes and transcriptional control elements.

One final consideration is the circumvention of the host's immune response.
Transgene expression is limited by the adaptive cellular responses mounted against
transduced cells. One possible solution is to temporarily suppress the host’s immune
system; however, shut-down of the entire immune system could be problematic during
infection with replication-competent adenoviral vectors. This has been attempted using
cyclosporin A (214) and antibodies to deplete both CTLs and CD4 T-cells (215, 216).
Activation of innate immunity also limits viral transduction efficiency and limits availability
of active viral particles. Previous studies have attempted to deplete macrophages with
limited clinical utility (217). Perhaps more appealing than systemic immunosuppression
would be the local delivery of an immunomodulator. This could best be achieved by
direct delivery via the oncolytic vector. Among the immune regulators, TGF- is likely to
the best candidates for incorporation into a PSRCA. TGF- is a mediator of immune
suppression that allows tumors to escape immune surveillance (218), and its expression
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in transduced tumor cells would decrease activation of macrophages, natural killer cells
and CTLs. Although local suppression of innate and adaptive immunity would be ideal
to enhance transgene expression, it would inhibit any potential anti-tumor immune
responses. A third approach is to suppress the humoral anti-adenoviral immunity. As
stated previously, modifications to the capsid, including the fiber knob can decrease
humoral neutralization of the vector. Covalent modification of the viral capsid with inert
compounds such as polyethylene glycol (PEG) has been described as a means to mask
the neutralizing epitopes on adenoviral vectors (219). Importantly, this modification is
performed after viral production and purification, does not inhibit cell penetration and
infectivity (219), and reduces both innate (220) and adaptive immune responses (221);

however, its benefit would only be realized for one viral replication cycle.

Cytotoxic Gene Therapy

This approach to the molecular therapy of prostate cancer results in the killing of
cancer cells by delivery and expression of pro-drug enzyme genes such as herpes
simplex virus thymidine kinase (HSV-TK) or cytosine deaminase (CD) and apoptosis-
inducing genes such TRAIL or FasL. To ensure the safety of such a therapy, the use of
prostate-specific promoters is crucial to protect non-target tissues from the expression of
such deadly gene products. Furthermore, the use of PSRCA vectors to deliver the
cytotoxic genes overcomes the need for multiple doses of the virus due to limited viral

transduction and poor transgene expression.

Herpes simplex virus-thymidine kinase. In this approach HSV-TK is delivered
to prostate cancer cells followed by systemic administration of any one of several anti-
herpetic agents such as acyclovir (ACV), ganciclovir (GCV) or valacyclovir (VAL). These
nucleoside analogues are phosphorylated specifically by HSV-TK, allowing incorporation
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of the activated analogues into cellular DNA during DNA replication, resulting in chain
termination and ultimately cell death. The safety of this therapy resides in the fact that
only the cells receiving HSV-TK are capable of converting the non-toxic pro-drug into an
active metabolite. Fortunately however, the toxic effect is not limited to the cells in which
the pro-drug is activated. Through a bystander effect mediated by intercellular gap
junctions and phagocytosis of debris from dying cells, the activated drug is delivered to
neighboring cells (222), resulting in an amplification of the cytotoxic effect throughout the
entire tumor site.

Previously, Eastham et al. demonstrated the sensitivity of human prostate cancer
cells PC-3 and DU-145 to GCV cytotoxicity following the in vitro transduction of the cells
with HSV-TK using a recombinant replication-deficient adenoviral vector (223). Similar
results were obtained in vivo in murine subcutaneous xenograft prostate cancer models
following the intralesional injection of Ad-RSV-TK and Ad-CMV-TK (224, 225).
Intratumoral injection of the vector is required if universal promoters such as RSV or
CMV are used to drive the expression of HSV-TK. Herman et al. developed the initial
HSV-TK clinical trial in which a replication-deficient adenovirus carrying HSV-TK driven
by RSV promoter was injected intralesionally, followed by administration of GCV in men
with locally recurrent prostate cancer one or more years after definitive external beam
radiotherapy. This trial demonstrated the tumoricidal activity of this combination therapy,
as evidenced by sustained decreases in serum PSA. Unfortunately, several of the
patients experienced self-limiting toxicities and one patient experienced moderate but
reversible hepatic dysfunction and thrombocytopenia (99). To circumvent such
toxicities, Gotoh et al. developed a replication-deficient adenoviral vector which
controlled HSV-TK expression by the PSA promoter (106).

The first transcriptionally-targeted HSV-TK gene therapy to be translated into a
clinical protocol was developed by Koeneman et al. to test the hypothesis that the OC
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promoter could regulate HSV-TK expression specifically within prostate cancer cells and
the supportive stroma of a metastasis (134). Kubo et al. performed the phase I clinical
trial in which two post-surgical local recurrences and nine metastatic lesions (five
osseous and four lymph nodes) were injected with replication-defective Ad-OC-TK
vector followed by the administration of oral VAL. All patients tolerated this therapy with
no severe adverse effects. Of the eleven men, local cancer cell death was observed in
seven patients; however, the treated lesions of all eleven men showed histological
changes as a result of the treatment. One patient demonstrated regression and
stabilization of the treated lesion for up to 317 days post-treatment without additional
treatments (135). In follow-up Phase I/Il testing of this virus, one of three men treated
with intralesional injection of Ad-OC-TK demonstrated maintenance of a drastically
reduced serum PSA for over 200 days post-therapy and complete radiographic
regression of a treated lumbar metastasis by 180 days post-treatment (226). To
enhance transcriptional activity and transduction efficiency, Ahn et al. incorporated a
PSES-HSV-TK expression cassette into a PSRCA called Ad-1U1 (227).

To improve the efficacy of HSV-TK gene therapy, Freytag et al. developed a
novel three-legged approach to gene therapy for prostate cancer in which HSV-TK was
fused with CD cDNA and delivered within an oncolytic virus, followed by treatment with
external beam radiation therapy (192). In this approach, CD, an enzyme found only in
bacteria and certain yeast, converts the pro-drug 5-fluorocytosine (5-FC) to a highly toxic
nucleoside analogue, 5-FU, conferring an additive effect to HSV-TK gene therapy. This
virus, Ad5-CD/TKrep, is based on the oncolytic ONYX-015 viral backbone. In the initial
phase | study, this virus showed moderate efficacy as demonstrated by decreased
serum PSA values for several patients and complete tumor destruction in two of sixteen
patients one year post-treatment (228). In murine orthotopic C4-2 tumors, Ad5-
CD/TKrep was shown to be an effective adjuvant to radiation therapy (229). This
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efficacy was tested in a phase | study which combined Ad5-CD/TKrep prodrug therapy
with radiation therapy. All patients experienced a decrease in serum PSA, with a mean
PSA half-life of 0.6 months, versus two months for patients receiving Ad5-CD/TKrep
without radiation therapy or 2.4 months for patients receiving radiation therapy alone.
Furthermore, up to nine months post-treatment, five out of ten patients maintained PSA

levels 0.5 ng/ml (230).

Immunotherapy

Prostate cancer, like most cancers, has developed mechanisms to evade the
host immune system. Such mechanisms include the down-regulation of class | major
histocompatibility complex (MHC) molecules on the tumor cell surface (231) as well as
the down-regulation of the co-stimulatory B7 molecules (232). These means of evasion
result in decreased presentation of tumor antigens to CD-4 T lymphocytes. The goal of
immunotherapy is to enhance the host immune response to prostate cancer cells.
Current approaches involve ex vivo gene therapy of autologous or allogeneic tumor cells
and subsequent vaccination with the irradiated cells now expressing cytokines such as
interleukin 2 (IL-2) and granulocyte-macrophage colony-stimulating factor (GM-CSF), ex
vivo gene transfer of prostate-specific cDNAs, such as PSA, PSMA and prostatic acid
phosphatase (PAP), into autologous dendritic cells (DCs), and in vivo intratumoral gene

transfer of cytokine genes.

Prostate Cancer Vaccines. The host immune system is capable of recognizing
and eliminating malignant cells; however, the ability of tumor cells to evade immune
surveillance and the inefficiency of the body’s antitumor response allows prostate cancer
to persist and progress. To develop a tumor vaccine, prostate cancer cells are
harvested from the patient during radical prostatectomy, transfected with cytokines that
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upregulate cell surface antigens such as B7 or MHC class | and Il, expanded in culture,
and irradiated to Kkill the cells. After infusion of the autologous vaccine cells, the
enhanced immunogenicity of the cells aids the immune system to mount a local or
systemic immune response to the cancer (233, 234). The first prostate vaccine clinical
trial was developed by Simons et al. In this study, eight men with metastatic prostate
cancer were administered autologous, GM-CSF-transduced, irradiated cancer vaccines.
Side effects were limited to pruritus, erythema and swelling at the site of vaccination.
Both B and T cell responses were observed in seven of the eight patients, while T cell
responses were observed in only two of the eight prior to vaccination (235). A
subsequent clinical trial demonstrated no therapeutic value of systemic administration of
recombinant GM-CSF, thereby suggesting the importance of local secretion of GM-CSF
by the cancer vaccines (236). Clearly, a limitation of this approach is the harvesting and
ex vivo manipulation of prostate cancer cells. To overcome this, Simons et al.
developed an allogeneic tumor vaccine, GVAX, from GM-CSF-transduced irradiated PC-
3 and LNCaP prostate cancer cell lines. In a phase Il clinical trial, the vaccines were
well tolerated, and no dose-limiting toxicities were observed. Two years post-treatment,
the survival rate of patients receiving low booster doses was 41%, compared to 70% in
patients who received higher booster doses (237). A phase /1l clinical trial evaluated the
safety of GVAX reengineered to secrete higher levels of GM-CSF (238). Phase lli

clinical studies of this cancer vaccine are underway.

Dendritic Cell Immunotherapy. A second approach to prostate cancer
vaccination involves the use of dendritic cells (DCs), the most potent antigen presenting
cell (APC) of the immune system. DCs produce a strong systemic T cell response by
presenting tumor antigens on both MHC class | and Il molecules (239). In this
vaccination strategy, autologous DCs are collected from the patient by leukopheresis,
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expanded in culture, challenged with a prostate-specific antigen, such as PSA, PAP or
PSMA by either peptide pulsing or transfection with antigen cDNA, and reintroduced into
the patient. Murphy et al. demonstrated the safety of HLA-A2-specific PSMA peptide-
pulsed DC immunotherapy in a phase | clinical trial in which an enhanced cellular
immune response was observed in all HLA-A2-positive patients; however, only seven
out of fifty-one patients experienced a decrease in serum PSA 50% (240, 241). Ina
phase Il clinical trial, GM-CSF was administered as a systemic adjuvant in patients
receiving PSMA-pulsed autologous DC vaccines. Nineteen out of sixty-two patients
were identified as partial or complete responders. Of the responders, 58% appeared to

have durable responses (236, 242).

In Vivo Immunotherapy. A third approach to immunotherapy for prostate
cancer is the delivery of cytokines to the local tumor environment. IL-2 is a potent
activator of CD4+ and CD8+ T cells as well as natural killer (NK) cells, and its effect on
prostate cancer is due to its ability to expand T cell populations with antitumor activity.
Tumors that respond to IL-2 therapy demonstrate an infiltration of lymphocytes. In
mouse PC-3 orthotopic tumor models, tumor growth was suppressed by 94% following
systemic injection of IL-2 (243). Belldegrun et al. developed a gene therapy protocol in
which twenty-four men with locally advanced prostate cancer were injected
intraprostatically with a DNA-liposome complex encoding the IL-2 gene. This therapy
was well tolerated. Immunohistochemical analysis of the tumor site demonstrated T cell
infiltration, and serum PSA responses were observed in sixteen of the men on day one
and fourteen of the twenty-four on day eight (244). Trudel et al. developed a phase |
clinical trial to evaluate the safety of intraprostatic injection of adenoviral vectors
encoding the IL-2 gene. Twelve men were injected with Ad-IL-2 four weeks prior to
prostatectomy. No dose-limiting toxicities were observed. On pathological evaluation,
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all patients experienced a local inflammatory response with an infiltrate of CD3+CD8+
cells. At low viral doses, five out of five patients experienced a mean decrease in PSA
of 33%, while patients receiving the highest viral doses experienced transient elevations
in PSA levels before returning to baseline (245). IL-12 is also under investigation as a
potent immunotherapy for prostate cancer. In addition to activation of NK cells and
CTLs, IL-12 has direct cytotoxic effects on tumor cells and anti-angiogenic properties

(246, 247).

Thesis Overview

Dose-limiting toxicities and treatment resistance with conventional therapies for
advanced prostate cancer warrant the development of novel therapeutic strategies. The
studies described in this thesis characterize a novel molecular therapy for advanced
prostate cancer and examine its efficacy in combination with conventional therapy. The
first aim of the thesis is to determine whether the addition of the cytotoxic transgene
TRAIL will enhance the in vitro and in vivo anti-tumor activity of a replication-competent
adenovirus against androgen-independent prostate cancer. The second aim is to
determine whether the neoadjuvant treatment of advanced prostate cancer with a
PSCRA expressing TRAIL will result in the radio-sensitization of tumor cells, thereby
enhancing the therapeutic effect of EBRT. The third aim is to delineate the mechanism
responsible for the enhancement of the therapeutic efficacy of EBRT by a PSRCA
expressing TRAIL. | expect that these studies will provide insight into new treatment

modalities for high risk prostate cancer and lead to translation to a clinical trial.
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Materials and Methods

Cell Culture

The packaging cell line HER911E4 stably expresses the adenoviral E4 gene
under control of the inducible tetR promoter (248) and was derived from the human
embryonic retinoblast (HER911) cell line which was transformed with a plasmid
containing the adenoviral genome (bp 79-5789) (249). 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 g/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 (250). LNCaP is an androgen-dependent, PSA/PSMA-
positive prostate cancer cell line established from a lymph node of a patient with
metastatic disease (251). 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
(252). PC-3 is an androgen-independent, PSA/PSMA-negative prostate cancer cell line
that was originally derived from the bone marrow aspirates of a patient with bone
metastases (253). 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 (254). Prostate cancer cell lines used in these studies (Table 3) were
cultured in RPMI 1640 supplemented with 10% FBS and 1% penicillin and streptomycin.
Adult human dermal fibroblasts (HDFa) were cultured in Medium 106 supplemented with
2% FBS, 1 g/ml hydrocortisone, 10 ng/ml human epidermal growth factor, 3 ng/ml basic
fibroblast growth factor and 10 g/ml heparin (Cascade Biologics, Portland, OR). LoVo
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is a colorectal adenocarcinoma cell line derived from a supraclavicular lymph node of a
patient with metastatic Dukes’ type C, grade IV disease (255). T24 was established
from a transitional cell carcinoma of the urinary bladder (256). LoVo and T24 cell lines
were cultured in RPMI 1640 media supplemented with 10% FBS and 1% penicillin and

streptomycin. All cells were maintained in a humidified incubator at 37°C and 5% CO..

Table 3. Characterization of prostate cancer cell lines used in these studies. PSES is
transcriptionally active in PSA/PSMA-positive cells. Common mutations in prostate

cancer cell lines include androgen receptor (AR) and tumor suppressor p53.

Cell Line PSA/PSMA Androgen Mutations Origin
CWR22rv + Independent AR, p53 Primary tumor
LNCaP + Dependent AR Lymph node met.
C4-2 + Independent AR LNCaP derivative
PC-3 - Independent p53 Lumbar met.
DU-145 - Independent p53 Brain met.

Production of Adenoviral Vectors

Ad-1U2 was developed by modifying Ad-E4PSESE1la, the previously described
PSRCA with a CMV promoter-driven enhanced green fluorescent protein (EGFP) marker
(205). To construct Ad-lU2, 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-PSES-TRAIL, which was further digested with Sfil to
release the left ITR and PSES-TRAIL expression cassette. This fragment was cloned
into pAd288E1b-E4PSESEla (205), the modified adenoviral genome vector, and the

ligation product was transformed into TOP10 E. coli competent cells (Invitrogen,
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Carlsbad, CA). The adenoviral genome was released by digestion with Pacl and
transfected into HER911E4 cells with Lipofectamine 2000 (Invitrogen) at 80% confluency
in a 6-well plate. After 7 to 10 days, once cytopathic effect of the virus was evident by
light microscopy, the viral supernatant was harvested by 3 rounds of freezing (mixture of
95% ethanol and dry ice) and thawing (37°C water bath). To further amplify Ad-1U2,
HER911E4 cells were infected with the viral supernatants, in succession from a P60
dish, to a T75 flask, to a triple flask, and finally to 10 triple flasks. The final viral
supernatant was applied to a CsCl gradient (1.5 g/ml, 1.35 g/ml and 1.25 g/ml) and
centrifuged at 75,000 x g and 10°C for 1 hour. The adenoviral band, found between the
1.25 g/ml and 1.35 g/ml gradients, was applied to 1.35 g/ml CsCl and centrifuged
overnight at 75,000 x g and 10°C. The double gradient-purified adenoviral stock was
dialyzed for 24 hours against a dialysis buffer of 1 uM MgCl,, 10 uM Tris-HCI (pH 7.5)
and 10% glycerol, changing the buffer every 8 hours. Dialyzed virus was aliquoted and
stored at -70°C. Experiments were repeated using a second batch of adenovirus to
verify results.

Replication-competent control viruses used in this study include Ad-E4PSESE1la
and Ad-lU1. Ad-lU1 was constructed in a similar fashion as Ad-lU2; however, a PSES-
HSV-TK expression cassette replaces the PSES-TRAIL expression cassette (227).
Without administration of a nucleoside analog prodrug, the only cytotoxicity provided by
Ad-IU1 is due to replication. As a replication-defective control, Ad- TATA-Ela, in which
the Ela TATA box was deleted from the Ad-E4PSESE1a viral backbone, was used. To
achieve equal bioactivity of Ad-IU2 and control viruses, a titer assay was performed. 1 x
10* HER911E4 cells were plated overnight in 96-well plates and infected with serial
dilutions of Ad-IU2, Ad-IU1, Ad-E4PSESE1la or Ad- TATA-E1la, so that 10 wells in every
row received the same dose, ranging from 10 to 10™°. Media were changed 24 hours
after infection, and cells were observed daily under light microscopy for cytopathic effect.
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7 days after infection, lethal dose (LDs,) 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 LDs
units (LDU) per ul. Conversions from viral particles (vp) to LDU were as follows: Ad-
U2, 1 x 10”° LDU/vp; Ad-1U1, 6 x 10° LDU/vp; Ad-E4PSESE1a, 7.8 x 10° LDU/vp; and

Ad- TATA-Ela, 1.5 x 10”° LDU/vp.

Western Blot Analysis

For TRAIL expression, 1 x 10® CWR22rv cells were cultured overnight in 6-well
plates and infected with 0.01 LDU/cell Ad-1U2 or Ad- TATA-Ela. As a positive control,
CWR22rv cells were transfected with pORF-hTRAIL using Lipofectamine 2000. Media
were changed 24 or 3 hours after infection or transfection, respectively. For adenoviral
Ela expression, 1 x 10° C4-2, CWR22rv, DU-145 and PC-3 cells were cultured
overnight in 6-well plates and treated with Ad-lU1, Ad-lU2, Ad5-Wt and PBS at 100
vp/cell for C4-2 and CWR22rv and 1000 vp/cell for DU-145 and PC3 cells. Media were
changed 24 hours after infection. 48 hours after infection, cells were washed with cold
PBS and harvested with radioimmunoprecipitation assay (RIPA) buffer containing 1 ml
modified RIPA buffer, 20 | 57 mmol/L phenylmethylsulfonyl fluoride and 2.5 |
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-lU2 conditioned media, 1 x 10° 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 g of protein (with 0.3
M DTT) were separated by 10 or 12% SDS-PAGE and transferred to a nitrocellulose
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membrane. Membranes were blocked overnight at 4°C in 5% fat-free milk and TBST
and incubated with primary antibodies against human TRAIL (Santa Cruz Biotechnology,
Santa Cruz, CA), -actin (Sigma) or Ad5 Ela (BD Biosciences, Franklin Lakes, NJ).
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-IU1 or treated with PBS. Fresh media were replaced 24
hours after infection. 48 hours post-infection, cells were harvested and resuspended in
100 ul 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) and data analyzed using WinMDI 2.9 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 (205). 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 10™, so that every well in each column received the same dose. Cells
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were examined for cytopathic effect on day 7, and LDsy, 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-IU1 or treated with
PBS. 24 hours after infection, media and cells were harvested, washed with PBS and
resuspended in 100 pl binding buffer. LNCaP cells were also infected with 0.01 LDU/cell
Ad-1U2 or Ad-IU1 or treated with PBS, and 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 (PI) (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 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-lU2, Ad-E4PSESEla, Ad- TATA-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). Relative cell number was determined as the ratio of the As;o value for

45



Ad-lU2-, Ad-E4PSESE1la- or Ad- TATA-Ela-treated cells to the As; value for untreated

(PBS) cells at each viral dose and was used to evaluate cell survival.

Evaluation of Bystander Effect

CWR22rv cells were plated in a 12-well plate overnight and infected with 0.01
LDU/cell Ad-lU2 or Ad-IUl 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 pcDNAS3.1-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-lU2, Ad-IU1 or Ad-E4PSESEla. 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
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medium from Ad-E4PSESEla-infected 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-1U2 Anti-Tumor Effect

CWR22rv xenografts were established by injecting 2 x 10° 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 65.5 mm?®),
mice were injected intratumorally with 2 x 10* LDU Ad-1U2, Ad-lU1 (PSRCA control) or
PBS (vehicle control). Tumor sizes were monitored weekly, and tumor volumes were
calculated as (L> x W) / ( /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).

Clonogenic Assay
1 x 10° CWR22rv or C4-2 cells were plated overnight in T25 flasks and treated
with 0.003 LDU/cell Ad-1U2, Ad-E4PSESE1a, 75 ng/ml rhTRAIL or PBS. 24 hours after
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infection, media were replaced with fresh media, and each treatment group was
irradiated using a Gammacell 40 Cs-137 irradiator (MDS Nordion, Ottawa, ON, Canada)
for a dose of 0, 1, 2, 3 or 4 Gy. 24 hours after irradiation, cells were washed with cold
PBS, harvested, counted and reseeded at low densities into 5 P100 dishes for each
treatment group. Cell seeding was adjusted for the relative plating efficiencies of each
experimental group. Cells were maintained in culture for ~3 weeks (CWR22rv) and ~2
weeks (C4-2), changing the media once per week. Colony formation was monitored by
light microscopy, and at the end of the incubation period, colonies were washed with
cold PBS, stained with 0.5% crystal violet solution for 10 minutes and washed with cold
tap water. Colonies of at least 50 cells were counted, and plating efficiencies were
calculated as the number of colonies formed / the number of cells plated. Survival for
each experimental group was calculated as the plating efficiency for the irradiated cells /
the plating efficiency of non-irradiated cells within each treatment group. Survival data
was analyzed on a logarithmic scale using the linear-quadratic model [ In(SF/SF,) =- D
+ D?] to determine the shape of the curve. The mean lethal dose (Do) was determined
as the RT dose at which 37% of cells survive, and was compared to that of PBS for each

treatment group to calculate the dose reduction factor (DRF).

Infectivity Assay

To achieve equal infectivity in non-prostatic bladder and colorectal cell lines, GFP
expression was compared for these cells to that of prostate cancer cells following
infection with Ad-GFP, a replication-deficient adenovirus expressing GFP under control
of the CMV promoter. 7.5 x 10* CWR22rv, LoVo and T24 cells were plated overnight in
24-well plates and infected with Ad-GFP at doses ranging from O to 1000 vp/cell for
CWR22rv, 0 to 5,000 vp/cell for LoVo and 0 to 10,000 for T24 cells. 24 hours after
infection, cells were washed with cold PBS, harvested, fixed with 2% paraformaldehyde,

48



resuspended in PBS, and analyzed for GFP expression by FACS analysis. GFP
expression of LoVo and T24 cell lines was compared to that of CWR22rv cells to

determine relative infectivity, which was used in subsequent experiments.

MTT Assay for In Vitro Cell Survival

1 x 10* LoVo and 7.5 x 10° T24 cells were cultured overnight in 96-well plates
and infected with 0.2 LDU/cell (LoVo) or 4 LDU/cell (T24) Ad-lU2, Ad-E4PSESE1la or
PBS. 24 hours after infection, media were changed and the cells were irradiated using a
Nordion Gammacell 40 for a dose of 0, 1, 2, 3 or 4 Gy. Cells were maintained in culture,
changing the media every other day. 96 hours after irradiation for LoVo cells or 48 hours
after irradiation for T24 cells, cell survival was assessed by MTT assay. 25 ul of 5 mg/ml
MTT solution (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was added
to each well of cells containing 100 pl of medium and incubated at 37°C for 3 hours.
Following the incubation period, the media were removed, and the converted dye was
solubilized with 75 pl acidic isopropanol (0.04 N HCI in absolute 2-propanol).
Absorbance of the reduced dye was analyzed by photospectroscopy at a wavelength of
570 nm. Cell viability at each radiation dose was determined as the percentage of the
As7o value for each viral treatment group compared to the Aszo value for untreated (PBS),

Ad-1U2- or Ad-E4PSESEla-treated cells at 0 Gy.

Measurement of Apoptosis Induction Following Irradi ation of Cells
7.5 x 10* CWR22rv and C4-2 cells were cultured overnight in 24-well plates and
infected with 0.003 LDU/cell Ad-lU2, Ad-E4PSESE1la or PBS. 24 hours after infection,
media were replaced with fresh media, and the cells were irradiated using a Nordion
Gammacell 40 for 0 or 3 Gy. 24 hours after irradiation, media and cells were harvested,
washed with PBS and resuspended in 100 ul binding buffer. Cells were stained with 2.5
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pl each of Annexin V-FITC and propidium iodide (PI1) (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.

Cell Cycle Analysis

To determine the effect of Ad-IU2 infection on the cell cycle of PSA/IPSMA
prostate cancer cells, 1.5 x 10° CWR22rv and C4-2 cells were plated in 12-well plates
overnight and treated with 0.003 LDU/cell Ad-1U2, Ad-E4PSESE1a, 100 ng/ml rhTRAIL
or PBS. 24 hours after treatment, the cells were washed with cold PBS, harvested and
fixed with 2% paraformaldehyde. To determine the effect of Ad-1U2 infection on the cell
cycle of irradiated prostate cancer cells, CWR22rv and C4-2 cells were treated as
above. 24 hours after treatment, cells were irradiated with a dose of 0 or 3 Gy RT. 8, 16
and 24 hours after irradiation, cells were washed with cold PBS, harvested and fixed
with 2% paraformaldehyde. All cells were then permeabilized with 0.6 % NP-40
detergent, treated with 1 mg/ml RNaseA and stained with 0.1 mg/ml PI for 30 minutes.
DNA content was analyzed by FACS analysis on a Beckton Dickinson Facscan flow
cytometer. Cell cycle data was plotted as a histogram from FL2-area on WinMDI 2.9,
and cell cycle calculations were performed by the standard algorithms within the
Windows software, Cylchred. The percentage of cells in G;, S and G,/M following

combined treatment was compared for all treatment groups.

Statistical Analysis
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
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a P value < 0.05, or better. Experiments were plated in triplicate, unless otherwise

noted, and performed as at least three independent experiments.
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Development of Ad-1U2 for Androgen-Independent Pros  tate Cancer

Background

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 (50, 258).
ADT is used for locally advanced and high risk prostate cancer, resulting in a slower rate
of cancer growth and dissemination to distant sites; however, nearly all advanced
prostate cancers eventually fail hormone therapy. Results from phase Ill 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
(259, 260). 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. 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 (261, 262). After binding of
homotrimeric TRAIL to the death domain-containing receptors DR4 (263) and DR5
(264), 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) (265) (Figure 4). TRAIL has been shown to preferentially kill tumor cells
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Figure 4. Induction of
apoptosis by TRAIL via the
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pathways. Trimerized
TRAIL induces
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an adaptor molecule for
the death effector domain (DED) of the initiator caspases. Upon formation of the death-
inducing signaling complex (DISC), procaspase 8 is recruited to the membrane and
autocatalytically cleaved to its active state, caspase 8. In the extrinsic pathway, the
caspase cascade continues with activation of caspase 3 by caspase 8. The apoptosis
signal is amplified through a loop in the intrinsic pathway. Activated caspase 8 truncates
Bid to tBid, which destabilizes the mitochondrial membrane, releasing cytochrome C
from the cytosol. Cytochrome c binds to apoptotic protease activating factor 1 (Apafl)

which results in the cleavage and activation of caspase 9. This in turn further activates

caspase 3 leading to enhanced apoptotic protease activation.
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over normal cells, which reflects its role as a key tumor immunosurveillance molecule in
the body (266). 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 (263). 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 (264), DcR2 which contains a truncated death domain that
activates anti-apoptotic NF B signaling (267), and osteoprotegrin, a secreted receptor
for TRAIL which also inhibits osteoclastogenesis (268). 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 (269). This resistance has been shown to be reversed by infection with
adenovirus (270), treatment with chemotherapeutic agents such as paclitaxel,
vincristine, etoposide, doxorubicin or camptothecin (271), or treatment of the cells with
radiation therapy (272).

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. This strategy proved advantageous over the
repeated intravenous administration of recombinant TRAIL protein, as the
pharmacologic half-life of the protein in serum is only 32 minutes (273). Although
repeated administration of soluble TRAIL was not toxic to normal tissues in mice (274)
and non-human primates (273), recent data suggest that cultured human hepatocytes
may be sensitive to soluble forms of TRAIL (275, 276). To enhance the safety and
clinical feasibility of this gene therapy strategy for high risk prostate cancer, | developed
a PSRCA, called Ad-lU2, encoding full-length membrane-bound TRAIL under the
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transcriptional control of 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. As PSES is active only in PSA/PSMA-positive cells, adenoviral replication and
TRAIL expression should be limited to PSA/PSMA-positive cells. To date, this is the first
prostate-specific promoter-driven TRAIL molecular therapeutic strategy for advanced
prostate cancer. In this portion of my thesis, | test the hypothesis that the addition of the
cytotoxic transgene TRAIL will enhance the in vitro and in vivo anti-tumor activity of a

replication-competent adenovirus against androgen-independent prostate cancer.

In Vitro and In Vivo Characterization of Ad-1U2
Ad-IU2 Delivered Surface-Bound TRAIL and Replicated Effectively in PSA/PSMA-
Positive Cells
The structure of Ad-IU2 (Figure 5) 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 (205). Full-length, membrane-

bound TRAIL cDNA was inserted at the left ITR in the Ela region upstream from

PSES — " ~ PSES
Figure 5. Genomic structure of Ad-lU2. TRAIL cDNA was cloned into the left ITR under
control of the bidirectional PSES enhancer. To avoid interference with the adenoviral
packaging sequence ( ), 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 (*).
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adenoviral E1lb, both under the control of PSES. As depicted in Figure 6, full-length
TRAIL protein expression was confirmed by western blot in Ad-1U2-infected 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- TATA-Ela confirmed the lack of endogenous

TRAIL expression or the upregulation of TRAIL by adenoviral infection in CWR22rv cells.

" Figure 6. Expression of TRAIL in
&
6;3’ @9 «\g PSA/PSMA-positive ~ CWR22rv
< ¥ >
cells was confirmed by western
36 kDa —e— Full-Length blot. CWR22rv cells were
L and - Monomer

infected with 0.01 LDU/cell Ad-1U2

. or Ad- TATA-Ela (negative
B-actin  — E— S

CWR22rv vector control). As a positive

control, cells were transfected
with pORF-hTRAIL. Forty-eight hours after infection or transfection, cells lysates were
harvested and 20 pg of sample were separated by 10% SDS-PAGE. The blot was
probed with anti-human TRAIL antibody. Full length monomer TRAIL was detected in
the lysates of Ad-lU2-infected and pORF-hTRAIL-transfected CWR22rv cells at
approximately 32 kDa. The double band detected in Ad-lU2-infected lysates
demonstrates a commonly observed phenomenon in our laboratory, likely due to
alternative ATG sites in adenoviral-expressed transgenes. No endogenous TRAIL

expression was detected following infection with Ad- TATA-Ela.

To confirm that TRAIL was expressed on the cellular membrane of infected cells, FACS
analysis for cell-surface expression of TRAIL was performed. Infection of CWR22rv
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prostate cancer cells with Ad-1U2 resulted in a significant enhancement of TRAIL surface
expression (28.6% vs. 2.7%, p <0.001), compared to infection with the non-TRAIL

expressing vector, Ad-IU1 (Figure 7).

& Figure 7.  Cell surface expression of
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and analyzed for cell surface expression by FACS. Membrane-bound TRAIL was

detected in Ad-lU2-infected CWR22rv cells.

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 decreased
replication efficiencies, low production yields and poor transduction efficiencies (277).
Expression of TRAIL protein in cells may be inversely proportional to the ability of the
virus to replicate in those cells; therefore, | performed a replication assay in prostate
cancer cell lines to determine whether Ad-IU2 replication efficiency was inhibited by
TRAIL expression. Ad-1U2 replicated as efficiently as the PSRCA, Ad-E4PSESE1a, in
PSA/PSMA-positive cells; however, Ad-IU2 failed to propagate in PSA/PSMA-negative

cells, resulting in viral output yields comparable to that of the replication-deficient virus,
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Ad- TATA-Ela (Table 4). These results demonstrate that Ad-IU2 replication was not
hindered by the expression of TRAIL in PSA/PSMA-positive prostate cancer cells.
Because control of viral replication was achieved through prostate-specific
transcriptional regulation of adenoviral early genes, including Ela, | tested whether Ela
protein expression was limited to PSA/PSMA-positive cells. As demonstrated in Figure
8, Ela protein was expressed in all cell lines following infection with Ad-wt. On the other
hand, after infection with Ad-lU2, Ela protein expression was restricted to PSA/PSMA-
positive C4-2 and CWR22rv cells. These data are consistent with the results from the

propagation assay, suggesting that the selectivity of Ad-IU2 replication for PSA/PSMA-

Table 4. Ad-1U2 replicated efficiently in and restricted to PSA/PSMA-positive prostate
cancer cells. 1 x 10° PSA/PSMA-positve (CWR22rv, C4-2 and LNCaP) and
PSA/PSMA-negative (PC-3 and DU-145) cells were infected with the indicated input
dose of either Ad- TATA-Ela, Ad-E4PSESEla or Ad-lU2. Viral supernatants were
harvested 72 hours post-infection and applied to HER911E4 producer cells at serial
dilutions ranging from 1 to 10™. Cytopathic effect was examined by light microscopy,
and LDs, 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.

Cell Line |nput Dose Output Viral Dose (LD 50)
(LDU) TATA* Ad-E4PSESEla** Ad-1U2
CWR22rv 1x10* 3.4 x 102 3.7 x 10° 3.7 x 10°
C4-2 1x10* 7 x 10* 4x10° 4x10°
LNCaP 1x10* 7 x 10* 7 x 10° 3.7 x 10°
PC-3 1x10° 7 x 10* 4 x 10* 4 x 10!
DU-145 1x10° 7 x 10* 7 x 10! 7 x 10t
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positive prostate cancer cells was due to limited expression of adenoviral early genes in

PSA/PSMA-negative cells.

C4-2 CWR22rv DU-145
50 kD
36 kD
Untreated
Ad-u1 + + + *
Ad-lU2 + + + *
Ad-Wt + + + +

B-a‘:tin _ —

Figure 8. PSES-driven expression of adenoviral E1la was limited to PSA/PSMA-positive
cells. PSA/PSMA-positive C4-2 and CWR22rv cells were infected with 100 vp/cell and
PSA/PSMA-negative DU-145 and PC-3 cells were infected with 1000 vp/cell Ad-lU1
(PSRCA control), Ad-IU2 or Ad-Wt. Forty-eight hours after infection or transfection, cells
lysates were harvested and 20 pug of sample were separated by 10% SDS-PAGE. The
blot was probed with anti-Ad5 Ela antibody. Adenoviral Ela proteins were detected by
western blot from 36 kD to 50 kD. Ela expression, which controls adenoviral replication,

was limited to PSA/PSMA-positive prostate cancer cells.

Ad-1U2 Effectively Induced Apoptosis and Reversed R  esistance in PSA/PSMA-
Positive Prostate Cancer Cells

Apoptosis-inducing agents such as TRAIL have shown promising clinical
potential against solid tumors (83, 270, 278); therefore, | tested the ability of Ad-IU2 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-
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145 were treated with PBS, Ad-IU2 or Ad-IU1 for 24 hours and analyzed for apoptosis by

FACS analysis. As depicted in Figure 9, apoptosis induction within 24 hours of Ad-1U2

25 ’Ic** Untreated Figure 9. Apoptosis
20 g BSSAd-IUT induction by  Ad-lU2.
— 2 BE= Ad-1U2
- N = CWR22rv, C4-2, LNCaP,
g1 1 =
= = g PC-3 and DU-145 cells were
< 104 H g .
o g = plated overnight in a 24-well
o~ - =
o H —
54 = HE = ﬁ E plate and treated with PBS or
odfaH [INH nﬁE n nﬂa 0.01 LDU/cell Ad-IU1 or Ad-

CWR22rv C4-2 LNCaP PC-3 DU-145
IU2. Twenty-four hours after

Infection, media and cells were harvested, stained with Annexin V-FITC and Pl and
analyzed by FACS. Ad-IU2 induced 5-fold greater apoptosis at 24 hours than the
PSRCA control, Ad-lU1, specifically in PSA/PSMA-positive prostate cancer cells.
PSA/PSMA-positive LNCaP cells were resistant to apoptosis induction at 24 hours. *** =

p<0.001 difference between Ad-1U2 and Ad-IU1.

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 (269). This TRAIL
resistance was overcome however, by prolonged infection with Ad-lU2. LNCaP cells
infected with Ad-lU2 for 48 hours demonstrated greater than 5-fold induction of

apoptosis above that of control virus infection (Figure 10). This is consistent with
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previous reports demonstrating that TRAIL resistance can be overcome by co-

expression of TRAIL and adenoviral Ela (279).

20- ek Figure 10. TRAIL resistance was reversed in

LNCaP cells following prolonged viral infection.
15=
LNCaP cells were treated with PBS, 0.01 LDU/cell
Ad-lU1l or Ad-lU2 for 48 hours. Infection of

TRAIL-resistant PSA/PSMA-positive LNCaP cells

% Apoptosis
2

5+ with Ad-IU2 for 48 hours reversed resistance to

TRAIL-mediated apoptosis. *** = p<0.001

o difference between Ad-1U2 and Ad-IU1.

Yo, Yo
W, %
® P

Ad-1U2 Effectively Killed Prostate Cancer Cells, Wh ile 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-lU2, Ad-E4PSESEla or Ad- TATA-Ela (replication-defective
adenoviral control), 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 end-points of 3
days post-infection for C4-2 and LNCaP and 4 days post-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 (124). Ad-lU2 exhibited greater killing efficiency in
PSA/PSMA-positive prostate cancer cells at doses markedly lower than the PSRCA, Ad-
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Figure 11. Ad-1U2 induced marked in vitro cell killing of PSA/PSMA-positive prostate
cancer cells. Cells were plated in 24-well plates and treated with various doses of Ad-
IU2, Ad-E4PSESEla (replication-competent control), Ad- TATA-Ela (replication-
deficient control) or PBS. Crystal violet survival curves for CWR22rv (A), C4-2 (B),
LNCaP (C) and human dermal fibroblasts (D). Ad-1U2 induced marked cell killing above
that of Ad-E4PSESE1la at earlier time points specifically in PSA/PSMA-positive prostate
cancer cells. Viability was assayed once cytopathic effect was detected by light
microscopy at 4 days (CWR22rv), 3 days (C4-2 and LNCaP) and 7 days post-infection
(HDFa, cytopathic effect was not detected). % cell death was calculated as the ratio of
As7o for viral-treated cells to that of PBS-treated cells. * = p<0.05, ** = p<0.001

difference between Ad-1U2 and Ad-E4PSESE1a.
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E4PSESEla. As depicted in Figure 11A-C, the dose of Ad-IU2 required to Kill at least
50% of CWR22rv, C4-2 and LNCaP cells was 5-, 6- and 8-fold lower than that of Ad-
E4PSESE1la, respectively. 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-IU2 produced no cytotoxicity in HDFa cells (Figure 11D).
These data suggest that expressing TRAIL in a PSRCA enhanced its anti-tumor

cytotoxicity, while maintaining its PSA/PSMA-specificity.

Ad-lU2 Demonstrated a Bystander Effect in PSA/PSMA-  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-IU2 might 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-lU2 imparted a bystander killing effect on neighboring
PSA/PSMA-negative prostate cancer cells, | co-cultured Ad-IUl- or Ad-1U2-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 12, PC-3
cells, which failed to undergo apoptosis following direct infection with Ad-1U2 (Figure 9),
exhibited a 4-fold induction of apoptosis above the level induced by Ad-IU1 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, | tested the ability of conditioned media from Ad-lU2-infected
cells to elicit a similar response. Conditioned media collected from CWR22rv cells
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cells were infected with 0.01 LDU/cell
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post-infection, cells were washed three
times with PBS and mRFP-labeled PSA/PSMA-negative PC-3 cells were co-plated at a
ratio of 3 CWR22rv cells to 1 PC-3 cell. After 24 hours in co-culture, media and cells
were harvested, and the percent apoptotic mRFP-labeled PC-3 cells was analyzed by
FACS analysis. A significant level of apoptosis was induced in PC-3 cells co-cultured

with Ad-1U2-infected cells.

infected with Ad-lU2 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 13). 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 14), 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 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, |
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infected with 0.01 LDU/cell Ad-1Ul or Ad-1U2. Forty-eight hours after infection, media
were harvested and heat-inactivated at 56°C for 30 minutes. Conditioned media were
applied to CWR22rv or PC-3 cells for 24 hours. Marked induction of apoptosis was
achieved in PSA/PSMA-positive CWR22rv and PSA/PSMA-negative PC3 cells following

treatment with Ad-1U2-infected conditioned media. *** = p<0.001.
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Figure 14. Heat treatment of conditioned media was sufficient to inactivate adenovirus.
Media from CWR22rv cells infected with 0.01 LDU/cell Ad-E4PSESE1a for 48 hours was
harvested and heat-inactivated at 56°C for 30 minutes. Conditioned media was applied
to CWR22rv cells for 24 hours before or after heat-inactivation. Heat inactivation of
conditioned media from Ad-E4PSESE1la-infected cells resulted in a drastic reduction in

GFP-positive CWR22rv cells, demonstrating significant inactivation of adenovirus.
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performed western blot analysis on conditioned media from Ad-1U2-infected CWR22rv
cells for TRAIL protein. As shown in Figure 15, cell lysate from Ad-lU2-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.

Figure 15. TRAIL was not cleaved

from the surface of Ad-lU2-infected

CWR22rv cells and present in

conditioned medium at
32 kD physiologically relevant
concentrations. CWR22rv cells were
18kD infected with 0.01 LDU/cell Ad-1U2

for 48 hours. Cell lysate and

conditioned medium (CM) were harvested. Cell lysate, CM and various concentrations
of rhTRAIL were separated by 12% SDS-PAGE and immunoblotted with anti-human

TRAIL antibody. Soluble TRAIL was not detected in the CM from Ad-1U2-infected cells.

Ad-IU2 Inhibited the Growth of SQ Androgen-Independ  ent CWR22rv Xenografts
Previously, we investigated the oncolytic potential of Ad-E4APSESE1la, 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
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exceeded the rate of oncolysis. Rapid intratumoral viral replication and spread peaked
at 3 days and was diminished by 1 week after injection (205). For this reason, |
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-lU2, Ad-lUl
(replication-competent control) and PBS (vehicle control). As shown in Figure 16, Ad-
IU2 significantly suppressed the growth of CWR22rv tumor xenografts as compared to
Ad-IU1 (3.1- vs. 17.1-fold growth of tumor, respectively). 4 weeks after treatment, Ad-
IU1-treated tumors began to fail therapy, resulting in a rebound of tumor growth. On the

other hand, Ad-IU2 continued to inhibit tumor growth through the 6-week end-point of the

Figure 16. Ad-lU2 suppressed
701 the growth of  androgen-

601 ——PBS independent human  prostate
55+ = Ad-1U1

s0{ TRAdIL2 . . .

tumors in athymic mice. SQ

androgen-independent CWR22rv

Fold Tumor Growth

xenografts were established in

castrated male athymic mice and

treated with intratumoral

injections of 2 x 10* LDU Ad-lU1
(n=6), Ad-1U2 (n=9) or PBS (n=5). Tumor volumes were calculated as (L*> x W) / ( /6).
Four weeks after treatment, Ad-lUl-treated tumors began to fail therapy, resulting in
rebound of tumor growth. PBS-treated mice were sacrificed at 5 weeks due to tumor
burden. Ad-IU2 significantly suppressed the growth of CWR22rv tumors as compared to

Ad-IU1 (3.1- vs. 17.1-fold growth, respectively). *** = p<0.001 (Ad-IU2 vs. Ad-1U1).

67



study. Mock-treated mice were sacrificed at 5 weeks due to overwhelming tumor
burden. Of the nine tumors treated with Ad-IU2, six responded favorably with partial
regression in four of six or complete regression in two of six tumors. Of the three tumors
that failed to respond, two were significantly suppressed compared to Ad-1Ul-treated
tumors at 6-weeks (Figure 17). Given the fact that CWR22rv xenografts are clonogenic,
the variation in treatment outcome may be attributable to incomplete infiltration of the

tumor or leakage at the time of injection. Histological examination of PBS-treated

25+ Figure 17. Individual fold tumor growth
% 204 ‘: at the 6-week study endpoint. Of 9 Ad-
("g 154 A - lU2-treated  tumors, 6  responded
E 10+ A favorably with partial regression in 4 of 6
E & "= or complete regression in 2 of 6 tumors.
0

Bayonl .
Ad-1U1 Ad-lU2 Of the 3 tumors that failed, two were

significantly suppressed compared to Ad-IU1-treated tumors at 6 weeks.

tumors revealed healthy cells arranged in normal tumor architecture with significant
tumor vasculature in the margins of the growing tumor (Figure 18A). Ad-lUl-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 18B). Although patches of healthy tumor cells
remained within the Ad-lU2-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 18C).
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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 19A,B). On the other hand, Ad-lU2-treated
tumors displayed marked apoptosis in the margins surrounding necrotic centers of
oncolysis (Figure 19C). 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.

Figure 18. Histological appearance of
CWR22rv tumors 6 weeks after treatment.
PBS (A), Ad-lU1 (B) (large arrows,
necrotic centers of oncolysis; small
; arrows, foci of healthy tumor cells) or Ad-

IU2 (C) (large arrows, necrotic centers

of oncolysis; small arrows, condensed
nuclei) (H&E, 200X). Treatment effect of Ad-1U2 was diffuse throughout a greater extent
of the tumor, unlike the focal appearance of Ad-lUl, suggesting a TRAIL-mediated

bystander effect.
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Figure 19. In situ detection of apoptosis
in harvested CWR22rv xenografts. Tumor
xenografts from athymic nude mice were
harvested at 6 weeks (Ad-lU1 and Ad-
IU2) or 5 weeks (PBS). Tumors were
stained for TUNEL analysis,
counterstained with DAPI and examined

under dual photon confocal microscopy.

No significant apoptosis was detected in tumors treated with PBS (A) or Ad-1U1 (B) and

marked apoptosis was detected in tumors treated with Ad-1U2 (C).
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Radio-Sensitization of Androgen-Independent Prostate Cancer with Ad-1U2

Background

Recent studies supporting the use of EBRT as standard of care for high risk
prostate cancer have also demonstrated that monotherapy is insufficient for the
treatment of locally advanced disease, leading to higher rates of biochemical failure and
PCSM (39, 280-282). Furthermore, clinical studies indicate that adequate locoregional
elimination of prostate cancer is necessary to decrease the risk of metastases from a
nidus of continuously shedding cancer cells (50). Recently, this has been achieved by
improved targeting and dose escalation of EBRT through the use of 3D-CRT and IMRT
(283, 284). However, the persistence of radio-resistant prostate cancer cells and dose-
limiting toxicities to surrounding normal tissues in the pelvis, such as the rectum and
bladder, prevent complete tumor eradication, leading to failure of the therapy and a
potentially fatal disseminated disease. For these reasons, the development of novel
therapies to enhance the efficacy of conventional treatments is critically needed.

Recently, the combination of EBRT and chemotherapy has been evaluated
clinically to achieve improved locoregional control of a tumor following radiotherapy
(285). Although the greatest clinical efficacy has been achieved for head and neck
(286), non-small cell lung (287), and cervical (288) cancer, chemoradiotherapy with
docetaxel is currently being tested in early clinical trials for prostate cancer (289, 290).
Radiation sensitizers, such as chemotherapy, modulate the response of cancer cells to
EBRT leading to improved local tumor control and through dose-reduction, protection of
normal tissue from the acute toxicity of radiation. The ideal radiosensitizer would have
adequate spread throughout the entire tumor, sensitize tumor cells selectively and cause

minimal toxicity to normal tissue.
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Over the past fifteen years, gene therapy has been widely studied as an
alternative approach to the treatment of prostate cancer; however, current limitations of
viral replication and transduction efficiency reduce its clinical feasibility as a
monotherapy. Likewise, the efficacy of EBRT for prostate cancer is limited by toxicity to
the surrounding organs. In the first half of my thesis, | evaluated the preclinical efficacy
of Ad-IU2 as a single modality against androgen-independent prostate cancer. In
addition to being a powerful tumor-specific cytotoxic molecule, TRAIL has proven to be a
potent radio-sensitizing agent. | hypothesized that the neoadjuvant treatment of high
risk prostate cancer with a PSRCA expressing TRAIL would result in the radio-
sensitization of tumor cells, thereby enhancing the therapeutic effect of EBRT. The
goals of this multi-modal approach combining viral lysis, apoptosis-inducing gene
therapy, and radiation therapy are to achieve complete local tumor control, reduce
radiation dose and associated treatment morbidities, and improve the clinical outcome
for patients with high risk locally advanced prostate cancer.

Recent investigations have demonstrated the potentiation of the antitumor
activity of EBRT by combining it with TRAIL. Initially, the link between TRAIL and RT
was made in non-Hodgkin's patients undergoing EBRT, where TRAIL expression was
upregulated in blood cells distant from the irradiated tissue. This was thought to provide
some therapeutic benefit and contribute partially to the abscopal effect of RT (291, 292).
To further support the role of rhTRAIL in radiation-induced apoptosis, DR5-knockout
mice exhibited reduced amounts of apoptosis in tissues exposed to ionizing radiation
(293). Pretreatment of cancer cells with soluble TRAIL or an adenoviral vector
expressing TRAIL resulted in sensitization to EBRT. In DU-145 prostate cancer cells, a
synergistic effect on apoptosis was observed with combinatorial therapy and was found
to be Bax-dependent, implicating a role for the mitochondrial or intrinsic apoptosis-
amplification loop (294). EI Hassan et al. also described the role of the intrinsic
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mitochondrial pathway in the response to combined treatment. In non-small cell lung
cancer cell lines, synergy was accompanied by caspase-8 and Bid cleavage, which was
reversible by Bcl-2 overexpression (295). On the other hand, the mechanism of synergy
in Jurkat cells did not appear to be related to death receptor upregulation or
mitochondrial apoptosis, as cytochrome c¢ was not released from the mitochondrial
membrane and Bcl-2 overexpression as well as p53 mutation did not inhibit apoptosis
(296). This multimodal approach has been studied preclinically for three types of cancer.
An RGD-retargeted adenovirus, AJ/TRAIL-F/RGD, expressing full-length TRAIL under
control of an hTERT/GAL4VP16/GT promoter system, has been investigated for use in
esophageal adenocarcinoma, where combination with EBRT resulted in enhanced
apoptosis induction and decreased clonogenic survival. This radio-sensitization
appeared to be synergistic and specific to cancer cells. Furthermore, combined therapy
inhibited tumor growth in vivo and prolonged nude mouse survival from 16.7 and 21.5
days (RT and Ad/TRAIL-F/RGD alone, respectively) to 31.6 days (combined) in the
esophageal adenocarcinoma model (297). Similarly, Ad/TRAIL-F/RGD improved nude
mouse survival from 16.5 and 23.7 days (RT and Ad/TRAIL-F/RGD alone, respectively)
to 43.7 days (combined) in a non-small cell lung cancer model (298). Kaliberov et al.
developed a replication-deficient adenovirus, AdFIt-TRAIL, which expressed full-length
TRAIL under control of the VEGF receptor promoter, FLT-1. AdFIt-TRAIL was studied
for the treatment of prostate cancer in DU-145 cells where cell death in combination with
RT was merely additive. In an athymic mouse DU-145 xenograft model, there was no
significant difference between tumors treated with AdFIt-TRAIL alone or in combination
with RT (299). The previous study was limited by the use of a replication-deficient virus
and the weak activity of Flt-1 promoter in DU-145 cells. In the current study, | improved

upon this approach through the use of a replication-competent adenovirus in which
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replication and TRAIL expression are driven by a prostate-specific promoter with strong

activity in PSA/PSMA-positive prostate cancer cells.

Evaluation of the Combination of Ad-lU2 and Radiati  on Therapy for the Treatment
of Androgen-Independent Prostate Cancer

Ad-lU2 Reduced the Clonogenic Survival of Irradiate  d Prostate Cancer Cells More
Effectively Than rhTRAIL Alone

To test the combined effect of TRAIL gene therapy with Ad-IU2 and radiotherapy,
| first determined the optimal dose of virus required to produce the greatest
radiosensitization of prostate cancer cells. A radiosensitizing agent should decrease the
clonogenic survival of cancer cells following irradiation when administered in sub-optimal
concentrations for use as a single agent. For this reason, in accordance with data from
the in vitro cytotoxicity assay (Figure 11), the dose range of 0.0015 to 0.0045 LDU/cell
was selected. CWR22rv cells were pretreated with the above concentrations of Ad-1U2
24 hours prior to irradiation and then allowed to rest for 24 hours prior to plating for
clonogenicity. 3 weeks after plating, colonies were counted and survival data fitted to
the linear-quadratic regression model, normalizing for viral cytotoxicity with each RT
dose. Radiosensitization of CWR22rv cells following infection with Ad-lU2 was
evidenced by a reduction in the shoulder of the clonogenic survival curve (Figure 20).
The Ad-lU2 dose of 0.0015 LDU/cell resulted in the least reduction of clonogenic
survival, while an Ad-lU2 dose of 0.003 LDU/cell produced the greatest
radiosensitization. Interestingly, this effect was not strictly dose-dependent, as a higher
dose of 0.0045 LDU/cell of Ad-1U2 resulted in less reduction of survival fraction. As a
result, the viral dose 0.003 LDU/cell was chosen for use in subsequent combinatorial

experiments.
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Figure 20. Determination of optimal
viral dose for clonogenic assay. 1 x
10° CWR22rv cells were infected with
0, 0.0015, 0.003 or 0.0045 LDU/cell
Ad-lU2 for 24 hours and irradiated
with 0, 1, 2 or 3 Gy. 24 hours after
irradiation, cells were plated at low
densities in p100 dishes. 3 weeks
after seeding, plates were stained
with crystal violet, and colonies of 50

cells or greater were counted. The

dose response survival curve was fitted to the linear-quadratic regression model [ In
(SF/SFo) = -( D + D? ]. 0.003 LDU/cell Ad-lU2 was chosen as the optimal dose for

future experiments.

The treatment of CWR22rv cells with ionizing radiation resulted in a dose-
dependent decrease in clonogenicity, exhibiting a broad shoulder in the radiation
survival curve (Figure 21). Pretreatment of CWR22rv cells with 0.003 LDU/cell Ad-
E4PSESE1la, PSRCA vector control, resulted in a minimal left-ward shift in the survival
curve and no reduction of the shoulder, indicating no radio-sensitization by a PSRCA
alone. On the other hand, pretreatment of the PSA/PSMA-positive cells with 0.003
LDU/cell Ad-IU2 resulted in a dramatic reduction of clonogenic survival, indicating radio-
sensitization. Pretreatment of cells with rhTRAIL (75 ng/ml) resulted in a decrease in
clonogenic survival of irradiated CWR22rv cells and a reduction in the shoulder of the

radiation survival curve; however, radio-sensitization by rhTRAIL alone was not as
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dramatic as that achieved by Ad-1U2, despite similar concentrations of TRAIL protein in

both treatment groups (Figure 15). These data suggest that the expression of full-length

TRAIL by a replication-competent vector is a more potent radio-sensitizer than the

administration of rhTRAIL.

Figure 21. Combination of
Ad-lU2 and RT resulted in
a  decrease in  the
clonogenicity of CWR22rv
cells. 1 x 10° CWR22rv
cells were plated overnight
in a T24 flask and treated
with 0.003 LDU/cell Ad-1U2
or Ad-E4, rhTRAIL (75
ng/ml) or PBS. 24 hours
post-treatment, cells were
irradiated at a dose of 0, 1,

2, 3 or4 Gy and plated at

low densities in p100 dishes 24 hours after irradiation. 3 weeks after seeding, plates

were stained with crystal violet, and colonies of 50 cells or greater were counted. The

dose-response survival curve was fitted to the linear-quadratic regression model [ In

(SFISFo) = -( D + D? ]. Radio-sensitization was evidenced by a reduction in the

shoulder of the curves for cells treated with rhnTRAIL and Ad-lU2 and was greatest for

cells infected with Ad-1U2.
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Compared to PBS or Ad-E4PSESE1la, Ad-1U2 drastically reduced the clonogenic
survival of CWR22rv cells. EBRT at a dose of 2 Gy resulted in a survival fraction of
49.2% following monotherapy or 41.5% in combination with Ad-E4PSESE1la; however,
in cells pretreated with Ad-IU2, irradiation with 2 Gy resulted in a survival fraction of
5.24%, compared to 21.8% for cells pretreated with rhTRAIL. The mean lethal dose of
ionizing radiation was reduced from 2.52 Gy for mock-treated cells to 0.512 Gy for
CWR22rv cells pretreated with Ad-IU2. This radio-sensitization corresponded to dose
reduction factors (DRF) of 4.91 for 0.003 LDU/cell Ad-1U2 and 2.06 for 75 ng/ml rhTRAIL

(Table 5).

Table 5. Ad-IU2 sensitized CWR22rv cells to EBRT. The linear-quadratic regression
analysis for CWR22rv cells demonstrated radio-sensitization as evidenced by an
increase in the lethal, irreparable events ( ), a reduction in sublethal damage ( )
component, and a reduction in the D, (RT dose at which 37% of cells for colonies) from
2.52 Gy with RT alone to 0.0524 Gy in combination with 0.003 LDU/cell Ad-1U2, resulting
in a dose reduction factor (DRF) of 4.91 for Ad-lU2. Radio-sensitization was specific to
Ad-IU2, as infection with 0.003 LDU/cell Ad-E4PSESE1a failed to enhance the radiation
effect. Greater radio-sensitization was achieved with Ad-1U2 than with 75 ng/ml rhTRAIL

which had a DRF of 2.06. R? regression coefficient; SF2, surviving fraction at 2 Gy.

PBS Ad-1U2 Ad-E4 rhTRAIL
R? 0.990 0.997 0.993 0.998
0.198 2.10 0.240 0.894

0.0786 -0.314 0.100 -0.0666
/ 2.51 -6.69 2.39 -13.4
SF2 0.492 0.0524 0.415 0.218

Do 2.52 Gy 0.512 Gy 2.18 Gy 1.22 Gy
DRF 4.91 1.16 2.06
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Compared to CWR22rv cells, C4-2 cells were more radio-sensitive, as indicated
by a steeper slope to the radiation dose-response curve and a narrower shoulder to the

curve (Figure 22). Likewise, the mean lethal dose for C4-2 cells was 2.35 Gy, compared

Figure 22. Combination of
Ad-lU2 and RT resulted in a
decrease in the
clonogenicity of C4-2 cells.
1 x 10° C4-2 cells were
plated overnight in a T24
flask and treated with 0.003
LDU/cell Ad-1U2 or Ad-E4,
rhTRAIL (75 ng/ml) or PBS.
24 hours post-treatment,
cells were irradiated at a
dose of 0, 1, 2, 3 or 4 Gy

and plated at low densities

in p100 dishes 24 hours after irradiation. 2 weeks after seeding, plates were stained
with crystal violet, and colonies of 50 cells or greater were counted. The dose-response
survival curve was fitted to the linear-quadratic regression model. Radio-sensitization
was evidenced by a reduction in the shoulder of the curves for cells treated with rhTRAIL

and Ad-1U2 and was greatest for cells infected with Ad-1U2.

to 2.52 Gy for CWR22rv cells (Table 6). The treatment effect was less dramatic in C4-2

cells than in CWR22rv cells; however, pretreatment of C4-2 cells with both rhTRAIL and
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Table 6. Ad-IU2 sensitized C4-2 cells to EBRT. The linear-quadratic regression model [
In (SF/ISF0) =-( D+ D?) ]for C4-2 cells demonstrated radio-sensitization as evidenced
by an increase in the component, a reduction in the component, and a reduction in
the Dy (RT dose at which 37% of cells for colonies) from 2.35 Gy with RT alone to 0.168
Gy in combination with 0.003 LDU/cell Ad-1U2, This resulted in a dose reduction factor
(DRF) of 2.35 for Ad-IU2. Radio-sensitization was specific to Ad-1U2, as infection with
0.003 LDU/cell Ad-E4PSESE1a failed to enhance the radiation effect. Greater radio-
sensitization was achieved with Ad-IU2 than with 75 ng/ml rhTRAIL which had a DRF of

1.66. R? regression coefficient; SF2, surviving fraction at 2 Gy.

PBS Ad-1U2 Ad-E4 rhTRAIL
R? 0.985 0.994 0.997 0.990
0.0476 1.16 0.275 0.756
0.160 -0.132 0.0852 -0.0389
/ 0.298 -8.76 3.22 -19.4
SF2 0.480 0.168 0.411 0.257
Do 2.35 Gy 0.966 Gy 2.17 Gy 1.42 Gy
DRF 2.43 1.08 1.66

Ad-lU2 markedly decreased the colony formation of irradiated cells and reduced the
shoulder of the curve. In C4-2 cells, 2 Gy of radiation alone decreased clonogenic
survival by 52%, whereas the addition of 75 ng/ml rhTRAIL or 0.003 LDU/cell Ad-1U2
reduced survival by 74.3 and 83.2%, respectively. The resulting DRFs were 2.43 for Ad-
IU2 and 1.66 for rhTRAIL. These results suggest that TRAIL gene therapy with Ad-1U2
is a more potent radiation-sensitizing agent than rhTRAIL in PSA/PSMA-positive
androgen-independent prostate cancer cell lines and that reduction of EBRT dose can

be achieved by pretreatment with Ad-1U2.
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Radio-Sensitization by Ad-lU2 was Specific to PSA/PS MA-Positive Prostate
Cancer Cells

Due to the proximity of the prostate to the rectum and the bladder, | tested
whether Ad-1U2 would sensitize cells from the surrounding normal tissues. For this
reason, the colorectal adenocarcinoma cell line, LoVo, and bladder transitional cell
carcinoma cell line, T24, were selected. Infectivity assays were performed to achieve
equal infectivity of Ad5 in these cell lines as in prostate cancer cell lines. LoVo and T24
cells were infected with Ad5-GFP and analyzed by FACS analysis for GFP expression.
As depicted in Figure 23, 500 vp/cell Ad5-GFP caused a shift in GFP expression of

14.68% in LoVo cells and 10,000 vp/cell caused a shift of 11.47% in T24 cells. To

Figure 23. Adenoviral infectivity assay for LoVo and T24 cells. LoVo and T24 cells
were infected with varying doses of Ad5-GFP, a replication-defective adenovirus
expressing GFP under control of the CMV promoter. For LoVo cells, a range of 0 to
5,000 vp/cell was used, and for T24 cells, a range of 0 to 10,000 vp/cell was used.

Twenty-four hours after infection, GFP expression was analyzed by FACS analysis.

achieve equal infectivity, LoVo required 57-fold more adenoviral vector than CWR22rv

cells, while T24 cells required 1400-times the adenoviral dose (Table 7).
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Table 7. Relative infectivity of LoVo and T24 cells for Ad5. CWR22rv, LoVo and T24
cells were infected with varying doses of Ad5-GFP for 24 hours and analyzed for GFP-
positivity (% FL1-H) by FACS analysis. Values for LoVo and T24 cells were compared
to CWR22rv values to determine relative infectivities, which were used in subsequent

experiments to standardize viral doses.

Ad5-GFP % FL1-H CWR22rv Rel. Infectivity
(vp/cell)
LoVo 500 14.68 8.70 vp/cell 57 X
T24 10,000 11.47 6.85 vp/cell 1,460 X

To determine whether combinatorial treatment sensitized colorectal or bladder
cancer cell lines to radiotherapy, LoVo and T24 cells were pretreated with cell line-
specific equivalent doses of Ad-1U2 or Ad-E4PSESE1la for 24 hours and then irradiated.
Because distinct colony formation was difficult to achieve in LoVo and T24 cells, cell
viability was assessed by MTT assay, rather than clonogenic assay. As depicted in
Figure 24, treatment of LoVo and T24 cells with EBRT resulted in a dose-dependent
decrease in cell viability. LoVo cells demonstrated a higher basal level of radio-
sensitivity than T24 cells. Pretreatment of both PSA/PSMA-negative cell lines with Ad-
IU2 did not enhance cell killing. This was expected, as TRAIL was under transcriptional
control of PSES; however, the effect of rhTRAIL on LoVo and T24 cells was not

evaluated due to its lack of tissue-specificity.

Combinatorial Therapy Failed to Augment Induction o f Apoptosis
Previous studies have demonstrated that the enhanced cell killing and radio-
sensitization that occurred from the combination of TRAIL and EBRT was caused by

enhanced apoptosis induction; however, most studies used high doses of radiation
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Figure 24. Ad-IU2 failed to sensitize PSA/PSMA-negative colorectal and bladder cancer
cell lines to EBRT. LoVo and T24 cells were plated in 96-well plates and infected with
Ad-lU2 or Ad-E4PSESE1la in doses adjusted for relative infectivity of each cell line.
Twenty-four hours after infection, cells were irradiated with 0, 1, 2, 3 or 4 Gy. Cells were
analyzed for survival by MTT assay at 96 hours post-irradiation for LoVo cells or 48
hours post-irradiation for T24 cells. Ad-lU2 failed to enhance the sensitivity of

PSA/PSMA-negative cell lines to EBRT.

ranging from 5 to 40 Gy (294, 295, 299). To determine whether the enhanced cell killing
of androgen-independent prostate cancer cell lines was due to increased apoptosis with
the lower RT doses and suboptimal viral doses used in this study, | analyzed Annexin V
and PI staining of cells treated with Ad-IU2 and EBRT. As seen in Figure 25, in both
CWR22rv and C4-2 cells, infection with 0.003 LDU/cell Ad-1U2 resulted in a slight
induction of apoptosis above that of the PSRCA control. Treatment of CWR22rv and
C4-2 cells with 3 Gy RT resulted in nearly 2-fold induction of apoptosis above that of
mock PBS-treated cells; however, no increase in apoptosis induction was observed in
the combined treatment group. These data suggest that at the minimal doses of virus

and EBRT required to reduce clonogenic survival in CWR22rv and C4-2 cells,
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augmentation of apoptosis induction did not contribute to the mechanism of radio-

sensitization.

Figure 25. Combination of Ad-1U2 plus EBRT did not enhance apoptosis induction at
doses sufficient to decrease clonogenicity of PSA/PSMA-positive prostate cancer cells.
CWR22rv and C4-2 cells were treated with 0.003 LDU/cell Ad-1U2, Ad-E4PSESE1a or
PBS and irradiated 24 hours after infection for a dose of 0 or 3 Gy. Twenty-four hours
after irradiation, cells were harvested and analyzed for apoptosis by Annexin V-FITC and
PI staining. At a low dose of 0.003 LDU/cell, Ad-1U2 significantly induced apoptosis
compared to PSRCA control alone; however, this level was lower than that induced by
0.01 LDUl/cell (Figure 9), as expected. In addition, EBRT at a dose of 3 Gy was
sufficient to induce significant levels of apoptosis compared to untreated cells; however,
in combination, 0.003 LDU/cell Ad-lU2 failed to augment RT-induced apoptosis

induction. * = p<0.05, ** = p<0.01, *** = p<0.001.
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Pretreatment of Androgen-Independent Prostate Cance r Cells with Ad-1U2 or
rhTRAIL Resulted in G ; Phase Accumulation and Diminished Radiation-Induce dG,
Phase Arrest

To elucidate the mechanism for radio-sensitization of prostate cancer cells by
Ad-1U2, | performed cell cycle analysis on the cells following pretreatment with Ad-IU2 or

rhTRAIL and also following combination treatment. As depicted in Figure 26, infection of

Figure 26. Treatment of CWR22rv and C4-2 cells with Ad-1U2 or rhTRAIL resulted in
accumulation of cells in G; phase. Androgen-independent prostate cancer cell lines
CWR22rv (A) and C4-2 (B) were treated with PBS, 100 ng/ml rhTRAIL, 0.003 LDU/cell
Ad-IU2 or Ad-E4PSESE1a for 24 hours. Cells were washed, harvested, permeabilized
and treated with RNaseA. DNA content was stained with Pl and analyzed by FACS
analysis. % cells in each phase of the cell cycle is listed for each histogram. Following

treatment with Ad-1U2 or rhTRAIL, both prostate cancer cell lines arrested in G; phase.
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cells with Ad-E4PSESE1a resulted in no significant change in DNA content, compared to
PBS-treated cells. On the other hand, infection of cells with 0.003 LDU/cell Ad-1U2 or
treatment with 100 ng/ml rhTRAIL produced approximately a 20% increase in the G;
population. This was a significant finding, as previous studies have demonstrated that
cells arrested in the G; or G, phases of the cell cycle are most sensitive to ionizing
radiation (300). This was consistent with the observation that C4-2 cells, which were
more sensitive to ionizing radiation, had a greater percentage of cells in G; phase before
treatment with Ad-lIU2 or rhTRAIL.

To determine whether pretreatment of prostate cancer cells with Ad-1U2 or
rhTRAIL affected the cell cycle of irradiated cells, DNA content of CWR22rv and C4-2
cells, pretreated for 24 hours, was analyzed 8, 16 and 24 hours after irradiation. As
seen in Table 8, 3 Gy RT induced a G, phase arrest which lasted up to 16 hours in
CWR22rv cells and 24 hours for C4-2 cells. A similar G, phase arrest was observed in
cells pretreated with 0.003 LDU/cell Ad-E4PSESEla. The radiation-induced G, arrest
was dramatically inhibited in cells pretreated for 24 hours with Ad-1U2 or rhTRAIL. This
effect lasted up to 8 hours in CWR22rv cells or 16 hours in C4-2 cells after irradiation. In
addition, accumulation of cells in G; phase was observed in both irradiated and
unirradiated for up to 8 or 16 hours after RT in CWR22rv or C4-2 cells, respectively.
Representative DNA content histograms for CWR22rv and C4-2 cells 8 hours after
combinatorial treatment are displayed in Figure 27. Diminishment of the RT-induced G2
arrest was most dramatic in C4-2 cells, with an approximately 55% reduction for C4-2
and 40% for CWR22rv cells. These data suggest that combinatorial therapy with Ad-1U2
or rhTRAIL plus EBRT caused significant cell cycle redistribution, which may contribute

to the mechanism of radio-sensitization of prostate cancer cells.
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Table 8. Combination of Ad-1U2 or rhTRAIL and EBRT resulted in perturbation of RT-induced G, arrest. CWR22rv and C4-2 cells

were pretreated with 0.003 LDU/cell Ad-1U2, Ad-E4PSESE1a or 100 ng/ml rhTRAIL for 24 hrs, irradiated and analyzed.

8 hours after RT 16 hours after RT 24 hours afterR T
CWR22rv
G (%) S (%) G2 (%) G (%) S (%) G2 (%) G1 (%) S (%) G2 (%)
0 Gy PBS 46.7 40.2 13.1 50.4 35.6 14.0 50.9 32.6 16.5
0 Gy Ad-IU2 54.0 32.7 13.3 56.8 29.3 13.9 57.9 23.7 18.4
0 Gy Ad-E4 45.9 37.7 16.4 54.8 32.5 12.7 54.0 32.8 13.2
0 Gy rhTRAIL 55.8 29.9 14.3 53.5 34.4 12.1 56.5 25.0 18.5
3 Gy PBS 29.4 42.5 28.1 51.2 25.0 23.8 52.9 27.0 20.1
3 Gy Ad-IU2 47.4 354 17.2 50.4 21.8 27.8 50.7 23.5 25.8
3 Gy Ad-E4 31.1 395 29.4 48.6 22.6 28.8 52.9 26.9 20.2
3 Gy rhTRAIL 52.2 30.1 17.7 45.7 28.4 25.9 64.0 10.5 255
8 hours after RT 16 hours after RT 24 hours afterR T
C4-2
G1 (%) S (%) G2 (%) G1 (%) S (%) G2 (%) G:1 (%) S (%) G2 (%)

0 Gy PBS 64.5 28.7 6.8 72.2 23.9 3.9 71.0 20.9 8.1
0 Gy Ad-IU2 79.7 13.7 6.6 86.6 10.3 3.1 80.0 8.3 11.7
0 Gy Ad-E4 62.8 26.5 10.7 72.1 22.9 5.0 70.2 16.7 13.1
0 Gy rhTRAIL 74.5 17.4 8.1 86.5 9.8 3.7 75.4 9.2 15.4
3 Gy PBS 66.2 17.6 16.2 68.0 15.7 16.3 60.9 19.6 19.5
3 Gy Ad-IU2 75.9 18.3 5.8 78.3 15.4 6.3 70.7 11.3 18.0
3 Gy Ad-E4 64.9 19.1 16.0 71.3 13.3 15.4 66.9 9.8 23.3
3 Gy rhTRAIL 70.2 21.3 8.5 76.2 15.8 8.0 73.5 12.6 13.9




Figure 27. Combination of Ad-1U2 or rhTRAIL and EBRT resulted in perturbation of RT-
induced G, phase arrest. CWR22rv (A) and C4-2 (B) cells were treated with PBS, Ad-
IU2, Ad-E4PSESE1la or rhTRAIL for 24 hours, followed by treatment with 3 Gy RT. 8
hours after irradiation, cells were harvested and stained for DNA content with PI.
Percent of cells in each phase of the cell cycle is listed for each histogram. The
radiation-induced G, arrest was dramatically diminished in cells pretreated with Ad-1U2

or rhTRAIL.
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Discussion

The safety and efficacy of gene therapy for prostate cancer has been
demonstrated through various preclinical and clinical trials. In recent years, interest in
this field has expanded and will continue to do so. Preliminary results from clinical trials
indicate that gene therapy alone may not cure prostate cancer; however, in combination
with conventional therapies, gene therapy promises to fill the therapeutic void left by
chemotherapy and androgen ablation therapy for advanced disease. It is conceivable
that such multi-modal therapies will result in fewer undesirable side effects and
improvement in the quality of life for the patient. Due to its convenient administration
through ultrasound-guided transrectal injection, it is also conceivable that gene therapy,
applied in an outpatient setting, may one day augment radical prostatectomy and
radiation therapy to treat early stage disease. Factors impeding the widespread use of
gene therapy for prostate cancer include slow clinical translation of laboratory research,
lack of funding for expensive clinical trials, and misconceptions and fear of gene therapy
by the general public. As the number of successful gene therapy trials increase, these
factors will diminish.

Significant progress in basic medical science research has lead to an
understanding of the molecular events underlying the development and progression of
prostate cancer. Such preclinical studies have translated into strategies for the
molecular therapy of hormone-refractory prostate cancer. Advances in molecular and
cellular biology have lead to the discovery of novel therapeutic genes and improvement
of vector systems for the delivery of those genes. Prostate-specific targeting of
molecular therapies is now possible due to the identification and characterization of
prostate-specific sequences. Our laboratory has focused much of its efforts on the
development of chimeric tissue-specific promoters such as PSES and the application of
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well-characterized promoters such as OC in the development of molecular therapy for
androgen-independent primary and metastatic prostate cancer.

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 (177); however, later
studies have demonstrated replication independent of p53 status (189). ONYX-015 has
been widely tested in clinical trials and has demonstrated inefficient cell lysis and viral
replication, resulting in poor clinical outcomes (180, 301). In a second approach, the
adenoviral immediate early Ela gene was placed under control of tissue-specific
promoters (193, 198, 302). To achieve greater control of viral replication, both Ela and
Elb genes were placed under control of multiple or single bidirectional promoters (195,
199). We developed a prostate-specific oncolytic adenovirus, called Ad-E4PSESE1a, in
which adenoviral Ela and E4 genes were controlled by the bidirectional PSES enhancer
(205). Previous studies have demonstrated that TRAIL-mediated apoptosis potentiated
oncolysis and spread of a replication-competent adenovirus throughout a tumor (303).
Therefore, to enhance the oncolytic and therapeutic potential of this PSRCA, |
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 (304). Through an adenoviral replication-dependent
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homologous recombination event, the bicistronic 3' to 5° TRAIL-IRES-Ela cassette is
flipped to the correct orientation and expressed under control of the universal RSV
promoter (83). In a second tumor-specific approach, a CMV-TRAIL expression cassette
was incorporated into the Elb-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 (305). 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 (306). The final approach achieved tissue-specific
replication and TRAIL expression for hepatocellular carcinoma using the -fetoprotein
promoter to control the expression of a bicistronic Ela-TRAIL cassette (307). My
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 my 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 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
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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.

In this study, | developed and characterized Ad-1U2, a novel PSRCA, in which
adenoviral replication and the expression of TRAIL were controlled by the prostate-
specific PSES promoter. | demonstrated that the adenoviral early gene product, Ela,
which controls adenoviral replication, was restricted to PSA/PSMA-positive prostate
cancer cells (Figure 8). Likewise, replication of Ad-IU2 was diminished in PSA/PSMA-
negative cells (Table 4). While TRAIL was expressed in PSA/PSMA-positive prostate
cancer cells (Figures 6 and 7), this did not hinder viral replication. This was consistent
with my ability to produce high titers of Ad-1U2 (1.02 x 10*? vp/ml). Other groups have
had difficulty producing adenoviral vectors expressing TRAIL or similar death ligands
due to toxicity to producer cells such as HEK293 or HER911. Previous attempts have
used caspase inhibitors to allow adenoviral replication without the premature death of
producer cells (277). In my approach, the unintended death of HER911E4 producer
cells is prevented by tissue-specific regulation of TRAIL expression.

Ad-1U2 effectively induced apoptosis in TRAIL-sensitive, PSA/PSMA-positive
CWR22rv and C4-2 cells (Figure 9). Interestingly, TRAIL resistance in the PSA/PSMA-
positive prostate cancer cell line LNCaP was reversed by prolonged Ad-IU2 infection
(Figure 10). Ad-lU2 exhibited marked in vitro killing activity against both androgen-
dependent and androgen-independent PSA/PSMA-positive prostate cancer cells,
compared to the PSRCA, Ad-E4PSESE1la, suggesting that the addition of TRAIL to a
PSRCA augmented the killing power of a replication-competent adenovirus (Figure 11A-
C). The ability to maintain strong PSES activity regardless of androgen status will allow
Ad-IU2 to be used for either early or advanced prostate tumors. TRAIL is a valuable
anti-tumor molecular therapeutic agent because of its preference for inducing apoptosis
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in cancer cells. Retaining this ability, Ad-IU2 failed to kill PSA/PSMA-negative normal
human dermal fibroblasts (Figure 11D).

Due to the heterogeneity of cells within a single tumor of the prostate, with
respect to PSA, PSMA, AR and CAR expression, as well as the reduced in vivo
transduction efficiency of adenoviral vectors, the ability of Ad-1U2 gene therapy to induce
a bystander killing effect is critical to its success as a therapeutic agent. In co-culture
with Ad-lU2-infected PSA/PSMA-positive CWR22rv cells, apoptosis was detected in
PSA/PSMA-negative PC-3 cells, implicating a potential role for cell-to-cell contact with
Ad-1U2-infected cells expressing surface-bound TRAIL (Figure 12). Similarly, apoptosis
was detected in both CWR22rv and PC-3 cells treated with conditioned medium from
Ad-lU2-infected cells which had been heat-inactivated to deplete viable Ad-IU2 virus
particles from the medium (Figure 13). However, western blot analysis of the
conditioned medium revealed that soluble TRAIL was not cleaved from the cell
membranes of Ad-lU2-infected cells (Figure 15), suggesting that other soluble factors,
such as TRAIL-containing apoptotic bodies or even non-TRAIL proteins, were
responsible for the bystander killing effect.

Ad-IU2 significantly suppressed the in vivo growth of androgen-independent
CWR22rv xenografts in nude athymic mice compared to a PSRCA control (3.1 vs. 17.1-
fold growth of tumor). At the 6-week endpoint of the study, 6 tumors responded
favorably with partial regression in 4 of 6 or complete regression in 2 of 6 tumors. Of the
3 tumors that failed treatment, two were still significantly suppressed compared to
PSRCA-treated tumors (Figures 16 and 17). The histological appearance of Ad-1U2-
treated tumors was drastically different than PSRCA-treated tumors. In the Ad-1U2
treatment group, the treatment effect appeared to extend beyond the necrotic viral
centers of replication, whereas in the PSRCA control group, the treatment effect was
limited to the margin of cells surrounding viral centers of replication (Figure 18),
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demonstrating enhanced therapeutic effect and viral spread throughout a greater tumor
volume. The use of the highly tissue-specific PSES promoter will not only for allow intra-
tumoral injection of the vector for locally advanced or recurrent tumors, but also systemic
administration of the virus to target distant metastases; however, the greatest limitation
of this approach to be overcome is the dilution effect of the virus in the bloodstream. Of
the prostate-specific promoters available, PSES retains the highest tissue-specificity and
activity in environments depleted of androgens, giving this PSRCA greater clinical utility
in patients undergoing simultaneous ADT. Although gene therapy with Ad-IU2 shows
favorable preclinical promise as a therapeutic agent for advanced androgen-independent
prostate cancer, its use as a monotherapy may not be feasible. Ad-1U2 viral therapy
would benefit greatly from combination with conventional therapies such as radiation
therapy.

Recently, it has been demonstrated that an enhanced anti-tumor effect can be
achieved when rhTRAIL therapy is combined with EBRT. | hypothesized that the
neoadjuvant treatment of high risk prostate cancer with a PSRCA expressing TRAIL
would result in the radio-sensitization of tumor cells, thereby enhancing the therapeutic
effect of EBRT. This approach is ideal over the use of rhTRAIL to sensitize tumors to
radiotherapy because replication-competent vectors can achieve enhanced distribution
throughout the entire tumor. Furthermore, through the use of a tissue-specific promoter
such as PSES, radio-sensitization can be limited to prostate cancer cells, minimizing
toxicity to normal tissues.

EBRT is viewed as the standard of care for high risk locally advanced prostate
cancer; however, clinical outcomes are merely intermediate to moderate, despite
combination with ADT. In order to achieve a long-term cure, the local disease must be
controlled; however, the persistence of radio-resistant cancer cells and RT dose-limiting
toxicities prevent the complete elimination of all tumor cells. For this reason, a treatment
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modality that enhances the therapeutic efficacy of EBRT within the local tumor
environment and effectively reduces the required dose of radiation administered is quite
appealing.

In this study, the pretreatment of androgen-independent CWR22rv and C4-2
prostate cancer cells with 0.003 LDU/cell resulted in significant radio-sensitization as
evidenced by a reduction in the shoulder of the radiation survival curves, an increase in
lethal DNA damage ( ), and a decrease in sublethal events ( ). Untreated C4-2 cells
were found to be more radio-sensitive than CWR22rv cells, with a mean lethal dose of
2.35 Gy, compared to 2.52 Gy. Ad-lU2 had the greatest radio-sensitizing effect on
CWR22rv cells (DRF = 4.91), compared to C4-2 (DRF = 2.43). In both cell lines, Ad-1U2
was a significantly better radiation-sensitizing agent than 75 ng/ml rhTRAIL (Figures 21
and 22). Radio-sensitization by Ad-IU2 did not occur in PSA/PSMA-negative LoVo and
T24 cells (Figure 24). Because these cell lines differ genetically from normal cells, they
may not behave similarly. Therefore, a limitation of this study is that the radio-
sensitization of primary urothelial, colorectal and bladder smooth muscle cells was not
tested; however, the difficulty of performing clonogenic assays on primary cells
precludes this method. These data suggest that Ad-1U2 is a potent radio-sensitizer in
PSA/PSMA-positive androgen-independent prostate cancer cells that will result in
enhancement of the RT effect and radiation dose-reduction. Through the tight control of
TRAIL expression by the PSES promoter, toxicity to surrounding normal tissues should
also be reduced. Although the in vitro Ad-IU2 data show promise as a radio-sensitizing
agent for clinical use, no radio-sensitizing data in similar cell lines exist for comparison.
Radiation-sensitizers for prostate cancer have not been widely evaluated in the
laboratory. Currently, the use of docetaxel in combination with EBRT is being
investigated clinically. The combinatorial therapy was tolerated well, and the maximum
tolerable dose has not yet been met (290).
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Several mechanisms could explain or contribute to the enhancement of the
therapeutic effect when molecular therapy with TRAIL is combined with EBRT. First,
ionizing radiation may upregulate the expression of DR4 or DR5, the cell surface
receptors for TRAIL. Such an increase in TRAIL receptor may enhance TRAIL tumor
killing by reversing resistance to TRAIL. Secondly, concurrent treatment with RT may
enhance expression of TRAIL throughout the tumor, as it has been shown that ionizing
radiation improves the transduction efficiency and transgene integration of adenoviral
vectors (308, 309). In addition, TRAIL may Kill residual radio-resistant prostate cancer
cells that remain after treatment with EBRT. Next, it is known that TRAIL and RT act
upon distinct pathways to trigger apoptosis, TRAIL through an extrinsic caspase-
mediated pathway and ionizing radiation through an intrinsic mitochondrial-dependent
pathway. Therefore, the combination of TRAIL receptor stimulation and radiation should
activate both pathways, resulting in an amplification of apoptosis. Previous studies have
demonstrated this effect in cells treated with TRAIL molecular therapy and EBRT;
however, this effect was only seen at very high doses of EBRT (294, 295, 299). In the
present study, at the minimal doses of Ad-lU2 and EBRT required to reduce the
clonogenic survival of CWR22rv and C4-2 cells, enhancement of apoptosis induction
with combinatorial therapy was not observed (Figure 25). This suggests that a different
mechanism exists for radio-sensitization in prostate cancer cells treated with Ad-1U2.

Cell cycle analysis of prostate cancer cells infected with Ad-1U2 or pretreated
with rhTRAIL for 24 hours revealed a 20% increase in the G; population for both
CWR22rv and C4-2 cells (Figure 26). This may contribute to the mechanism of radio-
sensitization, as cells arrested in G; or G, phases are most sensitive to RT. Following
combination with EBRT, this effect was still observed for 8 hours after irradiation in
CWR22rv cells or 24 hours in C4-2 cells. This cell cycle redistribution also resulted in a
reduction of the radio-resistant S phase. The most striking cell cycle effect was
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observed following combinatorial therapy where pretreatment of prostate cancer cells
with Ad-IU2 or rhTRAIL resulted in an decrease in the RT-induced G, arrest. At 8 hours
after irradiation, a 40% reduction in the G, arrest was observed in CWR22rv cells and a
55% reduction was observed in C4-2 cells (Figure 27). This effect lasted up to 8 hours
for CWR22rv cells and up to 16 hours for C4-2 cells (Table 8). The mitotic checkpoint is
in place to prevent cells with significant chromosomal damage from exiting mitosis.
Perturbation of the RT-induced G, arrest is significant because it can lead to genomic
instability and mitotic catastrophe, playing a significant role in the radio-sensitization of

cells and contributing to the death of irradiated prostate cancer cells.
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Future Directions

Within the last several years, studies in the field of cancer gene therapy have
attempted to improve gene delivery vectors by creating viruses with the ability to
package a greater number of transgenes, hide from the host’'s immune system, deliver
transgenes with greater transduction efficiency, and target tumor cells selectively. Since
the cloning and initial production of Ad-1U2, many of these improvements have been well
characterized. As with most agents currently under investigation in clinical trials, an
improved version of the therapeutic modality is usually available in the laboratory, but
less thoroughly studied. By manipulation of the adenoviral genome, such improvements
can be made to Ad-lU2 as well. These vector improvements might enhance the
therapeutic efficacy of Ad-1U2 as a single agent or in combination with EBRT.

Perhaps the most beneficial vector modification would be the deletion of the E3
adenoviral region. This early adenoviral gene encodes several gene products that
prevent or diminish apoptosis induction in the host cell and are not critical for viral
replication (67). If the E3 region is deleted, the adenoviral late coding sequence ADP,
which is found within the E3 region, should be reinserted to enhance cell lysis and
release of viral progeny (72). In the current study, although Ad-IU2 induced apoptosis
significantly above that of a PSRCA, levels of apoptosis achieved were no greater than
25% at 24 hours after infection (Figure 9). These low levels of apoptosis induction may
be the result of adenoviral anti-apoptotic proteins. The resulting deletion of the E3
region and reinsertion of the ADP coding sequence would also provide an additional 2
kb of packaging space. A second modification would be to substitute the Ad5 fiber knob
from Ad-1U2 with the fiber knob from Ad35. This improvement would result in greater
infectivity in prostate cancer cells, decreased viral tropism for hepatic cells, and
reduction in innate immunity against the vector, because neutralizing antibodies against
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Ad35 are less common in patients than against Ad5 (81). In addition, this modification
would result in a gain of 756 bp of genome space for more therapeutic inserts. With the
approximately 2.8 kb of gained insert space, an additional transgene could be inserted
such as the anti-angiogenic factor, EndoAngio (211). One final consideration for a
vector modification would be to replace one PSES sequence for another prostate-
specific promoter such as OC. Because Ad-IU2 contains two copies of PSES, one near
each ITR, although rare, there exists the risk that a homologous recombination event
might occur between the sequences in an infected cell, resulting in excision from the
genome and loss of the therapeutic vector.
One further question remains to be answered regarding the evaluation of the
Ad-IU2 bystander effect. Is the bystander effect that is observed in conditioned medium
from Ad-1U2-infected cells due to apoptotic bodies containing TRAIL on the membrane
surface or other soluble factors released from infected cells? To begin to answer this,
the conditioned medium from Ad-lU2-infected cells could be applied to LNCaP cells,
which are highly resistant to TRAIL. The induction of apoptosis in LNCaP cells could
indicate that soluble factors, other than apoptotic bodies, are responsible for the
bystander effect. However, perhaps a better experimental method would be to use anti-
TRAIL receptor blocking antibodies in TRAIL-sensitive cells treated with conditioned
medium. A reduction or complete blockade of apoptosis would suggest that TRAIL-
containing apoptotic bodies played a role in or were entirely responsible for the
bystander effect. If apoptosis induction was not affected by TRAIL-blocking antibodies,
this would suggest a role for other soluble factors released from Ad-1U2-infected cells.
Another area of investigation is the study of the molecular events responsible for
the cell cycle changes that occurred in prostate cancer cells treated with combinatorial
therapy. Treatment of prostate cancer cells with Ad-lU2 or rhTRAIL for 24 hours
resulted in arrest of cells in G; phase, a stage in the cell cycle in which cells are more
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radio-sensitive.  Following combinatorial therapy, cells pretreated with Ad-1U2 or
rhTRAIL demonstrated a diminished RT-induced G, arrest. It was recently discovered
that FADD was required for the combined effect of TRAIL and RT (310). Nuclear
localization (311) and phosphorylation of FADD at serine 194 by casein kinase | (CKI )
(312) has also been shown to be essential for cell cycle regulation. It is known that
FADD is dephosphorylated in G; phase; however, its role in regulating progression
through the G,/S checkpoint is unclear (313). Further investigation is warranted to
determine whether FADD is responsible for the accumulation of cells in G; phase
following Ad-1U2 or rhTRAIL treatment. In prostate cancer cells, it was discovered that
Ser 194-phosphorylated nuclear FADD contributed to G, arrest of cells (314). It is
possible that activation of the DISC and sequestration of FADD to the cell membrane
would result in a decrease in the amount of FADD available in the nucleus, leading to an
abrogation of the RT-induced G, arrest. To better understand the role of FADD in cell
cycle regulation, the nuclear sublocalization and phosphorylation of FADD should be
studied in prostate cancer cells following combinatorial therapy. Finally, a second
possible mechanism for the perturbation of G, arrest may be caspase-dependent
degradation of mitotic checkpoint proteins. Kim et al. recently described a similar G,
arrest abrogation when rhTRAIL was combined with the microtubule-targeting drugs
nocodazole or paclitaxel. The combination of drugs resulted in the degradation of the
mitotic checkpoint proteins BubR1 and Bubl by activated caspases (315). A screen of
several G,/S and G,/M checkpoint proteins following the combinatorial treatment of
prostate cancer cells with Ad-lU2 and EBRT may be useful to determine whether
caspase-mediated cleavage of check point proteins was responsible for the radio-
sensitization of prostate cancer cells by Ad-1U2 and rhTRAIL. However, one should also
consider that arrest of cells in G; alone may be responsible for the decrease in the G,
population, due to fewer cycling cells. Synchronization experiments may be necessary
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to further understand the role of cell cycle in the radio-sensitization of prostate cancer
cells. A working hypothesis model for the sensitization of prostate cancer cells to

radiation therapy by Ad-IU2 is represented in Figure 28.

Figure 28. Hypothetical mechanism of radio-sensitization by Ad-lU2. Exposure of
prostate cancer cells to TRAIL by Ad-1U2 infection or rhTRAIL administration resulted in
G, phase arrest. One possible mechanism for this is the sequestration of FADD to the
cell membrane, preventing its phosphorylation at serine residue 194. In an untreated
prostate cancer cell, exposure to ionizing radiation activates the G,/M checkpoint,
induces FADD phosphorylation and causes G, arrest, allowing sufficient time to repair
double strand breaks (DSB) in chromosomes. In prostate cancer cells pretreated with
Ad-lU2 or rhTRAIL, the RT-induced G, arrest was diminished. @ Two possible
mechanisms may explain this cell cycle alteration. First, activation of the caspase
cascade by TRAIL may induce degradation of G,/M checkpoint proteins, allowing cells to
progress without chromosomal repair. The second method involves the reduction of
phosphorylated FADD due to sequestration of the DISC at the cell membrane, resulting

in progression through the G,/M checkpoint and a mitotic catastrophe.
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The final area of investigation remaining in this study is to test the in vivo efficacy
of combinatorial therapy against androgen-independent CWR22rv tumor xenografts in
nude mice. This is necessary to confirm the in vitro radio-sensitizing properties of Ad-
IU2 and will require dosimetry experiments on SQ CWR22rv tumors to determine the
proper in vivo RT dose. Once this has been achieved, a combinatorial treatment
regimen must be designed and evaluated to achieve EBRT dose reduction. This animal
experiment will serve as the proof-of-principle for clinical evaluation of the therapy. To
assess the safety of this multi-modal therapy, a toxicology study should be performed in
mice evaluating the safety of the vector alone and in combination with EBRT, looking for
toxicity to major organ systems including cardiovascular, hematologic, central nervous,
pulmonary, renal and hepatobiliary. The results obtained from the in vitro study showed
great promise for translation to a clinical trial. After successful completion of the
toxicology study, IND status should be obtained and a clinical protocol developed and
filed with the RAC for the combinatorial treatment of locally advanced disease or spinal
metastatic lesions through intratumoral injection of Ad-IU2 and co-administration of

EBRT.
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