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Viral gene therapy has exceptional potential as a specifically tailored cancer
treatment. However, enthusiasm for cancer gene therapy has varied over the
years, partly owing to safety concerns after the death of a young volunteer in
a clinical trial for a genetic disease. Since this singular tragedy, results from
numerous clinical trials over the past 10 years have restored the excellent
safety profile of adenoviral vectors. These vectors have been extensively
studied in phase | and Il trials as intraprostatically administered agents for
patients with locally recurrent and high-risk local prostate cancer. Promising
therapeutic responses have been reported in several studies with both
oncolytic and suicide gene therapy strategies. The additional benefit of
combining gene therapy with radiation therapy has also been realized; repli-
cating adenoviruses inhibit DNA repair pathways, resulting in a synergistic
sensitization to radiation. Other, nonreplicating suicide gene therapy strate-
gies are also significantly enhanced with radiation. Combined radiation/gene
therapy is currently being studied in phase I and Il clinical trials and will
likely be the first adenoviral gene therapy mechanism to become available to
urologists in the clinic. Systemic gene therapy for metastatic disease is also a
major goal of the field, and clinical trials are currently under way for
hormone-resistant metastatic prostate cancer. Second- and third-generation
“re-targeted” viral vectors, currently being developed in the laboratory, are
likely to further improve these systemic trials.
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tumor malignancies, most notably in its slow growth rate.! With only ap-
proximately 5% of prostatic tumor cells dividing (in S-phase) at any one
time, it is not surprising that chemotherapeutic strategies have not produced major
improvements in patient survival.>® Although hormone-ablative therapies are de-
cidedly effective, they are not curative. Adenoviral vectors offer an alternative,

Prostate cancer is unique in many ways when compared with other solid
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Prostate Cancer Gene Therapy continued

highly tailored therapy that can take
advantage of the distinct qualities of
prostate epithelial/cancer cells and
can be safely and effectively combined
with radiation and chemotherapy.

Why Prostate Cancer?

The promise of viral gene therapy
lies in the ability to design a highly
specific treatment that takes advan-
tage of tissue- or disease-specific
genetics. Tissue-specific gene pro-
moters offer a means to broadly de-
liver a therapeutic virus that will be-
come activated only in certain cell
types (transcriptional targeting).
With estimates of more than 200
prostate-specific genes, there are nu-
merous options to transcriptionally
target prostate cells.*> Additional
cancer-specific gene mutations, such
as p53,°®% or cancer-related gene
overexpression, such as the prostate-
specific membrane antigen,® offer
added targets for tissue-restrictive
therapy. Multiple adenoviral vectors
are available to incorporate small
(2—-8 kilobases [kb]) or large (>20 kb)
transgene constructs to achieve this
specificity (discussed below). Fur-
thermore, adenoviruses affect both
dividing and nondividing cells, a
valuable attribute for a prostate can-
cer therapy. The viral genome is non-
integrating; therefore, permanent vi-
rally induced genomic damage is of
little concern. Additionally, because
the prostate is an accessory gland,
there is no need to differentiate
pbetween normal and cancerous
prostate tissues.

Most clinical trials of adenoviral
therapies for prostate cancer involve
direct prostatic injection. The anatomic
location and the existing brachyther-
apy templates have made locally re-
current prostate cancer an ideal candi-
date for clinical trials. Direct injection
also minimizes antiviral immune re-
sponses, a potential limiting factor in
systemically applied gene therapy. Fi-
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nally, the added value of serum
prostate-specific antigen (PSA) as a
surrogate marker for therapeutic effect
has played a role in drawing the inter-
est of gene therapists.

Pathogenesis of Adenovirus

Adenoviruses were initially identified
in the early 1950s as infectious agents
responsible for outbreaks of acute res-
piratory disease in military recruits.®
The virus was first characterized in
cultures of adenoid tissue, eventually
leading to the name adenovirus.”
Currently, 49 human adenoviral
serotypes have been identified, each

Clinically, adenoviral infections are
common and generally mild. Nearly
100% of adults have antibodies
against multiple adenoviral serotypes.
Infection is most commonly associ-
ated with respiratory disease, but ade-
novirus can also cause conjunctivitis,
infantile gastroenteritis, cystitis, and
rash illness.

Adenoviral Life Cycle

Adenoviruses are small (approxi-
mately 100 nm), non-enveloped, linear
double-stranded deoxyribonucleic acid
(dsDNA) viruses encapsulated in an
icosahedral protein shell. Three major

The anatomic location and the existing brachytherapy templates have made
locally recurrent prostate cancer an ideal candidate for clinical trials of ade-

noviral cancer therapies.

classified into 1 of 6 subclasses char-
acterized by its ability to agglutinate
red blood cells.? The main serotypes
applied to gene therapy are serotypes
2 and 5, which belong to subclass C,
and more recently the subclass B
serotype 35.

capsid proteins make up the exterior
shell: hexon, penton, and fiber
(Figure 1). Adenoviral infection begins
with the interaction of the knob
portion of the adenoviral fiber protein
with the cellular receptor CAR (cox-
sackie adenovirus receptor).*%® Viral

Figure 1. Adenoviral particles. Three major coat proteins make up the icosahedral adenovirus particle. The most
abundant coat protein is hexon, which makes up 240 capsomeres per particle. Twelve fiber trimers are located at
each icosahedral vertex. The knob portion of fiber is responsible for cell binding through the cellular receptor CAR.
At the base of each fiber trimer is the penton capsomere. An exposed RGD motif in each of the 5 penton molecules
binds cellular integrins and triggers internalization. CAR, coxsackie adenovirus receptor; RGD, Arg-Gly-Asp.

Fiber: Cell receptor binding
(12 trimers per virion)

Penton base: Cellular internalization

(12 pentamers per virion)

Hexon: Major coat protein
(240 capsomeres per virion)
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Figure 2. Adenoviral life cycle. Adenoviral infection begins with a binding event between the viral fiber knob and
the cellular receptor, CAR. A second binding event between viral penton RGD and cellular integrins triggers inter-
nalization through receptor-mediated endocytosis. The virus escapes early endosomes and enters the nucleus. Viral
gene expression is sequential, starting with early genes (green) and ending with late genes (red). Early genes initi-
ate cellular S-phase, block apoptosis, block host messenger ribonucleic acid transport and translation, inhibit de-
oxyribonucleic acid (DNA) repair pathways, and initiate viral DNA replication. After viral DNA replication, late
genes are expressed, leading to capsid protein synthesis, nuclear viral assembly, and cell death. CAR, coxsackie ade-

novirus receptor; RGD, Arg-Gly-Asp.

internalization is triggered by interac-
tion of the viral penton proteins with
epithelial integrins,'” resulting in re-
ceptor-mediated endocytosis into
clathrin-coated pits.*® The virus es-
capes the early endosome and is trans-
ported to the nucleus. Once in the
nucleus, the viral genome escapes the
remaining capsid proteins and remains
episomal (non-integrating) while early
viral gene expression begins (Figure 2).

Viral gene expression is sequential,
beginning with the immediate early
genes E1-E4 and followed by the late
genes L1-L5, which are transcribed as
a single large alternatively spliced
transcript. The earliest genes, E1A and
E1B, drive the cell into S-phase by in-
hibiting Rb and p53 (among other
genes), respectively. Early gene prod-
ucts also inhibit DNA repair path-
ways, initiate viral DNA replication,
block interferon responses, inhibit

apoptosis, block host cell ribonucleic
acid (RNA) transport out of the nu-
cleus, and preferentially transport
viral messenger RNAs (mRNAs) to
the cytoplasm (see Shenk 2001 for
review).*? After viral DNA replication,
late gene transcription and transla-
tion begins, resulting in production of
capsid and assembly proteins. The
capsid proteins translocate back into
the nucleus for viral assembly, and
progeny virus is released approxi-
mately 24 to 48 hours after infection.
Approximately 10,000 viral particles
are produced per cell in optimal
conditions.

Adenoviral Gene Therapy
Vectors

First-generation adenoviral vectors
are replication attenuated by removal
of the E1A gene (Figure 3).* Without
the E1A gene, viral genes are not

expressed at high enough levels for
effective replication and packaging,
leaving the recombinant virus as a
simple carrier of therapeutic genes.
Recombinant constructs are placed in
the E1 locus and generally consist of
a small gene promoter and therapeu-
tic transgene. Additional viral genes,
including E1B and E3, can be re-
moved so that larger transgenes can
be inserted. More recently, so-called
second-generation vectors have even
more viral genes removed to allow for
larger transgene packages and to
minimize host immune response to
viral gene products. In some high-
capacity vectors, called *“gutless”
vectors, all viral open reading frames
are removed.

Recombinant adenovirus can be
produced to very high titers (10* par-
ticles/mL) when compared with other
viral gene therapy systems. This pro-
duction requires packaging lines con-
taining viral genes to complement
those deleted in the vector.?>? Rare
recombination events can occur dur-
ing packaging, resulting in low levels
of wild-type or similar virus. There-
fore, new recombination-deficient
packaging lines have been developed
to minimize these contaminants.?®
Some packaging cells must also be
resistant to the designed therapy.
For example, we have designed a
prostate-specific diphtheria toxin
(DT)-expressing virus that requires
production in a specialized DT-
resistant cell line.?*

Several options are available when
designing a viral cancer therapeutic
agent: 1) repair mutant pathways as-
sociated with a certain cancer (correc-
tive gene therapy); 2) cause cell death
of infected and neighboring cells by
expression of a toxin, a stimulator of
apoptosis, or prodrug-activating gene
(suicide gene therapy); 3) recruit the
immune system by expression of
immune-stimulatory genes (immuno
gene therapy); or 4) design the virus
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Figure 3. Adenoviral vector anatomy. The 36-kilobase double-stranded deoxyribonucleic acid (dsDNA) adenoviral
genome is shown with open reading frames represented by block arrows. The E1A gene is the first gene synthesized
and controls viral replication through a transcriptional cascade. E1A is replaced by fusions of foreign promoters
and therapeutic genes in replication-attenuated vectors, or is re-inserted under the control of a foreign promoter in
conditionally replicating vectors. E1B-55K can also be deleted to generate oncolytic vectors, previously thought to
be reliant on p53 mutation. The E3 gene can be deleted to allow for larger transgene inserts. Three genes, E1B-
55K, E4orf3, and E4orf6, participate in blocking dsDNA repair, leading to radiation sensitization. Two capsid en-
coding genes, fiber and penton, can be altered for transductional targeting.

to conditionally replicate and lyse
only tumor cells (oncolytic gene ther-
apy). All of these strategies have been
tested in phase I/Il clinical trials for
locally recurrent and/or high-risk
prostate cancers (Table 1). However,
for the purpose of this review, we will
briefly review only a few oncolytic
and suicide gene therapy strategies
and their application to preclinical
and clinical prostate cancer. We place
special emphasis on the benefits of
combining adenoviral gene therapy
with radiation, because urologists will
likely play a key role in administering
these gene therapies in combination
with brachytherapy in large multicen-
ter clinical trials.

Oncolytic Gene Therapy

Two strategies have been applied to
develop oncolytic adenoviral vectors:
1) to use cancer- or tissue-specific
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promoters to drive immediate early
viral genes; or 2) to mutate viral genes
responsible for inactivating cellular
tumor suppressors that are often
mutated in cancer. The first tissue-
specific oncolytic adenovirus, CG7060
(formerly CN706 and CV706), was
designed for the treatment of prostate
cancer.® By placing the E1A gene
under the control of the PSA promoter
and enhancer, viral replication was
limited to prostate epithelial and can-
cer cells. A subsequent vector, CG7870
(formerly CV787), applied 2 prostate-
specific promoters to control both the
viral E1A and E1B genes.”® Both vec-
tors have entered clinical trials as in-
traprostatically injected agents for
locally recurrent and advanced local
disease, both alone and in combina-
tion with radiation therapy.

In the initial clinical trial, 1 x 10"
to 1 X 10 viral particles of CG7060

REVIEWS IN UROLOGY

were injected intraprostatically at be-
tween 20 and 80 sites,?” on the basis
of a 1 cm® calculated viral diffusion
limitation.?® No grade 3 or 4 toxicities
were reported, and the maximum tol-
erable dose was not reached. This re-
port provided further evidence of the
excellent safety profiles of attenuated
or conditionally replicating aden-
oviruses (CRADs) when injected di-
rectly into the prostate, even with
doses near those that caused the un-
fortunate death of the young volun-
teer at the University of Pennsylvania
(3.8 X 10" particles).?® The extensive
clinical testing of CRAD vectors in
multiple cancer types has been re-
cently reviewed and reiterates that
“no significant respiratory, liver toxi-
cities, or clotting abnormalities attrib-
utable to a replication-competent Ad
vector have been reported in clinical
trials published to date.”°

The preliminary reports of efficacy
in the CG7060 trial were encourag-
ing.?” Viral replication was demon-
strated by nuclear viral particles in
electron micrographs of prostatic
biopsy specimens and by a second
burst of virus detected in the serum 2
to 8 days after infection. Five patients
receiving the highest treatment doses
had decreases in serum PSA of greater
than 50%. The subsequent vector,
CG7870, demonstrated still greater ef-
ficacy in animal models, leading to
complete elimination of tumors, even
when administered intravenously (1V)
through the tail vein.?® CG7870 is cur-
rently in clinical trials as an in
situ—delivered agent, either alone or
in combination with radiation, for the
treatment of local disease. Recently, 2
trials have also begun evaluating
CG7870 as an IV-administered sys-
temic treatment for advanced hor-
mone-refractory prostate cancer, both
as a single agent and in combination
with docetaxel (a combination shown
to be synergistic in animal models).*
Results of in situ and IV-administered



Prostate Cancer Gene Therapy

Table 1

Clinical Trials of In Situ Adenoviral Gene Therapy Single Agents for Prostate Cancer

NIH No. Phase Indication Promoter Therapeutic

9601-144 I Local recurrent RSV HSV-TK

9705-187 I Neoadjuvant RSV HSV-TK

9706-192 I Local recurrent CMV p53

9710-217 I Neoadjuvant CMV p53

9801-229 I Neoadjuvant RSV HSV-TK

9802-236 I Local recurrent PSA/PSE Replication (E1A)
9812-276 I Metastatic or recurrent Murine OC HSV-TK

9906-321 | Local recurrent CMV Replication + CD/HSV-TK
9909-338 I Neoadjuvant RSV CDKN2A

9910-344 I/ Local recurrent Rat probasin and PSA/PSE Replication (E1A and E1B)
0010-426 | Metastatic Murine OC Replication (E1A)
0010-428 | Neoadjuvant CMV Replication + CD/HSV-TK
0101-449 | Local recurrent CMV IL-12

0203-517 I Neoadjuvant CMV IFN-B

0204-533 | Local recurrent CMV NIS

0309-601 | Local recurrent RSV IL-12

0309-603 I Neoadjuvant CMV TRAIL

NIH, National Institutes of Health; RSV, Rouse sarcoma virus (constitutively active); HSV-TK, herpes simplex virus thymidine kinase; CMV,
cytomegalovirus (constitutively active); PSA/PSE, prostate-specific antigen promoter/enhancer; CDKN2A, cyclin-dependent kinase inhibitor 2A; OC,
osteocalcin; IL-12, interleukin 12; IFN-, interferon-B; NIS, sodium iodide symporter; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand.
Local recurrent, after radiation therapy; Neoadjuvant, before radical prostatectomy. Data derived from http://www.gemcris.od.nih.gov.

CG7870 are still accumulating and
have yet to be reported in the
literature.

Suicide Gene Therapy

Suicide gene therapy vectors, by def-
inition, deliver a toxic genetic pack-
age, leading to the death of infected
cells and potentially of neighboring
cells. As noted above, we have con-
structed a suicide gene therapy in
which DT is specifically expressed by
a prostate-specific gene promoter in
an El-deleted adenovirus.?* DT has
been shown to cause prostate cancer
cell death by both apoptotic and non-
apoptotic pathways.®?> Our virus,
Ad5PSE-DT-A, demonstrated excel-
lent tumor-killing ability in animal
models; however, it has not been

translated to the clinic, due to pro-
duction, safety, and toxicity
concerns.

The most highly studied suicide
gene therapy strategy for cancer has
been adenoviral expression of the
herpes simplex virus thymidine ki-
nase (HSV-TK) followed by treatment
with the nontoxic prodrug gancy-
clovir (GCV). Expression of HSV-TK
leads to GCV phosphorylation and
subsequent genomic incorporation,
causing termination of host DNA
synthesis and cell death. The HSV-TK
strategy is especially appealing be-
cause neighboring, noninfected cells
can also be killed by transfer of
activated GCV through gap junc-
tions and phagocytosis of apoptotic
vesicles, 333

A non-transcriptionally targeted
virus, ADV/RSV-TK,* was the first
adenoviral gene therapy clinically
tested in prostate cancer.®® Patients
received between 1 x 10® and
1 X 10" infectious units by intrapro-
static injection, followed by 14 days
of intravenous GCV (twice daily).
Safety was clearly demonstrated.
Only a few patients experienced low-
level, reversible toxicities, even with
repeat injections.®”  Additionally,
there was no evidence of aberrant
viral replication or shedding. Some
patients receiving the highest treat-
ment levels had greater than 50% de-
creases in serum PSA for more than 6
weeks. The virus also seems to induce
a local immune response, as evi-
denced by increased CD8+ T cells,
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which possibly enhances the thera-
peutic effect.®®

Combined Oncolytic and Suicide
Gene Therapy

Freytag and colleagues® have de-
signed an adenoviral strategy that
combines oncolytic and suicide
gene therapy. Ad5-CD/TKrep contains
a truncated E1B-55K gene, which
codes for the viral protein that inacti-
vates the p53 tumor suppressor gene.
It was hypothesized that viruses
lacking E1B-55K preferentially repli-
cate in cancer cells with mutant p53
genes,*® a quality common to ad-
vanced prostate cancers.>® However,
it was later shown that replication of
such viruses is not dependent on p53
status, but rather on efficiency of ex-
pressing late viral genes.” Regardless
of the mechanism, this strategy of on-
colysis seems to be selective for tumor
cells.

Ad5-CD/TKrep also expresses a dual
prodrug-activating fusion protein, cy-
tosine deaminase-thymidine kinase,
that can both phosphorylate GCV and
deaminate 5-fluorocytosine (5-FC) to
the potent thymidylate synthase in-
hibitor 5-fluorouracil (5-FU). Both
products inhibit DNA synthesis and
cause cell death. The combination of
intraprostatically delivered Ad5-
CD/TKrep followed by up to 2 weeks
of GCV and 5-FC treatment was found
to be safe in a phase | study, with no
dose-limiting toxicities or maximum
tolerable dose of virus.*> Efficacy was
demonstrated in some patients by de-
creases in serum PSA of up to 60%.

Benefits of Combining Gene
Therapy and Radiation

lonizing radiation causes severe DNA
damage in the form of single- and
double-stranded breaks, resulting in
cell death by either programmed
cell death (apoptosis) or so-called re-
productive death. Cells recognize
double-strand breaks through the tri-
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component DNA protein kinase com-
plex (DNA-PK), which initiates 2 cel-
lular repair pathways: homologous
recombination and nonhomologous
end joining.*® Because the adenovirus
genome is linear dsDNA, it must
evade recognition by DNA-PK to
avoid concatamerization (ie, self-
ligation). To achieve this, 2 viral pro-
teins, E4orf3 and E4orf6, bind to and
inhibit the DNA-PK complex.** Fur-
thermore, the dsDNA multiprotein re-
pair complex of Mrell, Rad50, and
NBSL1 is reorganized and degraded by
the cooperative efforts of E4orf3/6
and E1B-55K.* Because it had been
shown that inhibition of the DNA-PK
pathway sensitizes cells to ionizing
radiation,*®*" several groups have in-
vestigated and confirmed that aden-
ovirus can also trigger radiosensitiv-
ity. For example, the prostate-specific
CRAD, CG7060, produced synergistic

the “bystander effect” by allowing ac-
tivated prodrugs to transfer across
radio-damaged cell membranes. It has
also been shown that radiation in-
creases adenoviral infection effi-
ciency.>?

The combination of adenoviral
gene therapy and radiation therapy,
both in the form of external beam and
as radioactive seeds, has reached
phase I/ll clinical trials for prostate
cancer (Table 2). It seems that aden-
oviral injection does not significantly
add to the toxicity of radiation ther-
apy; therefore, if efficacy can be
demonstrated, this combination might
soon be available in the clinic.

Re-Targeting: The Future

of Gene Therapy

The ultimate application of viral can-
cer gene therapy is as a systemic
agent that can selectively infect and

The ultimate application of viral cancer gene therapy is as a systemic agent
that can selectively infect and Kkill metastatic tumor cells.

tumor cell death when combined with
radiation therapy in prostate cancer
xenograft models.*®

Radiation also enhances many sui-
cide gene therapy strategies, including
CD + 5-FC and HSV-TK + GCV. 5-FU
had previously been reported to en-
hance radiation effects in prostate cell
lines.*® HSV-TK + GCV plus radiation
also demonstrated additive effects by
reducing both tumor volume and es-
tablishment of lung metastases in the
RM-1 prostate cancer mouse model.>
The oncolytic suicide gene therapy
vector Ad5-CD/TKrep was originally
described for application in a trimodal
approach combining viral replication,
suicide gene therapy, and radiation.*
As expected, this combination en-
hanced radiation-induced cell death,
both in vitro and in vivo.* Further-
more, radiation might also increase
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kill metastatic tumor cells. Although
most clinical trials of adenoviral
vectors have used in situ delivery,
some viruses are being studied
as IV-administered agents.®* The
prostate-specific CRAD, CG7870, is
one such vector being studied in this
manner, both as a single agent and in
combination with docetaxel for ad-
vanced hormone-refractory prostate
cancer (Table 3). The results of these
trials have not been published, but
recent presentations at the annual
meetings of the American Society of
Clinical Oncology and the American
Society of Gene Therapy suggest that
CG7870, as an individual agent,
might reach metastatic tumors and
elicit therapeutic responses as evi-
denced by decreases in serum PSA.>*
Although preliminary and indirect,
these results are promising, consider-
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Table 2

Clinical Trials Combining Radiation and Adenoviral Gene Therapy for Prostate Cancer

NIH No. Phase Indication Promoter Therapeutic

9906-324 /1 High-risk local RSV HSV-TK

0010-418 ] Local recurrent CMV p53

0101-450 ] High-risk local Rat probasin and PSA/PSE Replication (E1A and E1B)
0104-464 | High-risk local CMV Replication + CD/HSV-TK
0111-509 I/ High-risk local PSA/PSE Replication (E1A)
0302-572 I/ High-risk local PSA/PSE Replication (E1A)
0307-590 171 High-risk local CMV Replication + CD/HSV-TK
0307-597 /1 Local recurrent CMV Replication + CD/HSV-TK

NIH, National Institutes of Health; RSV, Rouse sarcoma virus (constitutively active); HSV-TK, herpes simplex virus thymidine kinase; CMV,
cytomegalovirus (constitutively active); PSA/PSE, prostate-specific antigen promoter/enhancer; Local recurrent, after radiation therapy. Data derived

from http://www.gemcris.od.nih.gov.

ing CG7870 was developed with tra-
ditional first-generation adenoviral
vectors. Recent advances in the next
generation of adenoviral vectors
have significantly improved their
biodistribution. This is accomplished
by mutating viral capsid proteins to
avoid non-target cell infection and
incorporating re-targeting motifs to
redirect infection. These strategies
have recently been reviewed in the
literature®™=’; here we briefly discuss
some advances.

The widespread epithelial expres-
sion of the adenoviral receptor (CAR)
is a major limitation to systemic ther-
apy. Administered viral doses are
quickly depleted by infection of non-
target cells, especially in the liver.

Because of this, non—-transcriptionally
targeted vectors are not well suited for
systemic therapy. To decrease toxicity
and improve therapeutic effect, one
must de-target the virus from the nat-
ural receptor and re-target infection
to an alternative receptor (Figures 3
and 4). This was first demonstrated to
be plausible when bifunctional target-
ing agents were shown to simultane-
ously bind and block fiber-CAR-
mediated infection while re-targeting
infection to specific cells.® Later, it
was shown that coding sequences of
re-targeting peptides could be geneti-
cally incorporated into certain por-
tions of the fiber gene and mediate in-
fection through novel receptors.>®%°
Furthermore, mutations of specific

codons in the fiber gene can ablate
the ability to recognize the cellular re-
ceptor, CAR, while still having correct
protein folding and assembly into the
viral capsid.®°

Multiple combinations of mutations
in the fiber and penton genes, and
differential modes of systemic deliv-
ery, are showing additional effects on
viral biodistribution in animals.®®™ To
date, however, there is no consensus
regarding the optimal mechanism of
de-targeting and re-targeting. Given
the preliminary results of IV-adminis-
tered CG7870, small improvements in
re-targeting might be enough to in-
crease therapeutic effect. However,
there has yet to be a genetically re-
targeted adenoviral vector for prostate

Table 3

Clinical Trials of Intravenously Administered Adenoviral Gene Therapy for Prostate Cancer

NIH No. Phase Indication Promoter Therapeutic
9910-345 1/11 HR metastatic Rat probasin and PSA/PSE Replication (E1A and E1B)
0101-451 Il HR metastatic Rat probasin and PSA/PSE Replication (E1A and E1B)

+ docetaxel

NIH, National Institutes of Health; HR, hormone-refractory; PSA/PSE, prostate-specific antigen promoter/enhancer. Data derived from

http://www.gemcris.od.nih.gov.
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Figure 4. Adenoviral re-targeting. Currently, adenoviral vector re-targeting focuses on three areas: the fiber knob,
fiber shaft, and penton base (although others have been described). A fiber knob monomer (generated from MMDB
1398,7>7 modified by 3D molecular viewer [InforMax,® Frederick, MD]) is shown, and sites mutated for ablating
CAR binding are highlighted in yellow. Both the HI loop and carboxy-terminus (C-terminus) have been used for in-
corporation of re-targeting peptides. The combination of fiber knob mutations and penton base RGD mutations has
been reported to decrease liver tropism. The fiber shaft contains a heparin sulfate proteoglycan binding domain,
mutation of which has also been shown to reduce liver tropism when combined with penton base and fiber muta-
tions. CAR, coxsackie adenovirus receptor; RGD, Arg-Gly-Asp.

cells. One approach we are consider-
ing is to create such a vector by in-
corporating prostate-specific mem-
brane antigen—binding peptides into
our existing adenoviral vectors.™

Although advances in re-targeting
have been impressive in animal mod-
els, systemic gene therapy faces other
hurdles. Further improvements in
viral circulation time, diffusion and

spread within a tumor, immune
avoidance, and diversification of tar-
geting and therapy (to overcome
tumor cell heterogeneity) will likely
be required before viruses will be
highly effective as single agents.
Therefore, the most probable applica-
tion of adenoviral vectors as systemic
therapy will be in combination with
existing therapies.

Conclusions

Adenoviral gene therapy vectors have
been shown repeatedly to have excel-
lent safety profiles in prostate cancer
clinical trials. Preliminary results of
efficacy are promising and seem to be
dose dependent in many trials. The
most promising discovery is the addi-
tive and synergistic responses re-
ported from combination with radia-
tion therapy. Clinical trials are under
way to evaluate this combination in
local recurrent and high-risk local
prostate cancers. If efficacy is con-
firmed, this will likely be the first
prostate cancer gene therapy applica-
tion to reach urologists in the clinic.
Meanwhile, advances in gene therapy
vector design are beginning to im-
prove biodistribution and might lead

Main Points

« For the treatment of prostate cancer, adenoviral vectors offer an alternative, highly tailored therapy that can take advantage of the
distinct qualities of prostate epithelial/cancer cells and can be safely and effectively combined with radiation and chemotherapy.

= The first tissue-specific oncolytic adenovirus, CG7060, was designed for the treatment of prostate cancer; preliminary reports of
efficacy in the CG7060 trial were encouraging, and 5 patients receiving the highest treatment doses demonstrated decreases in
serum prostate-specific antigen (PSA) of greater than 50%.

= A subsequent vector, CG7870, demonstrated still greater efficacy in animal models; CG7870 is currently in clinical trials as an in
situ—delivered agent, either alone or in combination with radiation, for the treatment of local disease.

= The non-transcriptionally targeted virus ADV/RSV-TK was the first adenoviral gene therapy clinically tested in prostate cancer;
safety was clearly demonstrated, and there was no evidence of aberrant viral replication or shedding. Some patients receiving the
highest treatment levels showed greater than 50% decreases in serum PSA for more than 6 weeks.

= The combination of adenoviral gene therapy and radiation therapy, both in the form of external beam and as radioactive seeds,
has reached phase I/l clinical trials for prostate cancer; if efficacy can be demonstrated, this combination might soon be avail-
able in the clinic.

= The systemic application of adenoviral gene therapy to metastatic disease is limited by the widespread sequestration of the virus
to non-target tissues, especially the liver. New strategies are being explored to circumvent the natural biodistribution of the virus
and to re-target infection specifically to prostate and prostate cancer cells.
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to effective systemic treatments for
metastatic disease, most likely in
combination with other therapies. |
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