disease. This model would be useful for evaluation of the
therapeutic efficacy of antitumor drugs, and may be able to be
utilized to study early events in the TME.
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Introduction: The tumor suppressor p53 gene regulates diverse cellular
processes, such as cell-cycle arrest, senescence, apoptosis and autophagy,
and it is frequently inactivated by genetic alterations in ~ 50% of all types
of human cancers. To restore wild-type p53 function in p53-inactivated
tumors, adenovirus-mediated p53 gene therapy has been developed as a
promising antitumor strategy in preclinical experiments and clinical studies.
Areas covered: This review focuses on the clinical relevance of replication-
deficient adenovirus vectors that carry the wild-type p53 gene (Ad-p53;
Advexin, Gendicine and SCH-58500) in clinical studies of patients with various
cancers and the future perspectives regarding conditionally. replicating ade-
novirus vectors expressing the wild-type p53 gene (CRAd-p53; AdDelta24-p53,
SG600-p53, OBP-702) in preclinical experiments. Moreover, the recent advan-
ces in our understanding of the molecular basis for the p53-mediated tumor
suppression network induced. by Ad-p53 and CRAd-p53 vectors and the
combination therapies for promoting <the .therapeutic potential of
adenovirus-mediated p53 gene therapy are discussed.

Expert opinion: Exploration. of the molecular. mechanism underlying the
p53-mediated tumor suppression <network.and the effective strategy for
enhancing the p53-mediated cell death: signaling pathway would provide
novel insights into the improvement of clinical outcome in p53-based cancer
gene therapy.

Keywords: adenovirus, cancer, gene:therapy, p53
Expert Opin. Biol.. Ther. (2013)-13(11):1569-1583

1. Introduction

Cancer gene therapy is expected to be a promising antitumor treatment for inducing
cell death via introduction of a therapeutic tumor suppressor gene or the abrogation
of an oncogene [1]. Among the potent therapeutic transgenes, the tumor suppressor
gene p53 encodes a multifunctional transcription factor that regulates diverse cellu-
lar processes, including cell-cycle arrest, senescence, apoptosis and autophagy, for
tumor suppression [2]. Analyses of the IARC TP53 database (http://www-p53.iarc.
fr/) 13 have shown that both epithelial and mesenchymal malignant tumors often
harbor somatic mutations in the p53 gene and that the types of p53 mutations
and the tumors that harbor them vary widely [4,5]. The p53 gene is frequently inac-
tivated by genetic alterations in ~ 50% of all types of human cancers. Patients with
Li-Fraumeni syndrome, which is a cancer predisposition disorder, each carry a
germline mutation in the p53 gene, and they develop early onset tumors [6]. These
findings suggest that the p53 gene has potent and critical roles in the tumor suppres-
sion network. Moreover, tumor cells with impaired p53 function are often refrac-
tory to the genotoxic stresses induced by conventional chemoradiotherapy (7.

L ]
I nfo rma Thus, restoration of wild-type p53 function is a promising antitumor strategy
healthcare because it could lead to suppression of tumor growth and progression.
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Article highlights.

o A replication-deficient p53-expressing adenovirus
Ad-p53 vector has been recently evaluated in clinical
studies for patients with various types of cancers.
Intratumoral, intraperitoneal and intravesical
administration of Ad-p53 vector were well tolerated as a
monotherapy or in combination with conventional
chemoradiotherapy.

Suppression of p21/MDM2 expression enhances the
p53-mediated cell death signaling pathway induced by
Ad-p53 vector.

A conditionally replicating p53-expressing adenovirus,
CRAd-p53 vector, was developed to improve the
therapeutic potential of p53-based cancer gene therapy.
The E1A-dependent miRNA regulatory network is
implicated in the fine-tuning of the p53-mediated cell
death signaling pathway induced by CRAd-p53 vector.

This box summarizes key points contained in the article.

Gene replacement therapy to introduce the tumor suppres-
sor p53 gene is a promising antitumor strategy because ectopic
expression of exogenous p53 gene efficiently induces cell
death in a variety of p53-inactivated tumor cells [8,9. To
induce exogenous expression of p53 gene, a p53-expressing
replication-deficient adenovirus vector (Ad-p53) is frequently
used in preclinical 77 vitro and in vivo experiments for various
cancers, including non-small-cell lung cancer (NSCLC) [10,11],
head and neck cancer [12-14], malignant brain tumors [15-17],
ovarian cancer [18,19], bladder cancer [20], cervical cancer [21],
colorectal cancer [22] and esophageal cancer [23]. Recently, clin-
ical studies of several Ad-p53 vectors, such as Advexin
(INGN-201; Introgen Therapeutics, Inc.) [24], Gendicine
(Shenzhen SiBiono GeneTech Co.) 125) and SCH-58500
(CANJL Inc.) (Figure 1A) [26), have been conducted in
patients with various cancers [27-29]. Gendicine is the first
gene therapy product approved for clinical use in China [25].
In this review, we focus on the therapeutic potentials of
Ad-p53 vectors in clinical studies and the future perspectives
of a p53-expressing conditionally replicating adenovirus
vector (CRAd-p53) in preclinical experiments. Additionally,
we discuss the molecular mechanisms underlying the Ad-p53-
and CRAd-p53-mediated tumor suppression networks to
improve the clinical outcome of adenovirus-mediated p53
cancer gene therapy.

2. Clinical studies of replication-deficient
Ad-p53 vector

Ad-p53-mediated gene therapy induces an extensive antitu-
mor effect in tumor cells but has low cytotoxicity in normal
cells in preclinical iz vitro and in vivo experiments [12,13,30].
Ad-p53-mediated p53 gene transfer also enhances the sensitiv-
ities to conventional chemotherapy and radiotherapy [11,31].
Recently, the Ad-p53 vectors, Advexin, Gendicine and

SCH-58500 (Figure 1A) have been evaluated as a monother-
apy or in combination with conventional chemotherapy or
radiotherapy in clinical trials for patients with various cancers
(Table 1).

2.1 Non-small-cell lung cancer

Lung cancer is the most common cause of cancer-related
deaths worldwide (321. The p53 gene mutation occurs
in ~ 40% of NSCLC tumors, and aberrant p53 expression
correlates with poor prognosis in lung cancer patients (33]. Pre-
clinical studies demonstrated that Ad-p53 vector efficiently
induces p53 expression, the suppression of 7z vivo tumor
growth and the enhancement of chemosensitivity in human
NSCLC cells [10,11]. To determine the feasibility of Ad-p53
gene therapy in patients with NSCLC, Phase I clinical studies
of two Ad-p53 vectors, SCH-58500 (34] and Advexin [35.36],
have been conducted as a monotherapy (Table 1). A single
intratumoral injection of SCH-58500 (1 x 10" to 1 x 10'°
plaque-forming units [PFU]) was administered to 15 patients
with advanced NSCLC 34]. In two other clinical studies, a
total of 37 patients with advanced NSCLC received repeated
intratumoral injections of Advexin (1 X 10°tw 1 x 10"
PFU) 35.36). Intratumoral injection of Ad-p53 was performed
endobronchially by using a bronchoscope or percutaneously
under computed tomography guidance. In the Ad-p53-
treated tumors, the p53 transgene expression was confirmed
by quantitative reverse transcription-polymerase chain reac-
tion (RT-PCR). There were no severe adverse events in
Ad-p53-treated cancer patients, and intratumoral injection
of Ad-p53 was found to be a safe and feasible treatment strat-
egy for patients with NSCLC.

Combination therapy of Ad-p53 vectors (Advexin and
SCH-58500) with chemotherapy or radiation has been
assessed in Phase I/II clinical studies for patients with
advanced NSCLC (Table 1). In Phase I clinical studies, intra-
tumoral injection of Advexin (1 X 10°to 1 x 10" PFU) in
combination with intravenous administration of cisplatin
(80 mg/mz) was performed in 24 patients in the United
States (37) and 6 patients in Japan (36]. In a Phase II clinical
study, two chemotherapy protocols, (A) paclitaxel
(175 mg/mz) and carboplatin (targeted area under the curve
of 6) or (B) cisplatin (100 mg/mz) and vinorelbine (25 mg/mz),
were administered in combination with SCH-58500 (7.5 x
10"2 virus particles [VP]) (38]. Thirteen patients with NSCLC
received protocol (A) and 12 patients received protocol (B).
Additionally, a Phase II clinical study of intratumoral injec-
tion of Advexin (1 x 10" to 1 x 10" VP) combined with
radiation (60 Gy) was conducted in 19 patients with
NSCLC 39). In these clinical studies of combination thera-
pies, the most common adverse events were only transient
fevers, and some patients demonstrated tumor regression at
the Ad-p53-treated tumors. Thus, combination therapy of
Ad-p53 vector and conventional chemoradiotherapy is well
tolerated and clinically beneficial in patients with advanced
NSCLC.
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Figure 1. DNA structures of Ad-p53 and CRAd-p53 vectors. A. Ad-p53 vector (Advexin, Gendicine and SCH-58500) is a
p53-expressing replication-deficient adenovirus; the p53 gene expression cassette regulated under the cytomegalovirus
promoter (CMV-p) is inserted into the E1 region and the E3 region is deleted. B. CRAd-p53 vector (AdDelta24-p53,
AdDelta24-p53(14/19) and SG600-p53, OBP-702) is a p53-expressing conditionally replicating adenovirus. In
AdDelta24-p53 and AdDelta24-p53(14/19), the RB protein-binding CR2 domain (24 base pairs) of the E1A region was
deleted, and the p53 expression cassette under the regulation of simian virus 40 early promoter (SVE-p) was inserted into the
E3 region. AdDelta24-p53 and AdDelta24-p53(14/19) vectors express wild-type p53 and MDM2-resistant p53 variant form,
respectively. In SG600-p53, the ETA gene with a deletion of 24 nucleotides in the CR2 region is controlled under the hTERT-p
and the E1B gene is regulated by the hypoxia response element promoter (HRE-p) and the p53 gene cassette controlled by the
CMV-p is inserted between the E1A and E1B regions. In OBP-702, the hTERT-p drives the expression of two adenoviral genes,
ETA and E1B, that are linked to an internal ribosome entry site (IRES) and the p53 gene cassette controlled by the

Egr1 promoter (Egri-p) is inserted into the E3 region.
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Table 1. Clinical studies of p53 cancer gene therapy using Ad-p53 vector in patients with various types of cancers.
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No. Cancer Recombinant Viral dose Unit Method Number of Therapy Combination Dose Phase of Number Country Years Refs.
type adenovirus of injection injection type therapy study of patient
1 NSCLC  SCH-58500 1x107-1x 10" PFU  Intratumoral 1 Monotherapy [ 15 Germany 1998  [34]
2 NSCLC  Advexin 1% 106-1 x 10" PFU  Intratumoral 1-6 Monotherapy | 28 USA 1999  [35]
3 NSCLC  Advexin 15107 -1 x 10" PFU  Intratumoral 1 - 14 Monotherapy I 9 Japan 2006  [36]
4 NSCLC  Advexin 1'% 10°- 1 x 10" PFU  Intratumoral 1-6 Combination ~ Cisplatin 80 mg/m?® | 24 USA 2000 [37]
5 NSCLC Advexin 1% 10%=1 % 10" PFU  Intratumoral 1-10 Combination  Cisplatin 80 mg/m? I 6 Japan 2006  [36]
6 NSCLC  SCH-58500 7.5 x 102 VP Intratumoral  1-3 Combination  Paclitaxel 175 mg/m? i 13 Germany 2001  [38]
(A)
Carboplatin 6 AUC
7 NSCLC  SCH-58500 7.5 x 10" VP Intratumoral 1 -3 Combination  Cisplatin 100 mg/m? I 12 Germany 2001  [38]
(B)
Vinorelbine 25 mg/m?
8 NSCLC  Advexin 1 % T8 =% = 701* VP Intratumoral 3 Combination  Radiation 60 Gy [ 19 USA 2003  [39]
9 SCCHN  Advexin 1x10%-1 x 10" PFU  Intratumoral 3 Monotherapy I, 1l 33 USA 1998  [42,43]
10 SCCHN  Advexin 5% 10'°-25 % 10" VP Intratumoral 3 -12 Monotherapy [ 106 USA 2009, [44,45]
2011
11 SCCHN  Advexin 2 x 10" VP Intratumoral 6 Monotherapy I 35 USA 2009, [44,45]
2011
12 SCCHN  Gendicine 1x100-1x 10" VP Intratumoral 10 Monotherapy | 12 China 2005  [46]
13 SCCHN  Gendicine 1% 10" VP Intratumoral 24 Combination  Radiation 70 Gy I 63 China 2005  [46]
14 Dysplastic Gendicine 1 x T8 VP Intratumoral 5 Monotherapy | 18 China 2009  [47)
oLK
15  Glioma  Advexin 3 x 10 -3 x 10" VP Intratumoral  1-2 Monotherapy | 15 USA 2003 [49]
16 ESCC Advexin 1% 1072 ~2.5 % 10" VP Intratumoral 1-5 Monotherapy Il 10 Japan 2006  [52]
15  HCC Gendicine 1% 10" -3 % 10'2 VP Intratumoral 2 Combination  Radiation 50 Gy I 40 China 2010  [57]
17 Ovarian  Advexin 3 x 10 =3 x 10'% VP Intraperitoneal 1 - 30 Monotherapy I 17 USA 2004 [63]
cancer
18  Ovarian  SCH-58500 7.5 x 10'°-75 x 102 vp Intraperitoneal 1 Monotherapy I 17 USA 2002  [64,65]
cancer
19 Ovarian  SCH-58500 7.5 x 10" -75x 10" VP  Intraperitoneal 6 - 15 Combination  Cisplatin 100 mg/m? 1,1l 24 USA 2002  [64,65]
cancer Paclitaxel 175 mg/m?
Carboplatin 6 AUC
20  Bladder  Advexin 1% 10" -1 x 10" VP Intravesical 2.=8 Monotherapy I 13 USA 2003  [68]
cancer
21 Bladder SCH-58500 7.5 x 10" VP Intratumoral 1 Monotherapy I 3 Germany 2002  [69)]
cancer
22 Bladder SCH-58500 7.5 x 10" -75x 10" VP  Intravesical 1 Monotherapy I 9 Germany 2002  [69]
cancer

ESCC: Esophageal squamous cell carcinoma; HCC: Hepatocellular carcinoma; NSCLC: Non-small-cell lung cancer; OLK: Oral leukoplakia; PFU: Plaque-forming unit; SCCHN: Squamous cell carcinoma of the head and neck; VP: Virus particle.
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2.2 Head and neck cancer

There are 139,000 new cases of head and neck cancer per year
in European countries, and > 90% of head and neck cancers
are squamous cell carcinoma (SCC) [40). Despite surgical resec-
tion and postoperative radiation, SCC of the head and neck
(SCCHN) often shows recurrence and distant metastasis [41].
Although postoperative chemotherapy in combination with
radiotherapy improves the local recurrence rate, the frequencies
of severe adverse effects (grades 4 and 5) are increased (41], thus
indicating that novel antitumor therapies without severe
adverse effects are needed for patients with SCCHN. In preclin-
ical experiments, Ad-p53 vector induced profound apoptotic
cell death in human SCCHN tumor cells [12-14]. Phase I/II/III
clinical studies of monotherapy with two Ad-p53 vectors,
Advexin and Gendicine, have been conducted in patients with
advanced SCCHN (Table 1). In Phase I/II clinical studies,
33 patients with SCCHN received repeated intratumoral injec-
tions of Advexin (1 X 10°t0 1 x 10" PFU), and the safety and
overall patient tolerance of Advexin were demonstrated [42.43].
In a Phase II clinical study, 106 patients with recurrent
SCCHN received repeated intratumoral injections of Advexin
(5 x 10'°t0 2.5 x 10" VP) (4445]. In a Phase III randomized
clinical study, 28 and 35 patients with SCCHN received intra-
venous methotrexate and Advexin, respectively. The p53 gene
sequence and p53 protein expression of tumor tissues were
examined after treatment with Advexin or methotrexate, and
there was a significant increase in time to progression and sur-
vival following Ad-p53 therapy in patients with favorable p53
profiles. In a Phase I clinical study, 10 patients with advanced
SCCNH received repeated intratumoral injections of Gendi-
cine (1 x 10" to 1 x 10'® VP) and only transient fever was
observed in one patient. In a Phase II clinical study, 63 SCCNH
patients received Gendicine (1 x 10'2 VP) combined with radi-
ation (70 Gy), whereas 72 patients received radiation therapy
alone [46). The response rates (complete and partial responses)
were significantly greater in the combination therapy group as
compared to the radiation group. These findings suggest that
intratumoral injection of Ad-p53 is a well-tolerated and effec-
tive antitumor therapy and that p53 genetic status in tumor
tissues is a predictive biomarker of the response to Ad-p53 ther-
apy in patients with advanced SCCHN. In a Phase I clinical
study, repeated intraepithelial injection of Gendicine was well
tolerated in patients with dysplastic oral leukoplakia, the most
common precursor of oral SCC (Table 1) [47; thus, premalig-
nant tumors with the wild-type p53 gene may be more sensitive
to Ad-p53 therapy than p53-inactivated malignant tumors in
SCCHN patients.

2.3 Glioma

Among malignant brain tumors, glioblastoma multiforme is
the most common glioma in adults, and the frequency of
53 gene mutation is 28% in primary glioblastomas and
65% in secondary glioblastomas (48]. In preclinical experi-
ments, Ad-p53 vector efficiently suppressed the 77 vitro cell

Advances in adenovirus-mediated p53 cancer gene therapy

proliferation and 7 vivo tumor growth of human glioma cells
through exogenous p53 activation and subsequent apoptosis
induction 116,17). In a Phase I clinical study of Advexin as a
monotherapy (Table 1), 15 patients with recurrent gliomas
received Advexin (3 x 10'° to 3 x 10" VP) administered
intratumorally or into the postresection cavity 49]. Although
clinical toxicity was minimal, the distribution of Advexin in
tumor cells was limited to the areas near the injection site.
These findings suggest that intratumoral injection of Ad-p53
is well tolerated in glioma patients, but the widespread distri-
bution of Ad-p53 vector is necessary for inducing profound
antitumor effects in brain tumors.

2.4 Esophageal cancer

Esophageal cancer affects > 450,000 people worldwide, and
esophageal SCC (ESCC) is a more frequent histological type
than adenocarcinoma [50]. Despite advances in the treatment
of esophageal cancer, the overall 5-year survival rate remains
15 to 25%. Approximately 50% of ESCCs possess the p53
gene mutation [51], and a preclinical experiment demonstrated
that Ad-p53 vector efficiently induces p53 expression and
subsequent apoptotic cell death in human esophageal cancer
cells (23]. A Phase I/II clinical study of Advexin as a monother-
apy has been conducted in patients with chemoradiation-
resistant advanced ESCC (Table 1) [521. Ten patients received
repeated intratumoral injection of Advexin (I X 10'? to
2.5 x 10" VP), and the Ad-p53 therapy was well tolerated
in these patients. Expression of exogenous p53 gene transfer
was confirmed in tumor tissues from all patients by PCR anal-
ysis. Of the 10 patients who received intratumoral injection of
Ad-p53, 9 patients had stable disease and one patient had pro-
gressive disease. These findings suggest that intratumoral
injection of Ad-p53 is safe and feasible in patients with
advanced chemoradioresistant ESCC. Since Ad-p53 vector
increases the radiosensitivity of human tumor cells via
p53-mediated suppression of DNA repair machinery (s3],
combination therapy of Ad-p53 vector and radiation may be
a more effective strategy than monotherapy with Ad-p53 in
patients with advanced ESCC.

2.5 Liver cancer

Hepatocellular carcinoma (HCC) is the fifth most common
cause of cancer, and the incidence of HCC is increasing due
to the dissemination of hepatitis virus infection throughout
the world [54. The p53 gene mutation was found in ~ 30 to
50% of HCC and was associated with poorly differentiated
tumors [55,56). Intratumoral injection of Ad-p53 (Gendicine)
(1 x 102 t0 3 x 10" VP) combined with fractionated ste-
reotactic radiotherapy (50 Gy) was assessed in 40 HCC
patients in a Phase I clinical study (Table 1) (57). There were
no severe adverse effects, and the intratumoral injection of
Ad-p53 was well tolerated. However, since HCC patients
frequently have liver dysfunction based on virus-induced
hepatitis, caution is needed for the possibility of liver
toxicity associated with Ad-p53-based gene therapy. The

Expert Opin. Biol. Ther. (2013) 13(11) 1573

84

RIGHTS LMK



Expert Opin. Biol. Ther. Downloaded from informahealthcare.com by 60.32.137.81 on 10/10/13
For personal use only.

H. Tazawa et al.

DNA
damage

[ ]
‘ TR LIRS T T | &
GO\ God! e

p21-dependent
cell survival

Cell cycle
arrest

]

]

I

|

]

1

' Cell

:I e ’

: survival —
L

Figure 2. A schematic representation for p53-mediated tumor suppression network. DNA damage induces senescence,
apoptosis or autophagy through the activation of three p53-target genes, p21, BAX or DRAM, respectively. Mild DNA damage
induces a small amount of p53 activation, and therefore p21-dependent cell-cycle arrest, contributing to cell survival. In
contrast, severe DNA damage induces a large amount of p53 accumulation and activation of three distinct cell death
pathways - senescence, apoptosis and autophagy - resulting in cell death. In contrast, p53-induced MDM2 activation
functions as a p53-negative feedback loop via ubiquitin-mediated p53 degradation.

incorporation of normal cell-specific microRNA (miRNA)-
targeted sequences is a useful strategy for reducing the
cytotoxic activity of adenovirus in normal cells including
hepatocytes [58-60. Therefore, novel Ad-p53 vector with
miRNA-targeted sequences may be a safer approach for the
treatment of patients with advanced HCC.

2.6 Ovarian cancer

Ovarian cancer is a major cause of gynecologic cancer in the
United States; approximately 22,300 new cases and
15,500 deaths were predicted for 2012 (32. The survival rate
of patients with ovarian cancer has changed little, despite the
development of platinum-based chemotherapy (61]; therefore,
novel antitumor therapies to improve the clinical outcome of
patients with advanced ovarian cancer are required. Approxi-
mately 80% of ovarian cancers possess 53 gene mutation [62],
and Ad-p53 vector induced an antitumor effect through
p53 overexpression in human ovarian cancer cells in preclinical
experiments [18,19). Phase I clinical studies of two Ad-p53
vectors, Advexin and SCH-58500, have been conducted as a
monotherapy in patients with chemotherapy-resistant and
recurrent ovarian cancers, respectively (Table 1) [63-65]. Intraper-
itoneal injection of Advexin (3 x 10" t0 3 x 10" VP) or

SCH-58500 (7.5 x 10" to 7.5 x 10'* VP) was performed
in 17 patients each. In a Phase I/II clinical study, intraperitoneal
injection of SCH-58500 (7.5 x 10"* to 7.5 x 10" VP) was
combined with chemotherapeutic drugs, such as intraperitone-
ally administered cisplatin (100 mg/m®) or intravenously
administered paclitaxel (175 mg/m®) and carboplatin (targeted
area under the curve of 6), in 24 patients with recurrent ovarian
cancers (Table 1). No severe adverse effects occurred in patients
treated with monotherapy or combination therapy. Thus, intra-
peritoneally administered Ad-p53 vector is well tolerated as a
monotherapy and in combination with chemotherapy in
patients with advanced ovarian cancers.

2.7 Bladder cancer

Bladder cancer is a major cancer of the urinary system with
73,510 new cases and 14,880 deaths estimated for 2012 in
the United States [32]. Patients with noninvasive and invasive
bladder cancers have a high recurrence rate (~ 80%); therefore,
a novel strategy for efficiently curing malignant bladder tumors
is required [66]. Patients with p53 abnormalities have a much
higher probability of disease progression, and the p53 status is
a predictive biomarker for tumor recurrence [67), suggesting
the therapeutic potential of p53 restoration for suppression of
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Figure 3. A schematic representation of Ad-p53-mediated induction of programmed cell death pathways and combination
strategies for enhancing the therapeutic potential of Ad-p53 vector. Ad-p53 vector induces BAX- and DRAM-mediated
apoptosis and autophagy, respectively, resulting in cell death, rather than p21-dependent cell-cycle arrest and cell survival,
when combined with replication competent OBP-301, replication-deficient adenovirus vectors (Ad-E2F1, Ad-ARF and Ad-
FHIT), chemical compound (Nutlin-3) or p21-targeted siRNA/miRNA.

tumor progression. In a preclinical experiment, Ad-p53 vector
efficiently induced the p53 and p53-downstream target genes,
the suppression of cell viability and the enhancement of chemo-
sensitivity in human bladder cancer cells [20). Phase I clinical
studies of two Ad-p53 vectors, Advexin and SCH-58500,
have been conducted as a monotherapy in patients with
advanced bladder cancers (68.69]. Thirteen patients received
intravesical injections of Advexin (1 X 10" t0 1 x 10'2 VD),
nine patients received intravesical injections of SCH-58500
(7.5 x 10" t0 7.5 x 10" VP) and three patients received
intratumoral injections of SCH-58500 (7.5 x 10" VP). No
dose-limiting toxicity was observed in these patients. Thus, in
addition to intratumoral and intraperitoneal injections,
intravesical injection is also a safe approach for the administra-
tion of Ad-p53 vector to cancer patients.

3. Molecular mechanism of antitumor effect
induced by Ad-p53 vector

Administration of Ad-p53 vector efficiently induces exoge-
nous expression of the p53 gene and a subsequent antitumor

effect in preclinical 77 vitro and in vivo experiments (89]. In
the Ad-p53-mediated tumor suppression system, there are
three cell death pathways: senescence, apoptosis and autoph-
agy (2. These cell death pathways are determined by the
induction of p53-downstream target genes, such as p21WAFI
(p21) (701, BAX (711 or DRAM (Figure 2) [72]. To promote
the Ad-p53-mediated cell death pathways, there are combina-
tion strategies for enhancing viral replication and p53 expres-
sion in the Ad-p53-infected tumor cells (Figure 3). Moreover,
Ad-p53 transduction has an antitumor effect in not only Ad-
p53-infected cells but also uninfected tumor cells, because the
exogenous p53 expression induces bystander effects, such as
the inhibition of tumor angiogenesis and the infiltration of
neutrophils, in tumor microenvironments (Figure 4). Next,
we discuss the molecular mechanism underlying the
Ad-p53-mediated antitumor effect via p53 overexpression.

3.1 p53-mediated cell death signaling pathway

When tumor cells with intact p53 function are exposed to
genotoxic stresses including chemotherapy and therapeutic
radiation, many p53-downstream target genes, such as
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Figure 4. A schematic representation of Ad-p53-mediated bystander effects on neighboring, uninfected tumor cells. When
tumor cells are infected with Ad-p53 vector, p53 overexpression induces cell death in the Ad-p53-infected tumor cells.
Moreover, surrounding uninfected tumor cells are also eradicated due to bystander effects, which include suppression of
angiogenesis by VEGF downregulation and massive infiltration of neutrophils by CD95 ligand (CD95L) upregulation in the
tumor microenvironment. Combination therapy of bevacizumab (anti-VEGF antibody) and FasL (CD95L) transduction may

enhance the Ad-p53-mediated bystander effects.

p21 70, BAX (711 and DRAM (72}, are transcriptionally
induced by activated p53, and these p53 targets cooperatively
regulate cellular processes that curb or reverse tumor progres-
sion [2]. In response to mild DNA damage, p53 mainly acti-
vates p21 expression for the induction of cell-cycle arrest
that allows for the repair of DNA damage and consequently
contributes to cell survival or senescence. In contrast, severe
DNA damage induces more p53 accumulation, which acti-
vates BAX- and DRAM-related signaling pathways that lead
to apoptosis and autophagy, respectively, and subsequently
induces cell death (Figure 2). However, when the p53-down-
stream target gene MDM2 (73], which negatively regulates
p53 via the ubiquitin-proteasome pathway, is upregulated
following p53 activation, MDM2 activation inhibits the
p53-mediated signaling pathway as a p53-negative feedback
loop (Figure 2). Thus, suppression of the p21-dependent cell
survival pathway and/or MDM2-dependent p53-negative

feedback loop would be an effective strategy for the enhance-
ment of apoptosis- and autophagy-related cell death pathways
in p53-activated tumor cells.

Ad-p53-mediated exogenous wild-type p53 introduction
also induces the expression of p53-downstream targets p21,
BAX, DRAM and MDM2 in a variety of p53-inactivated
tumor cells (Figure 3). There are several potential approaches
by which Ad-p53-mediated p53 expression and cell death
signaling pathway could be enhanced (Figure 3). First,
Ad-p53-mediated p53 expression is enhanced if combined
with E1A-expressing oncolytic adenovirus because Ad-p53 is
an El1A-deleted replication-deficient adenovirus vector. We
previously developed a telomerase-specific replication-compe-
tent oncolytic adenovirus, OBP-301 (Telomelysin), which
induces tumor-selective oncolytic cell death in a telomerase-
dependent manner [74-76). A combination therapy of Ad-p53
and OBP-301 enhanced p53 expression; this combination

1576

Expert Opin. Biol. Ther. (2013) 13(11)
RIGHTS L1 M K

87



Expert Opin. Biol. Ther. Downloaded from informahealthcare.com by 60.32.137.81 on 10/10/13

For personal use only.

o

p21-dependent
cell survival

Advances in adenovirus-mediated p53 cancer gene therapy

Figure 5. A schematic representation of molecular mechanism in the OBP-702-mediated induction of programmed cell death
pathways. OBP-702 induces apoptosis and autophagy, resulting in cell death; these effects are dependent on p53-mediated
BAX/DRAM activation and E1A-mediated suppression of p21/MDM2 expression via E2F1-inducible miRNA activation.

therapy resulted in a more profound antitumor effect and
enhanced apoptotic cell death when compared to monother-
apy with Ad-p53 [77]. Adenoviral E1A expression induced by
OBP-301 infection would support the replication of Ad-p53
and subsequently enhance the Ad-p53-mediated p53 expres-
sion. Second, the Ad-p53-mediated cell death signaling path-
way is enhanced if combined with a MDM?2 inhibitor because
MDM2 functions as a negative regulator of p53 via ubiquitin-
mediated p53 degradation, and MDM2 suppression can
stabilize exogenous p53 expression. Treatment with a small
molecule compound, Nutlin-3 (78], or infection with the
tumor suppressor FHIT gene [31] enhances Ad-p53-mediated
p53 expression and apoptotic cell death through MDM2
suppression in human cancer cells. Moreover, overexpression
of the ARF gene introduced via a recombinant adenovirus vec-
tor, Ad-ARF [79] or Ad-E2F1 [80], also induces enhanced
p53 expression and antitumor effects induced by Ad-p53
through ARF-induced MDM2 suppression. Third, Ad-p53-
mediated cell death in tumor cells could be enhanced via
p21 suppression. Suppression of p21 expression by genetic
deletion [81] or an exogenous p21-targeted small interfering
RNA (siRNA) (821 enhances Ad-p53-induced apoptosis.
More interestingly, a combination of p21-targeted miRNAs,
miR-93 and miR-106b, also enhances Ad-p53-mediated

apoptosis and autophagy [83) because p21 suppresses apopto-
sis [81] and autophagy (84]. Each of these three strategies for
enhancing the Ad-p53-mediated cell death pathway should
improve the clinical outcomes of adenoviral p53 cancer gene

therapy.

3.2 Ad-p53-mediated bystander effect

Ad-p53-mediated p53 gene transfer has been shown to induce
bystander effects to neighboring tumor cells via multiple
mechanisms in preclinical 7z vivo settings (Figure 4). For
example, Ad-p53 infection markedly inhibited the expression
of an angiogenic factor and vascular endothelial growth factor
(VEGF) and increased the expression of an antiangiogenic
factor; together, the effects of p53 expression suppress neovas-
cularization in tumor tissues [85.86]. Additionally, Ad-p53-
mediated p53 transfer induced overexpression of CD95
ligand (CD95L, FasL) in tumor cells, which resulted in the
massive infiltration of neutrophils into tumor tissues [87].
Overexpression of CD95L was also partially responsible for
the Ad-p53-induced apoprosis that was mediated by the Fas
receptor/ligand system [88]. These findings suggest that Ad-
p53-mediated p53 overexpression is a promising antitumor
therapy that has antitumor effects because angiogenesis is
suppressed and immune responses are involved within
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