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Fig. (2). Schematic DNA structures of telomerase-specific oncolytic viruses. Telomelysin (OBP-301), in which the hTERT promoter clement drives the
expression of E1A and E18 genes linked with an IRES. Telomelysin-GFP (OBP-401) is a telomerase-specific replication-competent adenovirus variant, in
which GFP gene is inserted under CMV promoter into E3 region for monitoring viral replication. Telomelysin-RGD (OBP-405) has mutant fiber containing

the RGD peptide, CDCRGDCFC, in the HI loop of the fiber knob.

about 50% reduction in cell viability in monolayer cultures
(defined as 1Dsq) was less than 20 multiplicity of infections
(MOIs) in almost all tumor cell lines examined in our study.
These data clearly demonstrate that Telomelysin exhibits
desirable features for use as an oncolytic therapeutic agent, as
the proportion of cancers potentially treatable by Telomelysin
is extremely high. .

The in vivo antitumor effect of Telomelysin was also
investigated by using athymic mice carrying xenografts.
Intratumoral injection of Telomelysin into human tumor
xenografts resulted in a significant inhibition of tumor growth
and enhancement of survival [74. 75]. Macro-scopicaily,
massive ulceration was noted on the tumor surface after
injection of high-dose Telomelysin, indicating that
Telomelysin induced intratumoral necrosis of tumor cells due
to direct lysis by virus replication in vivo (Fig. 3). For cffective
treatment of distant metastatic tumors, intravenously infused
chemotherapeutic drugs will need to distribute in sufficient
quantities into the the tumor sites; oncolytic viruses, however,
could still replicate in the tumor, cause oncolysis, and then
release virus particles that could reach the distant metastatic
lesions. Therefore, intratumoral administration that causes the
release of newly formed virus from infected tumor cells might
be theoretically suitable for oncolytic virus rather than
systemic administration. Indeed, it was confirmed that,
following intratumoral injection, Telomelysin replicated within
tumors, spread into the bloodstream, and then replicated in
distant tumor sites [74, 75]. The biodistribution of Telomelysin
as assessed by PCR amplification targeting for the viral ETA

provides evidence that viral replication is highly specific for
tumors despite its presence in the circulation. No significant
elevation of liver enzymes was observed in mice intratumorally
injected with Telomelysin. In addition, histopathological
analysis of liver sections demonstrated absence of apoptotic
hepatocytes and other histological signs of hepatocellular
damage [75].

Chemotherapeutic drugs kitl tumor cells mainly by
inducing apoptosis, which is characterized by chromosome
condensation and nuclear shrinkage and fragmentation; nuclear
morphology of cells infected with Telomelysin, however, was
distinct from apoptosis. Apoptosis in mammalian cells is
mediated by a family of cysteine proteases known as caspases.
which are the executioners of apoptosis and essential for the
disassembly of the cell. No changes in procaspase-3 levels and
no expression of cleaved form of caspase-3 in cells infected
with Telomelysin were noted. Moreover, flow cylometric
analysis demonstrated that Telomelysin infection had no effect
on cell cycle distribution [76, 77]. Recently, lto e al. have
reported that hTERT-specific oncolytic adenovirus causes
autophagic cell death, which is a type of programmed cell death
that is an alternative to apoptosis, in malignant glioma cells via
inhibition of the mTOR signal {78]. Although their data clearly
indicate that autophagy may be one of the cell death machinery
induced by oncolytic adenoviruses, our preliminary studies
using the green fluorescent protein (GFP) and microtubule-
associated protein | light chain 3 (L.C3) fusion plasmid (GIP-
LC3) [79] demonstrated that Telomelysin did not induce GFP-
LC3 dots. which represent pre-autophagosomes and
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Fig. (3). Antitumor effect of |ntratumorally injected Telomelysin against established flank SW620 xenograft tumors in nu/nu mice. (a) Macroscopic
appearance of tumors 15 days after treatment with various concentrations of Telomelysin. (b) Tumors were dissected 15 days after viral injection and
paraffin sections were stained with hematoxylin and eosin. Massive tumor cell death at the central pomons of the tumors where Tclomelysin was injected

was observed.

autophagosomes in human lung cancer cells. Thus, further
investigation in other types of cancer cells will be required to
determine the exact mechanisms of Telomelysin-triggered cell
death.

Multi-Disciplinary Therapy with Telomelysin

The development of Telomelysin as a monotherapy is
currently underway clinically based on the promising results of
preclinical studies; multi-modal strategies to enhance
antitumor efficacy in vivo, however, are essential for successful
clinical outcome. In fact, most of the clinical trials for oncolytic
viruses have been conducted in combination with
chemotherapy, or radiotherapy [80-83]. In a report of clinical
trial of ONYX-013, no clinical benefit was noted in the majority
of patients, despite the encouraging biological activity [84].
Tumor progression was rapid in most patients, even though
substantial necrosis was noted in the tumors after treatment {85,
86]. Therefore, multi-disciplinary therapy composed of
oncolytic  virotherapy combined with low-dose
chemotherapeutic agent is required to enhance the antitumor
efficacy. Moreover, combination of two agents may allow the
use of reduced dosage of each agent, and reduce the likelihood
of adverse effects.

Infection with Telomelysin (GFP-expressing Telomelysin
was used as an alternative to Telomelysin in some experiments)
alone or followed by treatment with docetaxel (Taxotere), a
chemotherapeutic agent, resulted in a profound in vitro
cytotoxicity in various human cancer cell lines originating
from different organs (lung, colon. esophagus, stomach, liver,
and prostate), although the magnitude of antitumor effect varied
among the cell types [77]. Other chemotherapeutic drugs such
as vinorelbine (Navelbine) and SN38 (the potent active
metabolite of irinotecan) combined with Telomelysin also
inhibited the growth-of human cancer cells [77]. Quantitative
real-time PCR analysis demonstrated that docetaxel did not
affect viral replication. For in vivo evaluation, mice xenografted
with human lung tumor received intratumoral injection of
Telomelysin and intraperitoneal administration of docetaxel.

Analysis of growth of implanted tumors showed a significant,
therapeutic synergism, while Telomelysin alone and docetaxcl
alone showed modest inhibition of tumor growth [77]. The
antitumor effect of the combination therapy was likely additive
in vitro; there might be, however, some particular interactions
between Telomelysin and docetaxel to produce a synergistic
effect in vivo. It has been reported that metronomic
chemotherapy, which refers to long-term administration of
comparatively low doses of cytotoxic drugs at close, regular

-intervals, has an antiangiogenic basis [87). Like our approach,

the potent antiangiogenic capacity of drugs administered in a
metronomic fashion finds favor in a number of in vivo
preclinical studies; to prove this efficacy by in vitro
experiments is, however, technically difficult. There are some
possible explanations for the superior in vivo antitumor
activity in our experiments. Systemically administered
docetaxel may attack the vascular endothelial cells at the tumor
site, which in turn can block the escape of locally injected
Telomelysin into the blood circulation. Another possibility is
that Telomelysin itself may inhibit the vascular supply by
killing endothelial cells.

FR901228 (depsipeptide, FK228) is a novel anticancer
agent isolated from the fermentation broth of Chromobacterium
violaceum. FR901228 has been identified as a potent histone
deacetylase (HDAC) inhibitor. Histone deacetylation is an
important component of transcriptional control, and it has, been
shown that FR901228 can increase Coxsackie’s-adenovirus
receptor (CAR) gene expression in various cancer cell lines [88-
91]. Morcover, FR901228 is known to increase viral and
transgene expression following adenovirus infection [88].
Indeed, FR901228 treatment upregulated CAR levels on target
tumor cells, which in turn increased the amount of cellular
Telomelysin replication, thereby promoting a synergistic
antitumor effect [76]. These data indicate that FR901228 may be
an appropriate partner for Telomelysin because it does not affect
the virus life cycle. Delineating specific virus/drug
combinations that are tailored to be particularly effective in
human cancer could potentially improve the already
encouraging results seen in the field of oncolytic virotherapy.
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Clinical Application of Telomelysin

Preclinical models suggested that Telomelysin could
selectively kill a variety of human cancer cells in vitro and in
vivo via intracellular viral replication regulated by the hTERT
transcriptional activity. Pharmacological and toxicological
studies in micc and cotton rats demonstrated that none of the
animals treated with Telomelysin showed signs of viral distress
(e.g., ruffled fur, weight loss, lethargy, or agitation) or extensive
histopathological changes in any organs at autopsy. These
promising data led us to design a phase ! clinical trial of
Telomelysin as a monotherapy.

The proposed protocol “A phase'] dose-escalation study of
intratumoral injection with telomerase-specific replication-
competent oncolytic adenovirus, Telomelysin (OBP-301) for
various solid tumors” sponsored by Oncolys BioPharma, Inc. is
an open-label, phase I, 3 cohort dose-escalation study. The
Recombinant DNA Advisory Committee (RAC) at the National
Institutes of Health (NIH) has already reviewed this protocol.
The safety, tolerability, and feasibility of intratumoral injection
of the agent will be assessed in patients with advanced cancer.
The humoral immune response to Telomelysin will be analyzed
also. Biopsies will be taken to evaluate the pharmacokinetics
and pharmacodynamics of Telomelysin in the injected tumor.
Therapeutic response will be assessed by measuring changes in
tumor dimensions, comparative analysis of tumor biopsies, and
cytokine and/or viral measurements. Patients selected for this
trial have histologically or cytologically proven, non-
resectable solid tumors and exhibited lack of response to
conventional therapies such as primary external beam radiation
or systemic chemotherapy. Patients have a disease that is
measurable and accessible to direct injection of Telomelysin.
Doses of Telomelysin will be escalated from low to high virus
particles (VP) in one log increment. Patients will be treated with
a single dose intratumoral injection of Telomelysin and then
monitored for one month. The trial has been started upon
approval of the US Food and Drug Administration (FDA) on
November, 2006.

The data of pharmacokinetics and biodistribution of
Telomelysin will bé of interest. In the phase I trial of Advexin, a
replication-deficient adenoviral vector that delivers normally
functioning p53 tumor suppressor gene to cancer cells, the
vector was present in tumor tissue as well as proximal lymph
nodes, indicating regional spread of the vector via the
lymphatic vessels [92]. Moreover, clinical trials of intratumoral
and intravenous administration of CG7870, a replication-
selective oncolytic adenovirus genetically engineered to
replicate preferentially in prostate tissue, demonstrated a
second peak of the virus genome in.the plasma [93, 94],
suggesting active viral replication and shedding into the
bloodstream. Therefore, it is anticipated that intratumorally
administered Telomelysin can spread into the lymphatic vessels
as well as the blood circulation, and potentially kill metastatic
tumor cells in regional lymph nodes and distant organ tissues.
Theoretically, Telomelysin can replicate continuously in the
injected tumors and releases virus particles unless all tumor
cells are completely eliminated, indicating that a single
intratumoral injection should be sufficient to induce antitumor
effect. Our preclinical study, however, showed that multiple
injections of Telomelysin resulted in a profound inhibition of
tumor growth in xenograft models [74, 75, 77]. Thus, once the
safety of a single administration is confirmed, the feasibility of
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the multi-cycle treatment with Telomelysin will be “assessed in
human.

hTERT PROMOTER FOR CANCER DIAGNOSTICS
Imaging of Tumor Cells using Telomelysin-GFP

A variety of imaging technologies is being investigated as
tools for cancer diagnosis, detection, and treatment monitoring.
Improvements in methods of external imaging such as
computed tomography (CT), magnetic resonance imaging
(MRI), and ultrasound techniques have increased the sensitivity
for visualizing tumors and metastases in the body [95]; a
limiting factor in structural and anatomical imaging, however,
is the inability to specifically identify malignant tissues.
Positron emission tomography (PET), with the glucose
analogue 18F.2_deoxy-D-glucose (FDG), is the first molecular
imaging technique that was widely applied for cancer imaging
in clinical settings [96]. Although FDG-PET has high detection
sensitivity, it has some limitations such as difficulty in
distinguishing between proliferating tumor cells and
inflammation and unsuitability for real-time detection of tumor
tissues. Therefore, tumor-specific imaging would be of
considerable value in treatment of human cancer by defining the
location and area of tumors without microscopic analysis. In
particular, if tumors too small for direct visual detection and
therefore not detectable by direct inspection could be imaged in
situ, surgeons could precisely excise tumors with appropriate
surgical margins. This paradigm requires an appropriate
“marker” that can facilitate visualization of physiological or
molecular events that occur in tumor cells but not normal cells.

The green fluorescent protein (GFP), which was originally
obtained from the jellyfish Aequorea Victoria, is an attractive
molecular marker for imaging in live tissues because of the
relatively non-invasive naturé of fluorescent [97]. A new
approach developed in our laboratories to specifically visualize
human tumor cells involves the use of Telomelysin and a
replication-deficient adenovirus expressing the GFP gene (Ad-
GFP) (Fig. 4). Telomelysin infection could complement E1 gene
functions and facilitate replication of El-deleted Ad-GFP
selectively in co-infected tumor cells [98]. When the human
cancer cell lines were infected with Ad-GFP at low MOI, GFP
expression could not be detected; in the presence of
Telomelysin, however, Ad-GFP replicated in these tumor cells
and showed strong green signals. By contrast, co-infection of
Telomelysin and Ad-GFP did not show any fluorescence in
normal cells such as fibroblasts and vascular endothelial cells
because of the low levels of hTERT activity. This strategy was
also applied successfully in vivo; intrathoracic administration
of Telomelysin and Ad-GFP clearly labeled disseminated human
lung tumor nodules in mice under the cooled charged-coupled
device (CCD) camera (Fig. 4). These data indicate that’
locoregional injection of Telomelysin plus Ad-GFP in
combination with the highly sensitive CCD imaging system
might be a useful diagnostic tool for real-time visualization of
macroscopically invisible tumor tissues.

The advantage of co-infection of an El-deleted replication-
deficient adenoviral vector and Telomelysin is that transgene
expression can be amplified in target cells. Furthermore, many
vectors previously constructed can be used to express genes of
interest. However, the requirement for both viruses to infect the
same cell for the amplified transgene expression is a significant
limitation of this dual virus vector system. The degree of
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Fig. (4). (a) Concept of selective visualization of tumor cells with Ad-GFP and Telomelysin. (b) Internal images of pleural dissemination visualized by
intrathoracic injection of Ad-GFP and Telomelysin. Female BALB/¢c nu/nu mice received intrathoracic implant with A549 human lung tumor cells. Five
days after Ad-GFP and Telomelysin injection into the thoracic space, mice were sacrificed. and their thoracic spaces were examined. Fluorescent

detection of disseminated wmors. Arrows, disseminated tiny tumor.

transgene expression has been shown to vary depending on the
copy numbers of the viruses that initially infected the cells. To
label efficiently and uniformly target tumor cells with green
fluorescence, we modified Telomelysin to contain the GFP gene
driven by the cytomegalovirus (CMV) promoter in the E3
deleted region (Fig. 2). The resul'lantladenovirus was termed
Telomelysin-GFP or OBP-401 [76, 77]. Similar to Telomelysin,
Telomelysin-GFP replicated 5-6 logs by 3 days after infection
in human cancer cell lines and coordinately induced GFP
expression; Telomelysin-GFP replication, however, was
attenuated up to 2 logs in normal human fibroblasts without
GFP expression. Subcutaneous human tumor xenografts could
be visualized after intratumoral injection of Telomelysin-GFP.
Tumor sections entirely expressed GFP, suggesting in vivo viral
replication and spread throughout the tumors.

In vivo Imaging of Metastatic Tumor Cells with Telomelysin-
GFP

Metastatic spread of tumor cells plays a major role in the
morbidity and mortality of human cancer. Although there are
few life-prolonging treatments for the majority of patients with
distant sites of metastasis, early detection of occult metastasis

and early therapeutic interventions may decrease the rate of

metastatic spread and extend survival. Lymphatic invasion is
one of the major routes for cancer metastasis, and adequate
resection of locoregional lymph nodes is required for curative

treatment in patients with advanced malignancics. The risk of
lymph node metastasis can be partially predicted by clinical
data such as tumor stage, serum tumor marker level, and medical
images; there are, however, no noninvasive approaches to
accurately predict the presence of lymph node metastasis, in
particular, microscopic metastasis. Although molecular analysis
based on detection of genetic markers of cancer cells is
clinically relevant in some patients, the procurement of
sufficient tissue to confirm the diagnosis can be associated with-
significant morbidity and cost depending on the size and
location of the lesion. Therefore, the utility of Telomelysin-GIFP
that can be used for real-time imaging of tumor tissues in vivo
offers a practical, safe, and cost-effective alternative to the
traditional, cumbersome procedures of histopathological
examination.

Following intratumoral injection of Telomelysin-GFP into
human colorectal tumors orthotopically implanted into the
rectum in mice, para-aortic lymph node metastasis could be
visualized at laparotomy under a CCD camera.
Histopathological analysis confirmed the presence of metastatic
adenocarcinoma cells in the lymph nodes with fluorescence
emission, whereas GFP-negative lymph nodes contained no
tumor cells. Of interest, metastatic lymph nodes were imaged in
spots with GFP fluorescence, which was in agreement with
histologically-confirmed micrometastasis. The sensitivity and
specificity of this imaging technique are 92.3% and 86.6%,
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Fig. (5)..Concept of selective visualization of lymph node metastasis with Telomelysin-GFP.

respectively, which are sufficiently reliable to support the
concept of this approach [99]. These -data "indicate that
Telomelysin-GFP causes viral spread into the regional
lymphatic area and selectively replicates in neoplastic lesions,
resulting in GFP expression in metastatic lymph nodes (Fig. 5).
This experiment mimics the clinical scenario where patients
with gastrointestinal malignancies and lymph node metastasis
undergo surgery, and the data suggest that the surgeon can
identify metastatic lymph nodes by illuminating the abdominal
cavity with a Xenon lamp.

Administration of Telomelysin-GFP offers an additional
advantage in cancer therapy. Telomelysin-GFP, similar to
Telomelysin, is an oncolytic virus, and selectively kills human
tumor cells by viral replication; the process of cell death by
Telomelysin-GFP, however, is relatively slow compared to
apoptosis-inducing chemotherapeutic drugs, because the virus
needs time for replication. Therefore, tumor cells infected with
Telomelysin-GFP express GFP fluorescence, followed by loss of
viability, allowing the timing of detection. Thus, Telomelysin-
GFP can spread into the regional lymph nodes after intratumoral
injection, express GFP signals in tumor cells by virus
replication, and finally kill tumor cells even if the- surgeon
failed to remove all nodes containing micrometastasis.

CONCLUSION AND PERSPECTIVES

There have been very impressive advances in our
understanding of the molecular aspects of human cancer and in
the development of technologies for genetic modification of
viral genomes. Nevertheless, there are many remaining hurdles,
ethical and technical that must be solved before virotherapy
including virus-mediated gene therapy ever reach routine
clinical application. The safety considerations in the virus
manufacture and clinical protocols are among the most
important issues to be studied. Another important issue is to
find ways to selectively deliver viruses into a high percentage
of malignant cells in an existing tumor mass. The use of tissue
or cell-type specific promoters could perhaps achieve

specificity of virus-mediated antitumor effect. The hTERT
promoter-based transcriptional targeting in adenoviral
constructs is a powerful tool for cancer diagnosis and therapy.
In particular, the hTERT-specific oncolytic adenovirus achieves
a more strict targeting potential due to the amplified effect by
viral replication, and is a promising therapeutic alternative to
replication-deficient gene therapy vectors. Several independent
studies that used different regions of hTERT promoter and
different sites of adenoviral genome responsible for viral
replication, have shown that the hTERT promoter allows
adenoviral replication as a molecular switch and induces
selective cytopathic effect in a variety of human tumor cells
[70-72, 74]. Among these viral constructs, to the best of our
knowledge, Telomelysin seems to be the first hTERT-dependent
oncolytic adenovirus that has been used in a clinical trial based
on preclinical pharmacological and toxicological studies.

Although Telomelysin showed a broad and profound
antitumor effect in human cancer originating from various
organs, one weakness of Telomelysin is that virus infection
efficiency depends on CAR expression, which is not highly
expressed on the cell surface of some types of human cancer
cells. Thus, tumors that lost CAR expression may be refractory
to infection with Telomelysin. Since modification of fiber
protein is an attractive strategy for overcoming the limitations
imposed by the CAR dependence of Telomelysin infection, we
modified the fiber of Telomelysin to contain RGD (Arg-Gly-
Asp) peptide, which binds with high affinity to integrins (avB3
and avp5) on the cell surface, on the HI loop of the fiber protein
(Fig. 2). The resultant adenovirus, termed Telomelysin-RGD or
OBP-405, mediated not only CAR-dependent virus entry but
also CAR-independent, RGD-integrin-dependent virus entry
[75]). Telomelysin-RGD had an apparent oncolytic effect on
human cancer cell lines with low CAR expression. Intratumoral
injection of Telomelysin-RGD into CAR-negative tumor
xenografts in mice resulted in significant inhibition of tumor
growth and long-term survival.- These data suggest that fiber-
modified Telomelysin-RGD .exhibits a broad target ranges by
increasing infection efficiency, although one needs to be
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cautious about increased toxicity since hematopoietic cell
population such as dendritic cells can be efficiently infected
with RGD-modified adenovirus [100].

A possible future direction for Telomelysin includes
combination therapy with conventional therapies such as
chemotherapy. radiotherapy, surgery, immunotherapy, and new
modalities such as antiangiogenic therapy. Since clinical
activities obscrved by intratumoral injection of Telomelysin
suggest that even partial elimination of the tumor couid be
clinically beneficial. the combination approaches may lead to
the development of more advanced biological therapy for
human cancer. The combination of systemic chemotherapy and
local injection of Telomelysin has been shown to be effective as
described above [77]. In addition. we found that oncolysis
induced by Telomelysin infection could be the most effective
stimulus for immature dendritic cells to induce specific activity
against human cancer cells. Therefore, Telomelysin can be
effective not only as a direct cytotoxic drug but also as an
immunostimulatory agent that induces specific cytotoxic T-
lymphocytes (CTL) for the remaining antigen-bearing tumor
cells. Peri- or postoperative administration of Telomelysin may
be also valuable as adjuvant therapy in areas of microscopic
residual discase at tumor margins to prevent recurrence or
regrowth of tumors.

To our knowledge, no experimental viral agents that target
human cancer including gene therapy products have been
clinically approved in the world except in China. Advexin,
which delivers normally functioning p53 tumor suppressor
gene to cancer cells, will most likely be the first gene therapy
drug approved in the US; the clinical development phase of
Advexin, however, may be more than 10 years from the year the
clinical study was initiated. The transition from phase I to phase
HI is also nccessary for the development of Telomelysin. The
recent surge in the approval rate for therapeutic monoclonal
antibodies that were unsuccessful in the carly 1980s is
encouraging. Once one or more viral agents are approved in the
US, the clinical development of oncolytic viruses is expected to
move rapidly to the market.

The field of virotherapy is progressing considerably and is
rapidly gaining medical and scientific acceptance. Although
many technical and conceptual problems await to be solved,
ongoing and future clinical studies will no doubt continue to
provide important clues that may allow substantial progress in
human cancer therapy.
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ABBREVIATIONS

AFP = o- Fetoprotein

CAR = Coxsackie’s-adenovirus receptor
CCD = Cooled charged-coupled device
CMV = Cytomegalovirus

COX = Cyclooxygenase
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Cr = Computed tomography

CTL = Cytotoxic T-lymphocytes

EGF = Epidermal growth factor

ERE = Estrogen response element

FDA = Food and Drug Administration

FDG = 18F-2-deoxy-D-glucose

GFP = Green fluorescent protein

HDAC = Histone deacetylase

HPV = Human papilloma virus

hTERT = Human telomerase reverse transcriptase

LC3 = Light chain 3

MOI =  Multiplicity of infection

MRI = Magnetic resonance imaging

MZF-2 = Mpyeloid-specific zinc finger protein 2

NIH = National Institutes of Health

NSAID = Nonsteroidal anti-inflammatory drug

PET = Positron emission tomography

PSA = Prostate-specific antigen

RAC = Recombinant DNA Advisory Committee

TSA = Tricostatin A

WTI = Wilm’s tumor suppressor |
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Oncolytic virotherapy
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