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developed, and some of these viruses are in human
trials or entering human trials [10,11]. Among these
viruses, adenovirus, especially human type 5 adenovi-
rus (Ad5), is one of the most popular and familiar types
of viruses because the genetic information and the biol-
ogy of natural infection in humans are well character-
ized and because it has a long history of being used as
a gene delivery vector [12]. Indeed, the mutation-based
oncolytic adenovirus H101 was approved in China for
the treatment of patients with head and neck cancer in
2005 [13]; so far, H101 is the first and only oncolytic
virus to be approved as a drug in humans. The
approval of H101 brings hope that oncolytic adeno-
viruses will be available in humans after the large set-
back that occurred in 1999 with the death of Jesse
Gelsinger in a clinical trial for gene therapy with an
adenovirus vector [14].

Adenovirus (90—100 nm in size) is a nonenveloped
virus with a double-stranded linear DNA genome.
Most of the 57 adenovirus serotypes in humans are
pathogens responsible for common upper respiratory
infections. Adenovirus entry into the host cell is
mainly initiated by the interaction of the adenovirus
fiber knob and the cell receptor, which is the coxsack-
ievirus—adenovirus receptor (CAR) for most types of
adenovirus. Then, the adenovirus is taken up into cells
by clathrin-dependent endocytosis, followed by the
nuclear transportation of viral DNA via the nuclear
pore after escape from the endosome [15]. Adenoviral
replication consists of two phases, an early phase and
a late phase. In the early phase, two adenoviral early
gene products, E1A (which binds to the retinoblas-
toma (Rb) protein) and E1B (which binds to p53),
immortalize the host cells by inhibiting these two
tumor suppressor genes and creating a proper envi-
ronment for viral replication. In the late phase, adeno-
virus produces sufficient structural proteins to
package the replicated genome. Once adenoviral prog-
enies are successfully created, these viruses are
released from the cells by inducing cell lysis, and the
released viruses spread to neighboring cells.
Replication-defective adenovirus is modified to be
unable to replicate after cellular uptake by removal of
the E1 region, and replication-competent (oncolytic)
adenovirus is modified to replicate and induce cell
lysis under specific conditions only by the deletion or
recombination of the E1 region.

Conventional chemotherapy, radiotherapy, and sur-
gery are still the core strategies for cancer treatment,
whereas several molecular targeted agents such as inhi-
bitors of the epidermal growth factor receptor (EGFR),
the HER2 receptor, and the vascular endothelial growth
factor (VEGF) have emerged as novel treatment meth-
ods. It is necessary to examine the combination efficacy
of oncolytic adenoviruses with these other treatments
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and to analyze the mechanisms of any synergistic effects
that might occur. We first discuss the development of
oncolytic adenoviruses, especially the ones that have
been tested in clinical trials. Then, we introduce the pre-
clinical and clinical studies of the efficacy of oncolytic
adenoviruses in combination with chemotherapy, radio-
therapy, or molecular targeted agents.

ONCOLYTIC ADENOVIRUSES TESTED IN
CLINICAL TRIALS

Many oncolytic adenoviruses have been developed,
and some of them have been tested in clinical trials
based on promising preclinical data. To be used in
humans, drugs must be safe as well as effective.
Oncolytic adenovirus is considered to be safe com-
pared to other types of viruses because adenovirus is a
genetically stable and nonintegrating virus, unlike ret-
roviruses, and it causes only mild, common diseases
[16]. However, because the use of adenovirus in
humans caused a patient’s death in a clinical trial in
1999 [14], oncolytic adenoviruses must be fully tested
in clinical trials for safety as well as efficacy. Here, we
discuss several representative oncolytic adenoviruses
that have been tested in clinical trials (Table 12.1).

ONYX-015 (also known as dl1520) is a pioneer in
the field of oncolytic adenovirus and was first tested in

TABLE 12.1 Characteristics of Oncolytic Adenoviruses That
Have Been Tested in Clinical Trials

Mechanism for Name Description
Tumor Selectivity
Gene deletion
E1B55kDa gene ~ ONYX-015 Inability of inhibiting
H101 p53 pathway
E1A 24 base pair ~ Ad5-D24(-GMCSF) Inability of inhibiting
Ad5-D24-RGD Rb/p16 pathway
(-GMCSF)
Ad5/3-D24(-GMCSF)
Ad5/3-D24-RGD
(-GMCSF)
Promoter
PSA CG7870 Selective replication in
PSA-positive prostate
cancers
E2F-1 ICOVIR-7 Selective replication in
CG0070 Rb pathway-defective
cancers
hTERT KH901 Selective replication in
Telomelysin hTERT-activated cells

(which means most
types of cancers)
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clinical settings in 1996. Many studies of ONYX-015
have been published since 1986 when it was first
reported. ONYX-015 is characterized by the lack of the
E1B-55kDa gene, which blocks p53 function [17]. p53
protein plays critical roles in cell growth regulation,
some of which are related to cell cycle arrest and apo-
ptosis. After virus infection, p53 induces either G,
growth arrest via several cyclin-dependent kinases or
apoptosis by activating the caspase cascade and bax to
avoid viral propagation [18,19]. However, wild-type
adenovirus can replicate even in cells that have wild-
type p53 because it produces E1B-55kDa protein that
inactivates p53. On the other hand, ONYX-015, E1B-
55kDa-deleted adenovirus, is supposed to replicate
only in pb3-deleted or -mutated cancer cells while
being unable to replicate in p53 wild-type cells. Based
on this rationale, ONYX-015 was originally supposed
to be sensitive only against p53-deleted or -mutated
cancer cells, although effectiveness against p53 wild-
type cancer cells was later reported [20,21]. ONYX-015
was extensively tested in clinical trials from the late
1990s to the early 2000s. Results from the clinical trials
indicated that ONYX-015 was safe and selective for
cancers, but the therapeutic effect following local or
systemic injection was limited [22]. Therefore, further
development of ONYX-015 was abandoned in the
United States, and the rights were taken over by the
Chinese company Shanghai Sunway Biotech. Then,
H101, an oncolytic adenovirus that has genetic modifi-
cations very similar to those of ONYX-015 (deletion of
E1B-55kDa and a part of E3), became the world’s first
oncolytic virus to be approved for human use in 2005
when China’s State Food and Drug Administration
approved it as a commercial drug for head and neck
squamous cell carcinoma based on good efficacy
observed in a clinical trial conducted in China [13].
However, some doubts have been raised concerning
the fact that in this phase III clinical trial, the efficacy
was determined on the basis of the response rate
instead of the patient survival, which may be better for
the final judgment of a treatment’s efficacy.

Ad5-D24 is an oncolytic adenovirus that carries a
24-base pair (bp) deletion in the E1A region responsible
for binding Rb protein, an important tumor suppressor
gene that is impaired in several major malignant
tumors in humans [23]. One of the E1A functions is dis-
ruption of the interaction between Rb and E2F proteins
[24]. E2F proteins are sequestered by Rb until progres-
sion of the cell cycle from G; to S phase, resulting in
E2F-dependent cellular gene transcription. Interaction
of the adenoviral E1A protein with Rb protein results in
the release of E2F from preexisting cellular E2F—Rb
complexes. This free E2F protein activates the adenovi-
ral E2 promoter and several cell cycle-related genes,
which helps to create a suitable environment for viral
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replication [25]. Ad5-D24 that produces mutant E1A
protein is supposed to be unable to replicate in normal
cells, which have normal Rb and are arrested in Gy
phase, while being able to replicate in replicating cells
such as malignant tumors because of their disrupted Rb
function. Ad5-D24-RGD is a derivative of Ad5-D24,
whose fiber region is modified by incorporating an
integrin binding RGD-4C motif, allowing CAR-
independent infection of cancer cells [26]. Ad5-D24-
GMCSF is another derivative of Ad5-D24 that was
developed from the standpoint of antitumoral immu-
nity. Granulocyte—macrophage colony-stimulating factor
(GM-CSF) is a cytokine that can produce antitumor effects
via natural killer cells and tumor-specific cytotoxic T cells.
Thus, Ad5-D24-GMCSF is designed to produce more
potent immune activity against tumor tissues. The safety
and efficacy of Ad5-D24-RGD, Ad5-D24-GMCSF, and the
combined Ad5-D24-RGD-GMCSF were evaluated in a
clinical study in Finland [27,28]. A serotype 5/3 chime-
ric oncolytic adenovirus expressing GM-CSF, Ad5/3-
D24-GMCSF (also known as CGTG-102), was also
tested in clinical settings in Finland; the intratumoral
and intravenous administration of CGTG-102 to 21
patients with advanced solid tumors was well tolerated
and showed promising signs of efficacy [29]. ICOVIR-7
is an oncolytic adenovirus designed to focus on the deg-
radation of the Rb/pl6 pathway in tumor cells [30].
ICOVIR-7 has a basic construct of Ad5-D24 and is
designed to increase the E2F dependency of the E1A
gene by using the modified E2F-1 promoter to control
E1A expression. A clinical trial to test the safety of
ICOVIR-7 intratumoral injection in 21 patients with
solid tumors was conducted in Finland, and the results
proved that ICOVIR-7 treatment was safe and poten-
tially effective [31].

H103 is a recombinant oncolytic type 2 adenovirus
that overexpresses 70-kDa heat shock protein (HSP70).
H103 was developed to maximize the antitumor
immune response, which appeared to be important in
the H101 clinical trials. In these clinical trials, the patients
who developed a fever after H101 intratumoral injection
tended to show stronger antitumor activity not only in
the locally injected tumor but also in distant metastatic
tumors that were not injected than the patients without
fever [32]. H103 is expected to produce strong antitumor
effects via the immune responses stimulated by the over-
expression of HSP70, in addition to the oncolytic activity
of the virus. In a phase I clinical trial of intratumoral
injection of H103 in 27 advanced solid tumor patients in
China, the treatment was well tolerated and displayed
encouraging antitumor activity [33].

Ad5-CD/TKrep is an E1B-attenuated replication-com-
petent adenovirus that delivers a pair of therapeutic sui-
cide genes to tumors [34]. Suicide gene therapy is an
approach that involves the tumor-targeted delivery of
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genes expressing metabolic enzymes that convert sys-
temically delivered innocuous prodrugs into toxic meta-
bolites.  Escherichia coli cytosine deaminase (CD)
produces cytotoxic effects by converting 5-fluorocytosine
to its toxic metabolite, 5-fluorouracil (5-FU), and herpes
simplex virus type 1 thymidine kinase (HSV-1 TK) phos-
phorylates ganciclovir (GCV) to a nucleotide analog that
inhibits DNA synthesis [35]. A phase I clinical study of
Ad5-CD/TKrep was the first gene therapy trial in which
a replication-competent virus was used for therapeutic
gene delivery to humans [36]. In this clinical study, Ad-
CD/TKrep was intratumorally injected into 16 prostate
cancer patients, and the results showed that Ad-CD/
TKrep could be safely applied to humans and that it
showed signs of biological activity. Ad5-yCD/
mutTKgrzorep-ADP is a second-generation adenovirus
that contains two improvements over the parental Ad5-
CD/TKrep [37]. One improvement is that Ad5-yCD/
mutTKgrsorep-ADP contains a fusion gene of a yeast
cytosine deaminase (instead of a bacterial one) and
mutant sgse herpes simplex virus thymidine kinase
(instead of a wild-type one) in the E1 region, and the
other improvement is that Ad5-yCD/mutTKgrsorep-ADP
contains the Ad5 adenoviral death protein (ADP) gene
in the E3 region. Moreover, Ad5-yCD/mutTKgrserep-
hNIS contains the human sodium iodide symporter
(hNIS) in the E3 region as a reporter gene to allow nonin-
vasive monitoring of gene expression in humans by posi-
tron emission tomography or single-photon emission
computed tomography [38].

CG7870 (formally known as CV787) is a prostate-
specific replication-competent adenovirus that contains
the prostate-specific rat probasin promoter to drive the
Ad5 EIA gene and the human prostate-specific
enhancer/promoter to drive the Ad5 EIB gene [39].
Unlike the previously constructed prostate-specific rep-
lication-competent adenoviruses such as CV706 and
CV764, the Ad5 E3 region is restored in CG7870 to
reduce the immune response to the vector. CG7870 can
replicate like wild-type Ad5 in prostate-specific antigen
(PSA)-positive cells, but its replication is attenuated
10,000 to 100,000 times in PSA-negative cells. A phase I
dose-escalation study of intraprostatic delivery of
CV706 for 20 patients with locally recurrent prostate
cancer was conducted in the United States, and the
results showed that CV706 intraprostatic delivery was
safe and possessed clinical activity [40]. Moreover, a
single intravenous administration of CG7870 was tested
in a phase I clinical trial of 23 patients with hormone-
refractory metastatic prostate cancer [41]. In this trial,
three therapy-related grade 3 flu-like adverse events
were reported, one of which was serious, whereas 5
patients had a decrease in PSA of 25-49%. These
results suggest that approaches to increase intravenous
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delivery to tumors are necessary to enhance the antitu-
moral efficacy and decrease adverse events.

KH901 is a conditionally replicating oncolytic adenovi-
rus that can selectively replicate in and lyse telomerase-
positive tumor cells and express GM-CSF [42]. The
replication of KH901 is controlled by human telomerase
reverse transcriptase (W\TERT) that is modified to include
two E2F-1 binding sites. KIHH901 contains human GM-CSF
cDNA in the E3 region so that GM-CSF is expressed in
cancers to stimulate the immune response. In a phase |
clinical study of KH901 intratumoral injection in 23
patients with recurrent head and neck cancer in China,
the treatment was shown to be feasible, well tolerated,
and associated with biological activity [43].

CG0070 is a conditionally replicating oncolytic sero-
type 5 adenovirus in which the viral E1A gene is con-
trolled by the human E2F-1 promoter and human
GMCSF ¢DNA is inserted in the E3 region [44].
CG0070 is designed to replicate and produce GMCSF
in Rb pathway-defective tumor cells in which E2F-1
activity is upregulated. The GMCSF then stimulates
systemic and tumor-specific immunity. A phase 1/1I
study of intravesical CG0070 administration to 35
patients with superficial bladder cancer after Bacillus
Calmette—Guerin failure is ongoing in the United
States. So far in this trial, CG0070 has been well toler-
ated with minimum local and systemic toxicities, and
complete responses have occurred in 9 of 13 patients
(70%) in which Rb was inactivated.

Telomelysin (also known as OBP-301) is an oncolytic
adenovirus vector that we previously developed in which
the hTERT promoter drives the expression of E1A and
E1B genes linked with an internal ribosome entry site
(Figure 12.1) [45]. Telomerase is an enzyme that adds
DNA sequence repeats (TTAGGG) in the telomere
regions. Telomerase activity is found in more than 85% of
human cancers [46], but it is absent in most normal
somatic tissues [47]. Human telomerase consists of the
human telomerase RNA component (WTERC), the human
telomerase-associated protein 1 (hTEP1), and hTERT. The
hTERT activity is significantly correlated with the telome-
rase activity that is enhanced in most tumors [48], which
suggests that the hTERT promoter can be a
suitable regulator of adenoviral replication. Indeed, the

|hTERTpromoter| [E1A|  [IRES] [E1B]
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FIGURE 12.1 The gene construct of Telomelysin. Replication of
Telomelysin is controlled by the hTERT promoter, which drives the
E1A and E1B genes linked with an internal ribosome entry site.
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transcriptional control of E1A expression by the hTERT
promoter has been used in several oncolytic adeno-
viruses, including Telomelysin and the aforementioned
KH901 [49,50]. Based on preclinical studies showing that
Telomelysin can selectively kill many types of cancer cells
in vitro and in vivo via intracellular viral replication regu-
lated by the hTERT promoter, a dose-escalation phase I
clinical trial was conducted in the United States after
approval of the U.S. Food and Drug Administration
(FDA) in 2006 to determine the safety of Telomelysin
intratumoral injection in 16 patients with advanced solid
tumors [51]. In this study, a single intratumoral injection
of Telomelysin was well tolerated with common grade 1
or 2 local and systemic toxicities, and the treatment
showed evidence of antitumor activity.

COMBINED THERAPY OF ONCOLYTIC
ADENOVIRUSES WITH CONVENTIONAL
RADIOTHERAPY

Most clinical trials of oncolytic adenoviruses have
shown that dramatic antitumor effects are unlikely
from monotherapy with oncolytic adenovirus; there-
fore, combination therapies of oncolytic adenoviruses
with other therapeutic modalities must be considered.
Radiotherapy is a standard treatment method for a
variety of malignant tumors, and more than 50% of
cancer patients receive radiotherapy at some point
during treatment [52]. Radiation is a local treatment
modality like surgery, and it targets not only primary
tumors but also regional lymph nodes. Similarly, the
main target of oncolytic adenoviruses is the locoregio-
nal area because their delivery method is currently
limited to intratumoral administration, which suggests
that radiation and oncolytic adenoviruses could be a
good combination for cancer treatment. Indeed, the
combination of oncolytic adenoviruses with radiother-
apy is becoming promising as the combined effects are
examined and better understood. Many preclinical and
clinical studies have shown synergistic antitumor
effects of these two treatment methods, indicating the
occurrence of either oncolytic virus-mediated sensitiza-
tion to radiotherapy or radiation-mediated sensitiza-
tion to oncolytic cell death.

When the combination of ONYX-015 intratumoral
injection with radiotherapy was tested in a subcutaneous
human malignant glioma xenograft model, the potentia-
tion of radiotherapy by ONYX-015 was observed,
although neither increased adenoviral infectivity nor
replication by radiation was found [53]. Increased effi-
cacy of radiation therapy following ONYX-015 intratu-
moral injection was also demonstrated in an anaplastic
thyroid carcinoma mouse xenograft model [54].
Treatment with Ad5-D24, Ad5-D24-p53, or Ad5-D24-
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RGD in combination with radiation in a subcutaneous
malignant glioma mouse model demonstrated a signifi-
cantly high rate of tumor regression as well as long-term
survival [55,56]. Prostate cancer-specific adenoviruses,
CV706 and CG7870, in combination with radiation in a
prostate cancer xenograft mouse model resulted in the
synergistic enhancement of antitumor efficacy with no
significant side effects [57,58]. Ad5-CD/TKrep and AdS5-
yCD/mutTKgraorep-ADP, first- and second-generation
oncolytic adenoviruses armed with double suicide
genes, in combination with radiation were tested in
phase I clinical trials in patients with newly diagnosed
prostate cancer, and the combination of these oncolytic
adenoviruses with radiation demonstrated the potential
to improve the outcome of radiotherapy in select patient
groups [59,60].

The mechanism for the synergistic effects of oncoly-
tic adenoviruses and radiotherapy is not well-estab-
lished, unlike the synergy between herpes virus and
radiation, in which the radiation induces cellular
responses that enhance viral replication by increasing
cellular GADD34 expression [61]. It has been hypothe-
sized that the increase in viral replication by radiation
may be a partial reason for the radiation-mediated
enhancement of viral oncolysis, although little infor-
mation about the underlying molecular mechanisms
has been revealed [57,58,62]. With regard to the
increase in viral uptake into cells, the upregulation of
CAR by radiation has been considered the most
convincing reason [63]; however, there have been
contradictory reports, one of which is that radiation-
mediated upregulation of Dynamin 2 is a main factor
for increased viral uptake by endocytosis after radia-
tion [64].

We have proposed a possible mechanism by which
oncolytic adenoviruses that contain the E1B-55kDa
gene have the potential to sensitize cancer cells to
ionizing radiation [65,66]. Ionizing radiation produces
its cytotoxic effect by targeting DNA molecules
and causing DNA double-strand breaks (DSBs).
Ataxia—telangiectasia mutated (ATM) protein is a criti-
cal signal transducer of the DNA damage response,
which leads to DNA repair and the cell cycle check-
points. Cells that have mutated ATM genes have defects
in DNA repair and the cell cycle checkpoint and are
hypersensitive to DNA DSBs [67]. The protein complex
formed by Mrell, Rad50, and NBS1 (the MRN complex)
is quickly stimulated by DNA DSBs and directly acti-
vates ATM [68]. The adenoviral E1B-55kDa protein inhi-
bits the function of the MRN complex as well as p53 by
cooperating with the adenoviral E4orf6 protein and lead-
ing to the proteolytic degradation of these proteins [69].
Thus, oncolytic adenoviruses with the E1B gene can
potentiate the effects of radiotherapy by inhibiting DNA
repair via the ATM pathway through the E1B-55kDa
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FIGURE 12.2 The molecular mechanism for radiosensitization
by Telomelysin. The adenoviral EIB protein degrades the MRN
complex in cooperation with the adenoviral E4orf6 protein, which
inhibits the ATM signaling pathway leading to the checkpoint and
DNA repair.

protein-mediated degradation of the MRN complex
(Figure 12.2).

We showed that the telomerase-dependent oncolytic
adenovirus Telomelysin, which we developed, and ion-
izing radiation can potentiate each other against human
cancer cells in vitro. Not only does Telomelysin enhance
the effects of ionizing radiation through the mechanisms
mentioned previously but also ionizing radiation can
enhance the antitumor effects of Telomelysin [65].
Ionizing radiation increased CAR expression on the sur-
face of cancer cells, leading to the increased infectivity of
Telomelysin, whereas ionizing radiation did not affect
the replication efficiency of Telomelysin. Moreover,
in vivo studies of Telomelysin intratumoral injection
combined with ionizing radiation in subcutaneous (non-
small-cell lung cancer and esophageal cancer) or orthoto-
pic (esophageal cancer) xenograft mouse models demon-
strated potent antitumor effects.

COMBINED THERAPY OF ONCOLYTIC
ADENOVIRUSES WITH CONVENTIONAL
CHEMOTHERAPEUTIC AGENTS

Chemotherapy is a standard treatment regimen for
various cancers, especially advanced cancers that have
spread systemically and are difficult to cure by locore-
gional treatments such as surgical resection and radio-
therapy. Chemotherapy is often combined with other
treatments as a part of a multidisciplinary treatment.
Most chemotherapeutic agents produce cytotoxic effects
by targeting rapidly dividing cells, which means that
these chemotherapeutic agents kill not only cancer
cells but also normal cells that divide rapidly, such as
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cells of the bone marrow, gastrointestinal tract, and hair,
resulting in the side effects of chemotherapy. Because
oncolytic adenoviruses possess a high level of tumor
specificity and different mechanisms for cytotoxic activ-
ity from chemotherapeutic agents, a combination of
oncolytic adenoviruses and chemotherapy is expected to
produce synergistic antitumor effects. Here, we discuss
the combined efficacy of oncolytic adenoviruses with
common chemotherapeutic agents, such as antimetabo-
lites (5-FU and gemcitabine), alkylating agents (cisplatin,
carboplatin, oxaliplatin, cyclophosphamide, and mito-
mycin C), taxanes (paclitaxel and docetaxel), and topo-
isomerase inhibitors (irinotecan, topotecan, doxorubicin,
and epirubicin), as reported in preclinical and clinical
studies.

Antimetabolites

5-FU is a pyrimidine analog that has been used as a
chemotherapeutic agent for various types of cancers
for more than 40 years. It produces antitumor effects
by inhibiting synthesis of the pyrimidine thymidine,
which is a nucleoside required for DNA replication
[70]. The combined antitumor effects of systemically
administered ONYX-015 with 5-FU were tested in a
xenograft mouse model and found to be dramatically
greater than the effect of either agent by itself [20]. In
this study, six complete responses occurred in mice
that received the combination therapy, whereas only
one complete response occurred in mice that received
only ONYX-015. A phase II clinical trial of a combina-
tion of intratumoral ONYX-015 injection with standard
intravenous cisplatin and 5-FU chemotherapy in
patients with recurrent squamous cell cancer of the
head and neck was conducted in the United States.
The combined therapy showed a higher rate of suc-
cessful local control (including complete response)
than chemotherapy alone, although it remains to be
determined if this enhanced local control will be trans-
lated into a prolonged overall survival rate [71,72].
Further development of the ONYX-015 concept
occurred with studies of the closely related H101. A
phase III clinical trial of H101 intratumoral injection
combined with cisplatin plus 5-FU (PF) or adriamycin
plus 5-FU (AF) versus either chemotherapy regimen
alone in 123 patients with head and neck or esoph-
ageal squamous cell cancer was conducted in China
[32]. The overall response rates were 78.8% (41/52) for
PF plus H101, 39.8% (21/53) for PF alone, 50.0% (7/14)
for AF plus H101, and 50.0% (2/4) for AF alone, indi-
cating that H101 intratumoral injection showed a dis-
tinct antitumor efficacy with acceptable adverse
events. This result contributed considerably to the
approval of H101 in China as a commercial drug for
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cancer patients, making H101 the first oncolytic adeno-
virus to be approved for human use.

Gemcitabine is a nucleoside analog that arrests tumor
growth and induces apoptosis by replacing one of the
building blocks of nucleic acids, in this case cytidine.
Gemcitabine is a relatively novel chemotherapeutic
agent that received its first FDA-approved indication in
1996. It is currently used for patients with pancreatic can-
cer, non-small-cell lung cancer, esophageal cancer, blad-
der cancer, and breast cancer. A couple of oncolytic
adenoviruses in combination with gemcitabine have
been tested in preclinical and clinical studies. After a
phase I clinical trial of computed tomography-guided
intratumoral injection of ONYX-015 into pancreatic can-
cers, which showed its feasibility and the need for an
improved administration method, a phase I/II clinical
trial of intratumoral injection of ONYX-015 combined
with gemcitabine for 21 patients with pancreatic cancers
was performed by endoscopic ultrasound-guided injec-
tion via the transgastric route [73,74]. Partial regressions
of greater than 50% occurred in 2 of 21 patients (10%)
after combined therapy of ONYX-015 and gemcitabine.
Eight patients (38%) had stable disease, and 11 patients
(52%) had progressive disease. The combination of Ad5/
3-D24, a serotype 3 receptor-targeted oncolytic adenovi-
rus containing a 24-bp deletion in the E1A gene, with
gemcitabine for the treatment of ovarian cancer was pre-
clinically examined, and almost 60% of mice treated
with Ad5/3-D24 and gemcitabine were cured without
obvious side effects in an orthotopic murine model of
peritoneally disseminated ovarian cancer [75]. Moreover,
a preclinical study of intratumoral injection of
Telomelysin, a telomerase-dependent oncolytic adenovi-
rus, in combination with gemcitabine for human lung
cancer suggested that this combination had enhanced
antitumor effects through the synergistic mechanism of
Telomelysin-mediated cell cycle accumulation in
S phase, in which gemcitabine can effectively produce
antitumor activity [76].

Alkylating Agents

Cisplatin is a representative chemotherapeutic agent
that is currently used for various types of cancers.
Cisplatin is the first member of a class of platinum-
containing anticancer drugs, which now also includes car-
boplatin and oxaliplatin. These platinum complexes
cross-link DNA in several different ways that interfere
with cell division and induce apoptosis if DNA repair is
recognized as impossible. Additive or synergistic efficacy
of ONYX-015 in combination with cisplatin-based chemo-
therapy has been shown in in vifro and in vive studies
[77—-79]. ONYX-015 showed the potential to enhance the
antitumor effect of cisplatin both in p53-deficient and in
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p53 wild-type tumor cells. The adenoviral E1A gene prod-
uct may be involved in this sensitization of p53 wild-type
tumor cells. As mentioned previously, a phase II clinical
trial of intratumoral ONYX-015 injection combined with
cisplatin and 5-FU chemotherapy in patients with recur-
rent squamous cell cancer of the head and neck was con-
ducted in the United States, and then a phase III trial of
this combination was conducted in China, leading to the
approval of H101 for human use in China. Interestingly,
HI101 reportedly sensitized cisplatin-resistant A549, a
non-small-cell lung cancer cell line, to cisplatin by down-
regulating the expression of glutathione-5-transferase and
topoisomerase II and increasing the intracellular accumu-
lation of cisplatin [80]. A phase I/II trial of ONYX-015
intratumoral injection in combination with MAP (mito-
mycin-C, doxorubicin, and cisplatin) in six patients with
advanced sarcoma demonstrated that this combination
was safe and had evidence of antitumor activity [81]. The
intraperitoneal administration of Telomelysin sensitized
ovarian cancer cells to cisplatin and prolonged survival in
a xenograft mouse model [82].

Cyclophosphamide is a nitrogen mustard alkylating
agent that is used as a chemotherapeutic agent to treat
various types of cancer and as an immunosuppressive
agent to treat some autoimmune diseases. In terms
of the combination of oncolytic adenovirus with cyclo-
phosphamide, cyclophosphamide is supposed to
enhance adenoviral infectivity and replication by sup-
pressing the immune response. Intratumoral and intra-
venous administration of Ad5/3-D24-GMCSF, a 5/3
chimeric oncolytic adenovirus armed with human GM-
CSF, combined with low-dose metronomic cyclophos-
phamide was clinically examined in 21 patients with
advanced solid tumors refractory to standard treat-
ments. The combination treatment showed signs of
antitumor activity in 13 of the 21 patients (62%) with no
severe adverse events [29].

Mitomycin C, a member of the mitomycin family of
aziridine-containing natural products isolated from
Streptormyces caespitosus, is a stable chemotherapeutic agent
used for a variety of cancers [83]. A phase I clinical trial
combining intratumoral injection of ONYX-015 with sys-
temically administered mitomycin C, doxorubicin, and
cisplatin in patients with metastatic sarcoma was under-
taken to define the maximum tolerated dose of ONYX-
015 and assess the antitumor activity of the regimen [84].

Taxanes

Taxanes are chemotherapeutic agents including pacli-
taxel and docetaxel that produce antitumor activity by
causing stabilization of cellular microtubules, thereby
inhibiting cell division [85]. No clinical trial of the com-
bined therapy of oncolytic adenovirus and taxane have
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been performed, although preclinical studies have shown
some potential for this combination therapy. Intravenous
administration of CG7870 (also known as CV787), a PSA-
positive prostate cell-specific oncolytic adenovirus, in
combination with docetaxel demonstrated strong syner-
gistic antitumor efficacy in a prostate cancer xenograft
mouse model [86]. The combination of a urothelium-
specific oncolytic adenovirus with docetaxel showed syn-
ergistic antitumor efficacy in a bladder cancer xenograft
mouse model [87], and the combination of an oncolytic
adenovirus expressing tumor necrosis factor-related apo-
ptosis-inducing  ligand (TRAIL) with paclitaxel also
showed a synergistic effect in a gastric cancer xenograft
mouse model [88]. We also demonstrated that
Telomelysin that expresses the green fluorescent protein
reporter gene under the control of the cytomegalovirus
promoter in the E3 region (Telomescan, OBP-401) in com-
bination with docetaxel produced profound antitumor
effects against various types of human cancer cell lines
in vitro and in vivo [89]. Then, the combined therapy of
Telomelysin and paclitaxel showed a greater antitumor
effect than either agent alone in a head and neck squa-
mous cell carcinoma xenograft mouse model [90].

Topoisomerase Inhibitors

Topoisomerase inhibitors are chemotherapeutic agents
that interfere with the topoisomerase enzymes (topo-
isomerase I and II), which control changes in DNA struc-
ture [91]. Topoisomerase inhibitors block the ligation step
of the cell cycle, which generates DNA single- and
double-strand breaks, leading to apoptotic cell death.
Topoisomerase I inhibitors include irinotecan, topotecan,
and camptothecin, and topoisomerase II inhibitors
include etoposide, doxorubicin, and epirubicin. A pilot
clinical study of intravenously injected ONYX-015 com-
bined with irinotecan in patients with advanced cancers
showed the safety of this combined therapy [92]. As
underlying preclinical data, an in vitro study showed that
the combination of ONYX-015 and irinotecan increased
the induction of apoptosis in human colon cancer cell
lines regardless of p53 status [93]. In a study to determine
if Ad5-D24, an oncolytic adenovirus that has a 24-bp
deletion in the E1A gene, could sensitize glioma cells to
irinotecan in wvitro and in vivo, Ad5-D24 enhanced the
effect of irinotecan by accumulating cells in the S phase,
in which irinotecan is most effective, and the combination
of these agents resulted in significantly prolonged animal
survival in a glioma xenograft mouse model [94].

As mentioned previously, a phase I/II clinical trial of
ONYX-015 in combination with MAP chemotherapy in
patients with advanced sarcomas showed the safety of
this combined therapy and provided evidence of antitu-
mor activity in one of the six patients [81]. ONYX-015

12. COMBINED ONCOLYTIC ADENOVIROTHERAPY

demonstrated synergistic effects with doxorubicin in an
in vitro study of human anaplastic thyroid carcinoma
cell lines [95]. The combination of CV890, a hepatocellu-
lar carcinoma (HCC)-specific oncolytic adenovirus,
with doxorubicin showed synergistic antitumor effects,
eradicating HCC xenografts in mice after a single intra-
venous administration of both agents [96]. In another
report, the intraperitoneal administration of Ad5/3-D24
in combination with epirubicin yielded strong antitu-
mor activity and increased the survival of mice in an
orthotopic ovarian cancer model [97].

COMBINED THERAPY OF ONCOLYTIC
ADENOVIRUSES WITH MOLECULAR
TARGETED THERAPY

Although conventional chemotherapeutic agents that
target rapidly dividing cells are still the main strategy of
current cancer treatments, research interest in molecular
targeted therapy is growing [98]. Molecular targeted
therapy is expected to reduce adverse events while
maintaining antitumor effects by targeting the specific
molecules that are critical for tumor growth, migration,
metastasis, angiogenesis, and carcinogenesis. Here, we
discuss the combination of oncolytic adenoviruses with
commercially available molecular targeting agents such
as mammalian target of rapamycin (nTOR) inhibitors,
histone deacetylase (HDAC) inhibitors, and monoclonal
antibodies against VEGF, EGFR, or HER2 /neu receptor.

mTOR inhibitors such as rapamycin (sirolimus), tem-
sirolimus (CCI-779), and everolimus (RAD-001) are
novel anticancer drugs that target the mTOR signaling
pathway [99,100]. mTOR signaling is crucial to pathways
related to cell growth, proliferation, and survival and is
upregulated in many cancers. Temsirolimus is currently
approved for advanced renal cell carcinoma and everoli-
mus is currently approved for advanced renal cell carci-
noma and advanced breast cancer, whereas rapamycin
is used only as an immunosuppressant drug in organ
transplantation with no application for cancers. With
regard to the combination of oncolytic adenoviruses and
mTOR inhibitors, improvement in the antitumor efficacy
of oncolytic adenovirus by everolimus was reported in a
colon cancer xenograft mouse model [101]. Ad5-D24-
RGD combined with everolimus resulted in enhanced
antitumor effects by inducing autophagic cell death and
dramatically increased the long-term survival rate of
glioma-bearing mice [102]. The combination of ICOVIR-
5 (Ad-DM-E2F-K-D24-RGD), an optimized oncolytic
adenovirus modified based on Ad5-D24-RGD, with
everolimus also showed potent antitumor efficacy in a
glioma xenograft mouse model [103]. The combined
efficacy of OBP-405 (Telomelysin-RGD), a telomerase-
selective oncolytic adenovirus with a tropism
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modification (RGD), with autophagy-inducing agents
such as temozolomide, rapamycin, and everolimus was
tested against glioblastoma cells. The autophagy-
inducing agents sensitized tumor cells to OBP-405,
which induces autophagy in infected cells, by stimulat-
ing the autophagic signaling pathway without influenc-
ing OBP-405 replication [104]. Another report suggested
that not only mTOR inhibitors but also any chemothera-
peutic agents that increase cancer cell autophagy may
improve the efficacy of oncolytic viruses (not only ade-
noviruses) because autophagy may generate nutrients
that can be used for producing viral progeny particles
[105].

HDAC inhibitors have long been used as anticon-
vulsants and mood-stabilizing drugs. Recently, HDAC
inhibitors have been studied as possible antitumor
drugs [106]. Histone acetylation, which plays an
important role in the regulation of chromatin structure
and gene expression, is controlled by two conflicting
enzymes—histone acetylase and HDAC. HDAC inhibi-
tion causes histone hyperacetylation, resulting in the
induction of apoptosis and growth arrest in cells [107].
HDAC inhibitors are considered to possess tumor
selectivity because aberrant acetylation is characteristic
of tumor cells [108]. To date, two HDAC inhibitors,
vorinostat and romidepsin, have been approved by the
FDA for the treatment of T cell lymphoma, whereas
many other HDAC inhibitors have been tested in clini-
cal trials for cancer treatments as a monotherapy or in
combination with chemotherapeutic agents [109]. In
terms of the relevance of oncolytic adenoviruses and
HDAC inhibitors, scientists have focused on the evi-
dence that HDAC inhibition enhances the adenoviral
infectivity of cancer cells by upregulating CAR expres-
sion in cells [110,111]. We previously reported that an
HDAC inhibitor, FR901228, enhanced the antitumor
efficacy of Telomelysin against human lung cancer
cells in vitro by upregulating CAR expression [112]. In
another report, the replication efficiency and antitumor
effect of d1520, an oncolytic adenovirus that lacks the
EI1A 13S protein and selectively replicates in cells with
nuclear localization of the human transcription factor
YB-1, was significantly augmented by the upregulation
of CAR by an HDAC inhibitor, trichostatin A [113]. On
the contrary, there is also a report that valproic acid,
an HDAC inhibitor, inhibited adenoviral replication,
viral burst, and cell killing effect by inducing the
expression of p21"VAFV/IP1 3 cell cycle-regulating pro-
tein, in different cancer cell lines [114].

Bevacizumab is a monoclonal antibody that inhibits
VEGEF, which is one of the most important factors related
to tumor angiogenesis [115]. The application of bevacizu-
mab as an angiogenesis inhibitor has been expanded
since it was first approved by the FDA in 2004 for meta-
static colorectal cancer. Currently, it is also indicated for
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advanced non-small-cell lung cancer, advanced breast
cancer (removed in the United States), metastatic renal
cell cancer, and glioblastoma. The combined efficacy of
bevacizumab with dl922-947, an oncolytic adenovirus
with a 24-bp deletion in the E1A conserved region 2, was
examined against anaplastic thyroid carcinoma cells
in vitro and in vivo, and bevacizumab increased the onco-
lytic effects of d1922-947 by enhancing adenoviral distri-
bution in xenograft tumors [116]. When the combination
of Ad5/3-D24 with bevacizumab was tested in murine
xenograft models of renal cell carcinoma, which are often
highly vascularized, the combination was well tolerated
but did not improve survival [117].

Cetuximab and trastuzumab are monoclonal antibo-
dies that inhibit the signaling pathways beginning from
the EGFR and the HER2/neu receptor, respectively
[118,119]. These two receptors are proteins that are
embedded in the cellular membrane and regulate cell
growth, survival, migration, and differentiation by
communicating molecular signals from the outside of
the cell to the inside of the cell. Because these receptors
are often upregulated in many types of cancer, cetuxi-
mab and trastuzumab can produce selective antitumor
effects through physical binding with the targeted
receptor. Cetuximab is currently indicated for the treat-
ment of patients with K-ras wild-type metastatic colo-
rectal cancer and squamous cell carcinoma of the head
and neck, and trastuzumab is used for the treatment of
HER2-positive breast cancer and HER2-positive meta-
static gastric cancer. When the combination of oncolytic
adenoviruses with cetuximab was tested in a preclinical
study against human head and neck squamous cell car-
cinoma cells, this combination showed synergistic anti-
tumor effects in vitro and in vivo [120]. Attempts have
been made to conjugate cetuximab or trastuzumab to
oncolytic adenoviruses that are shielded by chemical
modifications such as polymers to reduce the immuno-
genicity, which enables these oncolytic adenoviruses to
retarget to cancer cells that upregulate EGFR or HER2/
neu receptor [121,122].

DEVELOPMENTS, CHALLENGES, AND
FUTURE DIRECTION OF ONCOLYTIC
ADENOVIRUS FOR CANCER THERAPY

Oncolytic adenoviruses are designed to replicate
and induce oncolytic cell death selectively in tumor
cells only by the deletion of a range of genes in the E1
region (55-kDa gene in E1B, 24-bp gene in E1A, etc.)
or driving the E1 gene expression through an inte-
grated promoter (PSA, AFP, hTERT, etc.) that is acti-
vated in tumor cells. Despite this promising strategy,
oncolytic adenoviruses have shown limited antitumor
efficacy as a monotherapy in clinical trials [123].
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Therefore, a couple of improvements have been made
to increase the antitumor efficacy. One improvement
is to increase the infectivity of oncolytic adenoviruses
by modifying the adenoviral fiber region or switching
adenoviral serotypes. Although most oncolytic ade-
noviruses depend on CAR expression in terms of cel-
lular infectivity, there are many types of cancer that
do not express CAR on the cell surface [124]. A strat-
egy of infecting target cells via a CAR-independent
pathway is expected to increase the antitumor effi-
cacy and expand the application. Indeed, several
modified oncolytic adenoviruses, such as Ad5-D24-
RGD and Ad5/3-D24, have been developed and have
shown some potential in clinical trials. Another
improvement is to integrate therapeutic genes such
as p53 and TRAIL or immune stimulators such as
GM-CSF into the E3 region in order to increase the
therapeutic potential in addition to the induction of
oncolysis. As mentioned previously, Ad5/3-D24-
GMCSF has shown evidence of antitumor effects in
clinical settings, and we recently reported that
Telomelysin modified to express wild-type p53 gene
(OBP-702) showed potent antitumor activity on
Telomelysin-resistant human cancer cells in vitro and
in vivo [125].

Although oncolytic adenovirus-based cancer ther-
apy has many advantages due to its high tumor
selectivity, there are also major challenges that must
be overcome for this therapy to gain interest as a
treatment strategy. One major limitation for the clini-
cal application of most oncolytic adenoviruses is that
their delivery is limited to local administration
instead of systemic administration. After systemic
administration, oncolytic adenoviruses need to avoid
capture in organs such as the liver, kidney, and
spleen to reach the targeted tissues and cells.
However, more than 85% of systemically injected
adenoviruses are reportedly trapped in the liver only
30 min after injection [126]. In addition, most adults
have neutralizing antibodies against adenoviruses
because they are common cold pathogens for
humans, and most people get infected in childhood.
Therefore, when oncolytic adenoviruses are injected
intravenously into the bloodstream, they are immedi-
ately tagged by neutralizing antibodies and removed
by the immune system. For this reason, in order to
develop oncolytic adenoviruses into agents that are
available for systemic delivery, further improve-
ments to increase the stability in the bloodstream
and prolong the circulating time are required. An
interesting approach to overcome these problems is
to shield the surface of adenoviruses with polyethyl-
ene glycol (PEG; PEGylation), which is widely recog-
nized as a modification to increase the stability and
reduce the immune response in the field of drug
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delivery [127]. This approach may make oncolytic
adenoviruses more safe and effective as cancer thera-
peutic agents.

CONCLUSION

In this chapter, we described the development of
oncolytic adenoviruses as therapeutic agents for cancers.
Because oncolytic adenoviruses produce cytotoxic activ-
ity by mechanisms that are fundamentally different from
the mechanisms of conventional chemotherapy and
radiotherapy, these combined therapies are expected to
produce additive or synergistic effects. Indeed, many
preclinical and clinical studies have shown that oncolytic
adenoviruses have the potential to produce powerful
combined effects with a variety of chemotherapeutic
agents, radiation, and some molecular targeted agents.
Moreover, as the fundamental mechanisms for these
combined effects have been revealed, oncolytic adeno-
viruses are becoming more promising strategies for can-
cer therapy. Although there are some problems, such as
the inability of systemic delivery, we believe that further
intensive studies will overcome these adversities and
make oncolytic adenoviruses more attractive agents for
clinical use.
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