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Abstract
Definitive treatment of cancer has eluded scientists for decades. Current therapeutic modalities like
surgery, chemotherapy, radiotherapy and receptor-targeted antibodies have varied degree of success
and generally have moderate to severe side effects. Gene therapy is one of the novel and promising
approaches for therapeutic intervention of cancer. Viral vectors in general and adenoviral (Ad)
vectors in particular are efficient natural gene delivery systems and are one of the obvious choices
for cancer gene therapy. Clinical and preclinical findings with a wide variety of approaches like
tumor suppressor and suicide gene therapy, oncolysis, immunotherapy, anti-angiogenesis and RNA
interference using Ad vectors have been quite promising, but there are still many hurdles to overcome.
Shortcomings like increased immunogenicity, prevalence of preexisting anti-Ad immunity in human
population and lack of specific targeting limit the clinical usefulness of Ad vectors. In recent years,
extensive research efforts have been made to overcome these limitations through a variety of
approaches including the use of conditionally-replicating Ad and specific targeting of tumor cells.
In this review, we discuss the potential strengths and limitations of Ad vectors for cancer therapy.

INTRODUCTION
Cancer ranks high amongst the causes of disease-related deaths [1]. Conventional therapies
including, but not limited to, chemotherapy, radiotherapy, antibody therapy and surgical
intervention, have only been partially successful in treating most malignancies [2]. Therefore,
there is an urgent need for the development of novel therapeutic strategies, not only to
completely cure cancer, but also to prevent it from occurring/reoccurring. Cancer gene therapy
is one such promising approach, which is rapidly evolving as a possible therapeutic intervention
for cancers. Application of viral vectors (viruses that have been genetically modified to deliver
foreign genes) in general and adenovirus (Ad) vectors in particular, has already generated
widespread expectations for improved cancer treatment and prevention.

Soon after Ad isolation in 1953 [3], its anti-tumor potential was evident from the fact that tumor
regression was observed in clinical cases of cervical carcinoma following Ad inoculation [4].
However, it was only after significant developments in recombinant DNA technology that Ad
emerged as a potential therapeutic agent for cancers. During the last decade Ad vectors have
evolved as an efficient tool for cancer treatment; till date many clinical trials with variable but
encouraging results have already been conducted or are currently in progress (Table 1). This
is because of several advantages of Ad vectors such as efficient transgene delivery and
expression, transduction of both dividing and non-dividing cells, ease of propagation to high
titers, episomal persistence within the nucleus with minimal risk of genomic insertional
mutagenesis, relative stability in blood following systemic administration, easy
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maneuverability of Ad genome, high capacity to accommodate foreign gene inserts, lytic life
cycle and significant progress in our understanding of the biology of Ad. Importantly, Ad
therapeutic applications have also been demonstrated to be safe to human beings in several
clinical trials [5,6].

Ad vectors based on human Ad serotype 5 (Ad5) and 2 (Ad2) are most frequently used in
several types of cancer gene therapy. Attachment of Ad5 and Ad2 to a susceptible cell is
mediated by high-affinity binding of the Ad fiber knob to the primary receptor, coxsackievirus
and Ad receptor (CAR), followed by a secondary interaction of the penton base with integrins
resulting in virus internalization into the cell [7,8]. CAR is expressed in a variety of normal
tissues contributing to promiscuous Ad tropism and lack of specific targeting; on the contrary
many tumor cells express lower levels of CAR thus are refractory to transduction by Ad vectors
[9]. Additional limitations include the predominant tropism of Ad to the liver resulting in low
therapeutic index at target tissues, and Ad vector neutralization by preexisting antibodies
resulting in a rapid vector clearance [10]. Because of these limitations, extensive use of Ad
vectors in clinical cases of cancer has been hampered. Some of these attributes of Ad, which
are otherwise considered as limitations in long-term gene therapy for genetic diseases, are often
beneficial in case of cancer gene therapy. For instance, strong induction of immune response
by Ad can act as an adjuvant to activate/enhance the otherwise diminished immunity against
tumor cells. Similarly, a rapid clearance of Ad is also beneficial to cancer gene therapy to
produce desirable anti-cancer effect within a short period and protect the healthy cells from
long-term exposure to toxic products.

During the last decade, substantial progress has been made to counteract the limitations of Ad
vectors in cancer therapy. Innovative strategies like the use of conditional replicating
adenoviruses (CRAds), incorporation of tumor suppressor or suicide genes into Ad, targeted
vector delivery to tumor cells or targeted expression of therapeutic genes, either used alone or
in novel combinations have resulted in improved safety and efficacy of Ad vectors (Fig. 1).
Despite promising preclinical data with Ad vectors, complete therapeutic efficacy is yet to be
attained. Rapid developments in Ad research and combinations of Ad-mediated gene therapy
with additional therapeutic interventions have been proposed to increase cancer treatment
efficacies. This review discusses the potential and limitations of Ad vectors for cancer therapy
with focus on various strategies that are being employed to improve the safety and potency of
Ad-mediated cancer gene therapy.

TUMOR SUPPRESSOR GENE/ANTI-TUMOR RECEPTOR THERAPY
A large numbers of tumor suppressor genes control cell proliferation by regulating cell cycle
progression and apoptotic pathways. Mutations in tumor suppressor genes resulting in their
loss-of-function lead to uncontrolled cell proliferation and development of tumors. Most of the
tumors have been shown to have one or more inactivated tumor suppressor genes that attribute
to their aggressive behavior. Restoration of tumor suppressor gene function through gene
delivery can correct the tumor phenotype. For example, p53, one of the most widely studied
tumor suppressor genes, is mutated in more than 50% of all human tumors and serves as an
ideal target for gene replacement therapy [11]. Until now, more that 60 cancer gene therapy
clinical trials (phase I to III) using Ad vectors expressing p53 have been approved for treatment
of a vast variety of cancers (Journal of Gene Medicine,
http://www.wiley.co.uk/genmed/clinical/). Restoration of wild-type p53 by replication-
defective Ad-mediated gene transfer exhibited excellent safety profile and resulted in
significant anti-tumor effects [12]. Restoration of p53 has also demonstrated significant
bystander effect (defined as the growth inhibition/killing of non-transduced cells) by inhibiting
angiogenesis and promoting immune response towards tumor cells [13–16]. Furthermore, p53
replacement increases the sensitivity of tumor cells towards chemotherapy and radiotherapy
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by restoration of apoptotic pathways, and when used together, a significant increase in anti-
tumor efficacy has been achieved [17]. An Ad vector (trademarked as Gendicine) with p53
expression cassette in the deleted E1 region, has been approved by the State Food and Drug
Administration (SFDA) of China for commercial use, thus becoming the first approved gene
therapy product for treatment of cancer [18]. During the phase II/III clinical trials, Gendicine
demonstrated significant synergistic effects in combination with radiotherapy, chemotherapy,
surgery or hyperthermia for the treatment of cancers [18]. A similar vector developed by
Introgen Therapeutics (INGN 201, ADVEXIN) is in clinical development for the treatment of
various cancers in North America and Europe [19,20].

In tumor cells with aberrant retinoblastoma (Rb) function, Ad vectors have been used to inhibit
tumor growth by restoring normal Rb function in tumor cells [21,22]. To further enhance the
anti-tumor efficacy, various Rb mutants and splice variants have been identified that showed
more potent anti-tumor effect as compared to wild type Rb [23,24]. Similarly, Ad vector-
mediated delivery of other tumor suppressor genes like p14ARF, p16INK4a, p21, p27, breast
cancer 1 (BRCA1), phosphatase tensin homologue (PTEN), Ras homolog gene family member
B (RhoB), fragile histidine triad (FHIT) or p53 upregulated modulator of apoptosis (PUMA)
etc. have been investigated for treatment of different tumors [25–32]. Defect in cellular
apoptosis is considered a crucial factor in the development of cancer as well as resistance to
traditional anti-cancer therapies [33]. Ad vectors based strategies to induce selective apoptosis
of tumor cells by delivery of proapoptotic molecules like B-cell lymphoma/leukemia-2 (Bcl-2)
family proteins (Bax, Bcl-XS, Bcl-XAK, Bik/Nbk etc.) or death ligands like tumor necrosis
factor (TNF)-α, CD95/Fas ligand and TNF-related apoptosis-inducing ligand (TRAIL) have
been described that enhanced the cytotoxicity and sensitized the tumor cells to chemotherapy
or radiotherapy [34]. Significant anti-tumor responses were observed in these studies thus
underscoring the potential of Ad vectors expressing tumor suppressor genes in cancer gene
therapy.

An alternative approach to suppress tumor growth is the ligand-receptor interaction-mediated
tumor inhibition. Ad vectors have been utilized to successfully deliver ligands to oncogenic
receptors either in the form of anti-receptor antibodies or ligands (natural or recombinant). The
association of ligands to their receptors often results in their down regulation or activation of
downregulatory signal transduction pathways, which ultimately lead to inhibition of tumor
growth. Elevated levels of EphA2, a receptor tyrosine kinase protein, were observed in breast
[35], prostate [36], urinary bladder [37] and many other cancer cell lines and clinical specimens
when compared to normal epithelium, and therefore, EphA2 is an attractive candidate for anti-
cancer therapy. In normal epithelium, the localization of EphA2 at intercellular junctions favors
binding with its membrane-anchored ligand, EphrinA1 and phophosphorylation of the
receptor. However, in cancer cells, over-expressed EphA2 is defective in ligand binding due
to its altered localization [38,39]. Furthermore, in cancer cells functioning of cell adhesion
molecule, E-cadherin, also regulates phophorylation of EphA2 [38]. Thus, EphA2 in cancer
cells is largely unphosphorylated and binding of EphrinA1 causes EphA2 phosphorylation and
degradation, and consequently negatively regulate tumor growth and metastasis. In order to
mimic ligand-induced downregulation of EphA2, monoclonal antibodies targeting EphA2
have been utilized. These antibodies increased EphA2 phosphorylation and promoted its
degradation [40]. It was also demonstrated that Ad-mediated delivery of secretory form of
EphrinA1, resulted in autophosphorylation and increased turnover of EphA2, which negatively
regulated breast cancer cell growth and survival in vitro and in vivo [41,42]. Similarly, anti-
ErbB2 antibody delivered via Ad vector exhibited ErbB2 down regulation, increased apoptosis,
cytotoxicity and overall anti-tumor effect in cell culture as well as in animal models [43,44].
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CONDITIONALLY REPLICATING ADENOVIRUSES (CRAds)
Lysis of tumor cells by replication-deficient Ad vectors is limited because of the lack of
efficient penetration and spread to solid tumor mass. Application of replication-competent Ad
vectors that selectively replicate in and kill tumor cells while sparing the normal cells is a
promising approach to counter such limitations. Self-perpetuating CRAds (also referred to as
oncolytic Ad) cause lysis of infected cancer cells and subsequent transduction of surrounding
tumor cells could lead to several fold increase in their therapeutic indices. CRAds could be
generated mainly by the following strategies; 1) by introducing mutation/s in selected viral
essential genes whose functions could be complemented only in tumor cells but not in normal
cells (deletion mutants), 2) by regulating expression of essential viral genes by placing them
under tissue or tumor-specific transcriptional regulatory elements (TREs) (transcriptional
regulation) (Fig. 2).

Deletion mutant CRAds
Development of CRAds that could selectively replicate in tumor cells has benefited from our
understanding of the interactions of Ad proteins with cellular proteins. Ad E1 proteins modulate
cell cycle control to favor virus replication. The E1A gene product binds to wild type
retinoblastoma (Rb) protein leading to the release and activation of transcription factor E2F
[45]. Activated E2F-mediated transcription of cell cycle S-phase entry genes enable Ad to take
advantage of the cellular replication machinery [46]. E2F also transactivates the p14ARF gene
and increases cellular levels of p53 by preventing it from murine double minute (MDM2)-
mediated degradation [47]. However, the higher level of p53 causes cellular apoptosis or cell
cycle arrest and consequently prevents viral replication. To overcome this p53 action, Ad E1B
55 kDa protein together with E4 open reading frame (ORF) 6 encoded protein, binds to and
inactivate p53, thus preventing cellular apoptosis and allowing virus replication and spread
[48,49]. E1B 19 kDa protein, a bcl-2-related protein, also inhibits E1A-induced apoptosis
[50,51]. Defects in p53 and/or Rb proteins in a variety of tumors is well documented [11]. This
knowledge together with aforementioned understanding of virus interaction with host cell
machinery has provided the opportunity to develop CRAds. ONYX-015 (also known as
dl1520) is an E1B 55 kDa mutant vector that selectively replicates in cancer cells with defective
p53 but not in normal cells with functional p53 [52]. ONYX-015 was the first CRAd to enter
the clinical trials [53] and since then has undergone numerous clinical trials (phase I to III) for
a variety of cancers, including head and neck squamous cell carcinoma, glioblastoma,
hepatocellular carcinoma, colorectal carcinoma, sarcomas, ovarian, pancreatic and
hepatobiliary cancers, with variable efficacies [54,55]. Therapeutic efficacy of ONYX-015 as
a single therapeutic agent was relatively limited, however, when used in combination with
chemotherapy, encouraging anti-tumor effects were observed [55–57]. Additional oncolyitc
vectors with defect in E1B 55 kDa have also been generated that demonstrated similar anti-
tumor efficacies [58,59]. H101 is one such vector that has been investigated through extensive
clinical trials (phase I to III) in China against variety of tumors [60]. A phase III trial utilizing
H101, with or without chemotherapy combination, was conducted with patients of head and
neck or esophagus squamous cell cancer (n=123) [60,61]. An objective response rate of 72.7%
with combination therapy in contrast to 40.4% with chemotherapy alone was obtained. H101
was subsequently approved by the SFDA of China for commercial use for treatment of
nasopharyngeal carcinoma in combination with chemotherapy, making it the first commercial
CRAd product for cancer gene therapy.

Despite the encouraging results, the correlation between p53 status and susceptibility to E1B
55 kDa mutant CRAds, has not been consistent [62–64]. On the contrary, some experiments
have demonstrated that E1B 55 kDa - p53 binding is required for Ad-mediated cell death or
productive infection [65,66]. It has been argued that the preferential killing of some tumor
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types by ONYX-015 may be due to differences in vector infectivity, permissiveness, expression
of early Ad proteins [67], loss of p14ARF [68], nature of p53 mutation [69], or late viral RNA
export [70] rather than p53 status alone. Moreover, the efficacy of replication of ONYX-015
in tumors is attenuated as compared to that of wild-type virus [71]. This is probably because
other functions of E1B 55 kDa protein, such as translation and nuclear export of late viral
mRNA and inhibition of host cell protein synthesis are compromised [72]. Additional
mutations in E1B 55 kDa protein that resulted in tumor selectivity without compromising viral
replication efficacy have also been identified [73].

In an alternative approach, Ad E1A mutant vectors (for example - Δ24 and dl922–947) with
deletion in Rb-binding domain (CR-2), which predominantly target cancer cells with abnormal
Rb pathway have been generated [74,75]. Unlike E1B 55 kDa mutation, CR-2 deletions do not
inhibit the vector replication in tumor cells; therefore, these vectors showed better anti-tumor
efficacy both in vitro as well as in vivo compared to E1B 55 kDa mutant vectors [75]. However,
replication of this virus was not entirely tumor-restricted as rapidly dividing normal cells may
also favor virus replication, thus raising safety concerns [74]. Further, modifications like
incorporation of tumor-specific promoters to control critical viral gene expression (as in
ONYX-411) or addition of targeting ligands, such as Arg-Gly-Asp (RGD) were introduced
that successfully enhanced the tumor cell selectivity as well as safety of E1A mutant vectors
[76,77].

Many of the natural tumor-selective viruses like reovirus and vesicular stomatitis virus (VSV)
depend on upregulation of Ras in tumors for their replication [78,79]. Ad vectors have also
been genetically modified to selectively replicate in tumor cells with upregulated Ras levels.
During infection of normal cells, exposure of viral double-stranded RNA (dsRNA) induces
cellular interferon (IFN) that leads to the activation of protein kinase R (PKR) [80]. Activated
PKR in turn phosphorylates the translation initiation factor eIF-2α resulting in inhibition of
viral protein translation and virus replication [81]. Ad have evolved a mechanism to counter
PKR-mediated inhibition by virtue of virus-associated RNAs (VA RNAs) that bind to and
inactivate PKR [82,83]. Activity of PKR in tumor cells is additionally inhibited by activated
Ras pathway, allowing virus replication to proceed. This observation provided the opportunity
to generate a VA RNA I mutant CRAd vector (dl331) that showed attenuated replication in
normal cells while replicating efficiently in tumor cells with active Ras [84]. Similarly, in
Epstein-Barr virus (EBV)-associated tumors, EBV-encoded small RNA I complements for Ad
VA RNA I function, thus allowing selective replication of VA RNA I mutant Ad [85].

In another strategy, deletion of Ad E1B-19 kDa ORF resulted in profound cellular apoptosis
[86]. This strategy, therefore, enhanced viral release and cell-to-cell spread with better anti-
tumor effects while maintaining efficient viral replication compared to wild type or other E1B
mutant vectors [86–88]. Furthermore, E1B-19 kDa blocks TNF-α-mediated cell death by
various mechanisms [89]. As a result, in the presence of TNF-α, E1B-19 kDa ORF-deleted Ad
vectors replicated selectively in tumor cells with frequently disregulated apoptotic pathways,
but not in normal cells because of premature apoptosis [90,91]. E3 region has been considered
dispensable for replication of Ad in cell culture and has been removed from most of the first
generation Ad vectors [10]. However, the subsequent studies have suggested important role of
E3 proteins in evasion from host immune response, cell lysis, viral release and spread [92].
E3B proteins [receptor internalization and degradation (RID) complex (10.4/14.5 kDa) and
14.7 kDa] are known to inhibit Fas-, TRAIL- or TNF-induced apoptosis of host cells [92] and
deletion of E3B region resulted in decreased virus replication, rapid virus clearance from tumor
cells and reduction in overall anti-tumoral potency [93]. Therefore, retention of E3B in Ad-
based oncolytic vectors seems important [91]. E3 gp19 kDa protein binds to and inhibits MHC
I expression on cell surface, thus evading detection by cytotoxic T lymphocytes (CTL) [92].
As tumor cells have evolved to evade CTL, the function of gp19 kDa is redundant in tumor
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cells. Therefore, the deletion of gp19 kDa ORF should allow Ad to selectively propagate in
tumor cells, whereas Ad-infected normal cells will be detected by CTL and eliminated [94].

Ad death protein (ADP, E3–11.6 kDa) is another protein that is required for efficient lysis of
Ad-infected cells, virus release and spread. [95]. Deletion of ADP resulted in delayed and slow
cell lysis [95], while overexpression of ADP in replication-competent Ad vectors (e.g. KD-1,
KD-3, VRX-007) demonstrated increase in anti-tumor efficacy [96,97]. On the other hand,
some investigators have analyzed the utility of selective removal of E3 genes (such as ADP,
gp19 kDa, E3B) and substituting them with therapeutic transgenes under endogenous Ad
promoters [94,98,99]. For example, replacement of ADP with a therapeutic transgene resulted
in delayed cell lysis and prolonged expression of therapeutic transgene due to extended survival
of infected cells and consequent improved tumor cell killing by the therapeutic gene [98,
100]. Similarly, high levels of transgene expression, restricted to the late phase of infection,
have been achieved by placing the transgene in the E3B region under the control of viral
endogenous regulatory elements [98]. Another Ad protein encoded by E4ORF4 is shown to
be highly toxic and induces p53-independent apoptosis selectively in broad range of cancer
cells [101]. Subramanian et al., [102] employed genetic screening of random mutants and
identified several viral early and late genes that influence the spread of Ad vectors and may be
of importance in developing new CRAd.

To further enhance the safety of these approaches, an E1A and E1B-55 kDa double-restricted
Ad vector (AxdAdB-3) has been generated that replicates less efficiently in normal cells while
retaining potent oncolytic properties against variety of cancers [103–106]. Likewise, an Ad
vector with triple mutations (in E1A, E1B-55 kDa and E1B-19 kDa genes) demonstrated
significantly improved therapeutic profile [107]. Clearly, development of mutant Ad vectors
with tumor-selective replication favors investigation for further genetic mutations that could
allow better tumor specificity without compromising virus replication.

Transcriptionally regulated CRAds
Another method for the development of the CRAds is to replace viral promoters controlling
critical transcription units by TREs, also referred to as transcriptional targeting [108]. As a
result of transcriptional targeting, vector gene expression and replication is expected to occur
selectively or preferentially in target/tumor cells. Evidently, the E1A gene is the obvious choice
to be controlled by TREs as it is the most vital gene responsible for viral replication together
with modification of the host cell environment to favor viral replication. The first TRE-
regulated Ad vector (CN706), with E1A expression controlled by prostate-specific antigen
(PSA)-derived minimal enhancer/promoter, selectively replicated in prostate cancer cells
expressing PSA and demonstrated potent anti-tumor effects [109]. Subsequently, a wide variety
of TREs such as those regulating expression of human telomerase reverse transcriptase
(hTERT), transcription factor E2F, α-fetoprotein (AFP) and others, have been investigated for
various cancers that guided tumor-selective vector replication with encouraging results [108].

Although exogenous control of a single viral essential gene resulted in tissue/tumor-specific
replication, leaky replication has also been observed in normal cells. Further improvement in
tumor specificity and safety of CRAds could be achieved by exogenously controlling additional
essential vector genes (e.g., E1B, E2 and E4) [110–114]. Along these lines, telomelysin
(OBP-301), a CRAd in which the hTERT promoter element drives the expression of E1A and
E1B genes linked together with an internal ribosome entry site (IRES), has been developed,
which selectively replicated in variety of cancer cells with high telomerase activity [115].
Similarly, simultaneous control of E1A and E4 genes under the E2F-1 promoter or the hTERT
promoter, respectively (OAS403) resulted in tumor-selective cell killing and reduced
hepatotoxicity [116]. Further, use of regulatory elements such as hTERT, E2F and survivin
that are universally active in most cancer cells, offers additional advantage to target a variety
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of tumors [77,117,118]. Wnt signaling pathway is constitutively upregulated in certain cancer
types, most notably in colon cancer [119]. Upregulation of Wnt pathway ultimately leads to
nuclear translocation and accumulation of β-catenin and co-activation of transcription factors
like T-cell factor (TCF) and lymphoid enhancer-binding factor (LEF) [119]. Oncolytic Ad
vectors, with TCF/LEF binding sites engineered in multiple early gene promoters, have been
designed that preferentially replicated in cancer cells with activated Wnt pathway [112,120].
Transcriptionally-regulated CRAds targeting hypoxic tumor microenvironment have also been
generated. Hypoxia-inducible factor (HIF) mediates transcriptional responses by binding to
hypoxia-responsive elements (HRE) of target genes. HRE-driven CRAds showed specific
destruction of hypoxic tumor cells that are otherwise resistant to traditional therapies [121,
122]. However, some of the studies have also demonstrated adverse effects of hypoxia on Ad
replication necessitating further modifications for improvement in HRE-driven CRAds [123,
124].

As an additional safety feature, external regulation of replication of oncolytic Ad by utilizing
elements of “Tet-On gene regulatory system” to control E1A gene expression has been reported
[125]. With this approach, tight pharmacological control (via addition or withdrawal of
doxycycline) of Ad replication and oncolysis was observed. Additional systems to externally
regulate vector replication by controlling E1A expression by the glucocorticoid-responsive
mouse mammary tumor virus (MMTV) promoter (through addition of dexamethasone) or by
rapamycin dimerization system have also been successfully employed [126,127].
Alternatively, tissue-specific promoters were incorporated with drug responsive elements to
allow control over vector replication [128,129]. Heat-or-radiation inducible promoters have
also been employed to regulate transgene expression [130,131].

To restrict the size of TREs while maintaining or enhancing the stringent control of vector
replication, designer artificial promoters have been developed by fusing various regulatory
elements [132,133]. For example, bidirectional promoters to simultaneously control expression
of two key viral genes, such as E1A and E1B or E1A and E4 have been employed [114,129].
Dual-specific hybrid promoter constituting the regulatory elements that responds to hypoxia
and estrogen has been engineered to impart greater selectivity to oncolytic Ad [134]. The field
of transcriptionally-regulated CRAds is challenging and presents several limitations. Various
viral and non-viral factors can alter the anticipated response of the heterologous promoter. The
presence of cis-acting enhancer elements or cryptic transcription initiation sites located
upstream of the E1A region, particularly in the left ITR or the packaging signal, are sometimes
responsible for transcription read-through of viral E1A or transgene, regardless of the presence
of TREs [135], thus raising safety concerns. Various innovative strategies like insertion of
additional transcription terminators or insulators upstream of heterologous promoters, change
in the orientation of E1A expression cassette, or relocation of the packaging signal from the
left to the right ITR could be employed to address these limitations [133].

Recently, post transcriptional processes that control the stability or translation of mRNA, have
been investigated for their application in the development of CRAds (Fig. 2). In the tumor
environment where proliferative signals predominate, expression of certain tumor-associated
proteins is enhanced partly by stabilization of mRNA by 3′UTR, regulated via activated P-
MAPK (mitogen activated protein kinase) pathway. By ligating 3′UTR from gene encoding
prostaglandin-endoperoxide synthase 2 (PTGS2, frequently upregulated in cancer cells) to the
E1A gene, selective stabilization of E1A mRNA and expression in tumor cells with activated
Ras/MAPK pathway was observed [136]. Stability of mRNA for a wide variety of genes in
various physiological conditions is regulated by 3′UTR; therefore, 3′UTR ligation to critical
Ad genes could be used as generalized strategy to impart tumor selectivity to Ad vectors. In a
recent study, tumor-specific control of mRNA translation initiation, in combination with
transcriptional regulation, was exploited to restrict non-specific replication of CRAds [137].
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Addition of the long and complex 5′UTR preceding the E1A gene restricted its translation in
the breast cancer cells expressing high levels of eukaryotic initiation factor 4E (eIF4E) [137].

Though no CRAd has yet been developed that exhibits absolute lack of replication and toxicity
to normal cells, the level of selectivity and safety that have been achieved is remarkable. Further
developments to enhance tumor-selective replication and potency together with multiple layers
of protection to healthy tissues would result in the development of safe and effective Ad vectors.

SUICIDE GENE THERAPY
Suicide gene therapy involves the selective targeting of chemotherapeutic agents to tumors by
gene-directed enzyme prodrug therapy (GDEPT). A nontoxic prodrug can be converted into a
toxin within tumor cells by prodrug converting enzyme delivered by Ad. Traditional
chemotherapeutic agents are often toxic to normal cells and therefore difficult to administer in
high doses to maintain appropriate therapeutic index within the tumor tissue; whereas, non-
toxic prodrugs can be administered at high doses without significant negative effects to the
normal cells. Two of the best characterized suicide genes are the herpes simplex virus type I
thymidine kinase (HSV-TK) and the Escherichia coli cytosine deaminase (CD) genes. HSV-
TK phosphorylates ganciclovir (GCV), which in turn interacts with cellular DNA polymerase
and interferes with DNA synthesis to cause death of rapidly dividing cells, while CD converts
5-fluorocytosine (5-FC) to a highly toxic metabolite 5-fluorouracil (5-FU), commonly used
for cancer chemotherapy [138]. Apart from the direct cytotoxicity, GDEPT-mediated cell death
is largely attributed to the potent bystander effect on the uninfected neighboring tumor cells
and non-cancer stromal cells because of transfer of toxic drug via gap junctions or diffusion
and activation of anti-tumor immune response against lysed tumor cell byproducts [139].

Initially, replication-defective Ad vectors were used for GDEPT but better anti-tumor efficacy
was observed when used with replication competent vectors [140]. Ad vector-mediated
concomitant delivery of the HSV-TK and the CD as a double suicide gene therapy with
subsequent administration of respective prodrugs resulted in a synergistic anti-tumor response
[141,142]. Moreover, potent increase in radiosensitivity of tumor cells was also observed. A
phase I clinical trial for treatment of prostate cancer that employed a novel three-pronged
strategy including a oncolytic Ad expressing double suicide genes HSV-TK and CD together
with prodrug therapy and radiotherapy has demonstrated encouraging results [143].

In order to spare normal cells from cytotoxicity, the prodrug converting enzyme should be
selectively expressed in tumor cells; therefore, Ad vectors are often delivered locally. To
further improve the anti-tumor potency while minimizing the deleterious effects to normal
cells, transductional targeting to tumor cells, targeted expression of suicide genes, or vector
essential genes by tumor selective promoters or combination of both, has been tried. For
example in Ad.HE1HCD3 vector, expression of E1A as well as of CD is controlled by the
melanoma-specific human tyrosinase enhancer (HTE)/promoter while incorporation of the
RGD peptide to the fiber knob enhanced its transduction to tumor cells. In another approach,
the CD gene was strategically placed in the E3B region of CRAd (ONYX-411) under the
control of viral late gene regulatory elements [144]. E1A mutation and regulation of E1A and
E4 expression by E2F1 gene promoter restricted viral replication and CD expression mainly
in tumor cells. Coupled with tumor-specific virus replication, robust expression of CD was
observed in tumor cells, both in vitro and in vivo. Subsequent administration of 5-FC further
enhanced the anti-tumor efficacy [144]. To target the localized expression of therapeutic gene,
the HSV-TK/CD fusion gene controlled by heat-inducible heat shock protein (HSP)-70
promoter was delivered via E1B 55 kDa mutant CRAd [130]. Heat-inducible expression of the
fusion gene together with potent cytotoxicity in human prostate carcinoma cells in the presence
of prodrugs was observed.
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Several other suicide gene/prodrug combinations are being investigated in clinical or
preclinical studies [140]. Formulation of better dosage regimen and protocols, considering
kinetics of prodrug and vector transgene expression, should further improve the therapeutic
value of this therapy. The timing of administration of prodrug is critical to maximize the
benefits from GDEPT. Boucher et al [145] proposed a novel method of sequential
administration of prodrugs 5-FC followed by GCV. This approach further enhanced the
synergistic cytotoxicity of double suicide gene therapy. Additional care should be taken to
avoid drug-induced premature cell death resulting in impaired viral replication. Reduced virus
proliferation and yield can significantly lower the benefits of Ad-mediated suicide gene
therapy.

RNA INTERFERENCE
RNA interference (RNAi) is a mechanism of sequence-specific inhibition of gene expression
by small interfering double-stranded RNA [146]. It is not only an endogenous regulatory
mechanism of cellular gene expression but also a tool to therapeutically suppress over-
expressing genes [147]. RNAi has been successfully used as a method to silence gene
expression in several in vitro and in vivo research models and emerging data clearly implicate
its potential and usefulness in clinical treatment of diseases. Accordingly, a large collection of
RNAi resources has also been generated for cancer biology research [148]. RNAi can be carried
out by different approaches; for example, transfection of chemically synthesized double-
stranded RNA to cells or delivery of short hairpin RNA (shRNA) via viral vectors. Inefficiency
in transfection, cell type specificity and high cost limit the use of chemically synthesized
dsRNA. Viral vector-based approaches for RNAi have certain advantages like higher
transfection efficiency, continuous production of siRNA in cells and sustained protein
suppression [147,148].

RNAi-mediated by replication-incompetent Ad vectors
Ad vector expressing shRNA under the control of cytomegalovirus (CMV) promoter were
initially shown to successfully suppress the expression of enhanced green fluorescent protein
(EGFP) reporter gene in vitro as well as in vivo [149]. This report also demonstrated the
usefulness of Ad-mediated delivery of RNAi to the brain and liver. Ad vector with the U6
promoter-driven expression of shRNA was demonstrated to successfully infect primary cells
and induce gene suppression [150]. In this study, efficient and prolonged knockdown of the
cellular targets in keratinocytes, synoviocytes and human umbilical vein endothelial cells
(HUVECs) was reported. Other recombinant Ad vectors with a polymerase III or H-1 RNA
promoter expressing siRNA molecules targeting p53 were effective in suppressing p53
expression in mammalian cells [151,152]. A replication-incompetent Ad expressing shRNA
for IL-8, a proangiogenic cytokine, reduced migration and tube formation of endothelial cells
and invasion of the liver (Hep3B) or the lung (A549) cancer cells [153]. In a multidrug-resistant
cell line, Ad-mediated shRNA delivery was associated with reversal of drug-resistant
phenotype [154]. In colon cancer cells, Ad-mediated delivery of shRNA against anti-apoptotic
protein Bcl-XL inhibited in vitro cell viability and in vivo tumor growth [155]. Delivery of
shRNA against matrix metalloproteinase-2 (MMP-2) inhibited migration of A549 human lung
cancer cells [156].

RNAi-mediated by CRAds
As described previously, CRAd with replication restricted to cancer cells are oncolytic. These
vectors are not only therapeutic on their own might but can also enhance the efficacy by
oncogene knockdown via RNAi. CRAd vector with shRNA for a firefly luciferase reporter
gene was demonstrated to be effective in gene suppression [157]. In another study, the effect
of siRNAs against mutant Ras was augmented when deliverd via ONYX-411 vector and
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showed a potent anti-tumor effect in a xenograft model with minimal cytotoxicity to normal
cells [158]. Oncolytic Ad expressing shRNA against vascular endothelial growth factor
(VEGF) prolonged gene silencing compared to replication-incompetent Ad and exhibited anti-
angiogenic effects [159]. In a recent study, Ad-mediated knockdown of Apollon, an apoptosis
inhibitor protein, induced apoptosis and inhibited cell proliferation in vitro and tumorigenicity
in vivo [160].

These reports clearly demonstrate the usefulness of Ad-mediated RNAi in various cancer
research models. Further research is needed to evaluate the efficacy and cytotoxicity of this
strategy in clinical trials. Besides this, VA RNA may inhibit RNA interference machinery. In
one study, Ad infection in 293 cells suppressed RNAi-mediated silencing of GFP expression
[161]. It was found that both VA RNA I and VA RNA II interfere with the activity of dicer
enzyme as well as RNA-induced silencing complex (RISC), and suppress RNAi by acting as
competitive substrates [161,162]. Thus, these results indicate that future strategies for efficient
RNAi using Ad also need to take into account the suppression of RNAi by VA RNAs.

ANTI-ANGIOGENSIS THERAPY
Tumors are dependent on angiogenesis for their growth and metastasis [163]. Angiogenesis in
tumors is a multi-step process, which is regulated by several angiogenesis stimulatory and
inhibitory molecules. By delivering anti-angiogenic drugs systemically or intratumorally,
suppression of angiogenesis is expected to ablate tumor growth and metastasis. Therefore,
development of anti-angiogenic therapy alone or in combination with other conventional anti-
cancer therapies is regarded as a promising approach for the treatment of cancers [164]. Ad
vectors have been utilized in anti-angiogenesis gene therapy by delivering diverse anti-
angiogenic proteins to tumor tissues.

Ad vector-mediated transfer of the secretable form of anti-angiogenic protein platelet factor 4
(sPF4) resulted in prolonged survival and reduced angiogenesis in tumors in a mouse model
of intracerebral gliomas [165]. Endothelium-associated receptors in tumor blood vessels are
another attractive target for anti-angiogenesis gene therapy. Tie2, an endothelium-specific
receptor tyrosine kinase, is known to play a role in tumor angiogenesis. The soluble Tie2
receptor, capable of blocking the Tie2 pathway, when delivered intravenously via replication-
incompetent Ad, significantly inhibited growth of implanted tumors and reduced lung
metastasis in mice [166]. In another approach, Ad-mediated gene transfer of angiopoietin-2
(Ang-2), a conditional antagonist and agonist for the endothelium Tie-2 receptor, significantly
inhibited tumor angiogenesis, promoted tumor apoptosis, and suppressed tumor growth.
[167]. The amino terminal fragment (ATF) of urokinase type plasminogen activator (uPA) is
an inhibitor of cell invasion and uPA/uPAR signaling [168]. Local or systemic administration
of Ad expressing murine ATF (AdmATF) resulted in growth arrest of tumor and inhibition of
angiogenesis as well as metastases in xenograft and syngenic mouse models. Another inhibitor
of angiogenesis, endostatin, was exogenously generated in vivo by Ad vector-mediated gene
delivery [169]. Higher systemic levels of endostatin were shown to be associated with 40%
reduction in tumor growth in mouse models [169]. Similarly, Ad vector-mediated delivery of
kallistatin, a modulator of angiogenesis, suppressed angiogenesis in a rat model and human
breast cancer cell xenografts in nude mice [170]. Ad vector expressing anti-angiogenic protein
thrombospondin-2 (NfTSp2) reduced tumor growth rate and tumor-associated angiogenesis
when injected intratumorally [171]. In human prostate cancer cells (PC-3MM2), Ad-mediated
expression of IFN-β, an immunostimulatory and anti-angiogenic cytokine, inhibited growth of
xenografts in nude mice when delivered intra-tumorally. Furthermore, downregulation of
expression of pro-angiogenic proteins, IL-8 and VEGF-A, was also observed [172]. NK4
(amino terminal kringle-domain peptide of HGF) functions as an inhibitor of angiogenesis by
competing with hepatocyte growth factor (HGF) for its receptor, cMet. Systemic or
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intratumoral administration of Ad encoding NK4 (AdCMV.NK4) reduced angiogenesis and
enhanced apoptosis resulting in growth inhibition of subcutaneously implanted tumors [173].
However, despite encouraging results, the efficacy of anti-angiogenic therapy is limited, may
be because of the presence of redundant signaling pathways regulating angiogenesis in tumor
cells to maintain their proliferation and survival. Future efforts must be directed towards
multiple targets as well as with combination of other anti-cancer approaches.

CANCER IMMUNOTHERAPY
Immune system is capable of identifying and removing tumor cells in the body, however, cancer
cells are remarkable in their abilities to evade immune responses. Some of the strategies by
which cancer cells escape the host immune response include secretion of immunosuppressive
or anti-inflammatory proteins, defect in antigen processing and presentation due to mutations
in antigen presentation machinery or reduced expression of major histocompatibility complex
(MHC) molecules and Fas-mediated apoptosis in tumor-specific lymphocytes etc. [174–176].
The ineffectiveness of immune response (either humoral or cell-mediated) and the development
of immunosuppression during oncogenesis indicate that the immune system needs to be
boosted but with exquisite specificity towards cancer cells to concur oncogenesis [2,177]. The
ultimate goal of cancer immunotherapy is to generate endogenous immune response to defend
against developing or well-established tumors. Ad vectors have been utilized to boost anti-
cancer immunity; for example, by delivering immunostimulatory molecules or by transducing
dendritc cells (DC) for appropriate presentation of tumor associated antigen (TAA) and
efficient induction of anti-tumor immune responses.

Ad-mediated cytokine/costimulatory proteins delivery
Exogenous delivery of cytokines modifies the intratumoral cytokine milieu and activates the
responder cells for anti-tumor action. Many studies have investigated the administration of
recombinant cytokines such as interleukin (IL)-2, granulocyte-macrophage colony-stimulating
factor (GM-CSF), TNF-α, IFN-α, and IFN-γ to induce immunostimulatory effect for cancer
therapy [178–180]. However, because of their systemic toxicity, a short in vivo half-life and a
subtherapeautic levels at tumor site, their use is limited. To counter these problems, Ad-
mediated local (intratumoral) delivery of cytokines has been investigated that resulted in
increased survival and reduction in tumor growth. IL-2 is known to possess anti-tumor activities
through stimulation of cell-mediated killing activity of CTLs, lymphokine-activated killer
(LAK) cells, or tumor infiltrating lymphocytes (TILs) [181]. Subcutaneous inoculation of
tumor cells treated with replication-deficient Ad vector expressing human IL-2 (AdCAIL-2)
delayed the tumor growth, while intratumoral inoculation of AdCAIL-2 led to tumor regression
in syngenic mouse model [182]. Furthermore, establishment of systemic immunity was
observed as tumor regressed mice displayed resistance to tumor growth when challenged with
tumorogenic cells. Another cytokine, IL-12, has demonstrated its anti-tumor activity through
its ability to promote proliferation and cytolytic potential of CTLs and natural killer (NK) cells
[183]. In a mouse model, the intratumoral injection of Ad expressing IL-12 resulted in potent
regression of established tumors and treated animals resisted the tumor development following
subsequent tumor challenge [184,185]. Similarly, many studies have investigated Ad-mediated
delivery of cytokines such as IL-18 [186], IL-6 [187], IFN-α, β or γ [188–190], and TNF-α
[191] that activated anti-tumor immune responses through diverse mechanisms with substantial
anti-tumor effect. Moreover, when delivered via Ad in selected combinations, such as IL-12
and IL-2 or IL-12 and lymphotactin, these cytokines synergized with each other to facilitate
tumor regression while minimizing cytokine-mediated side-effects [192–195].

Apart from cytokines and chemokines, certain membrane bound receptors are also required
for efficient activation of immune response. T-cells, in addition to engaging their receptors to
MHCs, require interaction of CD28 with costimulatory molecules such as B7–1 (CD80) and
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B7–2 (CD86), typically present on professional antigen-presenting cells, for their activation
[196]. Unfortunately, most of the tumor cells do not express B7 receptors on their surface that
results in T-cell anergy. Replication-deficient Ad vector have been investigated to deliver B7–
1 costimulatory molecules to the cancer cells, which resulted in efficient activation of anti-
tumor T-cells [197,198]. In a combinatorial approach, replication-incompetent Ad-mediated
expression of B7–1 together with IL-2 elicited more potent anti-tumor response following
intratumoral inoculation in breast adenocarcinoma mouse model when compared to Ad vector
expressing either gene alone [199]. Recently, co-expression of B7–1 with cytokines like GM-
CSF or IL-12 by E1B 55 kDa mutant CRAd showed robust anti-tumor efficacy in
immunocompetent mice with melanoma B16-F10 tumors [200,201]. Massive infiltration of
CD8+/CD4+ T-cells in the tumor tissue was also observed. Ad-mediated gene transfer of
additional costimulatory molecules, such as 4–1BB ligand or CD40 ligand, either alone or in
combination with other cytokines or costimulatory molecules, to the tumor cells also elicited
strong anti-tumor immunity to suppress tumor growth [202–207]. Altogether, Ad-mediated
delivery of cytokines or costimulatory molecules is a feasible and potent approach for cancer
therapy.

AD VECTORS IN DENDRITIC (DC)-MEDIATED CANCER IMMUNOTHERAPY
DCs are highly efficient and specialized antigen-presenting cells that present MHC-labeled
epitopes to T-cells to generate antigen-specific immune responses. Ad vectors have been used
to modify DCs, either to effectively present tumor-specific antigens to effector immune cells
or to enhance their ability to generate antigen-specific immune responses. Many studies have
demonstrated that ex vivo transduction of DCs with Ad vectors expressing TAA followed by
its inoculation in tumor-bearing animal resulted in induction of anti-tumor immunity [208].
Ad transduced DCs-based cancer gene therapy offers several advantages. For example, apart
from transferring immune activating genes, the Ad vector, on its own, exhibits adjuvant effects
and has ability to induce DC activation and maturation, which further assist in induction of
stronger anti-tumor immune responses [209,210]. Ad vector-delivered TAA is expressed
intracellularly, processed and loaded onto both MHC I and MHC II molecules, thus allowing
appropriate and relatively persistent induction of CD8+ as well as CD4+ responses [208].
Furthermore, ex vivo treatment of DCs by Ad vectors also circumvent preexisting antiviral
immunity and induce better anti-tumor responses [211]. Mice vaccinated with DCs transduced
by Ad vector expressing truncated form of Her2 resulted in a significantly delayed onset of
breast cancer in mice [212]. Vaccinated mice demonstrated strong anti-tumor immunity and
delayed tumor development. Similarly, DC transduced with an Ad expressing hTERT
effectively induced hTERT-specific CTLs against various tumor cell lines [213]. Similar
studies have investigated various TAA delivered to DCs via Ad that boosted immune responses
to effectively target tumor cells [208,214].

Alternatively, efficiency of DCs to generate anti-tumor immune responses can be potentiated
by transducing them with Ad vectors carrying various immunomodulatory genes such as
cytokines or costimulatory receptors. For example, intratumoral inoculation of bone marrow-
derived DCs transduced with Ad vector expressing IL-12 successfully eradicated 50–100%
malignant nodules in murine model for colon cancer [215]. Another DC-based approach
involves Ad-mediated expression of CD40 ligand on its surface [216,217]. In these studies,
activation of DCs with subsequent induction of CTLs and cytokines production resulted in
suppression of tumor growth. Cotransduction of DCs with the TAA gene and a gene encoding
immunomodulatory molecule [such as AFP and IL-18 or carcinoembryonic antigen (CEA) and
GM-CSF] elicited a stronger TAA-specific immune response and could be an effective strategy
for cancer immunotherapy [218,219].
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Despite encouraging results, efficacy of Ad-based DC vaccines for cancer immunotherapy is
limited because of relatively low Ad transduction in CAR-deficient DCs [220]. Several
strategies have been investigated to improve the efficiency of Ad transduction to DCs. Since
DCs express high levels of integrins on their surface, modified Ad vectors with RGD sequences
on their fiber knob, demonstrated increased transduction of DCs [221]. Additional targeting
strategies to direct Ad vector to DCs also resulted in improved transduction of DCs [214].

TARGETED Ad VECTORS/TRANSDUCTIONAL TARGETING
Widespread distribution of CAR restricts the Ad vectors’ availability at the target site/s. Poor
transduction of many tumor types because of low levels of CAR expression further worsens
this scenario [222]. To circumvent these limitations, several targeting and retargeting
approaches have been applied to improve the transduction of tumor cells by Ad (Fig. 3). The
broadly applicable strategy for targeting Ad vectors to tumor cells is to render them CAR-blind
and redirect them to the target tumor cells by incorporation of tumor-specific ligands on the
virus surface. Since Ad internalization is fiber/knob-dependent, majority of the strategies are
directed towards the modification of the fiber/knob to change its tropism. Some important
targeting strategies with relevant examples of cancer models are discussed below.

Polymer coating
One of the non-genetic, simple and effective strategies of changing Ad tropism is modification
of the virion surface. A polymeric coating of poly-[N-(2-hydroxypropyl)methacrylamide]
(pHPMA, a hydrophilic multivalent polymer) or biodegradable alginate microparticle coating
to Ad has been achieved [223–225]. This strategy also allows retargeting of Ad vectors by
incorporation of additional targeting ligands like fibroblast growth factor (FGF) or VEGF onto
the polymer-coated virus, thereby allowing CAR-independent and ligand-mediated
internalization [223]. Incorporation of EGF[226] or laminin-derived peptide (SIKVAV) (an
alpha6-integrin binding peptide) ligand [227] on polymer-modified Ad has been successfully
achieved to improve tumor cells-specific transduction. Chemical conjugation of Ad vectors
with polyethylene glycol (PEG) (PEGylation) has also been reported [228]. Selective targeting
could be achieved by attachment of variety of targeting ligands (peptides, proteins or
antibodies) to the ends of PEG chains [229]. Such modifications also shield the vector from
Ad-specific neutralizing antibodies.

Bispecific molecules
Ad vector retargeting could also be achieved by complexing Ad with bispecific molecules that
ablate CAR binding while directing the vector to a novel receptor. Such bispecific molecule
consists of two components – one that binds with high affinity to the fiber knob and the other
that binds with high specificity with a tumor-specific receptor. The bispecific molecule can
either be created by chemically linking the two components or by expressing them together as
a fusion protein. For example, bispecific antibodies that bridge the vector knob or fiber to
tumor-specific receptors like epidermal growth factor receptors (EGFR), tumor-associated
antigen 72 (TAG-72), human epithelial cell adhesion molecule (EpCAM), carcinoembryonic
antigen (CEA), human endoglin (CD105) and others have been utilized to successfully achieve
CAR-independent retargeting of Ad vectors to cancer cell types [230–236]. Besides bispecific
antibodies, anti-fiber antibody chemically conjugated to a tumor-specific ligand such as folate,
showed efficient vector targeting to cancer cells via cell surface folate receptors [237]. In
another approach, bispecific fusion proteins consisting of soluble-form of CAR (sCAR)
together with targeting ligand like human EGF were used for targeted delivery of the Ad vector
to cancer cells expressing EGFR [238]. High affinity binding between avidin and biotin has
also been investigated for Ad targeting [239]. A biotin acceptor protein was genetically
incorporated to the Ad vector fiber, thus enabling it to be retargeted to new receptors when
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conjugated to biotinylated antibodies [239]. Apart from targeting, this vector system could be
useful in ligand screening and vector purification.

Capsid protein modifications
The two-component nature of bispecific molecule approaches adds complications in
manufacturing and maintaining batch-to-batch homogeneity. Moreover, progeny virions, in
case of CRAds, would be devoid of these modifications. Therefore, emphasis is given to
targeted vectors that can be generated by genetic modifications. The fiber is the capsid protein
of choice to incorporate foreign ligands and two locations have been identified (C terminus
and HI loop of fiber knob) that accept such modifications [240–242]. On these locations, the
integrin-binding RGD ligand has been added with promising results [240,243]. Similarly, a
polylysine (pK7) ligand, either alone or in combination with other ligand like RGD, has also
been introduced into the fiber to enhance Ad infectivity in a wide variety of tumor cells that
overexpress heparin sulphate proteoglycans (HSPGs) [244–246]. Recently, Hesse et al.,
demonstrated three functional insertion sites (namely EG, HI, and IJ loops) for incorporation
of peptide ligands in the Ad serotype 41 (Ad41) short fiber knob without effecting fiber
trimerization [247]. This knowledge could be further exploited to design targeted vectors with
modified tropism by incorporating a wide repertoire of ligands.

Besides fiber/knob, other capsid proteins such as hexon and penton have also been investigated
to alter vector tropism by ligand incorporation. Vigne et al. successfully demonstrated
incorporation of RGD ligand at the hypervariable region (HVR) 5 of Ad5 hexon leading to
increase in transduction of integrin-rich cells [248]. Subsequently, additional locations in the
hexon HVRs that can accept ligand incorporation while retaining vector stability and infectivity
were identified [249]. Similarly, Ad vector-bearing a hemagglutinin (HA) peptide at the penton
base exhibited tropism towards HA receptor-expressing cell lines [250]. Besides hexon and
penton, capsid polypeptide IX (pIX) has also been demonstrated to tolerate ligand
incorporation (e.g. polylysine or RGD) and subsequent retargeting to specific receptors [251,
252]. Moreover, the pIX location has also been used for expressing large imaging molecules
such as eGFP for ease in vector detection [253]. Recently, minor capsid protein pIIIa, has also
been suggested as a site for incorporation of a targeting ligand or imaging molecule [254].

Affibody
Despite significant progress in targeting strategies for Ad vectors, there is still a shortage of
naturally available appropriate and viable targeting ligands and all targeting ligands cannot be
easily incorporated into the Ad capsid to form a stable virion. One of the alternative approaches
to resolve this limitation is the incorporation of rationally designed protein ligand, an affibody,
to the viral capsid [255,256]. Affibodies are the proteins designed from three-helix bundle
domain Z of Staphylococcus protein A. The Z domain has been used as a scaffold for
construction of combinatorial phagemid libraries from which affibody variants that target
desired molecules could be selected using phage display technology [257]. Natural tropism of
Ad was successfully altered by modifying Ad fiber to incorporate affibody to Her2 [255]. The
trimeric structure of affibody-knob chimera was facilitated by incorporation of trimerization
domain of phage T4 fibritin protein [255]. These results are encouraging and indicate that
natural tropism of Ad can be modified and utilized to target wide range of cancer cells.

Fiber/Knob Chimeras
As discussed earlier, the knob domain of the Ad fiber mainly recognizes the primary cellular
receptor, CAR, for HAd5 internalization. Therfore an insightful scheme to confer novel tropism
to Ad vectors is the substitution of fiber/knob with that of other Ad serotypes that utilize non-
CAR receptors for their internalization. For example, mosaic Ad vectors having Ad5 and Ad3
knobs demonstrated expanded tropism in various cancer cell lines [258]. Ad5 chimeric vectors
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carrying fiber/knob from several other human Ad serotypes or non-human Ad such as Ad35
[259], Ad41 [260], canine adenovirus (CAV) type 1 [261], CAV2 [262], and ovine adenovirus
(OAV) type 8 [263] have also been generated. These recombinant vectors showed efficient
transduction of CAR-deficient cells, reduced liver tropism and better transduction of cancer
cells including ovarian cancer, malignant glioma, head and neck cancer etc. [264–269]. On
similar lines, a novel mosaic fiber Ad5 vector (Ad5/3-sigma 1) encoding reovirus sigma 1 and
chimeric Ad5 fiber with Ad3 knob has been developed that showed enhanced infectivity of
ovarian cancer cell lines as well as primary slice cultures of human ovarian cancer via CAR-
independent pathways [270]. Ad5 fiber has also been implicated to be responsible for hepatic
sequestration of the virus and strong induction of innate immune response as compared to that
by fiber from some other serotypes [271,272]. Therefore, swapping of Ad5 fiber with that from
other serotypes might additionally contribute to reduce hepatotropism and vector
immunogenicity. However, some of the recent studies have demonstrated that interaction of
Ad5 hexon protein with blood coagulation factor X (FX) mediate the vector uptake by the liver
[273,274]. Significant variations among Ad serotypes to transduce hepatocytes that correlated
with their ability to bind FX were also observed. Further studies investigating interaction of
FX and/or other blood factors with capsid proteins of alternate Ad vectors would further clarify
their role in vector tropism and biodistribution.

USE OF ALTERNATE Ad VECTORS
Even though, the fiber/knob chimeric Ad vectors have been successfully used to achieve
alternate tropism, they can still be neutralized by antibodies against hexon epitopes [275,
276]. Therefore, some of the rare human Ad serotypes and nonhuman Ads are being developed
and investigated as alternate vectors for gene delivery [277,278]. For example, replication-
defective vectors derived from Ad serotypes 3, 7, 11, 35 and others have been developed. Most
of these serotypes are less prevalent in human population, have different immunologic epitopes
and exhibit novel tropism, thus offering potential advantage over Ad5-based vectors [278].
Vectors based on nonhuman Ads originally derived from pig (porcine adenovirus type 3; PAd3)
[279,280] or cattle (bovine adenovirus type 3; BAd3) [281,282] have been developed. It has
been demonstrated that there are no preexisting virus neutralizing antibodies against PAd3 or
BAd3 in humans, and importantly, Ad5-neutralizing antibodies did not cross-neutralize PAd3
or BAd3 [224,283]. PAd3 and BAd3 vectors can efficiently transduce several types of human
and murine cells in culture [283] and cellular internalization of these vectors was CAR- and
integrin-independent [284,285]. In vivo studies in mice also indicated the altered
biodistribution patterns for BAd3 and PAd3 vectors as compared to Ad5 vector (Sharma et al.,
unpublished results). Similarly other vectors based on nonhuman Ad such as CAV, OAV,
chimpanzee Ad, and fowl Ad are also being developed [277]. Some of these vectors are already
under investigation for use in cancer gene therapy. A transcriptionally regulated CAV-2 vector
(OC-CAVE1) in which E1A expression is under the control of the osteocalcin promoter has
been developed [286]. Besides replicating in and killing canine osteosarcoma cells in vitro, it
provides an excellent immune-competent syngenic animal tumor model to better understand
the role of immune system in therapeutic efficacy of CRAds.

COMBINATION OF Ad WITH CHEMOTHERAPY AND RADIOTHERAPY
Conventional therapies like chemotherapy or radiotherapy, when used alone, have not been
absolutely effective in treatment of cancer, and therefore, are often used in combinations.
Likewise, after numerous preclinical and clinical trials, it is now evident that Ad-based therapy
have been more effective when appropriately used in combination with other therapeutic
modalities [54]. Because of lack of cross-resistance and divergent anti-tumor mechanism of
Ad-based therapy with that of chemotherapy or radiotherapy, additive or synergistic responses
have been observed when used in combination. The goal of combination therapy is to attack
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the cancer cells at multiple fronts and thus giving them minimum chance to survive or develop
resistance. Significant increase in anti-tumor efficacy of Ad vectors such as ONYX-015, H101,
and CG7870 was observed when used in combination with chemotherapy or radiotherapy
[55,60,287]. As discussed earlier, Ad-mediated GDEPT has also been used to selectively direct
the toxicity of chemotherapeutic drugs to the tumor cells, with potent increase in
radiosensitivity [140,288]. A combination of replication-competent Ad-mediated suicide gene
therapy and radiotherapy provided long-term benefit to patients of prostate cancer [289]. In
another approach, Ad vectors delivered genes (MDA7/IL-24, PUMA, PTEN or p53)
effectively reversed the resistance to various chemotherapeutic drugs or radiotherapy by
diverse mechanisms [17,32,290,291]. Alternatively, silencing of genes responsible for drug
resistance such as multiple drug resistance 1 (MDR-1) or MDR-1 transporters, and prohibitin
via Ad delivered shRNA, antisense RNA or ribozymes also resulted in improved
chemosensitization of cancer cells [154,292,293]. Many studies have indicated that the dose
of vector can also be significantly reduced when used in combination with radiotherapy thus
reducing dose-dependent toxicities [287,294]. Though the mechanism of additive or
synergistic effect of combination therapy is not known, several hypotheses have been proposed
such as increase in Ad transduction of tumor cells because of increased CAR expression
[295], E1A-mediated cellular chemosensitization or radiosensitization [296,297], or increase
in virus replication following radiotherapy or chemotherapy [294,298]. Ad vectors that utilize
chemo- and radio-inducible early growth response (Egr-1) promoter to express TNF-α have
been generated [299,300]. In phase I clinical trials, a combination of such vectors and radiation
treatment demonstrated encouraging anti-tumoral response for the treatment of soft tissue
sarcoma or solid tumors [301,302].

CONCLUSIONS AND FUTURE DIRECTIONS
After several years of extensive research it is clearly evident that Ad vectors possess attributes
of a suitable vector for anti-cancer therapy. To date numerous modifications have already been
made in the original wild-type Ad to meet the diverse anti-cancer therapeutic needs. The ability
of replication-incompetant Ad to deliver and overexpress transgenes and that of CRAd to
selectively replicate in and lyse tumor cells are attractive attributes of Ad-mediated anti-cancer
therapy. To further potentiate the selective oncolysis by Ad vectors, cytotoxic genes such as
tumor suppressors, proapoptotic genes, prodrug-converting enzymes, antiangiogenic
molecules or immunostimulatory molecules under the control of cancer-specific regulatory
elements have been applied. In addition, detargeting and retargeting of Ad vectors by capsid
modifications or incorporation of tumor-specific ligands have added to the specificity of
oncolytic Ad vectors. These approaches are leading towards novel anticancer therapeutics for
clinical applications. Indeed, SFDA approval of Gendicine as well as oncolytic H101 in China
has laid the foundation for future development of Ad-based anti-cancer therapy.

Although Ad vector-mediated gene delivery has yielded promising results in a number of
cancer models, overall therapeutic success has been below expectation. Limited success of Ad
in many anti-cancer therapies may be due to inefficient viral delivery to the tumor site because
of vector neutralization by host immune system, increased uptake by the liver or poor infectivity
of the tumor cells. Preexisting vector immunity together with vector interactions with blood
cells or complement proteins also pose critical obstacles to the systemic delivery of Ad vectors
to target disseminated metastases. Several approaches, including the use of alternate Ad
serotypes or nonhuman Ad, nanoparticle coating of Ad, and capsid modifications are potential
alternatives to overcome such limitations. Cell-based delivery of oncolytic viruses is emerging
as a novel alternative delivery approach in which in vitro infected cells hide and carry the
oncolytic virus to the cancer tissue [303]. Another hurdle for systemically administered vector
is endothelial cell layer, which the vector has to cross to reach the target tissue. Vector
modification to allow transcytosis (transport of molecule from one side of cell to the other side)
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is a potential approach to enable Ad vector transport across the endothelium [304,305].
Application of novel strategies such as regulation of stability or translation of mRNA for
development of CRAds and recently demonstrated feasibility of fibritin-affibody-based
approaches to Ad vector targeting provides new opportunities for further improvement in Ad-
mediated cancer gene therapy. Overall, the prominent concerns in the application of Ad vectors
need to be continually addressed and improvised. A better understanding of the synergistic
interaction between the chemotherapy/radiotherapy with Ad vectors should also potentiate
clinical application of multimodal cancer therapy. In conclusion, Ad-based cancer gene
therapy, either as a single agent or in combinations, offer great promise for cancer treatment.
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Figure 1. Strategies utilizing Ad vectors for cancer gene therapy
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Figure 2. Strategies for development of CRAds
Various deletions can be introduced at different locations (indicated by asterisk) to enable
selective replication of Ad vectors in tumor cells [52,74,84,86,94]. Usually the function of
protein encoded by the mutated gene is complemented in tumor cells but not in the normal
cells. Expression of some of the critical genes of Ad (indicated with arrows) can be exogenously
controlled by tumor-specific regulatory elements [109–112]. Ligation of defined 3′UTR or 5′
UTR to the E1A gene can result in tumor selective stabilization or translation of E1A mRNA
respectively [136,137]. Such modifications allow tumor-specific replication of Ad vectors.
Retention of E3 genes (E3B and E3-ADP) or overexpression of ADP (indicated by bold arrow)
usually potentiates the efficacy of Ad vectors [91,97]. The late transcription units that encode
Ad structural proteins remain unmodified. ITR, Inverted terminal repeat. UTR, Untranslated
region. E1A, E1B, E2, E3 and E4 are Ad early genes. L1, L2, L3, L4 and L5 are Ad late genes.
Ψ, Ad packaging signal. VA, Virus-associated. ADP, Ad death protein.
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Figure 3. Strategies for improving Ad vectors for cancer gene therapy
In spite of the several advantages of Ad vectors in cancer gene therapy there are many
limitations like presence of preexisting immunity, lower transduction of target cells,
hepatotropism and lower therapeutic index in tumor environment that limit its widespread use.
In order to overcome preexisting vector immunity, polymer coating of Ad, immunosuppression
and use of less prevalent human Ad serotypes or nonhuman Ad can be used. Poor Ad
transduction of many cancer cells and inhibition of predominant hepatotropism can be attained
by using bispecific molecules, incorporation of specific ligands on viral capsids, or use of fiber-
knob chimeras. Furthermore, CRAds can be used to increase vector penetration and spread
within the tumor mass while sparing the normal cells. (See text for details).
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