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Abstract
Conditionally replicating adenoviruses (CRAds) have many advantages as agents for cancer
virotherapy and have been safely employed in human clinical trials. However, replicating
adenoviruses have been limited in their ability to eliminate tumors by oncolysis. Thus, the efficacy
of these agents must be improved. To this end, CRAds have been engineered to express therapeutic
transgenes that exert antitumor effects independent of direct viral oncolysis. These transgenes can
be expressed under native gene control elements, in which case placement within the genome
determines the expression profile, or they can be controlled by exogenous promoters. The therapeutic
transgenes used to arm replicating adenoviruses can be broadly classified into three groups. There
are those that mediate killing of the infected cell, those that modulate the tumor microenvironment,
and those with immunomodulatory functions. Overall, the studies to date in animal models have
shown that arming a CRAd with a rationally chosen therapeutic transgene can improve its antitumor
efficacy over that of an unarmed CRAd. However, a number of obstacles must be overcome before
the full potential of armed CRAds can be realized in the human clinical context. Hence, strategies
are being developed to permit intravenous delivery to disseminated cancer cells, to overcome the
immune response and to enable in vivo monitoring of the biodistribution and activity of armed
CRAds.
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Introduction
In recent years, oncolytic viruses have been increasingly studied as potential cancer
therapeutics, a field known as virotherapy. Oncolytic viruses replicate selectively in cancer
cells, thereby amplifying the initial inoculum, and destroy the cells by lysis. The viral progeny
are then released, enabling them to infect neighboring cells, which results in multiple self-
perpetuating rounds of infection, replication, lysis and spread throughout the tumor, all while
sparing normal cells. Additionally, viral replication within a tumor may help mobilize the
immune system by inducing the release of cytokines and by liberating tumor antigens.1 A
number of clinical trials have already been conducted that are based on oncolytic viruses,
including those that are naturally selective for tumor cells, such as reovirus and Newcastle
disease virus, and those that have been made selective by genetic manipulation, such as
adenovirus and herpes simplex virus.2
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Conditionally replicating adenoviruses
Human adenovirus serotype 5 (Ad5), of species C, has a number of features that make it
particularly attractive as a platform for oncolytic virus construction. It is not associated with
any serious disease.3 Moreover, the Ad5 genome has been well characterized, allowing for
relatively easy genetic modification. In this regard, modifications have been made to capsid
proteins, especially the fiber, to achieve efficient and specific infection of tumor cells.4 Finally,
it can be grown to high titers and is relatively stable in the bloodstream, two features that allow
the adenovirus to be administered systemically, which raises the possibility of treating distant
metastases.

Conditionally replicating adenoviruses (CRAds) can be engineered to selectively replicate
within tumor cells by two broad strategies. In the first, deletions are made to the adenovirus
genome that prevent replication in normal cells, but which allow replication in tumor cells with
genetic defects that complement the deleted viral gene functions. The earliest and most widely
used example of this is the dl1520 virus, otherwise known as Onyx-015.5 This virus lacks the
E1B-55k gene and was intended to replicate selectively within p53-deficient tumor cells.
However, later investigations into the mechanics of Onyx-015 replication have revealed that
the late functions of E1B-55k, namely the nuclear export of viral mRNAs and shutoff of host
protein translation, are the major determinants of its selectivity.6 Another example is the so-
called Δ24 mutant, in which a 24-bp deletion in the CR2 region of E1A results in a protein that
is unable to bind and inactivate the retinoblastoma tumor suppressor/cell cycle regulator
protein.7 This modification precludes efficient viral replication in cells with an intact G1-S
phase checkpoint.

The second broad strategy used to construct CRAds is to control the expression of genes
involved in viral replication with a tumor- or tissue-selective promoter (TSP). Typically, this
is done by placing the viral E1A gene, the first to be expressed in replication, under the control
of an exogenous promoter that is active in a particular cancer. The earliest example of this was
the use of the prostate-specific antigen (PSA) promoter in the prostate cancer-targeted virus
CN706.8 Other promoters employed in this way include the L-plastin (for breast and ovarian
cancer),9,10 tyrosinase (for melanoma),9 osteocalcin (for bone metastases of prostate cancer),
11 and Cox-2 (for gastric cancer) promoters.12 The human telomerase reverse transcriptase
(hTERT) promoter has also been used to control expression of E1A and restrict viral replication
to a range of telomerase-positive cancer cells.13,14 Alternatively, a TSP can be used to direct
the expression of other early viral genes critical for replication, such as E1B15 or E4,16 either
alone or in addition to E1A.

Rationale for armed CRAds
CRAds have already been used clinically. The most widely used thus far has been
Onyx-015,17 although others such as CN706, formerly known as CV706,18 and the related
CG787019 have been used as well. These trials have involved a variety of tumors and routes
of administration. Overall, the results of these trials have indicated that while oncolytic
adenoviruses are safe, they are unable to significantly alter the course of the disease. In light
of these findings, it is evident that the potency of CRAds must be improved. One means of
augmenting antitumor efficacy utilizes the CRAd as a platform for the delivery of a therapeutic
transgene, thereby creating a so-called armed replicating adenovirus, in which the input dose
of transgene is amplified by replication of the virus.20

Placement of transgenes
There are two key considerations that must be taken into account when inserting a therapeutic
transgene into a CRAd. First, given that replication is a critical feature of a CRAd, it is important
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that an insert not disrupt this replication, either by activity of the transgene itself, or by the
alterations made to the genome by the insert. Secondly, the packaging limitations of the virus
must be considered. Ad5 has a genome of approximately 36kb, and can stably encapsidate
genomes up to 38kb, or 105% of the wild-type genome.21 Thus, the size of any putative insert
is limited. Because of this limitation, space within the adenoviral genome must be used
economically. This can be achieved in part by utilizing the endogenous gene expression
machinery (promoter, polyadenylation and splicing signals). Since adenoviral genes are
expressed in well-characterized patterns (Figure 1), this strategy allows the amount and kinetics
of transgene expression to be predicted. Thus, a transgene can be inserted into the adenoviral
genome in a location that yields the ideal expression profile for that particular gene.

Transgenes under control of endogenous viral gene control elements
In general, armed CRAds employing native expression elements fall into two categories. In
the first category, a viral gene unnecessary for replication in the target cells is replaced with a
transgene. In this scenario, the native gene control elements flanking the deleted viral gene are
left intact and therefore direct expression of the inserted transgene. Viruses in this category
have been developed under the observation that the E3 transcription unit is not necessary for
viral replication. Thus, early armed CRAds were based on E3-deleted platforms (Figure 2).
One of the first involved the replacement of the entire E3 coding region with a transgene for
interferon. In this case, the E3 promoter and termination site were retained, and therefore
directed the expression of the transgene.22 In a similar approach, Doronin et al.23 deleted the
entire E3 region and then re-inserted the gene for adenovirus death protein (ADP), an E3 gene
product responsible for efficient cell lysis and viral release.24 This allowed ADP to be
expressed solely by the major late promoter (MLP), leading to high levels of expression, late
in the infection cycle.23 Later studies have exploited the complexity of the E3 transcription
unit, which encodes multiple overlapping mRNAs dependent on variable splicing events that
are expressed with different timing. This raises the possibility of arming a CRAd with multiple
transgenes. Hawkins et al. constructed a number of armed CRAds in which transgenes were
substituted for the 6.7k/gp19k, ADP, or E3B genes, respectively. It was found that in each case,
the expression of the transgene mimicked that of the replaced viral gene with respect to timing
and levels, and that effects on the surrounding viral genes were minimal.25-27 While this study
involved the replacement of 6.7k/gp19k or E3B as a unit, it is also possible to replace the
gp19k28 or (E3B) 14.7k29 genes individually. Furthermore, it has also been demonstrated that
multiple transgenes can be inserted into the E3 transcription unit, while maintaining the
expression of the remaining E3 genes.30,31 In order to identify additional sites for transgene
insertion, Jin et al. utilized a transposon-based system to scan the adenovirus genome for
insertion sites that did not compromise the viral life cycle. In this study, a reporter transgene
was linked to a splice acceptor site such that expression depended on endogenous promoters.
A variety of insertion sites were discovered, located primarily between E3 and the adjacent L5
gene and in and around the E4 gene. In every case, transcripts originated from the MLP. It is
important to note, however, that in order to accommodate the transposon, the viral genome
used was E3-deleted. Thus, additional insertion sites within E3 may be possible.32 Finally,
transgenes have also been expressed from the L3 region of the genome.33 This strategy,
described by Robinson et al., also relied on a splice acceptor sequence but retained all viral
genes. In a comparison of E3 14.7k and L3 as insertion sites, both yielded high levels of
transgene expression with expression from L3 being more strictly dependent on viral DNA
replication.33

The second category of armed CRAds employing endogenous gene control elements are those
in which a transgene is linked to a viral gene by an internal ribosome entry site (IRES), which
allows both genes to be expressed as a single transcript (Figure 3). This allows the transgene
to be expressed in a similar fashion to the gene to which it is linked, both in amount and timing.
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The most common example of this strategy is to link a therapeutic transgene to the viral fiber
gene. This location has been used by several different groups to express p53,34 yeast cytosine
deaminase (yCD)35 and nitroreductase,36 respectively. In each case, it was found that the
inserted transgene was expressed late in the infection cycle, and to high levels. Late expression
has a number of advantages. Expressing a transgene after viral DNA replication avoids the
complication of using cytotoxic transgenes that can interfere with viral replication. Secondly,
allowing viral replication to proceed before expression of a transgene amplifies the available
transcript templates in a given cell. Finally, by limiting expression of the transgene to cells that
support replication of the CRAd, the problem of transgene expression in normal cells is
avoided. However, the fiber gene is not the only viral gene that can be used to support the
expression of a transgene via an IRES. In order to explore the expression of transgenes at earlier
time points, Rivera et al. constructed three different viruses in which the luciferase reporter
gene was linked to E1A, E2 and fiber, respectively. In each case, expression of the transgene
closely mimicked that of the gene to which it was linked, both in timing and amount. However,
the E1A-IRES-luciferase virus had attenuated expression of E1A, E1B and fiber. Overall, the
use of fiber-IRES was shown to yield the highest expression of luciferase.37 Similarly, Wirth
et al. used an IRES to link expression of enhanced green fluorescent protein (EGFP) from the
E1B promoter in a virus with E1A under the control of the hTERT promoter. The expression
of EGFP from this virus was found to be more selective and longer sustained than that from
the non-replicating control virus, in which GFP expression was driven by the CMV promoter.
13

Transgenes under control of exogenous promoters
Armed CRAds have also been constructed in which the therapeutic transgene is under the
control of a non-native promoter. In general, these armed CRAds are deleted for the E3 region,
which is non-essential for viral replication. This deletion provides space within the genome,
allowing the insertion of larger expression cassettes than could be accommodated by a wild-
type genome. Armed CRAds with exogenously controlled expression cassettes can be divided
into two classes. In the first, the exogenous promoter, either a TSP or constitutively active
promoter, is used to drive the expression of a single transcript, with a therapeutic transgene
linked by an IRES to the viral E1A gene (Figure 4). Thus, the transgene is expressed
concurrently with E1A at the start of the viral life cycle. The order of the transgene, IRES and
E1A within the cassette is flexible. For example, Ye et al. constructed a CRAd with an E1A-
IRES-TRAIL cassette driven by the AFP promoter38 while Akbulut et al. constructed a CRAd
with a CD-IRES-E1A cassette expressed from the L-plastin promoter.10 The constitutively
active CMV39 and RSV40 promoters have also been used to control the expression of cassettes
in which E1A is linked via an IRES to a transgene.

The second class of armed CRAds with expression cassettes containing exogenous promoters
comprises those CRAds in which a TSP or constitutively active promoter drives the expression
of the transgene alone (Figure 5). Two locations within the adenoviral genome have most often
served as sites for transgene insertion. Many investigators have inserted transgenes in the place
of the E1B-55k gene.41,42 This strategy is based on a desire to improve the efficacy of
Onyx-015, and depends on the deletion of E1B-55k for selectivity of replication. Many of these
viruses lack the E3 region of the genome,41 while others retain ADP and the rest of E3, in
order to further improve potency.42 Other groups have inserted transgenes in the E3 region of
the genome of viruses in which the E3 region has either been entirely43 or partially44,45
deleted. In the latter case, the deletion of E3B alone allows the retention of the ADP gene. In
addition to E1B-55k and E3, other locations within the viral genome can also be used for
transgene insertion, such as 5′ to E1A46 or the right end of the genome (3′ to E4).47,48
Moreover, Kretschmer et al. used the transposon-based system mentioned earlier to uncover
yet other insertion sites for promoter-containing expression cassettes. At least seven sites were
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identified that allowed the recovery of viruses, including sites within the E1A promoter,
between E1A and E1B, within the E1B gene, and within the junction between the fiber gene
and the E4 gene.49 As before, the genomic backbone was E3-deleted, meaning that additional
insertion sites within E3 may be possible. Further work will be necessary to fully characterize
these viruses with respect to oncolytic potency and gene expression.

Therapeutic transgenes employed in armed CRAds
CRAds have been armed with a variety of transgenes, representing diverse strategies for the
eradication of a tumor. In this review, the various transgenes will be organized into three broad
categories according to the focus of their activity. The first group will be comprised of
transgenes that directly enhance the killing of the cancer cell, including those that affect only
the infected cell, those with bystander effects, and those that enhance viral spread. The second
group will include transgenes that modulate the tumor microenvironment, and thus effect tumor
killing indirectly. The final group will consist of transgenes that stimulate an immune response
to the tumor. Thus, the focus of the following discussion will begin with the tumor cell before
moving to the tumor microenvironment and then to the interaction between the tumor and the
immune system.

Transgenes that enhance cell killing
Many of the transgenes selected for CRAds are intended to bring about the death of the infected
cell, independent of direct viral oncolysis. A number of different mechanisms of action have
been employed. Several investigators have utilized interfering nucleic acids directed against
cell cycle regulators in order to stimulate cell death. One group has generated a series of related
viruses in which antisense cDNAs directed against the genes encoding polo-like kinase 1
(plk1),50 checkpoint kinase 1 (chk1),51 and checkpoint kinase 2 (chk2)52 have been inserted
in place of the E3 6.7/gp19k gene in a genome with a Δ24-like mutation in E1A. In each case,
the intravenous administration of virus along with cisplatin led to a reduction in metastasis and
an improvement in survival (versus unarmed controls) in orthotopic models of hepatocellular
carcinoma. In a similar approach, Zhang et al. developed an armed CRAd by cloning an
expression cassette consisting of the PolIII (H1) promoter and the DNA for a small interfering
RNA (siRNA) against the oncogene K-ras into the E3B region of Onyx-411. This combination
of siRNA treatment and viral oncolysis yielded an additive antitumor effect in vitro, while
maintaining the viral replication and selectivity of the parent vector. This virus also proved
more effective than the unarmed control at suppressing tumor growth in vivo, when injected
into subcutaneous tumors.44

Others have sought to stimulate apoptosis of the infected cell. Cui et al. showed that CRAds
armed with suppressor of cytokine signaling 3 (socs3) mediated more effective tumor growth
suppression than a CRAd expressing a reporter gene from the same backbone, in a
subcutaneous model of hepatocellular carcinoma.53 One group has generated a series of
E1B-55k-deleted CRAds armed with different pro-apoptotic transgenes such as second
mitochondria-derived activator of caspases (Smac),54 X-linked inhibitor of apoptosis protein
(XIAP)-associated factor 1 (XAF1),55 suppressor of tumorigenicity-13 (ST13),56 an siRNA
against the antiapoptotic factor apollon57 or the antioxidant enzyme manganese superoxide
dismutase (MnSOD)58 which has been shown by some to act as an antiproliferative and
apoptosis inducer in cancer cells. Each of these viruses demonstrated significant oncolytic
activity both in vitro and upon intratumoral injection in vivo, while some have induced
synergistic oncolytic effects when combined with the chemotherapeutic agents 5-fluorouracil
(5-FU)57,59,60 and cisplatin.60

The above-mentioned transgenes enhance only the killing of the infected cell. This is a
significant limitation to their utility because current CRAds are unable to spread throughout
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entire tumors. However, the reach of an oncolytic virus can be extended by arming with
therapeutic genes that can act on uninfected cells. To date, the most widely used transgenes
for the enhancement of cell killing are the “suicide genes” that encode prodrug-converting
enzymes, which convert non-toxic prodrugs into toxic metabolites, thereby avoiding the
systemic toxicities associated with conventional chemotherapy. An important feature of suicide
gene therapy is the “bystander effect”, in which the toxic metabolites of the prodrug diffuse
away from the expressing cell and kill neighboring cells. Whereas replication-defective vectors
have previously been used to deliver suicide genes, a lack of transduction efficiency limited
the potency of these vectors. It was thought that the use of replicating adenoviruses would offer
improved tumor transduction and thus enhanced potency over the earlier vectors.

Two of the earliest enzyme/prodrug systems to be used in replicating adenoviruses are the
herpes simplex virus thymidine kinase/gancyclovir (HSV-TK/GCV) and the cytosine
deaminase/5-fluorocytosine (CD/5FC) systems. Wildner et al. conducted a series of studies on
CRAds in which the E1B-55k gene had been replaced with HSV-tk. These studies showed that
the TK/GCV system can enhance the potency of a replicating adenovirus both in vitro39 and
when delivered intratumorally in vivo, although the timing of GCV administration was of
critical importance.39,61 This improved potency was also seen by another group using a CRAd
with TK in place of E3 gp19k, injected into subcutaneous tumors.28 However, other
investigations have shown that GCV administration does not improve the potency of TK-armed
adenoviruses with wild-type E1B, in both subcutaneous and intraperitoneal tumor models.
62,63 It has since been demonstrated in similar models that efficacy in this system is highly
dependent on the E1B-55k gene, since TK/GCV can enhance the oncolytic potency of
adenoviruses that lack E1B-55k but can limit the potency of the inherently more oncolytic
CRAds that express E1B-55k.64,65 Additionally, the amount of GCV given may also be
important. While this ability of GCV to inhibit replication of a TK-armed CRAd is a limitation
with respect to oncolysis, it allows the system to be used as a safety mechanism to prevent
uncontrolled dissemination.66

The bacterial CD gene converts the prodrug 5-FC into the cytotoxic agent 5-fluorouracil (5-
FU). Because 5-FU can be incorporated into RNA as well as DNA, it is toxic to both non-
dividing and dividing cells and is well suited for use against heterogeneous human tumors.
When used to arm a CRAd, the CD/5-FC system has been shown to yield an additive cytotoxic
effect in vitro10 and to improve survival upon intratumoral injection in subcutaneous models
of colon10 and breast cancers.67 Zhan et al. developed a CRAd with CD in the place of E3B.
In a subcutaneous model of prostate cancer, this virus was delivered intravenously to
demonstrate an antitumor response that was enhanced by the use of 5FC.68 One CD-armed
CRAd carried an additional transgene, heat shock protein 3 (hsp3), which was inserted in place
of E3 for the purpose of stimulating an antitumor immune response; its utility was demonstrated
by injection into subcutaneous tumors in a syngeneic, immunocompetent murine model of
melanoma.69 In another study by the same group, the CD/5FC system improved the
cytotoxicity of a CRAd when a relatively low multiplicity of infection (MOI) was used, but
had no effect on cytotoxicity at a higher MOI, an effect that was seen both in vitro and following
injection of subcutaneous tumors in vivo.70 As with TK/GCV, this probably reflects the
inhibitory effect of CD/5FC on viral replication. Finally, at least two groups have used the
yeast version of CD (yCD), which has greater catalytic activity than the bacterial version, to
arm CRAds directed against colon cancer, 35 and in an orthotopic model of glioma.7

In an effort to further enhance potency while conserving genome space, a fusion gene
incorporating both TK and CD has been created. One of the earliest armed replicating
adenoviruses was developed by Freytag et al., who armed an E1B-55k-deleted virus with a
CD/TK fusion gene. The initial study showed that the use of prodrugs enhanced the cytotoxicity
of a replicating adenovirus but also inhibited viral replication. Furthermore, the suicide genes
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sensitized cancer cells to radiation.41 In a later set of in vivo studies with this virus, double
suicide gene therapy was more effective than either gene alone, and the addition of radiation
led to cures in some animals bearing either subcutaneous or intramuscular cervical carcinoma
xenografts.71 These encouraging results led to the first clinical trials involving the delivery of
a transgene by a replicating adenovirus. These phase I clinical trials for prostate cancer
established the safety of an intratumorally-delivered armed, replicating adenovirus either
alone72 or in combination with radiation therapy.73 There was evidence of efficacy in some
patients, which may have translated into long term benefit.74 This virus was later improved
by the use of a yCD gene fused to a mutant version of TK, which is more active than the wild-
type version. The resulting virus was then further adapted to carry either human sodium iodide
symporter (hNIS) for imaging purposes75 or ADP, which enhanced the potency and spread of
the virus when injected into intramuscular tumors in vivo.76 As with the earlier version,
radiation enhanced tumor response to the virus in vivo77 and safety was established in a clinical
trial.78

In addition to the more widely used enzyme/prodrug systems mentioned previously, several
other systems have been used in replicating adenoviruses. A CRAd armed with uracil
phosphoribosyl transferase (UPRT), which converts 5-FU to more toxic metabolites, enhanced
survival in a biliary cancer model in which both cells and virus were administered
intraperitoneally. This effect, however, required optimal timing of prodrug administration,
which varied among the cell lines used.79 UPRT has also been used in the form of a CD/UPRT
fusion gene. This study, by Bernt et al., also included a replicating adenovirus armed with a
secretory human β-glucuronidase, an enzyme that converts the water-soluble prodrug 9-
aminocamptothecin to the membrane-permeable metabolite 9-aminocamptothecin
glucuronide, a topoisomerase I inhibitor. There were indications that the prodrug therapy
enhanced viral replication and spread in liver metastases, which was the case for both viruses
following intravenous delivery.80 Other examples of prodrug-converting enzymes used to arm
CRAds include the carboxypeptidase G2/ZD2767P and nitroreductase/CB1954 systems, each
of which can kill both dividing and non-dividing cells. The former system, which does not
inhibit viral replication, was shown to improve survival after a single intravenous
administration in subcutaneous models of both hepatocellular81 and colon carcinomas.82 The
latter system improved the cytotoxicity of a CRAd in vitro, but inhibited viral replication and
thus far has offered only minimal improvements in survival in vivo upon intravenous36 or
intratumoral delivery.83 Used in a different viral platform and in conjunction with a different
prodrug (SN 28343), however, a CRAd expressing NTR exhibited potent antitumor activity
when delivered intravenously to subcutaneous lung carcinoma xenografts.84 Finally, the
carboxylesterase/CPT-11 system has been used in a CRAd by at least two groups to enhance
cytotoxicity in vitro48 and improve survival in vivo following intravenous delivery to
subcutaneous cervical carcinoma xenografts.85

Some transgenes used to augment cell killing do so by enhancing viral spread. In one instance,
this has been accomplished using a native adenoviral gene, the adenovirus death protein (ADP).
A critical step in the adenovirus infectious cycle is the lysis of the infected cell, which releases
progeny virions that can then propagate the infection. In the wild-type adenovirus, this process
is mediated chiefly by ADP. While ADP is not required for lysis of the infected cell, its presence
makes the release and spread of viral progeny much more efficient.24 Doronin et al. sought to
exploit this important property by reinserting ADP into the E3 region of two E3-deleted CRAds,
designated KD1 (lacking all of E3) and KD3 (lacking all of E3 except 12.5k). As expected,
KD1 and KD3 overexpressed ADP and exhibited enhanced release and spread versus controls
with wild-type levels of ADP expression.23 Furthermore, KD1 and KD3, injected
intratumorally, were more effective than a control with wild-type levels of ADP (dl01/07) at
suppressing subcutaneous tumor growth in vivo in selected cases. The concept of using ADP
to arm a CRAd was further explored in studies by this group employing derivatives of these
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viruses in which the E4 gene was placed under the control of TSPs such as the surfactant protein
B16 and hTERT promoters,86 as well as a synthetic TCF promoter.87 Additionally, this family
of viruses has been used in conjunction with radiation, resulting in greater tumor cell killing
than either treatment modality alone, both in vitro and when injected into subcutaneous lung
cancer tumors in vivo.88 Finally, another group found that placing ADP under the control of
the CMV promoter in an E3-deleted genome yielded a more oncolytic virus than one with ADP
under the control of the major late promoter.89

The tumor suppressor p53 has been used as a therapeutic gene to induce apoptosis, enhance
viral release, and improve the oncolytic potency of a CRAd with a Δ24-modified genome in
several different cancer cell lines of diverse origins, independent of the p53 status of the cell
line.43 The enhanced potency of this p53-armed CRAd was also demonstrated in vivo by
intratumoral injection into subcutaneous xenografts of primary glioma90 and neuroblastoma
cells.91 The potency of both the armed and unarmed version of this CRAd can be enhanced
by radiation therapy to the extent that both viruses were equally effective in a glioma model.
92 While these studies relied on early expression of p53 from the simian virus 40 early
promoter, another group showed that the late expression of p53 from an ADP-deleted CRAd
also enhanced oncolysis, viral release and spread without impairing viral replication.
Furthermore, a CRAd armed with p53 was shown to be more potent than the CRAd retaining
ADP in several lung cancer cell lines, but less potent in normal fibroblasts.34 However, some
cancer cells are resistant to the oncolysis-enhancing effect of p53.43 The biological basis of
the resistance is degradation of p53 by factors such as murine double minute 2 (MDM2),93
human papillomavirus (HPV) E6 protein,94 or adenovirus E1B-55k.95 Hence, this resistance
has been overcome by the development of p53 variants that are unaffected by these degradation
pathways93-95 or by the use of small molecule inhibitors of MDM2.96 It should also be noted
that p53 has the potential for other antitumor effects beyond those mentioned above. The
expression of p53 alters the expression of factors that influence angiogenesis, exerting a
bystander effect on untransduced cells by inhibiting the growth of new blood vessels needed
to sustain a growing tumor.97-99 Therefore, while the antiangiogenic properties of p53 have
not yet been directly studied in the context of a CRAd, these properties make p53 an attractive
transgene for further study.

The HIV env gene has also been used to enhance the spread of a CRAd. HIV env encodes a
precursor protein that undergoes proteolytic processing to yield two fusogenic membrane
glycoproteins that can then induce the formation of syncytia among cells expressing CD4 and
an appropriate coreceptor. An HIV env-expressing adenovirus was first developed by Dewar
et al. by placing the gene under the control of the E3 promoter in an E3-deleted Ad5 genome.
100 Later, Li et al. used CD4+ HeLa cells in a model system to explore the possibility of using
this virus as an anticancer therapeutic for CD4+ cancers such as CD4+ T cell lymphomas and
malignant histiocytosis. It was found that syncytium formation had no effect on adenoviral
replication, and that the expression of HIV env improved the dispersion of both adenoviral
gene products and progeny virions.101

Another protein used to enhance the spread of a CRAd is TNF-related apoptosis-inducing
ligand (TRAIL). TRAIL is a transmembrane protein that is processed into a soluble molecule
able to induce apoptosis in a variety of cancer cell types, while not causing any toxicity in
vivo. Sova et al. demonstrated that a TRAIL-armed CRAd exhibits enhanced oncolysis and
spread in a variety of tumor cell types in vitro. The enhanced spread was also shown in vivo,
and led to the elimination of pre-established liver metastases of colon cancer by the
intravenously administered CRAd.40 This armed CRAd also exhibited enhanced antitumor
efficacy in a subcutaneous model of glioblastoma102 and has been used in conjunction with
an adenoviral vector expressing the immune-stimulating factor FMS-like tyrosine kinase 3
ligand (Flt3L) in a syngeneic murine model of breast cancer. The addition of Flt3L to treatment
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with a TRAIL-expressing CRAd had an additive antitumor effect upon intratumoral injection,
but did not completely eliminate established subcutaneous tumors.103 Another group has used
TRAIL-armed CRAds in combination with chemotherapeutic agents such as cisplatin104 and
5-FU,105 in conjunction with non-replicating vectors expressing the NFkB inhibitor
CYLD106 and the k5 domain of the antiangiogenic factor plasminogen,107 and in combination
with CRAds expressing Smac,54 MnSOD,58 IL-24,108 and an siRNA against XIAP.109 In
general, intratumoral injection of CRAds armed with TRAIL yield antitumor efficacy in vivo
that can be synergistically enhanced by other factors. In some cases, pre-established
subcutaneous tumors have been eliminated by these combination therapies.54,58,105-108

Modulation of the tumor microenvironment
The transgenes discussed above all augment killing of cancer cells. However, a tumor is a
complex entity composed not only of cancerous cells, but also other cell types such as
inflammatory cells, fibroblasts, and endothelial cells. This heterogeneity results from the
complex processes of invasion and angiogenesis, during which malignant cells recruit normal
cells from the nearby stroma to migrate toward and sustain the growing tumor. Thus, both
tumors and metastases require the active participation of the stroma for the remodeling of the
extracellular matrix and ingrowth of new blood vessels.110 In light of this, armed CRAds have
been developed that carry transgenes that modulate this microenvironment, thereby acting on
the cancerous cells indirectly. CRAds carrying transgenes directed against the tumor stroma
can be organized into two categories: those that modulate the extracellular matrix, and those
that inhibit angiogenesis.

Several armed CRAds developed thus far have carried transgenes that act upon extracellular
matrix components. Lamfers et al. evaluated a Δ24 virus armed with tissue inhibitor of
metalloproteinase 3 (TIMP3) in a murine model of glioma.111 TIMP3 inhibits the action of
matrix metalloproteinases (MMPs), which are proteolytic enzymes that degrade extracellular
matrix and basement membrane components. Because these processes release factors that
promote tumor growth and angiogenesis, their inhibition by TIMP3 suppresses tumor
invasiveness and angiogenesis. It was found that the TIMP3-armed virus exhibited enhanced
oncolysis and suppression of cell proliferation in vitro. However, while intratumoral injection
of the armed virus inhibited tumor growth and prolonged survival in vivo, TIMP3 expression
did not improve efficacy over the control virus, in either subcutaneous or intracranial tumor
models. This may have been due to the size of the tumors or redundancy in proteolytic cascades.
111

A contrasting approach is the use of a transgene that promotes rather than inhibits the
degradation of the extracellular matrix. Relaxin, a peptide hormone that downregulates
expression of collagen and upregulates expression of MMPs, has been exploited by two groups
with the goal of improving the spread of a CRAd through a tumor by reducing the presence of
connective tissue barriers. Kim et al. armed a CRAd with relaxin by replacing the entire E3
region with a CMV-relaxin cassette,112 while Ganesh et al. replaced E3 14.7k with relaxin in
a CRAd that also carried a gene for human GM-CSF and included a chimeric fiber pseudotyped
with the Ad35 knob.31 Overall, arming the CRAds with relaxin enhanced viral spread in a
variety of in vitro and in vivo tumor models, including intratumoral injection of subcutaneous
tumors31 and intravenous delivery to orthotopic tumors,112 and improved survival of tumor-
bearing animals in vivo. However, in the Ganesh study, which used a more potent ADP-
expressing CRAd, the improvement in efficacy over an unarmed control virus was only seen
in cells with poor transduction efficiency. Importantly, injection of subcutaneous tumors with
a relaxin-armed CRAd yielded no increase in metastasis in one study,31 and reduced metastasis
in the other study,112 although cells infected with this CRAd exhibited enhanced invasiveness
in vitro.31
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Other CRAds have been armed with transgenes that inhibit the process of angiogenesis. One
group has constructed two similar armed CRAds by replacing the E1B-55k gene with a gene
for murine endostatin, a potent antiangiogenic factor that inhibits endothelial cell proliferation.
The endostatin-armed CRAds exhibited improved oncolysis versus unarmed controls and an
enhanced ability to suppress tumor growth after intratumoral administration in subcutaneous
in vivo models of hepatocellular carcinoma (using a viral platform with wild-type E1A)113
and gastric cancer (using a version with E1A under control of the human TERT promoter).
114 Another group constructed a series of CRAds armed with short hairpin RNAs directed
against vascular endothelial growth factor (VEGF)115 and/or interleukin 8116 or a zinc-finger
protein targeted against the VEGF promoter.117 In all cases, the armed CRAds inhibited
angiogenesis and demonstrated enhanced antitumor efficacy when injected intratumorally in
subcutaneous models of glioma,115,117 hepatocellular carcinoma and lung carcinoma.116
Additionally, intrapleural administration of one of these CRAds inhibited lung metastases of
breast cancer in a murine model.116 Finally, a CRAd armed with soluble Flt-1, an inhibitor of
VEGF, exhibited enhanced potency over an unarmed control both in vitro and in vivo in a
subcutaneous model of colon carcinoma.118

Immunomodulatory transgenes
The third class of transgenes used to arm CRAds comprises those that stimulate the immune
system. In general, these factors are intended to recruit immune cells to the site of infection
and induce their proliferation and activation. Many of these factors are also directly toxic to
tumor cells or have antiangiogenic properties. Recruitment of the immune system has the
potential to destroy not only the primary tumor, but also to mediate the clearance of metastatic
disease and provide long term suppression of recurrence. In some cases, the efficacy of CRAds
armed with immunomodulatory transgenes has been evaluated in immunocompetent models.
However, many studies have relied on human xenograft tumors established in immunodeficient
mice in which the full potential of these strategies could not be realized.

Two cytokines that recruit immune cells to the site of infection are monocyte chemotactic
protein 3 (MCP-3) and granulocyte-macrophage colony-stimulating factor (GM-CSF). MCP-3
was used by Bauzon et al. in a demonstration of multiple transgene expression from a CRAd
(in a virus armed also with TNFα), although this study did not examine efficacy.30 GM-CSF
has been used in numerous studies to improve the oncolytic potency of an intratumorally-
injected CRAd, in some cases leading to the elimination of established subcutaneous
tumors29,119,120 or, following intravesicular administration, elimination of orthotopic
bladder cancer xenografts.120 In a study by Choi et al. using an immunocompetent murine
model of melanoma, injection of a CRAd armed with murine versions of both GM-CSF and
the T cell co-stimulatory molecule B7-1 into subcutaneous tumors led to disease-free survival
in some animals, and also protected these animals from rechallenge.121

Other cytokines used to arm CRAds have multiple functions. As an example, TNFα increases
MHC class I expression, is cytotoxic to tumor cells and can destroy tumor vasculature. Kurihara
et al. showed that TNFα improved the ability of a CRAd to suppress tumor growth after
injection into subcutaneous tumors in an immunodeficient murine model of breast cancer, an
effect that lasted over 100 days.46 Interferons (IFNs), a class of cytokines, have also been used
to arm CRAds. In the earliest study, an interferon consensus gene was inserted into the E3
region of a virus with wild-type E1 by Zhang et al. The IFN enhanced viral oncolysis both in
vitro and after intratumoral injection in vivo, using subcutaneous human breast cancer or
leukemia cell tumors in immunodeficient mice as well as Syrian hamsters with a syngeneic
melanoma cell line.22 IFN-γ, which increases MHC class I expression, recruits immune cells
and has antiangiogenic properties, was used in a study by Sarkar et al. In an immunodeficient
murine model of pancreatic cancer, a CRAd armed with IFN-γ eliminated injected
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subcutaneous tumors as well as distant, non-injected xenografts in a majority of the treated
animals. These distant tumors displayed evidence of viral replication. Secondly, while immune
cell infiltration was not assayed, antitumor activity was demonstrated in vitro by splenic cells
isolated from treated animals.122 Su et al. generated two CRAds armed with either human or
murine IFN-γ. IFN-γ improved the potency of the CRAds in vivo. This tumor suppression was
evidenced following intratumoral injection in both immunodeficient and immunocompetent
subcutaneous models of hepatocellular carcinoma, with a greater effect seen in the
immunocompetent model.123 Shashkova et al. armed an ADP-overexpressing CRAd with
human IFN-α, which is similar to IFN-γ in function but also has apoptosis-inducing effects.
This cytokine also improved potency of the CRAd, when injected into subcutaneous tumors,
in both an immunodeficient murine model of hepatocellular carcinoma and an
immunocompetent Syrian hamster kidney cancer model. It was also shown that IFN-α inhibited
viral replication in normal human lung fibroblasts and decreased liver toxicity after intravenous
administration in two animal models.124 Furthermore, when subcutaneous hepatocellular
carcinoma xenografts were injected with this CRAd and a non-replicating vector expressing
TRAIL, an improvement in survival and tumor growth suppression was exhibited.125

Several CRAds armed with interleukins have also been generated. IL-4, which has
antiangiogenic as well as immune-activating properties, was used to arm a hypoxia-targeted
CRAd by Post et al. In two immunodeficient murine models of glioma, the armed CRAd
exhibited superior potency to the unarmed CRAd when injected into subcutaneous tumors.
Infiltration of immune cells was also verified.126 As in other studies, the armed CRAd would
be expected to be even more potent in a fully immunocompetent model. IL-12 not only
stimulates the proliferation of immune cells, it also stimulates production of IFN-γ and
TNFα. Lee et al. demonstrated that IL-12 improved the potency of a CRAd injected into
subcutaneous tumors in an immunocompetent murine model of melanoma. Moreover, a CRAd
armed with both IL-12 and B7-1 was shown to improve antitumor efficacy and survival even
further. Both viruses stimulated an antitumor immune response.127 IL-24, also known as
melanoma differentiation-associated gene 7 (MDA-7), stimulates the production of other
cytokines such as IL-6, IFN-γ, TNFα, IL-1β, IL-12 and GM-CSF. In addition, it has potent
antiangiogenic, apoptosis-inducing, and bystander effects. Sarkar et al. developed a CRAd
armed with IL-24. Intratumoral administration of this armed CRAd eliminated primary
subcutaneous tumors of breast128 or prostate129 cancer and either stimulated regression or
eradication of distant tumors, in two immunodeficient murine models. This effect on distant
tumors was shown to be due at least in part to viral replication. Furthermore, in the prostate
xenograft model, the armed CRAd lysed cells overexpressing an apoptosis inhibitor, which
were resistant to the activity of IL-24 alone.129 Other CRAds armed with IL-24 have
demonstrated enhanced oncolytic potency versus control viruses upon intratumoral injection
in subcutaneous models of leukemia130 and hepatocellular carcinoma, including some
complete responses.131

Heat shock proteins are another class of immunomodulatory factors used to arm CRAds. In
general, these proteins chaperone peptides to antigen-presenting cells and are employed to
provoke an antitumor immune response. Additionally, heat shock proteins can attract and
activate various immune cells. Heat shock protein 70 (hsp-70) improved the potency of a CRAd
constructed by Huang et al., allowing the elimination of subcutaneous melanoma tumors
injected intratumorally in an immunocompetent model. In separate experiments, the armed
CRAd also protected treated mice from tumor rechallenge, and reduced the size of distant
tumors. These effects were not reproduced in an immunodeficient model, indicating
involvement of the immune system.132 Another group constructed a melanoma-targeted
CRAd doubly armed with both CD and hsp-70. In an immunocompetent model of melanoma,
the armed CRAd alone did not significantly suppress tumor growth following injection of
subcutaneous tumors. However, mice treated with both the armed CRAd and 5-FC experienced
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tumor suppression superior to that yielded by a replicating virus expressing CD alone.
Moreover, mice treated with both the armed CRAd and 5-FC were protected from tumor
rechallenge while those treated with the armed CRAd alone were not, suggesting that robust
oncolysis is required to stimulate an antitumor immune response.69 CRAds have also been
armed with the heat shock protein gp96. In a study by Di Paolo et al., a gp96-armed CRAd
suppressed tumor growth and stimulated an antitumor immune response in immunocompetent
mice bearing subcutaneous tumors of infected TC-1 cells, an immortalized murine epithelial
cell line expressing HPV16 E6 and E7. Two similar CRAds were generated, armed with either
secretory or membrane-bound forms of gp96, with the secretory form being more efficacious.
Treatment with cyclophosphamide, an inhibitor of regulatory T cells, enhanced this antitumor
effect.133

Challenges and future directions
From the animal studies performed to date, it is evident that the rational design of arming
strategies for CRAds can yield therapeutic benefit. In most of the studies reviewed here, armed
CRAds have been shown to be more efficacious than unarmed CRAds with the same adenoviral
backbone. Moreover, the antitumor efficacy of some armed CRAds can be further improved
by the concurrent use of other treatment modalities such as radiation or chemotherapy.
However, most in vivo studies of armed CRAds thus far have been conducted by direct
intratumoral injection of subcutaneous xenografts established in immunodeficient mice. The
use of these models reflects the difficulty in overcoming the obstacles associated with delivery
in the human clinical context. Challenges remain with respect to systemic delivery, immune
response to the armed CRAd, and the monitoring of injected CRAds. These are the same
challenges facing the delivery of unarmed CRAds, and thus the same solutions will be
applicable to both.

Systemic delivery
In cases in which armed CRAds can be used for localized tumors, direct intratumoral injection
of the CRAd is the most efficient way to deliver a high number of viral particles. However, in
the clinical setting, patients may have tumors that are inaccessible or are already metastatic at
the time of detection. For these reasons, the systemic administration of armed CRAds remains
an important goal. However, the systemic administration of adenoviruses is currently
associated with a number of challenges. One problem is the sequestration of the virus by non-
target organs. Upon intravenous delivery, the majority of the virus is taken up by the liver.4
Recent studies have demonstrated that adenoviral uptake by hepatocytes depends on binding
of the hexon capsid protein to coagulation factor X (FX).134,135 Hence, it is now possible to
design rational strategies to decrease liver uptake and thereby maintain CRAds in circulation
for delivery to target tissues. It has been shown in mice that liver transduction can be reduced
by treatment with the anti-coagulation drug warfarin or by genetic modification of the Ad5
hexon to ablate binding to FX. Furthermore, Ad serotypes have been identified that do not bind
FX.135

Modification of the fiber capsid protein will also play an important role in developing targeted,
injectable CRAds. Infection of a target cells depends upon primary binding of the fiber knob
to the coxsackie and adenovirus receptor (CAR) on the cell surface. Many tumor cell types are
CAR-deficient.136 Thus, the efficacy with which CRAds infect tumor cells can be increased
by modifying the viruses to achieve efficient infection via CAR-independent pathways.137
Furthermore, the CAR-dependence of transduction contributes to sequestration of systemically
delivered virus in non-target, CAR-expressing cells. Modification of adenoviral tropism can
be accomplished by altering the fiber knob to redirect binding to alternate cellular receptors.
Two general strategies have been developed to achieve this end. In the first, the virus is
complexed with molecular bridges, either chemical conjugates or recombinant fusion proteins
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with specificity for both the knob and a cellular receptor. The second strategy relies on genetic
modification of the fiber, either by pseudotyping (substitution of the Ad5 fiber in total or in
part with that of another Ad serotype) or by the incorporation of ligands into the fiber knob.
These strategies allow efficient transduction of CAR-deficient target cells.138

Physical barriers, such as the endothelium, must also be overcome for a systemically delivered
CRAd to mediate efficient tumor cell transduction. The endothelial cell barrier may be
circumvented through the use of carrier cells. Cell types that have a propensity to home to
either primary or metastatic tumors, such as endothelial progenitors, mesenchymal stem cells,
immune cells or cancer cells have all been used as carriers in animal studies.139 For example,
mesenchymal stem cells can be infected with CRAds prior to inoculation into animals and can
deliver CRAds to lung metastases of breast cancer.138 Carrier cells can also hide the CRAd
from neutralization by circulating antibodies, an additional obstacle to systemic delivery.
Neutralization by antibodies is a potentially significant problem, since most cancer patients
will have pre-existing immunity to adenovirus. Additional strategies to shield the virus from
neutralizing antibodies and decrease hepatotoxicity include coating the virus with polymers
such as polyethylene glycol or HPMA,83 or relying on hexon chimerism with alternate Ad
serotypes, especially rare or non-human serotypes to which patients will not previously have
been exposed.138 In general, all the strategies mentioned above seek to prolong the half-life
of a CRAd in the bloodstream, which is necessary to deliver the maximum number of particles
to the target site. Furthermore, strategies to overcome one obstacle can provide benefit against
another, as is the case with carrier cells.

Immune response
Aside from the role played by neutralizing antibodies, the immune system presents another set
of challenges that must be overcome before armed CRAds can be established as anticancer
therapeutics. The immune response to systemically administered CRAds occurs in two phases.
During the innate phase, the majority of systemically administered CRAds are taken up and
degraded by macrophages and Kupffer cells in the liver. These cells, along with dendritic cells,
release a variety of pro-inflammatory cytokines within hours of transduction. This innate
response is dose dependent, as it depends on capsid proteins and does not require adenoviral
DNA replication. Therefore, the use of more potent armed CRAds will allow smaller viral
doses to be administered and should reduce the acute inflammation. The transient depletion of
Kupffer cells and macrophages by pharmacological means can also reduce the innate response.
The second phase of the immune response becomes relevant 24 hours after administration as
the cellular response is activated. This phase can potentially be reduced through the use of
immunosuppressive drugs like cyclosporine. In an alternate approach, T cell activation can be
blocked by antibodies specific to CD40 ligand or the co-stimulatory molecule B7.47,140
However, strategies that rely upon systemic immune suppression carry the inherent risk of
leaving patients vulnerable to opportunistic infection. Ultimately, many of the issues related
to the immune response to CRAds may be resolved through the increased understanding that
will come with the use of more appropriate models. For reasons mentioned earlier, most studies
of armed CRAds have been performed in immunodeficient mice, although more refined models
currently exist. The use of immunocompetent mice69,103,121,123,127,132,133 as well as
other models such as the cotton rat,141,142 Syrian hamster143 and pig models66 offer the
potential to study the interaction between CRAds and an intact immune system. However, these
species are not truly permissive for human Ad replication, and so limitations remain. One
means of circumventing these limitations is by studying non-human adenoviruses in
appropriate species. To this end, a conditionally replicating canine adenovirus for use against
osteosarcoma in dogs has been described, allowing a CRAd to be studied in a syngeneic
immunocompetent model of human disease.144 A better understanding of replicating
adenoviruses in immunocompetent hosts will lead to improvements in vectors for clinical use.
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Non-invasive monitoring of efficacy in living systems
Another area of interest within the field of CRAd research is that of monitoring their systemic
distribution in vivo and spread throughout tumors, particularly if these agents are to be used
clinically. Furthermore, there is also a desire to non-invasively monitor transgene expression
and efficacy of armed CRAds in living systems. To this end, there are three general categories
of reporters. The first consists of secreted reporters. These are soluble proteins that are not
typically found in serum, allowing a non-invasive means of monitoring the persistence and
efficacy of a CRAd. CRAds armed with human carcinoembryonic antigen,145 human
chorionic gonadotropin β chain,146 and secreted placental alkaline phosphatase124 have all
been generated. Because the serum levels of these proteins can be correlated to viral replication,
they allow the persistence and efficacy of the armed CRAd to be determined non-invasively.
However, secreted reporters do not reveal the distribution of armed CRAds in vivo. For these
studies, CRAds armed with imaging molecules are needed. This second category of reporters
includes factors that allow infected cells to be visualized. In some cases, these factors act upon
injected substrates. For example, the luciferase enzyme, which activates a bioluminescent
substrate, has been widely used as a tool to evaluate the transgene expression, tumor targeting
and efficacy of replicating adenoviruses.37,147-150 Alternatively, the human sodium iodide
symporter can be utilized to quantify gene expression from a CRAd following the
administration of a radiological substrate.75,76,151,152 Other factors that allow visualization
of infected cells rely on the production of a fluorescent protein by the cell and do not require
the administration of a substrate. CRAds have been constructed that carry genes for green
fluorescent protein (GFP),46,153,154 enhanced GFP (EGFP)155-157 and red fluorescent
protein (RFP).124,158 Multifunctional reporters, such as thymidine kinase (TK) fused to GFP,
have also been used to arm CRAds.159,160

The final category of reporters used to monitor replicating adenoviruses in vivo are those that
have been incorporated into the viral capsid. Thus, gene transcription by the infected cell is
not required for monitoring infection because the viral particle itself can be visualized. This
has been accomplished by the fusion of imaging motifs to protein IX (pIX), a minor adenoviral
capsid protein. Several different motifs have been used for this purpose, including the
fluorescent proteins EGFP4,161,162 and RFP.163 Thymidine kinase has also been
incorporated into the capsid of a replicating adenovirus by fusion with pIX either alone,164 or
as part of a TK-luciferase fusion in a proof-of-principle study using a replication-defective
vector.165 In both cases, the incorporated TK was shown to be functional with respect to its
conversion of the prodrug gancyclovir as well as for the purpose of positron emission
tomography imaging. As work continues in this field, other imaging modalities may also be
discovered.

Conclusions
Adenoviruses have many advantages as replicating agents, including the ability to infect a wide
range of cells, stability in the bloodstream, and an acceptable safety profile. The well-
characterized Ad5 genome permits a number of genetic modifications, allowing infection and
replication to be targeted to cancer cells. However, CRAds are rarely able to eliminate entire
tumors by viral replication alone, illustrating the need for more potent agents. To this end,
several locations within the Ad5 genome have been utilized to arm CRAds with therapeutic
transgenes, which can be placed under exogenous or endogenous control. Overall, the studies
to date in animal models have shown that arming a CRAd with a rationally chosen therapeutic
transgene can improve its antitumor efficacy over that of an unarmed CRAd. It is now possible
to envision future armed CRAds for clinical use that include many features to enhance their
efficacy. Future CRAds could be armed with transgenes with different modes of action,
increasing their potential to eliminate complex human tumors. Additional improvements in
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efficacy will result from advances made as the challenges of systemic delivery, immune
response to the CRAd, and non-invasive monitoring are addressed.
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Figure 1.
Schematic diagram of the Ad5 genome. The Ad5 genome is approximately 36 kb long, divided
into 100 map units. The direction of transcription is indicated by arrows. Open arrows represent
early transcripts; diagonally striped arrows represent late transcripts.
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Figure 2.
Schematic diagram of the Ad5 E3 region showing transgene insertion sites. Open boxes
represent gene products encoded by the non-essential E3 transcription unit. Solid boxes
represent therapeutic transgenes inserted into the E3 transcription unit in place of native genes.
Transgenes are under control of endogenous E3 gene expression elements.
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Figure 3.
Schematic diagram of the Ad5 genome showing insertion sites of transgenes separated by
native viral genes by IRES sequences. The direction of transcription is indicated by arrows.
Open arrows represent early transcripts; diagonally striped arrows represent late transcripts;
solid boxes represent therapeutic transgenes; horizontally striped boxes represent IRES
sequences. Transgenes are under control of endogenous viral gene expression elements.
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Figure 4.
Schematic diagram of E3-deleted Ad5 genome showing exogenous promoter driving the
expression of a therapeutic transgene linked by an IRES to the viral E1A gene. The direction
of transcription is indicated by arrows. Vertically striped arrows represent exogenous
promoters; open boxes represent E1A gene; solid boxes represent therapeutic transgenes;
horizontally striped boxes represent IRES sequences. Open arrows represent early transcripts;
diagonally striped arrows represent late transcripts.
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Figure 5.
Schematic diagram of the Ad5 genome showing insertion sites of transgenes driven by
exogenous promoters. The direction of transcription is indicated by arrows. Open arrows
represent early transcripts; diagonally striped arrows represent late transcripts; vertically
striped arrows represent exogenous promoters; solid boxes represent therapeutic transgenes.
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