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or coadministration of anti-inflammatory drugs such
as steroids [147-150]. Lieber et al. [145] obtained
persistent Ad-delivered hAAT [human alpha (1)-
antitrypsin] expression in bcl-2 transgenic mice for
longer than 3 months by coadministrating an Ad
vector expressing an IkBa supersuppressor to unravel
the role of virus-induced NF kB activation [151,152].
They found that to confer vector persistence, simulta-
neous expression of bcl-2, an antiapoptotic protein
[153], was required to block virus-induced apoptosis,
while NF B protection was inactivated by the IkBa
supersuppressor. Kolb et al. [147] investigated the use
of topical corticosteroids in improving gene expres-
sion after repeated injection of Ad vectors into mouse
lungs. They showed that budesonide given around
exposure to Ad to the lung significantly helped
maintain high levels of the expressed transgene
protein in bronchoalveolar lavage fluid after as many
as four consecutive injections of virus at 2-week
intervals. Furthermore, they observed that the
improved transgene expression in budesonide-treated
animals was associated with a reduction, but not
prevention of neutralizing antiviral antibodies.
Another approach is the use of immunosuppressive
drugs to inhibit cell-mediated immune functions, just
as they are used in clinical trials for organ trans-
plantation. The central role of CD4+ T cells in the
activation of cellular and humoral immune response
has focused immunosuppressive strategies towards
blockade of costimulatory molecules. Recombinant
murine CTLA4Ig (an inhibitor of the CD28/B7
pathway) and the anti-CD40 ligand antibody block
costimulatory interactions between T cells and antigen
presenting cells. Blocking of costimulatory signals has
been shown to inhibit T-cell activation in several
animal models of Ad vector gene therapy. Kay et al.
[154] observed that when the anti-CD40 ligand and
recombinant murine CTLA4lg were coadministered
around the time of primary Ad vector administration,
Ad-mediated gene expression was maintained up to 1
year in mouse livers, and persistent secondary Ad-
mediated gene expression lasted for at least 200-300
days even after the immunosuppressive effects of
these agents were no longer present. However, neither
agent alone allowed transduction after secondary
vector administration. Jooss et al. [155] described a
strategy that aimed to inhibit CD4+ T cell activation
by transiently administering CTLA4lg at the time an

El-deleted Ad vector is administered to the liver or
lung. In the lung, CTLA4lg treatment significantly
blocked the formation of neutralizing antibodies,
allowing efficient readministration of the vector,
whereas transgene expression was only moderately
prolonged. In contrast, CTLA4Ig did not suppress
neutralizing antibody formation in the context of liver
gene therapy, but resulted in more stable gene
expression. These observations suggest that it may
be possible to obtain persistence as well as secondary
Ad-mediated gene transfer with transient inhibition of
the CD28/B7 pathway at the time of virus instillation,
especially in a local route. However, immune inter-
vention in systemic Ad administration seems to be
much complex. Moreover, this immunomodulation
might compromise the host immune response. Thus,
the clinical utility is uncertain.

4.5. Optimization of in-cis acting elements

As discussed in the previous section, the immuno-
genic toxicities of Ad vectors can lead to clearance of
the transduced cells and only transient transgene
expression. The severity of the immunogenic toxic-
ities is intimately connected with vector dose. How-
ever, to achieve anatomically detectable and
physiologically relevant levels of transgene expres-
sion, the number of Ad particles to be injected is
always too large to avoid severe immunological side
effects {156,157]. One simple but practical way to
alleviate this kind of immunogenic toxicities is to
improve the expression efficiency of each viral
particle unit so that the number of Ad particles to be
injected can be decreased. .

Transgene expression can be modulated at both the
transcriptional and post-transcriptional levels. We
systematically investigated the ability of transcrip-
tional regulatory elements [promoter, enhancer, intron
and poly(A) sequences] and post-transcriptional reg-
ulatory elements to maximize the transgene expres-
sion efficiency from each Ad vector unit [158]. Our
optimized Ad vector, Ad-WCMVL2, with an expres-
sion cassette containing the human CMV promoter/
enhancer, intron A, the luciferase gene, the Wood-
chuck hepatitis virus post-transcriptional regulation
element (WPRE), and bovine growth hormone (BGH)
poly (A), showed more than 700-fold luciferase
expression in mouse liver than the Ad vector, Ad-
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CMVLI, with an expression cassette containing only
the human CMV promoter/enhancer, the luciferase
gene and BGH poly (A), when they were infra-
venously administered into the mouse [158]. It may be
deduced that to express transgenes at a therapeutic
level, the in-cis acting elements of our optimized Ad
vector, Ad-WCMVL2, may decrease, by several
orders of magnitude, the number of viral particles
that must be injected as compared with Ad-CMVL1
with the expression cassette containing only the CMV
promoter/enhancer and the BGH poly(A) as in-cis
acting elements which are considered to be one of the
most strongest in-cis acting element combination and
are widely used in clinical trials and gene function
studies [159]. It also means that immunogenic
toxicities induced by Ad particles could be greatly
alleviated by using the in-cis acting elements of Ad-
WCMVL2 to construct therapeutic Ad vectors.
Gerdes et al. [160] demonstrated that the murine
CMV promoter was much stronger than the human
CMV promoter in the context of Ad vectors in all the
cell lines tested, including nonhuman primate and
human cell lines. By using this murine CMV
promoter, the investigators observed that the Ad
vector dose required to achieve sufficient transduction
could be reduced 100-fold and the cellular inflamma-
tion and viral cytotoxicity associated with the delivery
of Ad vectors into the rat brain could be completely
eliminated.

In the context of HD Ad vectors, the inclusion of a
human centromeric region and a matrix attachment
region as in-cis acting elements improved the main-
tenance of the Ad vector genome and the transgene
expression level [57]. It can be concluded that even
for the Ad vectors that have an extremely high
transduction efficiency, the in-cis acting clements
can be optimized to obtain maximized transgene
expression.

4.6. Integrating Ad vectors

For replication-deficient Ad vectors, the existence
of episomal Ad DNA presents the disadvantage of not
integrating for long-term expression of the delivered
foreign gene. In the case that stable genetic alternation
needs to be maintained in dividing cells, integrating
vectors are at present the tools of choice. Though
integration is not a guarantee of stable transcription,

since transgene expression from integrated vector
genomes can be gradually silenced over time in some
cases [161], at present the best way to get long-term
transgene expression is to integrate the foreign gene
into the host genome.

To incorporate integration machinery to Ad, a
variety of hybrid vectors combining the highly
efficient DNA delivery of Ad with the integrating
machinery of adeno-associated viruses (AAV), retro-
vituses, and transposons have been emerging [162].
The unique biology of AAV has stimulated consid-
erable efforts toward the development of AAV-based
integrating Ad vectors. Such integrating Ad-AAV
hybrid vectors devoid of all Ad viral genes were
successfully developed by Lieber et al. [163] and
Recchia et al. [164]. Lieber’s hybrid Ad-AAV vectors
displayed in vitro an integration frequency compara-
ble to that reported for AAV vectors, and high
transgene expression at a level comparable to the
first-generation Ad vectors [163].

Baun’s group did extensive studies exploiting the
retrovirus integrating machinery to realize permanent
Ad-delivered transgene expression. By flanking the
transgene cassette in the Ad vector with the cis-acting
elements from Moloney murine leukemia virus in a
unique arrangement, they obtained high integration
frequencies (between 5% and 11%) in rat spleen cells
[165]. In consideration of the high transduction
efficiency, this integration rate should be high enough
to stably keep transgene expression at therapeutic
levels for many gene therapy applications.

Kay and colleagues addressed the challenge of
genome persistence by exploiting the promiscuous
integration capabilities of the Sleeping Beauty (SB)
transposon in Ad-mediated gene delivery [166]. SB
transposon is a member of the Tcl/mariner super-
family of transposons, and undergoes cut-and-paste
transposition through a DNA intermediate, mediated
by the SB transposase [167]. By incorporating the SB
integration machinery into an HD Ad vector contain-
ing human coagulation factor IX, therapeutic levels of
human coagulation factor IX were sustained for more
than 6 months in mice undergoing extensive liver
proliferation [166].

However, at the current time there are great
concerns about the risk of insertional mutagenesis
due to random integration of vectors into the host
genome. The recent clinical trial in France using
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retroviral vectors in a gene therapy approach for X-
linked severe combined immunodeficiency disease
(X-SCID) had been taken as the milestone success in
human gene therapy [168]. Unfortunately, two of the
11 patients treated during this X-SCID trial developed
a leukemia-like disorder [169,170]. Now it is known
that the cause of induced leukemia in X-SCID trial is
attributed to the retrovirus vector integration in
proximity to the LMO2 proto-oncogene promoter,
which leads to aberrant transcription and expression
of LMO2 [171]. Recent study suggests that the AAV
vector preferentially integrates into active genes,
though at present it is not clear if this will contribute
to the risk of developing a malignancy [172].
Recchia’s Ad/AAV hybrid vector system showed
35% of DNA integration was site-specific at the
AAVSI site in hepatoma cells, with one HD Ad vector
expressing Rep78 and the second HD vector carrying
a transgene flanked by AAV-ITRs [164]. However,
excess Rep expression is toxic to the cells and may
result in rearrangement of AAVSI1 without transgene
integration [173]. To avoid potential mutation risks of
random integration, episomally replicating Ad vectors
might be a potential alternative choice for long-term
expression. Leblois et al. [174] inserted a loxP flanked
Epstein-Barr virus (EBV) replicon into an Ad vector.
Expression of Cre recombinase from a second Ad
vector has been shown to release the transcription unit
that could replicate coordinately during the cell cycle.
Kreppel et al. [175] incorporated the episomally
replicating machinery to an HD vector by utilizing
the DNA recombinase FLPe to circularize the genome
containing the EBV replicon, and obtained long-term
transgene expression in proliferating cells. However,
data of episomally replicating Ad vectors from in vivo
studies are lacking.

4.7. Serotype switch or animal Ad vectors for
readministration

In many gene therapy applications, lifelong
expression might be needed, which would require
readministration of vectors following the eventual loss
of therapeutic transgene expression if the vectors have
no integration or episomal replication machinery.
However, readministration of an Ad vector will
require the circumvention of the humoral immune
response directed against the original vector capsid.

Studies indicated that fiber-substituted Ad5 vectors
containing fiber proteins of another serotype could not
evade the humoral immune response against Ad5
[115], because hexon proteins of the capsid are the
major targets of host-neutralizing antibodies in Ad5
infection [115,176,177]. This suggests that capsid
partially modified Ad5 vectors do not meet the long-
term need. Hence, the most practical approach to
overcoming the obstacle of pre-existing antibodies is

the use of alternative serotypes.

Morral et al. [178] observed in baboons that the
hurdle of readministration due to the humoral
response to an Ad5 vector was overcome by use of
an Ad2 vector expressing hAAT. Their data further
suggest that long-term expression of transgenes
should be synergized by combining the reduced
immunogenicity and toxicity of HD vectors with
sequential delivery of vectors of different serotypes.
However, it might be difficult to completely avoid
cross-humoral response between Ad2 and Ad5 in all
species including humans, as both Ads belong to the
same subgroup and have high homogenicity. To
address this issue, we and other groups have
developed Ad35 vectors {(subgroup B) [179-182]
and have found that antibodies to Ad5 vector do not
affect the transduction efficiency by Ad35 vector
(Sakurai et al. unpublished observation, 181). Fur-
thermore, while there is more than a 50% prevalence
in adult humans of neutralizing antibodies to AdS5, less
than 10% of individuals have anti-Ad35 neutralizing
antibodies [181].

Since many humans are pre-exposed to human Ad,
Ads from non-humans have been developed as vector
systems for gene delivery. Mouse [183], avian [184],
bovine [185], canine [186], porcine [187] and
chimpanzee {188] Ad have been tested as vectors
for various applications to overcome the barriers of
pre-existing neutralizing antibodies. These animal-
derived Ad vectors might be useful in evading
humoral immune responses to human Ad5 for
readministration. However, prior to their clinical
application, safety issues such as oncogenicity should
be addressed.

Readministration might be a solution to the
transient transgene expression of Ad vectors when it
is necessary. To balance the gain and loss in safety,
efficacy and economy are the key points. The
potential serotypes and animal origin Ads are limited.
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Furthermore, this approach needs a complex set of
clinical products.

5. Summary

Among all the vectors for gene delivery, no single
one can meet all the requirements for all gene therapy
applications. Similarly, for Ad vectors, no single
approach can overcome the hurdle of immunogenic
toxicities. It seems that HD vectors might serve as
basis for combination with other approaches. It is
clear that the ultimately ideal Ad vectors will have
low or no immunogenic toxicities, and specifically
transduce interested tissues/cells, with high, persistent
and regulatable transgene expression. It is also clear
that there is still a long way before research reaches
this ideal.
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