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Abstract

Adenoviral (Ad) vectors have emerged as a promising gene delivery platform for a variety of
therapeutic and vaccine purposes during last two decades. However, the presence of preexisting
Ad immunity and the rapid development of Ad vector immunity still pose significant challenges to
the clinical use of these vectors. Innate inflammatory response following Ad vector administration
may lead to systemic toxicity, drastically limit vector transduction efficiency and significantly
abbreviate the duration of transgene expression. Currently, a number of approaches are being
extensively pursued to overcome these drawbacks by strategies that target either the host or the Ad
vector. In addition, significant progress has been made in the development of novel Ad vectors
based on less prevalent human Ad serotypes and nonhuman Ad. This review provides an update
on our current understanding of immune responses to Ad vectors and delineates various
approaches for eluding Ad vector immunity. Approaches targeting the host and those targeting the
vector are discussed in light of their promises and limitations.

1. BACKGROUND

The development of adenoviruses (Ad) as efficient gene delivery vehicles has been the focus
of tremendous interest for the last two decades as indicated by more than 11,000
publications retrieved by searching PubMed using the keyword ‘adenovirus vectors’. The
importance of Ad vectors for clinical gene delivery applications is also reflected by over 390
ongoing clinical trials based on these vectors (http://www.wiley.com/legacy/wileychi/
genmed/clinical/) - more than any other gene delivery platform. The significance of using
Ad vectors for gene delivery in cancer therapy, correction of metabolic disorders, and
vaccine development is demonstrated in several animal studies and clinical trials which have
produced very encouraging results.

As gene delivery vectors, Ad offer several advantages: (i) Many human and animal Ad are
non-pathogenic for their natural hosts, (ii) a variety of both proliferating and quiescent cell
types, such as epithelial cells, fibroblasts, hepatocytes, endothelial cells and stromal cells
can be infected with Ad vectors, (iii) Ad vectors replicate to very high titers thereby
providing enough vector particles to infect a large number of target cells, and (iv)
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replication-competent (e.g., early region (E) 3-deleted vectors), conditional replication-
competent (e.g., vectors in which E1A is under the control of a tissue- or cancer antigen-
specific promoter), replication-defective (e.g., E1, E1 & E3, E2, E4, E2 & E4, or E1, E2 &
E4-deleted vectors) and helper-dependent (e.g., vectors in which the majority of Ad genome
is deleted) Ad vectors can easily be generated. Moreover, the absence of germ-line
transmission of Ad vectors in mice highlights one of the safety aspects of HAd vectors [1].
In this review we first discuss the current understanding of both innate and adaptive immune
responses to Ad vectors and their significance in gene delivery applications. Then we will
discuss the current state of various strategies to evade vector immunity.

2. ADENOVIRAL IMMUNITY

Although some serotypes are more prevalent than others, over fifty different serotypes of Ad
are known to infect humans. During their lifetime, more than 80% of the human population
has been exposed to at least one human Ad (HAd) serotype and has developed a serotype-
specific immune response [2—4]. Preexisting immunity against a particular Ad serotype
significantly reduces the vector uptake and shortens the duration of transgene expression. In
addition to preexisting immunity, a leaky vector gene expression in the first generation Ad
vectors (E1-deleted replication-defective Ad vectors) also stimulates cellular and humoral
immune responses following vector inoculation and further abbreviates the transgene
expression [5-9].

HAd-specific neutralizing antibodies are directed against the viral capsid components [10]
and can significantly inhibit the virus uptake following readministration of the same Ad
vector [11-15]. The preexisting anti-Ad antibodies worsen vector toxicity and lower the
transgene expression following vector inoculation [16-18]. In addition, since anti-Ad
antibodies mediate the interaction of Ad with dendritic cells (DC) [19] and macrophages
(mg) [20] through Fc receptors, Ad sequestration occurs resulting in poor transduction in the
target tissues. It appears that the presence of preexisting anti-Ad antibodies stimulate
stronger innate immune responses following vector inoculation [20] which could be of
serious concern if a higher vector dose is used. Moreover, preexisting Ad-specific cellular
immunity significantly impacts the efficacy of Ad-mediated gene delivery [8]. HAd5-
specific CD8+ T cells with a specificity for hexon, penton, or fiber proteins are responsible
for eliminating the target cells expressing the viral and transgene products, thus resulting in
rapid loss of transgene expression [21-23].

In individuals that lack preexisting immunity against Ad, the first inoculation of Ad vectors
will invoke cellular and humoral immune responses [7]. Repeat administration of the Ad
vector in such individuals will be fraught with the above-mentioned challenges. Generally,
multiple vector inoculations are necessary for most gene delivery applications to be
clinically relevant. Therefore, it is important to develop strategies that could effectively
elude immunity to the vector.
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3. INDUCTION OF VECTOR-INDUCED INNATE IMMUNE RESPONSES AND
TOXICITY

Systemic administration of Ad vectors results in an immediate activation of innate immune
responses as manifested by the production of pro-inflammatory chemokines and cytokines,
thrombocytopenia, coagulopathy, and liver damage [24]. The innate immune system is
activated following Ad vector interactions with mediators of complement pathways [25-27],
blood clotting factors [28-30], and toll-like receptors (TLRs) [24;31]. The Ad capsid
interacts with the components of the classical, alternative, and common complement
pathways [27;32] resulting in complement activation in either the presence or absence of
preexisting antibodies. Ad seropositive individuals receiving a high dosage of Ad vectors are
at a higher risk of strong complement activation which might lead to life threatening
systemic responses [33]. Association of the Ad vector with the blood clotting factors VIII
(FVI), FIX, FX and protein C promotes hepatocyte and Kupffer cell transduction [29]. In
addition, TLR2 and TLR9 recognize Ad-associated molecular patterns and thus activate
MAPK and NF-xB pathways leading to the induction of a pro-inflammatory cytokine and
chemokine response [24;34]. These inflammatory cytokines and chemokines which include
interleukin (IL)-6, IL-8, IL-12, tumor necrosis factor (TNF)-a, interferon -y and A,
RANTES (Regulated upon Activation, Normal T-cell Expressed and Secreted), interferon-
inducible protein 10 (IP-10), macrophage inflammatory protein (MIP)-1p, and MIP-2 are
expressed in a dose-dependent manner following Ad vector administration [6;35] (Fig. 1).

3.1. Implication of Route of Inoculation on Innate Immunity

3.1.1. Intravenous route—While Ad vectors can be delivered by various systemic or
local routes depending on the purpose of the therapy, the chosen route will have an impact
on the resultant innate immune response. Intravenous (i.v.) inoculation of Ad vectors results
in a tri-phasic immune reaction. There are two phases of innate immune activation and a
third phase of adaptive immune responses [36]. The first phase of innate response occurs
from between thirty minutes to six hours post-inoculation as a result of the direct interaction
of viral capsid proteins with innate immune sensors and is characterized by the induction of
a proinflammatory cytokine/chemokine response [37;38]. The second phase, extending from
few hours to several days post-inoculation, is manifested as thrombocytopenia, periportal
polymorphonuclear leukocyte infiltration and elevated serum levels of liver enzymes
reflecting liver damage. During this phase, the detection of the vector genome by TLRs
results in the activation of immune cells and a second peak of the inflammatory cytokine/
chemokine response [36;39]. The third phase is characterized by the development of
adaptive immune responses due to the expression of some of the viral genes and the antigen
presentation by MHC class-I pathway which results in the generation of Ad-specific CD8+
T-Cells [36]. Subsequently the host will also elicit an Ad-specific humoral immune
response.

Additionally, i.v. delivery of Ad vectors leads to the activation of endothelial cells as
detected by the expression of phosphorylated Akt/PKB kinase, activated endothelial nitric
oxide synthase (eNOS), and nitrotyrosine due to the interaction of viral particles with
Kupffer cells [40]. Conserved arg-gly-asp (RGD) motifs of the Ad capsid appear to be
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important for efficient vector transduction and endothelial cell activation [37]. In rhesus
monkeys, i.v. inoculation of a HAd vector induced thrombocytopenia as a result of platelet
depletion [41]. Similarly, a baboon inoculated i.v. with an E1-deleted HAd vector developed
acute clinical signs with a decrease in platelet counts, an increase in the liver enzymes, and
injury to the vascular endothelium; it became moribund at 48 hours post-inoculation [42].
Collectively, these studies underscore the role of a strong innate immune response in
mediating an acute inflammatory reaction following Ad vector administration.

Intraportal infusion of an E1-deleted HAd5 vector (7.5 x 1012 particles/kg) in nonhuman
primates has resulted in acute activation of mge and DC followed by a considerable apoptosis
of splenocytes and hepatocytes due to the activation of innate immunity by viral capsid
proteins [43]. However, vector doses of up to 5 x 1012 particles/kg usually lead to only
limited hepatitis suggesting that vector toxicity could be diminished by lowering the vector
dose per inoculation.

In another study, i.v. inoculation of mice with a HAd5 vector (2 x 1011 genomes/mouse) led
to an acute inflammatory response characterized by high levels of IL-6 and I1L-12 expression
due to the preferential activation of m¢ and DC [44]. In cirrhotic rats, the biodistribution of
HAd vectors shifted from the liver to the lungs due to the presence of pulmonary
intravascular mg [45]. High doses of HAd vectors in cirrhotic rats not only upregulated
TNF-a and IL-6 expression, but also led to markedly prolonged coagulation times resulting
in fatal pulmonary hemorrhagic edema [46]. Cellular gene expression in response to wild
type Ad, Ad vectors, or empty Ad particles was similar [47] suggesting the importance of
the viral capsid proteins in mediating vector toxicity without viral gene expression.

3.1.2. Subcutaneous or intradermal route—In a subcutaneous mouse mammary
tumor model, preimmunization with an HAd5 vector resulted in significantly reduced
transgene expression in the tumor and normal tissues; however, the inhibition was more in
the liver than in the mammary tumor [16;48]. Increasing the vector dose by 10- to 100-fold
restored the level of transgene expression in preimmunized mice, but higher vector doses (2
x 1011 virus particles or more per inoculation) led to significantly higher hepatotoxicity
compared to the naive animals. Readministration of a second vector dose was associated
with the same degree of toxicity as that with a single dose, but prompted a much more
vigorous neutralizing antibody response [49;50]. Increased mortality was observed when
pre-immunized mice were inoculated systemically with a high dose of Ad vector [18].
Intradermal inoculation of humans with an E1- and E3-deleted HAd5 vector resulted in a
mild to moderate local lymphocyte infiltration and a minimal rise in systemic HAd5-specific
lymphocytes [4] suggesting that this route of inoculation has the potential to elude systemic
vector immunity.

3.1.3. Respiratory route—The respiratory route of Ad administration is preferred for the
correction of lung disorders such as cystic fibrosis [51]. Broncho-specific delivery of a
HAdS5 based vector (1010 pfu) to non-human primates induced pro-inflammatory cytokines
IL-1B and IL-8 in bronchi followed by infiltration by neutrophils, lymphocytes, and
mononuclear cells suggesting the induction of innate immunity [52]. Similarly,
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intrapulmonary instillation of HAdS in mice and cotton rats resulted in inflammation and
pneumonia [53;54].

3.1.4. Intramuscular route—Intramuscular (i.m.) inoculation of HAd vectors resulted in
prolonged and sustained transgene expression and an effective evasion of preexisting Ad
immunity without the significant systemic toxicity detected after i.v. inoculation [55-57].
Cynomolgus macaques inoculated i.m. with 3 x 10 12 Ad vector particles/kg (200 times the
clinical dose for humans) three times a week for up to eight weeks did not show significant
toxicity, and the animals remained healthy throughout this twelve week study [55].
Significant abnormalities in hematology, blood chemistry or various tissues were not
detected. Similar results were obtained in dogs receiving thirty times the proposed dose for
humans for six days a week for three months [56]. These results suggest that repeated
inoculations with Ad vectors do not lead to cumulative toxic effects, however, it is expected
that the efficacy of the therapeutic effect will be compromised. In light of the data, the
hypothesis to use different Ad vectors for sustaining the therapeutic effects is worth
pursuing.

4. STRATEGIES FOR CIRCUMVENTION OF VECTOR IMMUNITY

The Ad based vectors are undoubtedly an indispensable tool for gene therapy and
recombinant vaccine applications. To translate these attractive gene delivery vectors into
clinically relevant therapies, it is imperative to refine existing strategies to evade vector
immunity, to enhance target cell-specific transgene expression, to improve the duration of
vector survival in the host, and to reduce their potential toxicity. A number of approaches
have been pursued to meet these contradictory requirements for improving the efficacy of
Ad-based gene transfer. These approaches can be broadly categorized into two categories:
transient changes in the host (e.g. immunomodulation) and the modifications in the vector
system (Fig.2)

4.1. Strategies Targeted at the Host

4.1.1. Immunosuppression or Immunomodulation—Prolonged transgene expression
has been demonstrated when Ad vectors are administered systemically after pre-treatment
with immunosuppressive agents such as dexamethasone [58], cyclosporin,
cyclophosphamide [59;60], deoxyspergualin [61], FK506 [62] and CTLAA4Ig [63;64], the
transient depletion of CD4 lymphocytes using an anti-CD4 monoclonal antibody [65], the
use of an anti-CD40 ligand antibody to block CD40-CD40 ligand interactions [66], the
combined use of anti-CD40 and CD86 antibodies to block co-stimulation by APCs [67] and
oral tolerization to Ad proteins [68]. Depletion of B-cells with an anti-CD20 antibody along
with T-cell inhibition allowed repeated liver gene transfer with homologous Ad vector [69].
These approaches assist in eluding both the humoral and/or cell-mediated immune responses
to Ad. Passive immunization of immnosuppressed Syrian hamsters with anti-HAd5
neutralizing antibodies effectively prevented liver toxicity following i.v. injection of an
extremely high dose of an oncolytic HAdS5 [70]. It is unclear whether this approach of
combining neutralizing antibodies with high doses of Ad vectors will have an adverse effect
on the level and duration of transgene expression.
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The cytokines TNF-a and IL-6 play important roles in mediating the innate immune
response following Ad vector inoculation. Blockage of TNF-a through the Ad-encoded
soluble TNF-a receptor caused a remarkable decrease in pro-inflammatory cytokines,
reduced cellular infiltrates in the liver, and also prolonged transgene expression [71]. A
TNF-a blockade in IL-6 mice markedly diminished the antibody responses to the Ad vector
and the encoded transgene [72]. Similarly, pre-treatment with an anti-TNF-a drug
etanercept or anti-TNF-a monoclonal antibody decreased Ad vector induced innate and
adaptive immune responses [73].

TLR-9, a dsDNA sensor, contributed to acute toxicity following the systemic administration
of Ad vectors. Ad dsDNA and TLR-9 interactions led to the activation of signal transduction
pathways that eventually released the proinflammatory cytokines IL-6, TNF-a and MCP-1.
Pre-treatment with a specific TLR-9 blocking oligonucleotide (ODN-2088) attenuated the
acute inflammatory response resulting from the systemic administration of a helper-
dependent Ad vector [34]. Co-administration of an Ad vector carrying a suppressor of
cytokine signaling-1 (SOCS) gene suppressed serum levels of IL-6, MCP-1, RANTES, and
TNF-a [74]. Similarly, the blocking of IL-1 signaling mitigated the pro-inflammatory
response to i.v. injected Ad vectors [75].

The applicability of immunosuppressive or immunomodulatory approaches in clinical trials
will depend upon their safety profile. In addition, combinatorial use of multiple strategies
might improve the risk/benefit ratio of Ad vector- mediated gene delivery. Further
understanding of the molecular mechanisms underlying Ad-induced innate and adaptive
immune responses should uncover additional strategies to allow increased vector survival
and prolonged transgene expression. There is a fine balance between the efficacy of Ad
vector-based therapy and vector toxicity; care should be taken not to alter the host system to
the level that may adversely affect the benefit of the approach.

4.1.2. Pharmacological Approaches—Uptake of systemically infused Ad vectors by
me¢ and DC in the liver and spleen results in activation of innate immune response and the
consequent rise in serum inflammatory cytokines. Depletion of m¢ and DC prior to Ad
inoculation blocked the production of the inflammatory cytokines, IL-6, IL-12 and TNF-a,
and also prevented an Ad-specific CTL response in mice [44]. Dichloromethylene
bisphosphate [76], gadolinium chloride [77] and liposome encapsulated clodronate [78]-
mediated m¢ depletion prior to Ad inoculation resulted in longer vector genome persistence
and transgene expression in mice. Further, Kupffer cell depletion also decreased the
transgene-specific antibody response [78;79]. Interaction of the Ad capsid with coagulation
factors IX and X was essential for Ad uptake by hepatocytes [29]. Pre-treatment with
warfarin, which reduces plasma concentration of vitamin K-dependent coagulation factors,
in combination with Kupffer cell depletion reduced hepatotoxicity and enhanced the efficacy
of an oncolytic Ad vector [80].

The uptake of HAd5 by Kupffer cells is also thought to be mediated by the scavenger
receptor A (SCA). Pre-administration of polyinosinic acid, which binds to SCA, was shown
to reduce HAdS clearance by Kupffer cells leading to a ten-fold increase in virus levels in
the blood [81;82]. Another pathway for hepatic sequestration of HAdS5 is via interaction with
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platelets and the subsequent retention of HAdS-platelet complexes in the liver sinusoids.
Platelet depletion prior to HAd5 administration resulted in lesser sequestration of the virus
in the liver, and it also led to lower levels of the cytokine/chemokine response [83].

4.2. Strategies Targeted at the Ad vector

In addition to the limited approaches available to modify the host’s immune system to evade
Ad immunity, a number of strategies are being investigated to modify the vector itself.
These include the physical, biochemical and genetic modifications discussed below.

4. 2.1. Covalent Maodification of Ad Capsid—Induction of immune responses, acute
toxicity and rapid vector clearance after the systemic infusion of Ad vectors result from
interactions of the vector particles (capsids) with various blood factors, elements of immune
system and preexisting anti-Ad antibodies. Therefore, masking of the immunodominant
epitopes and capsid components required for these interactions should, in principle, reduce
the Ad-induced toxicity and prolong the length of transgene expression. Covalent
modification offers the advantage of producing high titer vector stocks which can be easily
modified through well established protocols. Furthermore, a large number of amino acids of
the capsid surface can be modified all at once which would not be feasible using a genetic
approach (described later). However, substantial modifications in the vector genome to alter
multiple amino acid residues on the capsid surface might adversely affect the virus
assembly; genetically modified viruses are often difficult to propagate to levels comparable
to unmodified vectors [84]. Indeed, several studies have successfully employed covalent
modifications of Ad vectors utilizing polymers such as polyethylene glycol (PEG) [85-88],
poly-N-(2-hydroxypropyl) methacrylamide [89] and large polysaccharide mannan [90].

FDA-approved PEG is commonly used for the covalent coupling of therapeutic proteins
[84]. Up to 18,000 PEG molecules could be coupled to a single Ad particle thereby
modifying the major capsid proteins, hexons, fibers and pentons which are also the targets
for anti-HAdS neutralizing antibodies (NAbs). PEGylation of Ad vectors can effectively
overcome high titers of NAbs without losing biological activity [85;86;88;91;92]. This
approach results in lower levels of Ad-specific adaptive immune responses and prolongs the
duration of transgene expression [86;93].

Covalent capsid modifications are also expected to elude innate immunity since they will
potentially mask the molecular patterns on the viral capsid with little or no effect on virus
infectivity. Consistent with this, monomethoxypolyethylene glycol conjugation of Ad
vectors led to reduced innate immunity and an improved therapeutic index in mice compared
to the unmodified vector [94]. PEGylation of first generation and HD-Ad vectors did not
affect vector transduction efficiencies in vivo, but did significantly reduce I1L-6 response and
vector uptake by me in vitro and Kupffer cells in vivo [95]. This is significant with regard to
reducing innate immunity against Ad. Similarly, PEGylation of HD-Ad lowered serum
levels of IL-6, IL-12 and TNF-a as compared to the unmodified HD-Ad vector [96]. Liver
toxicity induced by E1-deleted Ad vectors remained unaffected by PEGylation, but a similar
treatment of HD-Ad vectors successfully attenuated the liver damage [95]. However, in
another study, Ad vectors PEGylated with a 20,000 MW PEG were efficiently detargeted
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from the liver after systemic delivery without affecting cellular and humoral immune
responses against the encoded transgene [97]. Interestingly, Mok et. al. (2005) used much
smaller PEG (5000 MW) suggesting there is a role of the molecular weight of PEG in
determining the tropism of PEGylated Ad vectors. Furthermore, PEGylation can also be
utilized to alter in vivo tropism of Ad vectors by employing a bifunctional PEG. One
functional group is conjugated to the Ad capsid, leaving another functional group to be
conjugated to a tissue-specific ligand or an antibody [98-100].

Ad vectors covalently shielded with poly-N-(2-hydroxypropyl) methacrylamide (pHPMA)
were shown to evade preexisting Ad NADs. Further, being a multivalent polymer, pHPMA
coupled to tissue-specific receptors retargeted Ad vectors to respective tissues [89;101;102].
Importantly, systemically delivered pHPMA-Ad vectors transduced the liver at least 100-
fold less efficiently than the unmodified vector demonstrating their potential for liver
detargeting of an Ad vector [103]. Clearly, more understanding of the innate and adaptive
immune system modulations by pHPMA-Ad vectors and their toxicity profiles are needed
before the advancement of this approach to clinical studies.

4.2.2. Altering Native Ad Vector and Cell Surface Receptor Interactions—HAdS5
attachment to a susceptible cell occurs via the interaction between the Ad fiber knob and
Coxsackievirus-adenovirus receptor (CAR) on the host cell surface [104;105]. CAR is a
member of the immunoglobulin superfamily and serves as a high-affinity receptor for many
HAds in subgroup A, C, D, E, and F [104-106]. CD46 [107], receptor X [108], CD80 and
CD86 [109] are receptors for the subgroup B HAdSs. In addition, major histocompatibility
(MHC) class | a2 domain [110], heparin sulfate glycosaminoglycan [111] and sialic acid
saccharide [112] may also serve as primary receptors for some HAd types. In addition to the
primary receptors, host cell integrins serve as co-receptors for Ad entry [113]. The HAd
penton base protein interacts with vitronectin-binding integrins, specifically avp3 and
avp5, for virus uptake [113]. This process is facilitated by the arg-gly-asp (RGD) motif of
the penton base. Interestingly, the RGD motif is also found in a number of adhesion
molecules that are known to interact with integrins [114]. The interaction of HAd penton
and avp1 integrins promotes actin cytoskeletal reorganization via the activation of several
signaling molecules [115]. Some of strategies that have been developed to modify native
tropism of Ad vectors are discussed below.

4.2.2a. Ad Fiber Knob Modifications: To ablate CAR binding of HAd5 vectors and
retarget them to alternative receptors, a knob-specific neutralizing antibody could be
complexed either to a specific ligand or a receptor-specific antibody [116]. This complex
molecule will bind the Ad knob on one side and a specific cell surface molecule (receptor)
on the other side. With this technology, a wide variety of HAd5 vectors have been
successfully targeted to a number of receptors including folate, epidermal growth factor,
fibroblast growth factor, epithelial cell adhesion molecule (EpCAM), tumor-associated
glycoprotein (TAG)-67, and CD40 [116-120]. Similarly, pre-treatment of HAd5 vectors
with a bi-specific adaptor molecule consisting of a CAR ectodomain and a single chain
antibody against tissue-specific antigen has been used for tissue-specific transduction [121].
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The HAJS fiber knob induces DC activation and maturation [122]. Virus-induced
maturation of DC was significantly reduced when knobless Ad particles were incubated with
immature DC. Therefore, fiber knob modifications to incorporate cellular ligands with novel
cell-binding capacity might confer targeting and decrease vector immunogenicity [123]. The
fiber knob binding to coagulation factor IX and complement factor C4BP mediates
transduction of hepatocytes and Kupffer cells and, as a result, enhances the innate immune
response [30;124]. Intravenous inoculation of mice with an HAd5 vector that was mutated to
ablate its interactions with CAR, factor 1X and factor C4BP resulted in a fifty-fold decrease
in the liver transduction implying that diminished interactions of Ad vectors with these
blood factors will help in reducing liver toxicity.

4.2.2b. Vector Pseudotyping: A chimeric vector containing the HAd35 capsid and HAd5
fiber knob induced a stronger immune response in mice as compared to the unmodified
HAd35 vector indicating the role of the fiber knob in the immunogenicity of HAd5 vectors
[125]. The HAdS vector carrying a chimeric human-bovine Ad fiber had a minimal
hepatotoxicity and weaker inflammatory response upon i.v. injection in mice, and also
partially evaded the preexisting humoral immunity [126]. Since virus NADbs are also directed
to Ad hexon [127;128], a combination of fiber and hexon pseudotyping could be an effective
approach to evade vector neutralizing antibodies.

As described above, the blood coagulation factors FVII, FX and protein C (PC) play a
significant role in HAdS transduction of hepatocytes. FX mediates hepatocyte transduction
through interaction with a hypervariable region (HVR) on HAd5 hexons. Swapping of
HAd5 HVR with HAd48 HVR which does not bind FX substantially decreased liver
transduction [129] uncovering another potential pseudotyping approach to improve the
safety profile of Ad vectors. Further, a HAd5 modification to ablate FX binding showed
altered biodistribution, tropism and inflammatory profiles as compared to unmodified HAd5
[130].

Targeting of Ad vectors could also be achieved by fusing the extracellular domain of CAR
to peptide-targeting ligands [131]. The genetic targeting of Ad vectors by engineering small
peptides into the HAd fiber [132-137], protein X [138;139] or by replacing the fiber protein
with the phage T4 fibritin [140] has also been demonstrated, but the size of the peptide
appears to be a limitation. Similarly, the use of bifunctional PEG molecules is useful in
ablating the vector tropism by CAR-mediated interaction and providing specific vector
targeting by incorporating a ligand for a particular receptor [87].

4.2.3. Vector Encapsulation—Encapsulation of Ad vectors with inert polymers such as
PEG-cationic lipid [141] and poly (lactic-glycolic) acid (PLGA) copolymer encapsulation
[142] has been shown to elude virus-neutralizing antibodies. However, the PLGA-
encapsulated Ad particles are less stable due to harsh conditions during encapsulation and
the acidic interior of PLGA microspheres. PEGylation of Ad prior to PLGA encapsulation
enhanced the stability and transduction efficiency and decreased cytokine production in vitro
[143]. Local administration of PLGA-encapsulated Ad showed significantly decreased virus
dissemination to various organs including the liver [144] and also prolonged transgene
expression in comparison to a non-encapsulated vector [145].
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Liposomes, both cationic and anionic, have also been applied for encapsulation of Ad [146—
148]. Recently, Ad encapsulated in anionic liposomes demonstrated high transduction
efficiency in a CAR-deficient cell line, evaded vector-specific NAbs and elicited lesser
cytotoxicity as compared to Ad complexed with cationic liposomes [149]. The systemic
administration of Ad complexed to PEPGE (1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(poly-ethylene glycol)-2000), a cationic liposome,
remarkably shifted the virus transduction from liver to other organs such as the lungs, heart,
spleen and kidneys [146]. Use of bilamellar cationic liposomes to encapsulate HAd vectors
also provided protection from preexisting humoral immune responses [150]. Similarly,
microsphere-liposome complexes guard HAd vectors from NAbs and are capable of
effectively transducing cells leading to successful transgene expression [151].

Sodium alginate-based biodegradable microparticles have been shown to encapsulate
purified protein, bacteria, DNA or viruses and can be delivered to animals by various routes
of inoculation [152-156]. Since alginate microspheres are biodegradable and are synthesized
without the use of any harsh treatments or organic solvents, the viability of Ad vectors in
these microparticles is usually very high. Encapsulation of a HAd5 vector into alginate
microparticles could effectively evade the vector-specific immune response [14]. More than
70% of alginate microspheres are approximately 5-10 um in size, and therefore, it is
expected that the majority of them will be taken up by m¢ and DC [157]. Alginate was
found to activate NF-kB and stimulate IL-1p, IL-6 and TNF-a production in a murine me¢
cell line [158]. However, in vivo innate immune response to alginate remains to be explored.
It would be interesting to know how alginate encapsulation modulates the innate immune
response to Ad vectors. Alginate encapsulation is likely to alter Ad tropism as it may block
interactions with blood factors and Ad receptors. The Ad particles are expected to be
released slowly from alginate microspheres thereby reducing liver toxicity [14].

4.2.4. Helper-Dependent Ad (HD-Ad) Vectors—E1-deleted Ad vectors have been
further modified by creating deletions in the E2A, E2B and E4 regions with the anticipation
that these additional deletions would lead to lower levels of Ad-specific adaptive immune
responses, thereby significantly enhancing the levels and duration of transgene expression.
These deletions, however, resulted in only limited improvements in the duration of
transgene expression [7;9;159]. In order to further improve transgene expression by Ad
vectors, HD-Ad vectors have been developed by deleting most of the viral genome except
for the inverted terminal repeats and the packaging signal [160-163]. These HD-Ad vectors
were a significant improvement over earlier Ad vectors since they resulted in improved
safety and longer transgene expression [161-163]. The ability of preexisting antibodies to
recognize epitopes on the capsid resulting in the vector clearance still remains a concern.

Initial studies showed that HD-Ad vectors had high cloning capacity, elicited limited cell-
mediated immune responses, and produced long-term gene expression both in small
laboratory animals [162;164] and nonhuman primates [162;165;166] without causing
significant liver damage and toxicity. However, due to a natural propensity of Ad vectors for
the liver, efficient transduction of extrahepatic target cells through systemic delivery
requires high vector doses which in turn precipitate acute toxicity mediated by
proinflammatory cytokines/chemokines released by activated innate immune cells
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Furthermore, it was shown that the HD-Ad vectors also induced a vector-specific immune
response similar to that generated by an E1-deleted HAd [167]. Following the i.v.
inoculation of HD-Ad vectors, an early expression of inflammatory cytokine and chemokine
genes, including IP-10, MIP-2, and TNFa was induced in the liver in a pattern similar to
that induced by first generation HAd vectors [168]. HD-Ad vectors also induced the
recruitment of CD11b-positive leukocytes to the transduced liver cells within hours of
administration. Importantly, while E1-deleted HAd vectors induced a second phase of liver
inflammation, consisting of inflammatory gene expression and CD3-positive lymphocytic
infiltrate at seven days post-transduction, these changes were not detected in the livers of
mice receiving HD-Ad beyond 24 h post-transduction [168]. In addition, adaptive immune
responses generated by HD-Ad vectors were also attenuated in comparison to that of E1-
deleted HAd vectors. Systemic delivery of HD-Ad vectors has been shown to provide strong
transgene expression for a prolonged period with minimal toxicity in the baboon, mouse, rat
or canine models [166;169-173].

A method called pseudo-hydrodynamic injection employed balloon occlusion catheters to
impede hepatic venous outflow with an increase in the intrahepatic pressure, thereby causing
enlargement of hepatic fenestration [169]. Subsequent i.v. inoculation of HD-Ad
significantly increased hepatocyte transduction with minimal systemic virus dissemination
and innate immune response activation in mice and baboons. For therapeutic intervention
requiring multiple inoculations, the vector-specific humoral immune response can be
circumvented through sequential delivery of different HD-Ad vector serotypes [166].
Advances in the methods of generating HD-Ad vectors and their potential applications have
been widely reviewed [39;51;174].

4.2.4.1. 1 ong-term Transgene Expression with HD-Ad Vectors: In utero gene delivery of
HD-Ad vectors could be used for long term transgene expression with genetic disorders such
as Duchenne muscular dystrophy (DMD) [175]. Like the E1-deleted HAd vectors, HD-Ad
vectors do not integrate into the host cell genome; therefore, the vector genome will be
gradually diluted out in the dividing cells. In situations where long-term gene expression is
desired, such as DMD, vector integration into the host genome will further improve the
longevity of transgene expression. The hybrid HAd-adeno-associated virus (AAV) vectors
could provide non-random integration of double-stranded DNA by ex vivo or in vivo gene
delivery [176] thereby serving as a continuous source of transgene expression without
potential systemic toxicity. Alternatively, long-term gene expression can be achieved by
using a novel binary HD-Ad-Epstein-Barr virus (HDAd-EBV) hybrid system for the stable
transfection of mammalian cells [177]. This system consists of a cre-recombinase expressing
HD-Ad and a HD-Ad carrying an EBV episome and a transgene flanked by 1oxP sites.
Another approach is based on an HD-Ad vector carrying the transgene cassette with attB,
the ¢C31 integrase recognition site, flanked by Flp recombinase recognition sites [178].

HD-Ad vectors have also been investigated for their application in long-term neurological
gene therapy. Pre-existing anti-HAd immunity drastically reduced transgene expression
from E1-deleted Ad vectors, whereas HD-Ad vectors supported sustained long term
therapeutic transgene expression levels in the brain [179-182]. Intracranial injection of a
bicistronic HD-Ad vector carrying the thymidine kinase of HSV-1 and the human soluble
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Fms-like tyrosine kinase 3 ligand (FIt3L) gene cassette resulted in high therapeutic efficacy
for up to one year in a rat model of glioblastoma multiforme (GBM) [183]. The anti-tumor
efficacy of HD-Ad vectors was unaffected by anti-Ad immunity, and no systemic or
neurological side effects were observed [184]. These results highlight the potential of local,
intratumoral inoculation of HD-Ad vectors to avert the vector-specific immune response and
systemic toxicity and may obviate the need to screen patients for pre-existing vector
immunity. Furthermore, expression of two therapeutic genes in a single vector will bring
down the vector dose required for efficient therapeutic effect, thereby reducing any
untoward vector-associated toxicity.

4.2.5. Alternate Human Ad (HAd) Vectors (Serotype Switching)—Since more than
fifty HAd serotypes exist and the neutralizing humoral immune response to Ad is serotype-
specific, another strategy to overcome Ad vector immune response is serotype switching in
vector construction [185-188]. HAd serotypes that have been developed as vectors include
group B Ad (HAd7, HAd11, HAd34, HAd35 and HAd50), group C Ad (HAd2 and HAdS),
group D Ad (HAd24, HAd26, HAd36, HAd48 and HAd49), group E Ad (HAd4), and group
F Ad (HAd41) [189]. Subgroup B HAdSs utilize desmoglein 2 [190] and the membrane
cofactor protein CD46 [107;191;192] as the primary receptor. Therefore, subgroup B HAds
are potentially better candidates for gene delivery to those cells that are deficient in CAR,
the primary receptor for group C Ad.

The low seroprevalence of HAd11 and HAd35 makes these promising vectors for in vivo
applications. E1-deleted HAd35 vectors have efficiently transduced human cells and eluded
preexisting HAd immunity [193-196]. Similarly, HAd35 based vaccine vectors have evaded
preexisting HAd5 immunity in mice [197] as well as in rhesus monkeys [198]. HAd35
efficiently transduced various organs in cynomolgus monkeys following local injection, but
not with i.v. inoculation, suggesting the importance of blood cells and/or other factors in the
virus clearance [199;200]. Understanding the various pathways that HAd35 follows after
systemic administration should pave the way for its further development as a gene delivery
vector.

Other serotype-switching candidates are replication-defective HAd11 vectors which have
efficiently transduced smooth muscle cells, synoviocytes, DC, cardiovascular cells and a
number of tumor cell lines [201;202]. A significant fraction of HAd3 migrates to the lung;
HAd31 migrates to tissues other than the liver, and HAd37 migrates to the spleen and liver
[189]. Unfortunately, HAd serotypes 3, 4, 11 and 35 did not show a better safety profile than
HAd5. Chimeric HAd5 vectors with a HAd11 or 35 fiber knob were found to be safer than
HAGdS alone [203]. HAd49 vectors were grown to high titers on the HAd5 E1-
complementing cell line, PER.C6, and induced transgene-specific immune response in the
presence of high levels of anti-HAd5 immunity [204]. Further development of novel HAd
vectors would require critical evaluation of their safety profile, biodistribution pattern and
transgene expression. The combined use of HAd5 and alternative HAd serotypes and/or
chimeric HAd5 vectors in a prime-boost regimen remains a possible effective strategy to
overcome preexisting HAd immunity.
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4.2.6. Nonhuman Ad Vectors—Several Ad originally isolated from nonhuman species
have been developed as alternatives to HAd vectors for gene delivery applications. These
Ad are species-specific and do not naturally infect humans, therefore, they evade preexisting
HAd immunity. These nonhuman Ad include bovine Ad type 3 (BAd3) [205-207], canine
Ad type 2 [208-210], ovine Ad [211;212], chimpanzee Ad (AdC) [213;214], and porcine Ad
type 3 [2;215;216]. The construction and design of various non-human Ad vectors have
been comprehensively reviewed [217]. Nonhuman Ad vectors were shown to infect human
cells in culture and express transgene [2;205;210;213;218;219]. The sera of mice immunized
with HAd serotypes 2, 4, 5, 7, and 12 did not neutralize chimpanzee Ad [213].

Neutralizing antibodies to chimpanzee origin Ad (AdC) are absent in the American and
Asian populations, and only low titers are present in the African population [3]. AdC7 and
AdC9 vectors encoding for T and B cell epitopes of a malaria antigen conferred protection
in both the absence and presence of preexisting HAdS5 immunity, although the level of
protection decreased in the later case [220]. Heterologous administration of AdC6 and AdC7
vectors encoding gag protein of HIV-1 using a prime-boost regimen induced robust gag-
specific CD4" and CD8T™ T cells and high titers of anti-gag antibodies in rhesus macaques;
priming with HAd5 did not affect the resultant immune response [221].

Similarly, HAd5-, BAd3- and PAd3-specific neutralizing antibodies did not cross-neutralize
[13], and the species-specific cell-mediated immune responses were not significantly cross-
reactive [222]. Therefore, sequential administration of HAd5, BAd3 and PAd3 is expected
to evade the vector-specific neutralizing immune response. Remarkably, a BAd3 vector
expressing the pandemic influenza hemagglutinin triggered exceptionally high levels of
humoral and cell-mediated immune responses irrespective of anti-HAd5 immunity and
conferred complete protection in immunized mice from a homologous lethal H5N1 virus
challenge [223]. Similarly, a PAd3 vector expressing H5N1 hemagglutinin efficiently
induced a quick and robust cellular immune response having a stronger neutralizing
antibody response than a HAd5 vector and translating into a better survival rate following
challenge with a lethal dose of H5N1 at one year post immunization[215]. BAd3 vectors
showed relatively low liver tropism, longer vector genome persistence and significantly
higher transgene expression than HAd5 vectors in the heart, kidney and lung following
intravenous inoculation [224]. These reports underscore the potential of nonhuman Ad for
the development of efficient gene delivery vehicles and evasion of vector immunity and
toxicity.

5. CONCLUDING REMARKS

Inflammatory and toxic effects in response to Ad vector inoculation are mediated through
innate and/or adaptive immune responses against the vector. Collectively, these effects may
lead to systemic toxicity, reduced vector transduction and shortened duration of therapeutic
transgene expression. Owing to the multifactorial nature of this problem, diverse strategies
have been developed to overcome these limitations. The use of transgenic mice and
nonhuman primates will be helpful in further evaluating the strategies for evading vector-
induced innate and adaptive immune responses and toxicity. The critical analyses of the
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results obtained from animal studies are essential before any approach is tested in humans
for the efficacy and safety.

Strategies targeted at modifying the host are based primarily on transient
immunosuppression or the selective depletion of specific cell types using pharmacological
approaches prior to Ad vector administration. With careful monitoring to ensure that the
benefits outweigh the inherent risks, such strategies may benefit many patients. Strategies
targeted at the vector are more diverse and extensively explored. A variety of physical and
chemical methods to modify Ad vectors have enabled immune evasion and selective
targeting with some degree of success. Genetic modification approaches have demonstrated
the feasibility of incorporating immunomodulatory genes to evade vector immunity by
inserting novel genes to specifically target or detarget (e.g. from liver) Ad vectors thereby
endowing pseudotyped Ad vectors with immune evasion capability and novel tropism.
Ongoing research efforts to refine these approaches will be instrumental in enhancing the
efficacy and safety profiles of Ad vectors. HD-Ad vectors as well as vectors derived from
novel human Ad types are continuously being explored for their usefulness in various
preclinical models. Similarly, nonhuman Ad vectors have emerged as a novel gene transfer
platform and, depending on the goal of gene transfer application, they provide attractive
alternatives to HAd vectors.

In summary, exhaustive research efforts geared toward evading Ad vector immunity indicate
the importance of innate and adaptive immunity in Ad vector-based gene delivery. Increased
understanding of the molecular mechanisms of Ad immunity has prompted the development
of novel strategies to overcome this serious limitation. It is hoped that further refinement of
these strategies will soon offer investigators and clinicians multiple options for more
efficient and safe gene transfer in patients. Initially, we may witness Ad-based therapy as
one of the constituents of a combinational therapeutics.
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