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Abstract
With the reason that systemically administered adenovirus (Ad) is rapidly extinguished by innate/
adaptive immune responses and accumulation in liver, in vivo application of the Ad vector is
strictly restricted. For achieving to develop successful Ad vector systems for cancer therapy, the
chemical or physical modification of Ad vectors with polymers has been generally used as a
promising strategy to overcome the obstacles. With polyethylene glycol (PEG) first in order, a
variety of polymers have been developed to shield the surface of therapeutic Ad vectors and well
accomplished to extend circulation time in blood and reduce liver toxicity. However, although
polymer-coated Ads can successfully evacuate from a series of guarding systems in vivo and
locate within tumors by enhanced permeability and retention (EPR) effect, the possibility to
entering into the target cell is few and far between. To endow targeting moiety to polymer-coated
Ad vectors, a diversity of ligands such as tumor-homing peptides, growth factors or antibodies,
have been introduced with avoiding unwanted transduction and enhancing therapeutic efficacy.
Here, we will describe and classify the characteristics of the published polymers with respect to
Ad vectors. Furthermore, we will also compare the properties of variable targeting ligands, which
are being utilized for addressing polymer-coated Ad vectors actively.

1. Introduction
Adenovirus (Ad) has long been predicted as an oncolytic instrument soon after it was
discovered in 1953 by Wallace Rowe and his colleagues (1, 2). With the reason that
adenoidal-pharyngeal-conjuctival virus (APC, now known to be an Ad) can cause
cytopathogenic effect in tissue culture, the virus was rapidly used in clinical trials for the
treatment of cervical cancer in 1956 (2). In 26 out of 40 patients inoculated with wild type
Ad, localized necrosis was found in tumors within 10 days; more interestingly, the areas of
necrosis appeared to be restricted to the cancerous tissue. Even though those who responded
to Ad administered by intravenous, intravascular or intra-arterial routes showed striking
effects, the survival rate of these patients was not significantly extended (2, 3). Because
administered Ad was quickly eradicated by human immune systems since infants and
children are most commonly affected by Ads, the continued investigations using Ad for the
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treatment of cervical cancer did not prolonged the survival (4, 5). However, there might be
no doubt that Ad can be used for anti-cancer therapeutic agents.

Since the results of clinical gene therapy trials began to appear in 1989, the number of gene
therapy clinical trials using Ad vectors worldwide has reached 414 with taking the first
ranking (more than 24% of all cases including viral & non-viral vectors)
(http://www.wiley.co.uk/genmed/clinical/). Practically, developments of recombinant Ad
vector systems and their therapeutic applications have been mostly focused on human
cancers. For just delivering genetic materials using Ad vectors, E1 region-, which encodes
important proteins for cellular transformation and viral replication, deleted replication-
incompetent Ad vectors have been chiefly utilized, before the concept of the oncolytic Ad
emerged for cancer gene therapy (6). Although Ad vectors have many fascinating
advantages such as an efficient nuclear entry mechanism, high gene transduction efficiency
and the ability to concentrated at high titers, the efficacy and duration of transgene
expression are very limited when replication-incompetent Ad is used (7).

By taking advantage of the dysfunctional defense mechanisms such as endogenous tumor
suppression proteins (p53, pRb, p14ARF, etc.) in cancer cells, but the intact ones in normal
cells, oncolytic Ad has been first introduced by Bischoff group in 1996 that E1B 55kDa-
deleted adenovirus can replicates in and kills p53-deficient human tumor cells (8, 9). Soon
afterwards, many kinds of oncolytic Ad vector systems have been developed by genetic
modification of Ad genome (10). Briefly, the development of oncolytic Ad vector system
has been progressed to the following two directions: 1) modulation of E1 genes such as
deletion of E1B 55 kDa and/or 19 kDa genes, deletion or substitution of pRb-binding sites
of E1A gene (8, 11, 12); 2) introduction of tumor specific promoter/enhancer derived from
prostate-specific antigen (PSA) (13), α-fetoprotein (AFP) (14), carcinoembryonic antigen
(CEA) (15), epithelial mucin (MUC1) (16), human telomerase reverse transcriptase
(hTERT) or hypoxia responsive element (HRE) (17, 18).

Cancer-specifically replicating Ad has much more benefits to kill cancer cells when
compared with non-replicating Ad, owing to the ability of cancer-selective replication of
viral genome by using host-transcriptional machinery and of maximized transgene
expression by multiplication of viral genome including therapeutic-transgene expression
cassette (over 10,000 copies of wild type Ad genome per single cell) (19). A variety of
technologies to enhance cancer-killing potency of Ad vector currently under development
can be briefly classified into the following categories: (1) introduction of cytotoxic genes
such as tumor-suppressor gene (p53) (20), suicide gene (herpes simplex virus-thymidine
kinase) (HSV-TK) (21), cytosine deaminase (CD) (22), tumor necrosis factor (TNF)-related
apoptosis-inducing ligand (TRAIL) (23); (2) overexpression of immune-stimulatory
cytokine genes, including interleukin-2 (IL-2), IL-12, IL-18, interferon (IFN)-α, etc. (24,
25); (3) down-regulation of sequence-specific gene expression by small interfering RNA
(siRNA) against mRNA related with angiogenesis (26, 27); (4) elimination of the
extracellular matrix barrier within tumor for efficient viral spread (Ad death protein (ADP),
relaxin, decorin) (28-30).

Despite all efforts, almost all Ad delivered systemically is vanished immediately (Ad half-
life is less than 2 min) (31). In accordance with Ad vector has many obstacles that strongly
limit its efficient and safe application in vivo, which is why human clinical trials are strictly
limited to local injection only against exposed tumors such as head and cancer patients (32).
There are the following three reasons that administered Ad is quickly cleared biologically
before the virus reaches and infects to where we want to target like tumor: (1) innate
immune response by macrophages and dendritic cells (DC); (2) adaptive immune response
by neutralizing anti-Ad antibody (Ab); (3) infection to unwanted organs such as liver
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accumulation by absence of targeting moiety. Once Ad vectors are administered
intravenously, numerous antigen-presenting cells such as macrophages and DC are waiting
for foreign pathogens in the first gateway, resulting in the release of proinflammatory
cytokines and chemokines like IL-6, TNF-a and IFN-g inducible protein-10 (33-35).
Activation of the complement system has also been reported to contribute to the induction of
innate immune system (36). In the second gateway, more specific interaction for inactivating
Ad is participated by widespread neutralizing anti-Ad Ab, which is exhibited in individuals
who have previously been exposed to Ad (37). The major components of Ad capsid, hexon
proteins have been well known that are high immunogenic components because they are
recognized by most of the Abs among all anti-Ad Abs (38). In company with innate immune
response, the induction of adaptive immune response has also been reported to be another
important obstacle-step to reduce the Ad-delivery efficiency. Although Ad vectors evade all
innate/adaptive immune system, almost all of them accumulate in liver followed by acute
liver toxicity and leftover Ads locate to anywhere in the body (39). Passively accumulated
Ads within solid tumor have a possibility to infect to cancer cells as a result of the poor
lymphatic drainage leading to retention of macromolecules within the tumor stroma as well
as the leaky vasculature giving high levels of fluid extravasation (40). This enhanced
permeability and retention (EPR) effect is a well-documented phenomenon, which is
exploited for Gadolinium imaging and proposed for therapeutic use by Dr. Maeda in the
middle of 1980s (41). However, barely remaining Ad located in tumor cells is not sufficient
to show therapeutic efficacy.

Whereas many approaches for arming Ad vectors to enhance the killing efficacy against
cancer have been reported, a variety of technologies for shielding Ads to reduce host
immune responses have been developed from various angles as well (42-45).In contrast with
the engineering Ad-tropism at the genetic level, which has problems such as difficulty to
remove immune-recognition sites, production of much increased amounts of non-infectious
Ad particles versus infectious viral particles and batch-to-batch difference of the vectors
(46-48), the techniques for coating Ad with synthetic polymers attenuating the ability of Ad
to be inactivated by antigen-presenting cells or neutralizing Abs, have been successfully
accomplished (42-44) as the beginning of the covalent chemical modification of Ad vectors
with polyethylene glycol (PEG; PEGylation) (49).

In this review, we will describe the current achievements and potentials of the techniques for
shielding and addressing Ad vectors with passively or actively targeted polymers used so
far, which are classified with characteristics of the polymers for passive targeting or of the
targeting ligands conjugated to the polymers for active targeting. For developing successful
therapeutic agents using Ad vectors, both shielding with appropriate non-cytotoxic polymers
(Safety) and addressing with specific targeting ligands (selective therapeutic efficacy) are
inescapable to delivering Ad vectors safely and efficiently in vivo.

2. Passive targeting
Many types of viruses including Ad have been modified to eliminate their toxicity with
maintaining their high gene transfer capability. The obstacles of Ad vectors for broad
clinical utility have not yet been successfully achieved due to the problems related to the
inherent properties of Ad such as liver-tropism and fast eradication by anti-Ad Abs. To
overcome the limits of the Ad vectors for in vivo application, in terms of safety and efficacy
issues caused by immunogenicity of their inherent tropisms, combinatorial approaches with
non-viral vector system have been led as an alternative.

Accumulation of macromolecules containing therapeutic gene are well understood to able to
locate within tumor via the EPR effect called as passive targeting, which is caused by the
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leaky blood vessels coupled with poor lympathic evacuation in the tumors (40, 41).
Generally, two kinds of capsid modification approaches using polymers have been reported
to shield Ad vectors safely and efficiently, which are based respectively on chemical or
physical engineering, since genetic engineering of Ad genome to evade immune-recognition
is very difficult and inefficient at overcoming these problems (50). These engineering
methods to modify Ad with polymers are fully required to protect Ad vectors for evading
innate and adaptive immune responses and also to target Ad vectors towards cells where it
can mediate a useful outcome. In this part, we will classify and present the Ad-capsid
modification engineering used for coating Ad with polymers chemically or physically, so far
(Table 1).

2.1. Chemical engineering by polymers
Chemical engineering of virus particles with hydrophilic polymers provides an opportunity
to mask the viral surface epitopes, preventing Ab-neutralization and reducing unwanted
interactions with blood components after systemic administration. Chemical engineering for
surface modification of Ad vectors is mainly carried out by cross-linking via amine
functional groups on the Ad surface (approximately 1,800 free amines on the hexon, penton
and fiber proteins). In many papers, PEG and poly-N-(2-hydroxypropyl)methacrylamide
(pHPMA) are described as the representative polymers of chemical engineering to Ad.

2.1.1. PEG—The first attempt to PEGylate Ad vectors were performed by O'Riordan et al.
in 1999, on the basis of previous experience with the modification of therapeutic proteins in
general (49). According to their results, TM-PEG was shown to be a suitable reagent for
PEGylation of amino groups on the surface of viral capsids based on Ad serotype 5, while
allowing for retention of biological Ad activity. Reaction to PEG has been shown to improve
the in vivo pharmacokinetics of the administered vector by increasing the clearance time of
the vector in the blood (31), with preventing anti-Ad antibody neutralization (51, 52) and
decreasing the innate immune response against the vector (53).

Recent studies have showed how PEG size and the degree of PEGylation affect in vivo
transduction of PEGylated Ad. At early, PEGylated Ad had been studied with small sized
PEG (2-5 k), although PEG can be synthesized to various molecular weights and lengths of
up to 40 k. Also, it can be modified branch types or PEG that contains different active
groups on each side chain. Wortmann et al. reported that the size of the PEG determines the
detargeting efficiency (54). In this study, small sized PEG (2 k) did not mediate significant
detargeting to liver. This result is corresponded with the results published by Mok et al. who
reported that small 5 k-SPA-PEG could not prevent the accumulation in the liver after
intravenous injection (53). On the contrary, their results demonstrated that 20 k PEG greatly
decreases liver transduction in vivo. These results are also agreed with the recent study by
Hofherr et al. In their study, the effect of the different-sized PEGs (2, 20 or 35 k-PEG) was
tested on in vivo liver transduction after i.v. injection (55). Stronger level of luciferase
expression in liver was observed with 10-fold higher in 5 k PEGylated Ad group than those
in 20 or 35 k PEG-Ad groups. Their results indicate that the larger sized PEG reduces liver
transduction, resulting in the prolonged circulation time of Ad in bloodstream because of
preventing the accumulation of Ad to the liver.

In general, the degree of PEGylation affects in vivo transduction of PEGylated Ad. Gao et
al. and Yao et al. groups reported that the accumulation in tumor and half-life in blood of
PEGylated Ad are dependent of the ratio of the PEG contents (56, 57). These observations
are also associated with the size of PEGylated Ad. The increased size of PEGylated Ad
indicates the expanded particle diameter (56, 58). Because the size of liver fenestrations
allowing access from the blood to the liver parenchyma is 100-110 nm in mice (59),
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PEGylated Ad larger than this size can avoid the liver sinusoid fenestrae. So, PEGylated Ad
that is smaller than < 200 nm is shown the increased tumor accumulation via EPR effect
through prolonged circulation time in blood.

In almost all studies about PEGylation of Ad, PEG has been covalently conjugated with
amine group of lysine residues on Ad capsid (hexon, penton, and fiber proteins). However,
this masking effect by PEGylation rather inhibits the attachment of the Ad to coxsackievirus
and Ad receptor (CAR) for the natural cell entry pathway, resulting in significant reduction
in the transduction efficiency with increasing the PEGylation ratio. These results have
demonstrated by many studies (53, 54, 56) that more improved method without decreased
transduction efficiency is needed for PEGylation of Ad. In order to make conventional
PEGylated Ad vectors, PEG has to be selectively conjugated and controlled to specific sites
on the Ad surface besides the methods attaching retargeting ligands to the ends of PEG
chains for active targeting. Kreppel et al. introduced the specific method called geneti-
chemical strategy (60). They combined the chemical modification of Ad with genetically
introduced cysteine residues into the HI-loop of the fiber protein. In this study, chemical
reactivity of the genetically introduced thiol groups on the surface of Ad particle could be
controlled without affecting the structural and biological nature of Ad, resulting in offering
the high specificity for active targeting.

Recently, in order to selectively conjugate PEG to hexon protein on Ad surface using avidin-
biotin interaction, Kouyama et al. generated Ad-BAP-L2 (61). This virus was genetically
incorporated the biotin acceptor peptide (BAP) into the hexon hypervariable region 5
(HVR5) of the hexon, and then, PEG was specifically conjugated to the hexon HVR5 via
avidin-biotin complex formation. In this study, hexon on Ad surface recognized as the target
site of immune system specifically masked by PEG, resulting in lower immunogenicity and
the reduction in the hepatic transduction compared with those of its control virus.

The amount of PEGylation and the molecular size of PEG including PEGylation of Ad not
mentioned above should be considered to overcome the hurdles imposed by the high
promiscuity of Ad vectors. These technologies may serve as tools for more development of
the conventional adenoviral vectors.

2.1.2. poly-N-(2-hydroxypropyl) methacrylamide (pHPMA)—As another
representative polymer for chemical engineering, pHPMA is a multivalent reactive
hydrophilic polymer to be developed as a drug carrier including chemotherapeutic agents
(43). pHPMA based copolymers is variously modified to shield Ad surface against
preexisting neutralizing antibodies, complement, platelets or erythrocytes for systemic
injection. Fisher et al. generated pHPMA-ONp as addition to reactive 4-nitrophenoxy groups
on pendent diglycyl side chains of pHPMA (52). In this study, modified pHPMA carrying
Ad vectors accomplished the abilities evading Ab recognition and abrogating CAR-binding
followed by the Ads infection to the cells, but make it possible for retargeting by
introduction of ligands against target cell surface. Also, hepatic transgene expression of
pHPMA-coated Ad was examined over 100-fold lower than that of naked Ad, resulting in
the induction of prolonged circulation time in blood (62). Moreover, the accumulation of Ad
in the tumor after intravenous injection was increased 40-fold than that of naked Ad by the
EPR effect (63). Recently, pHPMA was synthesized with insertion of amine reactive
carbonyl thiazolidine-2-thione (TT) groups and positively charged quaternary ammonium
(QA) groups (64). TT groups take charge of the reactivity function for polymer release from
Ad by reductively degradable disulfide bonds under reducing intracellular environment.
Also, QA groups provided the increased yield of coating reaction by electrostatic interaction
with net negative charge on Ad surface. In this study, multivalent pHPMA containing TT or
QA groups showed over 95% reduced binding ability to human erythrocytes, besides the
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inactivation of naked Ad vectors by interaction with Abs and coagulation factors was
protected by polymer-coating. They will potentially cover considerable barriers raised by the
viral capsid with little or no effect on virus infectivity.

2.2. Physical engineering by polymers
The surface of Ad contains negative charge due to the structure of external amino acids in
the hexon of Ad capsids (65). Non-viral vectors are generally cationic in nature. They
include cationic polymers such as poly(ethylenimine) (PEI) and poly(L-lysine) (PLL),
cationic peptides and cationic liposomes. Although non-viral vectors are less efficient than
viral ones, they have many advantages of safety, simplicity of preparation and high gene
encapsulation capability. Based on this property, Ad can form the complex with cationic
polymers having the advantage of viral and non-viral vectors.

2.2.1. Cationic polymers—The synthetic cationic polymer (at physiological pH) can be
combined with Ad to form a particulate complex, capable of gene transfer into the target
cells. Since they are synthetic compounds, many modifications such as molecular weight
and ligand attachment can be easily manipulated.

2.2.1.1. Poly(ethylenimine) (PEI): PEI was used in gene delivery more recently than PLL.
It is usually branched with every third amino nitrogen atom being protonated such that PLL
has a buffer capacity virtually at any pH value (proton sponge) (66). At the same time, the
effect about Ad complex with PEI was reported in two groups (67, 68). They combined the
DNA binding property of the cationic polymer PEI and the potent endocytic activity of Ad
in a PEI-DNA-Ad complex which provide efficient plasmid delivery. PEI-DNA complexes
improved the transduction efficiency of Ad and DNA delivery. At present, branched PEI-25
k showed superior transfection efficiency due to its high density of cationic charge (69).
However, high molecular weight PEI induces the strong toxicity.

Many factors affect the efficiency/cytotoxicity profile of PEI complexes such as molecular
weight, degree of branching, ionic strength of the solution, zeta potential and particle size
(70). Han et al. group recently reported that cross-linking of low molecular weight (LMW)
of PEI with a biodegraded linkage could maintain its low toxicity and improve the efficiency
of gene delivery (71). They introduced a cationic polymer PDN synthesized by cross-linking
PEI-2k with DEG via ester/amide bonds that can be degraded readily under physiological
conditions. Gene expression in cells treated with PDN-Ad complex was shown 2- to 6-fold
greater than that induced by naked Ad in CAR deficient and CAR over-expressing cell lines.
In addition, when 10 μg/mL of polymer PDN cross-linked by low molecular weight (LMW)
PEI and diethylene glycol was used for Ad complex, cell viabilities remained more than
75% compared with that (50%) of 25 k PEI. Also, PDN/Ad-SDF1 complex elicited greater
anti-tumor activity than these of 25L PEI/Ad-SDF1a or Ad-SDF1a in aggressive LLC tumor
model.

2.2.1.2. poly(L-lysine) (PLL): PLL polymers are one of the first cationic polymers
employed for gene transfer (72, 73). They are linear polypeptides with the amino acid lysine
as the repeat unit; thus, they possess a biodegradable nature. Fasbender et al. group reported
that the complex of Ad and cationic polymers including PLL increased Ad uptake and
transgene expression in cells than that in cells treated with Ad alone (74). Also, this paper
described well about characterization of the Ad complex with cationic polymers. First,
cationic polymers are coated on Ad surface; second, excessive amounts of cationic polymer
produce aggregation, which could decrease the efficiency of gene transfer; third, cationic
polymers cause Ad to bind to and infect cells through pathways other than the CAR-
mediated pathway. This property is very useful for in vivo applications. PLL complexes are,
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however, rapidly bound to plasma proteins and cleared from the circulation (75). PLL at
high concentrations elicit undesirable cytotoxicity. Their applications in vivo are greatly
hampered due to their poor biocompatibility and rapid degradation (76). So, to increase
transfection efficiency and circulation half-life of Ad complex with PLL, it was modified
with PEG. Recent report showed that two types of PEG-grafted PLL had lower toxicity than
high molecular weight 24 K PLL (77). Also, the transgene expression in human
mesenchymal stem cells treated with PLL-PEG-Ad complex was observed 4.3 fold higher
than that of naked Ad.

2.2.1.3. Cationic Lipids (liposomes): Liposomes are one of the most studied non-viral
vectors. They include a group of positively charged lipids at the physiological pH and
interact with the negatively charged DNA through electrostatic interaction. Cationic lipids
were used mainly in the form of liposomes. In aqueous media, cationic lipids are assembled
into a bilayer vesicular-like structure (liposomes). Early Chillon's group used cationic lipid
to couple PEG to the virus noncovalently as one way to protect virus from neutralizing
antibody (78). They formed complexes using cationic lipid GL-67 and DOPE-PEG. In the
optimized ratio of GL-67 to DOPE-PEG, the transgene expression in cells treated with Ad
complexed with GL-67/DOPE-PEG in the presence of immune plasma was assessed 50-fold
higher than that in cells treated with Ad alone. Also, the transgene expression of cationic
lipid GL-67/DOPE-PEG-Ad complex intratracheal administered in immunized mice for lung
delivery was 80-fold greater than obtained with Ad alone. These results suggest the
feasibility of developing a system in which the virus is effectively shielded from neutralizing
antibodies and capable of repeat administration.

Another cationic lipids utilized in the formation of self-assembled Ad complexes is to use
several components the following: dimyristoyl phosphatidylcholine (DMPC), cholesterol
(Chol), DOTAP [(1,2-dioleoyloxypropyl)-N,N,N-trimethylammonium chloride], 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000) (79). This
paper engineered 4 different types of artificially enveloped Ad complexes using cationic,
neutral, fusogenic, and PEGylated lipids to form the envelopes around nonenveloped virus
by self-assembly and obtained extended blood circulation times following intravenous
administration and reduced vector immunogenicity. Moreover, the transgene expression of
the PEGylated lipid-enveloped Ad after systemic administration was reduced more than
100-fold in the liver and spleen as compared to Ad alone. Also, artificial envelopment led to
preferential Ad gene transfer to solid tumors. This indicates that it is possible to target
enveloped Ad to tumors via EPR effect.

2.2.1.4. Natural polymer, chitosan: Chitosan, obtained by deacetylation of chitin, is non-
toxic, cationic and biodegradable polysaccharide composed of two subunits, D-glucosamine
and N-acetyl-D-glucosamine (73). Kawamata Y et al. examined the ability of chitosan to
enhance the infectivity of adenovirus to mammalian cells (80). In this study, enhanced effect
of chitosan on the infectivity of adenoviruses was observed in the cells that do not express
CAR among several cell lines with variable levels of Ad infectivity, indicating the CAR-
independent mechanisms for this enhancement effect. These studies suggest chitosan may be
a potential candidate for a non-viral vector to safely increase Ad infectivity to mammalian
cells.

More in detail possibility of Ad as a systemic injection agent was showed by Park's group
(81). In this study, they generated Ad complex based on chitosan and PEG through
electrospinning. In addition, Ad-mediated tumor-targeting vector for systemic
administration was developed by conjugating folic acid (FA) to chitosan-PEG for tumor
cells expressing folate receptor. The transduction efficiency of Ad/chitosan-PEG-FA at 20%
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FA ratio complex was observed around 2.8- or 5.3-fold higher than that of naked Ad or Ad/
chitosan-PEG, respectively. Moreover, to examine the induction of immune response against
Ad, the IL-6 cytokine level induced in macrophage cells treated with Ad/chitosan-PEG-FA
was reduced 2.7-fold lower than that of the cells treated with naked Ad. These results
suggest that Ad nanocomplex based on chitosan with tumor target moiety can be used
effectively with reduction in the risk of side effects associated with low immune responses
against Ad for cancer therapy.

2.2.1.5. Bioreducible polymers: The currently available cationic polymers have significant
acute toxicity concerns such as cellular toxicity, aggregation of erythrocytes, and entrapment
in the lung capillary bed (82), and mostly due to their poor biocompatibility and non-
degradability under physical conditions. Also, for successful transgene expression,
intracellular barriers have to be overcome. After intracellular uptake of polyplexes into
endosomal vesicles, it has to escape from endosome for gene delivery toward the nucleus
(83). However, although the proton sponge mechanism of PEI is believed to contribute to
endosomal release (84), the ability of cationic polymers to escape from endosome is still
insufficient.

To develop more intelligent polymers, disulfide bonds were introduced in the design and
synthesis of biodegradable polymers (85). Disulfide bonds are more hydrolytically stable
than ester bonds in the extracellular environment and can be cleaved rapidly by glutathione
and thioredoxin reductase in cytoplasm (85-88), resulting in rapidly released from
polyplexes to mediate efficient gene expression. Also, cytotoxicity of polymers including
disulfide bond was decreased because it can be degraded into non-toxic small molecules in
cells. We introduced arginine-grafted bioreducible polymer (ABP) as grafted arginine
residue in backbone structure having disulfide bonds (89). The enhanced transductional
effect on Ad complex formed with ABP via physical interaction polymer showed by our
group (90). In our study, Ad surface was physically coated by cationic ABP polymer that
was confirmed by TEM and DLS results. The enhanced transgene expression was observed
in variable cells treated with ABP-coated Ad complex, with minimal toxicity compared with
25 k PEI and lower immunogenicity.

For more closely approach of clinical setting, our group, also, generated oncolytic Ad
complex chemically conjugated with the cationic ABP polymer for hepatoma-specific
therapy via systemic administration (91). This paper showed in vitro and in vivo safe profiles
in details about the combination of oncolytic Ad and the cationic/bioreducible polymer. The
combination of liver cancer-specific self-replicating oncolytic Ad and the cationic ABP
polymer via chemical conjugation led to the reduced interaction with human serum proteins
and the ability to avoid the innate and adaptive immune response by shielding the
immunogenic sites of Ad surface. Moreover, surface modification of Ad via chemical
conjugation with ABP polymer showed the improved safe profiles and enhanced efficacy to
overcome the obstacles of Ad such as short half-life, Ad-associated liver toxicity and the
induction of strong immunity against Ad for in vivo application.

Most of non-viral systems used to overcome in vivo barriers of Ad reduce the transduction
efficiency of Ad. However, we reported positive results providing proof of concept that
systemic targeting is possible (92). In this study, biodegradable
poly(cystaminebisacrylamide-diaminohexane) [poly(CBA-DAH)] (CD) was formed
complex with oncolytic Ad by physical charge interaction. Moreover, RGD peptide as an
active targeting moiety was conjugated to the bioreducible CD polymer connected with
polyethylene glycol (PEG). The results of much enhanced cytopathic effect and strong
induction of apoptosis of Ad/CD-PEG500-RGD in human cancer cells expressing integrins
for RGD targeting, regardless of CAR expression suggested that RGD-conjugated
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bioreducible polymer might be used to deliver oncolytic Ad safely and efficiently for tumor
therapy.

2.2.2. Encapsulation—Alginate- and poly(lactic-co-glycolic acid) (PLGA)- based
biodegradable microparticles have been investigated for sustained and targeted/localized
delivery of agents such as purified protein, bacteria, DNA or viruses (93-96). The use of
biodegradable PLGA and alginate microparticle to encapsulate adenoviral vector provides
protection from preexisting humoral immune responses and guard viral vectors from
neutralizing antibody responses. Since alginate microspheres are biodegradable and no harsh
treatments, the therapeutic activity of adenoviral vectors in the microparticles was
maintained (97). Encapsulation of adenoviral vector into alginate microparticles could
effectively eluded the virus-specific immune response against pre-existing immunity (98).
Moreover, Ad encapsulated in the alginate gel not only was released in a sustained manner,
but was maintained the transduction efficiency of Ad vector for a prolonged period in vitro,
resulting in preserving biological activity of Ad (99).

PLGA is relatively nontoxic, and in vitro and in vivo degradation occurs by acid or base
catalyzed hydrolysis. However, when labile protein or drugs are microencapsulated within
PLGA microspheres, they are prone to degrade or aggregate during the harsh formulation
conditions, including the exposure to an aqueous/organic interface. Dr. Park's group used
PEG to protect the degeneration of Ad during the encapsulation of Ad in PLGA reported
(100). PEGylated Ad exhibited the enhanced physical stability against harsh formulation
conditions, such as high shear stress and low pH, during encapsulation within PLGA
microspheres. PLGA microspheres encapsulating PEG-Ad showed enhanced transgene
expression and reduced immune response in vitro.

These encapsulation methods of Ad in biodegradable polymers can induce long-term
therapeutic effect by sustained release from Ad-encapsulated particles around target site.
Microparticles containing Ad will be delivered by various routes without any obvious side-
effects.

3. Active targeting
Since many solid tumors possess leaky vasculature that is hyperpermeable to
macromolecules, the retention of adenovirus coated with the polymers like PEG or pHPMA
within solid tumors and tumor stroma can be achieved (EPR effect) (41). Most of efforts to
develop synthetic polymers for coating Ad have been focused on the following aims;
blocking receptor-mediated infection of hepatocytes (low liver toxicity) and phagocytic
scavenging by kupffer cells (clearance in liver), evading neutralizing antibody against Ad
(clearance in blood), prolonging circulation time in blood, enhancing EPR effects (101,
102). Despite the use of the mentioned polymers above for delivering Ad vectors in vivo has
significantly reduced innate and adaptive immune responses, attaching targeting moiety to
the ends of polymers coated Ads is inescapable reality for successful cancer therapy. The
reason is that sufficient therapeutic efficacy is not able to be achieved only with passive
accumulation of shielded Ad with polymers because of the reduced transduction efficacy
due to the natural stealth effects of polymer itself (43, 103). In this part, we will more focus
on the current advances in targeting of Ad gene delivery via polymers including tumor-
targeting ligands. In order to shield Ad vectors from recognition by host immune systems
and address the virus to tumor cells, several kinds of polymers as mentioned above have
been used for coupling with tumor-homing ligands, which showed the great potentials for
cancer therapy in vivo as well as in vitro. So far, targeting ligands for addressing Ad/
polymer conjugates have been utilized with 4 different categories as following (Table 2).
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3.1. Homing peptides
The concept of vascular zip codes is well known strategy to find and develop numerous
tumor homing peptides (104). A variety of cancer cell binding and/or penetrating peptides
have been found and utilized for biological delivery of drugs and nanoparticles to tumor-
specific vessels other than blood vessels (105). Among them, RGD peptide is most
frequently being used for endowing targeting moiety to Ad/polymer complexes.

3.1.1. RGD—In general, endothelial cells are active participants in varieties of diseases
including cancer (106) and chronic inflammation such as rheumatoid arthritis (107). Many
kinds of target epitopes overexpressed on activated angiogenic- or proinflammatory-
endothelial cells have been identified, including av-integrins (108), E-selectin (109) and
vascular endothelial growth factor receptors (110). It is well-known that Arg-Gly-Asp
(RGD) peptide binds with high affinity to av-integrins that are overexpressed on angiogenic
blood vessels (111). The peptide ligands containing the Arg-Gly-Asp (RGD) triad, which
show good endocytotic ability, strong affinity and selectivity to the many kinds of integrins,
have been widely developed and utilized to target the tumor-associated cells expressing the
integrins receptors (112, 113). Technically, the RGD ligand can specifically recognize and
bind with integrin receptors, which are important biomarkers overexpressed in sprouting
tumor vessels and most tumor cells (111).

Ad coated with PEG decorating the linear type of RGD peptide on the end of PEG showed
high transduction efficiency and Ab evasion ability (114, 115). They constructed that
replication incompetent Ad expressing firefly luciferase (Ad-ΔE1/Luc) was covalently
attached to PEG (3.4 k) linked to linear type of RGD peptide (YGGRGDTP). In B16BL6
(CAR-negative) cells, The RGD-PEG-Ad showed 60-fold and 200-fold higher transgene
expression rates than naked Ad and PEG-Ad, respectively (114). In the presence of anti-Ad
antibody, RGD-PEG-Ad retained more than one-tenth of its transduction efficiency, whereas
Ad-RGD containing an RGD peptide in the HI loop of the fiber lost more than 99% of its
activity in the presence of Ab.

For retargeting Ad with the same strategy but using cyclic RGD (cRGD) peptide,
bifunctional PEG was conjugated onto the viral capsid of Ad encoding luciferase as a
reporter gene and cRGD peptide was then introduced to the other functional group of the
PEG molecule (116). The RGD-conjugated Ad (Ad-TL-PEG-RGD) exhibited a relatively
high transduction in HUVEC cells when compared with that of AdTL-PEG-Cys without
RGD peptide. The transduction efficiency of Ad-TL-PEG-RGD was significantly reduced
by the presence of RGD-modified protein, but not by recombinant knob 5. They also
published another result using the same RGD-PEG-modified Ad encoding dominant
negative lκB (dnlκB) as a therapeutic gene (117). Since a dnlκB that contains serine-to-
alanine mutations at amino acids 32 and 36 can blocks endogenous lκB phosphorylation and
subsequent proteosome-mediated degradation, thereby inhibiting NF-κB mediated gene
expression, TNF-α driven expression of all pro-inflammatory and pro-angiogenic genes (E-
selectin, ICAM-1, VCAM-1, IL-6, IL-8, VEGF-A and Tie-2) was completely abolished in
HUVECs transduced with the RGD-targeted Ad delivering the dnlκB gene via αvb3. The
cRGD-modified Ad vector showed significantly enhanced transduction efficiency of
integrin-positive tumors than naked Ad through intranvenous administration that was
exhibited using in vivo bioluminescence tumor imaging (118). As polymer carriers showing
low cytotoxicity, high transduction efficiency and characteristic of active-targeting to cancer
cells expressing αv-integrins, the cRGD-conjugated bioreducible polymer (CD-PEG-RGD)
delivering for delivery of oncolytic Ad expressing shRNA against IL-8 mRNA, was
introduced by our group (92). The oncolytic effects of Ad coated the polymer were
dramatically enhanced, especially in cancer cells expressing high levels of αv-integrins. Not
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only that, the expression levels of IL-8 and VEGF were significantly suppressed in the
cancer cells treated with Ad coated with the polymers when compared with the results by
naked Ad. No prominent cell-killing effects and down-regulation of IL-8 and VEGF
expression were observed in human normal cells.

3.1.2. Others—With the aim of addressing Ad vectors to prostate cancer cells via
alpha6beta1 integrins, whose expression if upregulated during prostate cancer progression,
transduction efficiency of Ad vectors was enhanced in PC-3 cells by coating with pHPMA
linked with alpha6-integrin binding peptide (-SIKVAV-) derived from laminin (119). The
retargeted viruses were delivered to and expressed reporter proteins in the tumor with
reduced liver tropism and slower plasma clearance. Parker et al. also reported the capability
of another homing peptide (SIGYPLP) for incorporating on the polymer-modified Ad
vectors, which is the cell binding hepapeptide to enhance transgene expression (120). The
levels of transgene expression by the retargeted Ad vectors with the homing peptide were
enhanced to greater than 15 times in HUVECs that observed using naked viruses. By
conjugating CGKRK tumor vasculature homing peptide to the end of a 20-kDa PEG chain,
tumor vascular targeted delivery of Ad vector expressing reporter protein or HSV-tk protein
was accomplished successfully, resulting in much higher transgene expression in tumor or
superior antitumor effects against primary tumors and metastasis than that of naked Ad and
Adv-PEG, respectively (121).

3.2. Growth factors
Growth factors are capable of stimulating cellular growth, proliferation and cellular
differentiation and play important role for regulating a variety of cellular processes. They
typically act as signaling molecules between cells and often promote cell differentiation and
maturation. Abnormality in the growth factor signaling pathways can lead to uncontrolled
growth and development (122). Cancer has been now recognized to be the result of a
multistep process, the unregulated expression of growth factors or components of their
signaling pathways is the one of the critical phenomena in malignant transformation. With
this reason, many growth factors have been frequently utilized as targeting moieties because
they can bind to specific receptors overexpressed on the surface of many tumor cells and
associated with an aggressive tumor phenotype. Among them, endothelial growth factors
(EGF) and fibroblast growth factors (FGF) have been used as attractive targeting ligands for
retargeting of Ad (123, 124).

3.2.1. EGF—EGF is a low-molecular weight polypeptide (6.0 k) and plays an important
physiological role in the regulation of cell growth, proliferation and differentiation by
binding to its receptor, the epidermal growth factor receptor (EGFR). The EGFR (also
known as ErbB1), a family of receptor tyrosine kinase proteins, is a promising tumor-
associated target, overexpressed in more than 60% of ovarian cancers and associated with
the malignant phenotype when compared to normal cells (125). The strategies about
targeting of polymer-coated Ad to the EGFR have been recently reported by three groups
(126-128).

Berg et al. reported that photochemically enhanced transduction with EGFR-targeted and
polymer-complexed Ad was accomplished by the binding of biotin-EGF to the polymer
poly(2-(dimethylamino)ethyl methacrylate) (pDMAEMA)-avidin. pDMAEMA-avidin
effectively enhanced transduction through unspecific Ad-uptake into cells, while
pDMAEMA-PEG provided charge shielding of the Ad-polymer complexes and increased
the specificity to EGFR when biotin-EGF ligands were used (126). Interestingly, they found
that a physical targeting technology, termed photochemical internalization (PCI),
significantly enhanced transduction efficiency with untargeted polycation-coated Ad vectors

Kim et al. Page 11

Biomaterials. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



without any targeting ligands (129). The endocytic compartments in cells can be disrupted
by light activation of photosensitizing compounds that localize in the endocytic vesicles
(130). The selective transduction was confirmed that the transduction of EGFR-targeted
viral complexes connected with PEG was inhibited by 66% in CAR-deficient cells and by
47% in CAR-expressing cells in receptor antibody experiments. In this study, the
combinatorial approach with using biological and physical methods is capitally noted for
specific and efficient delivery of Ad.

Using the similar concept of biotin-avidin interaction as mentioned, avidin-modified Ad
(Ad-avi) was introduced to immobilize biotin-PEG-EGF conjugated (128). In their study,
more conveniently, EGF-conjugated to the distal end of a PEG chain with biotin can be
easily complexed with avidin-conjugated on the surface of Ad by high affinity of biotin-
avidin interaction. The transduction efficiency of Ad-avi/biotin-PEG-EGF complexes was
dramatically enhanced with increasing the amount of biotin-PEG-EGF conjugate in A431
cells over-expressing EGFR. However, there was no significant difference in transgene
expression level for MCF7 cells lacking EGFR. To prove whether transduction pathway of
Ad-avi/biotin-PEG-EGF would be mediated through EGF targeting moiety, treatment of free
EGF successfully blocked the GFP expression levels of Ad-avi/biotin-PEG-EGF.

The selective/enhanced transduction and the therapeutic efficacy of murine EGF (mEGF)-
conjugated pHPMA retargeted Ad were evaluated by Seymour groups (127). To achieve
tumor-selective infection and therapy as well, mEGF peptide, for subsequent coating of Ad,
was conjugated to HPMA copolymer. The ability of mEGF-conjugated pHPMA to stimulate
EGFR tyrosine kinase activity was determined by EGFR autophosphorylation using Western
blotting. The tropism of Ad expressing luciferase was ablated by HPMA polymer and
retargeted by mEGF peptide by luciferase assay compared to the unmodified Ad in cancer
cell types used. Not only oncolytic Ad, even wild-type Ad (Ad5WT) replicates more quickly
in many human cancer cells than in human normal cells, antitumoral effects of Ad5WT
coated with untargeted pHPMA or targeted mEGF-pHPMA conjugates was evaluated in
murine models bearing human ovarian tumors. mEGF-pHPMA-Ad5WT mediated a
significant longer median survival compared with PBS (34 days with PBS versus 64.5 days
with mEGF-pHPMA-Ad5WT) and untargeted pHPMA-Ad5WT (46 days with pHPMA-
Ad5WT) versus 64.5 days with mEGF-pHPMA-Ad5WT).

3.2.2. FGF—FGF family of growth factors has shown variable actions including their
effect on cellular proliferation, angiogenesis and neurotrophic effects. Many studies have
reported that the receptors of FGFs were correlated and highly expressed in cancers to more
aggressive tumors with a greater tendency to metastasis (131).

The first trial of polymer-coated Ad with targeting moiety was achieved by Fisher et al (52).
They developed the covalent coating and retargeting strategy for safe and efficient delivery
of Ad using a multivalent hydrophilic polymer based on pHPMA. As targeting ligands, basic
FGF (bFGF) or VEGF was incorporated on to the polymer-coated Ad that showed CAR-
independent binding and uptake into cancer cells expressing appropriate receptors. Even
though Ads expressing GFP proteins were chemically shielded with targeted polymers
(bFGF-pHPMA), transduction efficiency of bFGF-pHPMA-Ad in A549 cells expressing
FGF receptors was quite similar with that of naked Ad, while untargeted Ad/polymer
(pHPMA-Ad) gave no detectable fluorescent signal. In primary human embilical endothelial
(HUVE) cells having low levels of CAR but expressing receptors for both VEGF and bFGF,
more efficient GFP expression was detected using targeted polymers/Ads (VEGF-pHPMA-
Ad or bFGF-pHPMA-Ad) than that of naked Ad. Respective ligand specificity of each Ad/
polymers was also confirmed by competition assay using antibodies against bFGF or VEGF.
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This report firstly demonstrated that targeted polymer can permit efficient and selective
retargeting of Ad and evade neutralizing antibodies against Ad.

Using heterofunctional PEG molecules decorating FGF homing peptide to retargeting Ad
vectors to cancer cells expressing FGF receptors, the immunological properties such as
protection from neutralization and cytokine secretion of targeted polymer-coated Ad were
noted both in vitro and in vivo (132). In contrast with modification technology of Ads with
monofunctional PEG, heterofunctional PEG molecules allow the further covalent
modification of the capsid with targeting molecules, which serves to overcome the limit of
inefficient gene transfer into specific cell types such as cancer cells. As well as, it can ablate
the normal tropism of the virus, reduce transduction of nontarget tissues in vivo and prolong
blood circulation time. The enhancement in transduction was 10-fold higher than naked Ad
or Ad/PEG without FGF-targeting moiety in SKOV3.ip1 cells expressing FGF receptors
abundantly that was dependent on the binding of the coupled FGF to its high-affinity
receptor and is not dependent of CAR on the surface of the cells. The retargeted vectors
successfully escaped from neutralizing antibodies in the presence of human anti-Ad
neutralizing serum, generating humoral and cellular immune responses against capsid
proteins of Ad as well.

Fisher et al. also reported detargeting by HPMA polymer followed by retargeting by FGF2
peptide of Ad5 (133). In contrast with their previous report (52), they introduced improved
polymer coating strategies, accomplishing target cell-selectivity ratios of up to five
thousand, and with complete inhibition of hepatic infection in vivo. The optimal condition of
the coating polymer concentration (2 to 20 mg/ml) was evaluated to ablate natural tropism
of Ad by polymer coating as much as possible, while PEGylation has been reported that it
does not abrogate liver transfection following intravenous injection (134, 135). Transduction
efficacy of Ad was dramatically decreased a further 1000-fold when the polymer
concentration was increased to 20 mg/ml minimizing unwanted infection of non-target cells.
By imposing FGF2-targeting peptide on pHPMA-Ad, both naked Ad and FGF2-pHPMA-Ad
generated a characteristic cytopathic effect (CPE) showing 1000-fold higher cancer cell-
killing effect than untargeted-pHPMA-Ad. The FGF-targeted pHPMA-Ad showed extended
blood circulation levels relative to the untargeted pHPMA-Ad or naked Ad (21% versus
12% or 1% after 30 min, respectively). Intraperitoneal (i.p.) administration of polymer
coated-Ad (pHPMA-Ad) without targeting moiety had little effect on the progression of
cancer, while the FGF-targeted Ad/polymer resulted in a substantial decrease in tumor
burden. This report also emphasized the importance of targeting ligand for efficient systemic
delivery of Ad for cancer therapy, since stealing Ad particles with only polymers will not be
fulfilled for sufficient therapeutic outcome.

3.3. Antibodies
Targeted antibody therapy has been employed to treat many forms of cancer including non-
Hodgkin's lymphoma (136), colorectal cancer, head and neck cancer and breast cancer
(137). By utilizing biologically specific interactions such as Ag-Ab binding, active targeting
can be achieved to increase the efficacy of drug delivery to the target cells. Polymers is
engineered by means of Ab coupling according to the biological characteristics of tumor
tissues overexpressing cell surface tumor-associated antigens that are at low levels in normal
tissue cells. Specific interactions between each Ab with its Ag exposed on target tissues
causes the selective accumulation of Ab-targeted drug in the target tissue. The advantage of
active targeting is decrease of adverse side effects, since targeted materials can accumulate
only in the tumor sites, relatively. The strategy for retargeting of Ad gene delivery with
polymer is being focused on tumor specific Ab such as Trastuzumab (also known as
Herceptin)/Cetuximab or MHES against EGFR or E-selectin, respectively, due to high
specificity of Ab for the extracellular domain of its receptor. Additionally, it is assumed that
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expression levels of tumor specific receptors could directly lead to a predictive biomarker
for response to Ab targeting, therapy as well.

3.3.1. EGFR—Herceptin is a humanized monoclonal Ab that interferes with the HER2/neu
receptor (HER2) that is being studied for use with many cancers (138). The HER2 gene
(also known as HER2/neu and ErbB2 gene) is overexpressed in 20-30% of early-stage breast
cancers (139). It has been also used with some promising success in women with uterine
papillary serous carcinoma overexpressing HER2/neu (140). Utilizing Trastuzumab (anti-
HER2/neu monoclonal Ab, HER), retargeted Ad with a spacer of PEG (HER-PEG-Ad) was
reported by our group that showed significantly enhanced transduction efficiency in HER2/
neu positive cells (human breast cancer cells) when compared to PEG-Ad with reduced
innate immune response to resolve the problem of immunogenicity of naked Ad (141). We
further demonstrated that reduced both innate and humoral immune responses and prolonged
blood circulation time of Ad coated with HER-PEG showing cancer-killing effects (142).
DWP418, the oncolytic Ad expressing relaxin and showing enhanced tumor-killing effect
(11, 17, 29), decorated with HER-PEG was successfully targeted to tumors actively via HER
and suppressed tumor growth in mouse xenograft model of human ovarian cancers (SK-
OV3 and MDA-MB435: Her2/neu positive cells). However, only mild antitumoral activity
of DWP418-PEG-HER was assessed in Her/neu negative MCF7-mot tumors with the
similar tumor-regression effect by untargeted DWP418-PEG, still showing higher
antitumoral effect that might be caused of prolonged blood circulation time against innate &
humoral immune responses. The tumor to liver bioaccumulation ratio of Trastuzumab-
conjugated DWP418 (DWP418-PEG-HER) was 1010-fold greater than naked DWP418 and
a thousand times greater than detargeted DWP418 (DWP418-PEG). The data exactly and
fully reflect the strong potential of retargeted oncolytic Ad coated with polymer as a
therapeutic vector for systemic administration, with characteristics of replicating in,
producing progeny Ads and ultimately killing cancer cells, without any side effects such as
liver toxicity and infection to unwanted normal cells even though the replication of DWP418
is restricted in human normal cells as described (17, 29).

Cetuximab (IMC-C225, Erbitux), anti-EGF receptor Ab, is also a humanized monoclonal
Ab and many clinical trials have been conducted to investigate its efficacy for treatment of
epithelial cancers, including metastatic colorectal cancer (143), ovarian carcinoma (144,
145). Using this selective interaction between Cetuximab and EGFR highly expressed in
many kinds of malignant tumors when compared to normal cells (125), Cetuximab was
utilized to retarget Ad transduction of EGFR-positives in vitro and in vivo (146). They
demonstrated that pHPMA copolymer coating and covalent attachment of Cetuximab
successfully retargeted Ad to the cells expressing EGFR. Covalent coating of Ad with
Cetuximab-targeted HPMA polymer was clearly able to deliver Ad infection via the EGFR,
with no evidence of receptor tyrosine kinase activation. Interestingly, Cetuximab was found
to promoter receptor-mediated internalization without autophosphorylation of EGFR which
can induce mitogenic response. Retargeting of wild-type Ad with Cetuximab-targeted
polymer prolonged survival in an i.p. model of human ovarian cancer, while only Ad/
polymer showed the similar tumor burden with PBS-treated mice.

3.3.2. E-selectin—E-selectin is a cell adhesion molecule expressed only on endothelial
cells activated by cytokines like IL-1 and tumor necrosis factor (TNF)-α by damaged cells
induces the over-expression of E-selectin on endothelial cells of nearby blood vessels. It also
plays an important part in inflammation and is being used as an emerging biomarker for the
metastatic potential of some cancers including colorectal cancer and recurrences (147). With
the reason that E-selectin has been known as an attractive endothelial cell surface marker in
cancer (147-149), E-selectin-specific Ab for retargeting of polymer-coated Ad was reported
(116, 150). Ogawara et al. demonstrated PEGylated Ad vectors exposed E-selectin specific
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Ab (MES-1) on the end of PEG, which can target to activated endothelial cells (116). It was
the first trial using Ab as a targeting ligand with polymer to modify Ad tropism that
enhances transgene delivery of Ad to activated vascular endothelial cells. Utilizing
bifunctional PEG, Ad vectors were chemically coated with PEG linker (3.4 k), PEGylated
virus was directly used in the following coupling reaction with E-selectin Ab (mouse IgG2a
anti-human E-selectin). Although PEGylation of Ad completely abrogated Ad-transduction
pathway through CAR-knob interaction with exhibiting approximately 10-fold less
efficiency than naked Ad, introduction of anti-E-selectin antibody onto the PEGylated Ad
restored the similar transduction efficiency with naked Ad. While PEGylation can only
increase blood circulation time of Ad, homing selectivity was achieved by decorating with
additional anti-E-selectin Ab in TNF-α-activated human umbilical vein endothelial cells
(HUVEC) or endothelial cells in the inflamed skin for 3 hours (delayed-type
hypersensitivity [DTH] model). Retargeting of Ad using the same type of anti-E-selectin Ab
was also achieved as shown above, while Ad was first conjugated with an amino-reactive
multivalent hydrophilic polymer based on pHPMA (150). This pHPMA-coated Ad was
efficiently taken up into HUVECs stimulated by TNF-α and internalized through a viable
receptor-mediated endocytosis pathway via E-selectin and its Ab on Ad/polymer complex.

3.3.3. PSMA—Using a universal bungarotoxin (BTX) linker, non-covalent and non-
destructive attachment of a recombinant Ab fragment to pHPMA-modified Ad vectors has
been introduced (151). The principle of this strategy is based on the strong and non-covalent
interaction between acetylcholine receptors and a-BTX. Recombinant anti-prostate specific
membrane antigen (PSMA) Ab scFv fragment containing the BTX binding region (scFv-
BTX) was added to the polymer-modified BTX binding peptide (BTXbp)-bearing Ad (Ad-
pHPMA-BTXbp) encoding luciferase protein. Transduction efficiency of the targeted Ad
vectors was 5 to 10-fold higher than other experimental groups in PSMA-positive LNCaP
cells.

3.4. Natural source (Folate)
Folate (the naturally occurring form of folic acid) is the natural source of vitamin B9 found
in variable foods and needed to human body to synthesize DNA, repair DNA and methylate
DNA (152). It is also important for rapid cell division and growth, especially during infancy
and pregnancy, as well as tumor growth (153). It has been implicated with respect to several
malignancies, including colorectum, lung and cervix, and may impact prostate cancer (154,
155). Folate receptor overexpressed on the surface of many cancer cells (156), has been
made achievements for targeting anticancer agents or imaging agents to the tumor cells
using folate-conjugated carriers (157, 158). The report regarding modification of Ad surface
with folate conjugated to the distal end of PEG chain (3.4 k) was demonstrated that
chemically modified Ad with targeting ligand showed selective transduction efficacy in KB
cells overexpressing folate receptors, but not in A549 lacking the receptors. They suggested
that folate-Ad/polymer complex showing reduced immune response, might be taken up by
KB cells by folate receptor-mediated endocytosis, not by CAR-mediated endocytosis.

Future prospects
There is no doubt that Ad vectors are attractive instruments for cancer therapy, with carrying
therapeutic agents or by themselves as virotherapy. Although Ads have many advantages as
mentioned, their clinical applications are still restricted due to some problematic factors. For
safer and more effective cancer therapy, therapeutic Ads have to be treated to not only
primary tumor but metastatic tumor in disseminated tissues throughout the body.

To treat the Ad vectors to metastatic tumor, systemic administration is the most logical route
for effective delivery. However, systemic delivery of Ads causes a variety of rapid
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physiological responses. Once naked Ads are administered intravenously, they are
immediately extinguished by the major guarding system such as innate and adaptive
immune responses (RBC, macrophage, DC and neutralizing Abs). As well as, Ads are
accumulated in liver through hepatocyte receptor-mediated endocytosis and quickly
removed by Kupffer cells having scavenging effects (Fig. 1A). Thus, Ad vectors are rarely
located within tumor sites and worse fact is that lacking of CAR expression for Ad infection
is correlated with the development of tumor malignancy (159).

With the efforts to evade the immune responses, avoid the toxic side effects and improve the
therapeutic efficacy, numerous challenges have been tried so far. Even though direct
modifications of the Ad-fiber gene well known as major immunogenic site have been
accomplished well (38), these approaches still induce immune responses and the tropism of
Ad was not much changed since hexon proteins are exposed as ever (160, 161).

To improve the pharmacokinetics of systemically administered Ad in vivo, the usage of
combination with non-immunogenic constituent such as non-viral system is unable to avoid.
Hybrid vector consisting of viral and non-viral components has come to be created. Various
synthetic polymers were engineered using the negatively charge characteristics and lysine
residues on virus surface via chemical conjugation or physical interaction. As shown in Fig.
1B, administered polymer-shielded Ad vectors can survive more than naked Ads with the
following expected reasons: evacuation from the guarding systems in blood system with the
loss of immunogenicity; blocking of receptor-mediated infection to hepatocytes and
phagocytic scavenging by Kupffer cells; prolongation of circulation time in blood; enhanced
accumulation in tumor via EPR effects.

Even if the polymer-modification of Ad vectors is certainly able to overcome the
disadvantages of naked Ad after systemic administration, passive accumulation of shielded
Ad with any appropriate polymers is not sufficient to achieve successful therapeutic
efficacy. It is because that the polymers themselves have no selectivity between normal and
tumor cells although oncolytic Ad vectors are participated. In conclusion, endowment of
targeting moiety to the ends of polymers coated Ads is inescapable fact for successful cancer
eradication. Actively targeted polymer-shielded Ad vectors linked with tumor-targeting
ligands can show not only more increased accumulation within tumors, followed by
selective capture by target cell-specific receptors and enhanced therapeutic efficiency, but
also much reduced undesired transductions and clearance in blood without any fruit (Fig.
1C).
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Fig. 1.
Schematic representation of delivery pathway of systemically administered naked Ad,
shielded Ad with polymer (passive targeting) or targeted polymer-coated Ad (active
targeting).
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