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Adenovirus serotype 5 (Ad5S) has great potential for gene therapy applications. A major limitation, however,
is the host immune response against AdS infection that often prevents the readministration of Ad5 vectors. In
this regard, the most abundant capsid protein, hexon, has been implicated as the major target for neutralizing
antibodies. In this study, we sought to escape the host neutralization response against Ad5 via hexon replace-
ment. We constructed a chimeric adenovirus vector, Ad5/H3, by replacing the Ad5 hexon gene with the hexon
gene of Ad3. The chimeric viruses were successfully rescued in 293 cells. Compared to that for the control
Ad5/HS5, the growth rate of Ad5/H3 was significantly slower and the final yield was about 1 log order less. These
data indicate that the Ad3 hexon can encapsidate the AdS genome, but with less efficiency than the Ad5 hexon.
The gene transfer efficacy of Ad5/H3 in HeLa cells was also lower than that of Ad5/HS. Furthermore, we tested
the host neutralization responses against the two viruses by using C57BL/6 mice. The neutralizing antibodies
against Ad5/H3 and Ad5/HS generated by the immunized mice did not cross-neutralize each other in the
context of in vitro infection of HeLa cells. Preimmunization of C57BL/6 mice with one of the two types of viruses
also did not prevent subsequent infection of the other type. These data suggest that replacing the Ad5 hexon
with the Ad3 hexon can circumvent the host neutralization response to Ad5. This strategy may therefore be

used to achieve the repeated administration of AdS in gene therapy applications.

Adenoviruses, especially serotype 5 adenoviruses (Ad5),
have attracted tremendous interest as gene therapy vectors on
account of their ability to efficiently infect a variety of cells and
to be generated to high titers in vitro (2, 19, 32). However, a
major limitation is the host humoral immune response against
adenovirus that arises from commonly acquired infection with
adenoviruses, specifically when infected with the adenovirus-
mediated common cold or after the initial administration of
adenovirus vectors (6, 16, 27, 29, 37, 38, 41). In this regard, the
preexisting antibodies against Ad5 have been shown to be
sufficient to neutralize AdS infection, thus preventing the sub-
sequent administration of AdS vectors (6, 29, 37, 38). This limit
thus practically precludes applications requiring repetitive vec-
tor-mediated gene delivery.

Of note, the neutralizing antibodies against AdS appear to
be generated principally against the major capsid proteins (13,
18, 35). The capsid of each adenovirus virion is composed of
three major proteins, hexon, fiber, and the penton base, of
which hexon is the most abundant. Neutralization of Ad5 by
preexisting antibodies could occur in two ways: (i) extracellular
neutralization mediated by anti-fiber and anti-penton base an-
tibodies that cause aggregation of virions outside the cells, or
(ii) intracellular neutralization mediated by anti-hexon anti-
body that blocks virion escape from the endosome into the
cytoplasm (35). Intracellular neutralization is more effective
since anti-hexon neutralization occurs via a single-hit mecha-
nism, that is, one molecule of anti-hexon antibody would be
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sufficient to block the infection of one virion (35). This is
consistent with other studies showing that hexon, not fiber or
the penton base, is the major target of host neutralizing anti-
bodies in AdS infection (13, 14, 15, 18, 24). On account of this,
we hypothesized that hexon modification would be an effective
strategy to overcome the host neutralization response.
Hexons of different serotypes are functional homologs and
share a certain degree of sequence homology. Hexon mono-
mers are usually composed of more than 900 amino acid res-
idues (4). Electron microscopy and X-ray crystallography of
the human Ad2 hexon have revealed that hexon has a dense
pedestal base formed by two eight-stranded, antiparallel beta
barrels stabilized by an internal loop (L3). Three other loops,
L1, L2, and L4, project away from the surface of the virion (1,
23, 25, 30, 31). Analysis of the protein sequences of different
hexons has revealed seven discrete hypervariable regions
(HVRs) in the L1 and L2 loops, and one or more of these
regions may contain the serotype-specific neutralization
epitopes (4, 15, 25). Since neutralizing antibodies against ad-
enoviruses have serotype specificity, one strategy to overcome
the host neutralization response against Ad5 would be to re-
place the Ad5 hexon with hexons from different serotypes.
To date, 51 human adenovirus serotypes have been discov-
ered. They are grouped into six subgroups (subgroups A to F)
based on their hemagglutinating properties and DNA homol-
ogies (3, 7). In principle, when serotypes are more distantly
related, they have a lower likelihood of cross-neutralizing.
However, their hexons are more likely to fail in the packaging
of alternate genomes. This is evidenced by recent studies show-
ing that, although the hexons of about 20 serotypes have been
evaluated, only the hexons of Adl, Ad2, Ad6, and Ad12 could
successfully package the AdS genome (15, 24, 40). Among
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them, except Ad12, which belongs to subgroup A, all other
serotypes belong to subgroup C, the same subgroup as AdS.
This has led to the assumption that the hexon switch may only
work efficiently within a subgroup. However, a recent study
using an Ad5 vector that contains a temperature-sensitive (£s)
mutation in the hexon protein (AdS #s147) showed that coin-
fection of AdS #5147 with other adenovirus serotypes [Ad3 (B),
Ad4 (E), or Ad9 (D)] resulted in pseudopackaging of the AdS
genome, suggesting that the Ad5 genome could be packaged
by the capsids of alternate serotypes (21). Nonetheless, the
basis of the transcomplementing function was unidentified;
thus, it is not known whether all of the capsid proteins or only
hexon was supplied by other serotypes. Therefore, compatibil-
ity of hexons from Ad3, Ad4, and Ad9, as well as other Ad5
capsid proteins, with the Ad5 genome remains to be investi-
gated in the context of hexon-chimeric viruses.

In this study, we replaced the hexon of AdS with that of Ad3
to obtain hexon-chimeric virus Ad5/H3. We rescued the chi-
meric viruses, characterized them in detail, and examined the
host neutralization response against them both in vitro and in
vivo. Our data suggested that the Ad3 hexon was capable of
packaging the Ad5 genome, but with less efficiency than the
Ad5 hexon. The hexon chimera AdS5/H3, along with Ad5 and
its native hexon (Ad5/HS), was not cross-neutralized by anti-
bodies against one another as determined by in vitro and in
vivo experiments. On these grounds, this strategy may be used
to circumvent the host neutralization response against AdS. Of
note, this is the first study that directly demonstrated that
hexons of subgroup B adenoviruses could encapsidate the Ad5
genome.

MATERIALS AND METHODS

Antibodies. Goat polyclonal antibody against Ad2 hexon AB1056 and mouse
monoclonal antibodies against Ad2 hexon (MABS8043) and Ad3 hexon
(MAB8047) were purchased from Chemicon International, Inc. Alkaline phos-
phatase (AP)-conjugated donkey anti-goat and goat anti-mouse secondary anti-
bodies were purchased from Jackson ImmunoResearch Laboratories.

Cells and cell culture. The human embryonic kidney cell line (293) trans-
formed with Ad5-E1 DNA was purchased from Microbix (Toronto, Ontario,
Canada) and cultured in Dulbecco’s modified Eagle medium-Ham’s F12 medium
containing 10% fetal calf serum and 2 mM L-glutamine. Human cervix carcinoma
cells (HeLa) were obtained from the American Type Culture Collection and
grown in minimum essential Eagle medium containing 10% fetal calf serum and
2 mM L-glutamine. Both 293 and HeLa cells were cultured at 37°C in a 5% CO,
atmosphere.

DNA construction. (i) Construction of the hexon-deleted Ad5 backbone (pAd5/
AHS5). The Ad5 genome containing the cytomegalovirus promoter-driven green
fluorescence protein (GFP) and firefly luciferase (luc) genes in the E1 region,
pAd5(GL), was used as the template to create pAdS/AHS via a combination of
PCR and a three-piece ligation strategy. pAd5(GL) was digested with the Sfil
restriction enzyme, and the large fragment (~31.3 kb) was purified by using a
QiaEX II gel extraction kit (Qiagen) (fragment I). By using pAd5(GL) as the
template, fragment IT (~2.5 kb), which spans the first Sfil site and the 5" end of
the hexon gene, was amplified by PCR with the primers 5'-GGCGGCCATGC
GGGCC-3" and 5'-GCCATTTAAATGCGGGCGCGCGGCGG-3' and frag-
ment IIT (~1.3 kb), which spans the 3’ end of the hexon gene and the second Sfil
site, was amplified by PCR with the primers 5'-GCCATTTAAATCAGCTGCC
GCCATGGGC-3' and 5'-CGCGGCCTGTCCGGCC-3'. The Sfil and Swal sites
(underlined) were introduced in both fragments II and III with the Swal site
proximal to and the Sfil site distal to the original site of the hexon gene.
Fragments IT and III were then digested with Sfil and Swal, purified, and ligated
with fragment I to generate pAd5/AHS, which contains the GFP and Luc re-
porter genes in the E1 region. Be aware that the two Sfil sites in the Ad5 genome
are not identical. The different sticky ends allowed oriented ligation.

J. VIROL.

(ii) Generation of hexon shuttle vectors. The shuttle vector for Ad5 hexon
replacement, pH5S, was constructed as follows. The 5’ flanking region of the Ad5
hexon (5" homologous region, ~1.2 kb) was amplified by PCR with primers
5'-CGGAATTCGCGAAGGAGGCAGGAC-3" and 5'-GCGGGCGCGCCGC
GGCTCAGCAGC-3', and the 3’ flanking region (3’ homologous region, ~0.9
kb) was amplified with primers 5'-CTTCTAGAAGAAGCAAGCAACATCAA
CAAC-3" and 5'-GCGTTTAAACGCCCGACCTGCTAAACG-3' by using
PAd5(GL) as the template. pH 5S was created by two steps of subcloning: first,
the 5" homologous region was cloned into pNEB193 (New England Biolabs) with
EcoRI and Ascl, and then the 3" homologous region was subcloned in with Xbal
and Pmel.

To subclone the Ad5 hexon gene (HS5) into pH5S, pH5S was digested with
EcoRV and Kpnl and the large fragment was purified. In the meantime, a
fragment containing the HS5 gene was obtained as follows. pAd5(GL) was first
digested with the Sfil enzyme, and the small fragment (~6.7 kb) was purified,
followed by restriction digestion with EcoRV and Kpnl. The resultant large
fragment of 4.1 kb was purified and ligated into the digested pHSS vector
described above to create H5/pHSS.

To create the shuttle vector containing the Ad3 hexon gene (H3), H3/pHSS,
first we obtained H3 by PCR from Ad3 viruses (American Type Culture Collec-
tion) with the primers 5'-ACCCACGACGTGACCACCGACCGTAGCCAGC
G-3' and 5'-GGCTCTAGATTATGTTGTGGCGTTGCCGGCC-3'. The H3
PCR product was digested with Dralll and BamHI and ligated into the vector
part of Dralll- and BamHI-digested H5/pHSS. The resultant shuttle vector,
named H3/pHS5S, contained nucleotide (nt) sequences of H3 from nt 166 to nt
2698, and the resultant hexon differed from wild-type full-length H3 at only 7
amino acid residues.

(iii) Homologous recombination to create pAd5/H5 and pAd5/H3. The corre-
sponding shuttle vectors H3/pHS5S and H5/pHSS were digested with EcoRI and
Pmel, and the fragment containing the homologous recombination regions and
the hexon genes were purified and recombined with Swal-digested pAdS/AHS in
Escherichia coli strain BJ5183. The resultant clones, both of which contained the
GFP and Luc genes in the E1 region, were designated pAd5/H3 and pAdS5/HS,
and the constructs were confirmed by restriction digestions and sequencing.

Virus rescue and preparation. To rescue modified AdS viruses, pAd5/H3 and
pAdS5/HS were digested with Pacl. Two micrograms of each purified DNA was
transfected into 293 cells grown in 60-mm-diameter dishes with Superfect (Qia-
gen). The transfected cells were coated with agarose after 24 h and continued in
culture at 37°C in 5% CO, until plaques formed. The plaques were then collected
and processed for large-scale proliferation.

The viruses were purified with standard CsCl gradient centrifugation. In brief,
the viruses collected from infected 293 cells underwent four freeze-thaw cycles.
After removal of the cell debris by centrifugation at 3,800 X g for 25 min at 4°C,
the supernatant was loaded on the top of CsCl 1.33 to 1.45 discontinuous
gradient and centrifuged at 55,000 X g for 3 h at 4°C. The bottom band was
collected, loaded on a new CsCl 1.33 to 1.45 gradient, and centrifuged at 100,000
X g overnight at 4°C. The bottom band was then collected, and the viruses were
dialyzed with phosphate-buffered saline (PBS) containing 10% glycerol three
times. The virus particle titers were determined by spectrophotometry at 260 nm,
in which 1 U of optical density at 260 nm equals 1.1 X 10'? viral particles (VPs).

Gene transfer assay. Gene transfer efficacy of Ad5/H3 and control viruses was
tested in HeLa cells by measuring luciferase activity. In brief, HeLa cells were
plated in 24-well plates with a density of 10° cells per well the day before
infection. Cells were infected in 150 pl of culture medium containing 2% fetal
bovine serum (FBS) at multiplicities of infection (MOIs) of 10, 100, and 1,000
VPs/cell in triplicate. Two hours later, 350 pl of complete medium was added to
each well and the cells were continued in culture for 24 h at 37°C in 5% CO,.
After a wash with PBS once, the cells in each well were lysed in 250 pl of reporter
lysis buffer (Promega), followed by one freeze-thaw cycle. Five microliters of
each sample was used to measure the luciferase activity with a luciferase assay kit
(Promega) and a luminometer (Berthold, Gaithersburg, Md.). To test the heat
stability of Ad5/H3 and AdS/HS, viruses with an MOI equivalent to 100 were
incubated at 45°C for different time intervals before infecting HeLa cells (10).
Luciferase activity in infected cells was analyzed 48 h postinfection as described
above.

Growth kinetics. 293 cells were plated in six-well plates with a density of 3 X
10° cells per well the day before infection. The cells were infected with Ad5/H3
or Ad5/HS at an MOI of 5 (5 VPs/cell) as described above, and one well of
infected cells including the medium for each virus was collected daily after
infection. The infected cells were subjected to four freeze-thaw cycles, followed
by centrifugation at 3,800 X g for 25 min at 4°C. The titers of the supernatants
were determined by the plaque assay.
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FIG. 1. Diagram depicting the construction of plasmids pAdS5/H3 and pAd5/HS. The plasmid pAd5 containing the GFP and luc (GL) reporter
genes in the E1 region was used to create pAdS/AHS by three-piece ligation. A Swal (Sw) site was introduced into the original site of the H5 gene.
Fragments containing H3 or H5 were recombined with the Swal-linearized backbone pAd5/AHS5 by homologous recombination in E. coli BJ5183,
resulting in the formation of pAd5/H3 and pAdS5/HS. S1, the first Sfil site; S2, the second Sfil site. Note: the two Sfil sites in the Ad5 genome are

not identical. The different sticky ends allowed for oriented ligation.

In vitro neutralization. To obtain neutralizing antibodies for Ad5/H3 and
Ad5/H5, the viruses were injected into C57BL/6 mice (Charles River Laborato-
ries) by intravenous (i.v.) injection at a concentration of 10'° VPs/mouse. PBS
was injected as the control. Three mice were used for each group. Two weeks
later, blood was withdrawn from the hearts of the immunized mice and sera were
separated in serum separator tubes (Becton Dickinson). Procedures for these
animal experiments complied with all relevant federal guidelines and institu-
tional policies.

To test the neutralization properties of the sera, HeLa cells were plated in
96-well plates with a density of 1.5 X 10* cells per well the day before infection.
For each well, Ad5/H3 or AdS5/HS virus was diluted in 45 pl of 2% FBS medium
to achieve an MOI of 10 and incubated with 5 pl of serum at 37°C for 1 h. The
viruses were added into each well of HeLa cells, and 2 h later, 50 pl of 10% FBS
medium was added. The luciferase activity was measured 24 h after the infection
as described above.

In vivo neutralization. To assess whether Ad5/H3 and Ad5/HS5 are cross-
neutralized in vivo, each of the C57BL/6 mice was injected with PBS or 10° VPs
of Ad5/H3 or AdS/HS via i.v. injection. Each group contained nine mice. One
month later, each group of mice was subjected to a second i.v. injection of PBS
or 10'° VPs of Ad5/H3 or Ad5/H5 per mouse, resulting in three mice for each
subgroup. Three days after the second injection, the mice were sacrificed with
CO, inhalation and organs, including the liver, heart, lung, spleen, and kidney,
were harvested. The organs were homogenized on dry ice, lysed in passive lysis
buffer, and measured for luciferase activity as described above. Procedures for
these animal experiments complied with all relevant federal guidelines and
institutional policies.

SDS-PAGE and Western blotting. A total of 10'° VPs of each CsCl-purified
virus was dissolved in Laemmli sample buffer with or without boiling and sepa-
rated on 4 to 15% polyacrylamide via sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) gels. The gels were either stained with Gelcode
blue stain reagent (Pierce) to detect the total viral proteins or transferred to a
nitrocellulose membrane (Bio-Rad). For Western blotting, the membranes were

incubated with blocking solution containing 5% skim milk and 0.05% Tween 20
in Tris-buffered saline before incubation with primary antibodies against hexon,
AB1056, MAB8043, or MAB8047 for 2 h at room temperature. After three
washes with Tris-buffered saline and reblocking with blocking solution, the blots
were incubated with AP-conjugated secondary antibodies for 1 h at room tem-
perature. After extensive washing, the immunoreactive bands were detected by
soaking the blots in 10 ml of AP staining solution (100 mM Tris-HCI [pH 9.5],
100 mM NaCl, 5 mM MgCl,) containing 33 pl of 5-bromo-4-chloro-3-in-
dolylphosphate (BCIP; Sigma) and 16.5 pl of Nitro Blue Tetrazolium (Sigma).

RESULTS

Construction of the hexon chimera. Previous studies have
suggested that replacement of the Ad5 hexon with hexons from
different subgroups of adenoviruses rarely resulted in the suc-
cessful rescue of viable viruses (15, 24, 40). Given that coin-
fection of the AdS hexon s mutant and Ad3 led to pseu-
dopackaging of the Ad5 genome, it is possible that the Ad3
hexon can encapsidate the Ad5 genome. To investigate this
possibility, we created a hexon chimera, Ad5/H3, in which the
hexon gene of AdS was replaced by that of Ad3. Hexons of
adenoviruses share a certain degree of homology. Thus, to
avoid recombination between these homologous regions, we
first deleted the whole hexon gene of AdS from the backbone
plasmid pAd5 via three-piece ligation (Fig. 1 and Materials
and Methods) and the resultant backbone was named pAd5/
AHS. The Ad3 hexon (H3) gene was obtained by PCR with
purified Ad3 virus as the template, and the Dralll-BamHI
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fragment of the PCR product was used to replace the corre-
sponding region of the AdS hexon (HYS) in the shuttle vector
HS5/pHSS to obtain H3/pHSS (see Materials and Methods).
This resulted in the replacement of H5 between amino acid
residues 54 and 907 with H3 sequences. Since the N-terminal
(residues 1 to 53) and C-terminal (residues 908 to 952) regions
are very conserved between H3 and H5 (only 5 and 2 amino
acid residues are different in the two regions, respectively), the
resultant hexon gene is 99.3% identical to the native H3 gene.
The hexon chimera plasmid pAd5/H3 and the control plasmid
pAdS/HS were obtained by homologous recombination be-
tween the shuttle vectors and pAdS5/AHS in E. coli BJ5183, and
viruses were rescued in 293 cells.

Confirmation of the hexon chimera. To confirm the chimeric
viruses, we first employed a PCR-based assay by using specific
PCR primers for H3 and HS. The sense and anti-sense primers
are located in the HVRs of hexon, HVR1 and HVR4, respec-
tively. H3-specific PCR generated the right size of PCR prod-
ucts on the pAd5/H3 plasmid and purified Ad5/H3 virus tem-
plates but not on the control pAd5 (Fig. 2A). In contrast,
HS5-specific PCR resulted in specific PCR products only on the
template pAd5 (Fig. 2A). This confirmed that H3 sequences
were indeed incorporated into the chimeric Ad5/H3 viruses.

We next examined the chimeric viruses at the protein level.
Purified viruses (Ad5, Ad5/HS, Ad5/H3, and wild-type Ad3) at
10'° VPs/well were subjected to SDS-PAGE, and the gels were
either stained with Gelcode blue stain reagent (Pierce) or
transferred to a nitrocellulose membrane for Western blotting.
The stained gel showed that the chimeric viruses contained
proper viral proteins, compared to those in the original AdS,
the recombined Ad5/HS5, and the wild-type Ad3 (Fig. 2B1). To
demonstrate that H3 was indeed expressed in the chimeric
viruses, we performed Western blot assays with three different
anti-hexon antibodies: the polyclonal anti-hexon antibody
AB1056, which recognizes most adenovirus hexons; the mono-
clonal antibody MAB8043, which recognizes only the hexons of
Adl, Ad2, AdS, and Ad6; and another monoclonal antibody,
MABS8047, which recognizes only the Ad3 hexon (Chemicon).
As shown in Fig. 2B, AB1056 detected hexons of all of the
viruses in the unboiled samples (Fig. 2B2) while the monoclo-
nal antibody MAB8043 detected only the hexons of AdS and
Ad5/HS (Fig. 2B3) and MAB8047 detected only the hexons of
Ad5/H3 and Ad3 (Fig. 2B4). None of the antibodies recog-
nized hexons in the boiled samples. The detected bands in the
unboiled samples corresponded to the molecular masses of the
hexon dimer (~210 kDa) and trimer (~315 kDa). These data
demonstrated that the chimeric Ad5/H3 viruses contained the
hexon of Ad3.

Growth kinetics of Ad5/H3. Successful rescue of the Ad5/H3
viruses suggested that H3 was able to package the AdS ge-
nome. However, during the rescuing and purification processes
of the viruses, we noticed that (i) it took longer for Ad5/H3-
infected 293 cells to reach a complete cytopathic effect (cor-
responding to the maximal amount of virus production) than
cells infected with Ad5/HS, and (ii) a substantial portion of
Ad5/H3 viruses was defective—after CsCl centrifugations, the
defective viruses (upper band) for Ad5/H3 made up ~50% of
the total particles, while for Ad5/HS, the ratio was only about
5%. These implicated hexon substitutions had an impact on
virus packaging. To gain a quantitative understanding of this
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FIG. 2. Confirmation of the hexon chimera Ad5/H3. (A) Serotype-
specific PCR analysis confirmed that the chimeric virus indeed con-
tained the H3 gene. The specific PCR primers are located in HVR1
(sense) and HVR4 (anti-sense) of H3 or HS5. Plasmids pAdS and
pAd5/H3 and purified Ad5/H3 viruses were used as the template.
Lanes 1 to 3, PCR with H3-specific primers resulted in specific PCR
products of correct size on templates pAd5/H3 (lane 2) and Ad5/H3
(lane 3) but not on pAd5 (lane 1); lanes 4 to 6, PCR with H5-specific
primers produced specific product on template pAd5 (lane 4) but not
on pAd5/H3 (lane 5) or Ad5/H3 (lane 6); lane L, 100-bp DNA ladder.
(B) SDS-PAGE and Western blotting assays demonstrated that, at the
protein level, Ad5/H3 contained the Ad3 hexon. In the assays, 10'°
VPs of purified viruses was lysed in Laemmli sample buffer with or
without boiling and separated on 4 to 15% polyacrylamide gels. The
proteins were either stained with Gelcode blue stain reagent (Pierce)
(B1) or transferred to a nitrocellulose membrane and then stained with
the anti-hexon antibodies AB1056 (B2), MAB8043 (B3), or MAB8(047
(B4). Lane M, molecular mass marker; lanes 1 and 5, Ad5; lanes 2 and
6, Ad5/HS; lanes 3 and 7, Ad5/H3; lanes 4 and 8, Ad3. Lanes 1 to 4
were loaded with boiled samples, while lanes 5 to 8 were loaded with
unboiled samples.



VoL. 76, 2002

Ad5/H5
Ad5/H3

virus yield (pfu)
2

1 2 3 4 5 6
days postinfection

106

103 . Ad5/H5

RLU

104 D Ad5/H3

103

107
MOI: 10 100 1000

@)

120

=% Ad5/H5
~0— Ad5/H3

0.
60 \ \
LAY
NN

0 X X
0 10 20 30 40 50 60 70
Incubation time at 45°C (min)

FIG. 3. Characterization of AdS5/H3. (A) Growth kinetics of
Ad5/H3 and Ad5/HS. 293 cells plated in six-well plates were infected
with Ad5/H3 or Ad5/HS at an MOI of 5, and cells including medium
were collected daily after infection. The titers of the viruses were
determined by plaque assay. (B) Comparison of the gene transfer
efficacy of Ad5/H3 and AdS5/HS. HeLa cells were infected with Ad5/H3
or Ad5/H5 at three different MOIs (10, 100, 1,000) in triplicate, and
cell lysates were processed for the luciferase activity assay. The RLU
showing the activity of luciferase were detected with a luciferase assay
kit (Promega) and a luminometer. (C) Thermostability of Ad5/H3.
The viruses at an MOI of 100 were incubated at 45°C for different time
intervals before infecting HeLa cells. The relative infectivity was ob-
tained by changing the RLU readings of the heat-treated viruses to the
percentage of the readings of untreated Ad5/H3 or Ad5/HS5 viruses.

relative infectivity (%)

effect, we compared the growth kinetics of Ad5/H3 with that of
Ad5/H5 (Fig. 3A). Under the same condition, while Ad5/HS
was found to reach a complete cytopathic effect at postinfec-
tion day 3, Ad5/H3 took about 6 days, suggesting that Ad5/H3
grew slower (Fig. 3A). In addition, the final yield of Ad5/H3
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was 1 log order lower than that of Ad5/HS (Fig. 3A). These
data indicate that, although H3 could encapsidate the AdS
genome, its efficiency was less than that of the native hexon HS.

Gene transfer efficacy of Ad5/H3 in HeLa cells was lower
than that of Ad5/H5. We next examined whether Ad5/H3 re-
tained the gene transfer ability of Ad5/HS by using the reporter
gene luciferase. HeLa cells were chosen because they express a
high level of the Ad5 receptor coxsackie adenovirus receptor
(CAR) and can be effectively infected by AdS vectors (26).
Ad5/H3 and Ad5/HS viruses with MOIs equivalent to 10, 100,
and 1,000 were used to infect the cells, and the gene transfer
efficacy was assessed by detecting the relative light units (RLU)
that correspond to luciferase activity by using a luminometer.
Ad5/H3 was found to exhibit an approximately 1.2-log order-
lower luciferase activity than Ad5/HS at all MOIs (Fig. 3B),
suggesting that the gene transfer ability of Ad5 was reduced by
hexon replacement with H3. Similar results were obtained for
AdS bearing the Ad12 hexon (40). Hexons of adenoviruses are
not known to be involved in cell binding and internalization
steps during AdS infection. How hexon replacement might
affect the gene delivery ability of AdS is not clear.

Heat stability of Ad5/H3. Since hexon is the major capsid
protein, we tested whether hexon replacement could affect the
structural integrity of the virions by comparing the thermosta-
bilities of Ad5/H3 and Ad5/HS. The viruses were incubated at
45°C for different time intervals before infecting HeLa cells,
and their relative gene transfer efficiencies were obtained by
comparing them to those of unheated viruses. Gene transfer
efficiency of Ad5/HS was not significantly reduced following a
10-min incubation at 45°C, and its activity was retained about
40% even after a 20-min incubation at 45°C (Fig. 3C). In
contrast, gene transfer efficiency of Ad5/H3 was reduced by
more than 80% following the first 10-min incubation at 45°C
(Fig. 3C). This suggested that the chimeric Ad5/H3 viruses
were not as stable as AdS bearing the native hexon.

Ad5/H3 and Ad5/HS were not cross-neutralized in vitro.
Hexons are the major target of the host neutralizing antibod-
ies. To determine whether Ad5/H3 and AdS5/HS can escape the
host neutralization response against one another, we first per-
formed in vitro neutralization assays using sera obtained from
C57BL/6 mice that were immunized with PBS or 10'° VPs of
Ad5/H3 or AdS5/HS per mouse. Viruses at an MOI of 10 were
preincubated with 5 pl of different sera before infecting HeLa
cells, and their gene transfer efficacy was assessed with lucif-
erase activity. We found that sera from AdS5/H3-immunized
mice did not inhibit Ad5/HS5 infection in HeLa cells, while sera
from AdS5/HS-immunized mice almost completely blocked
Ad5/HS infection (Fig. 4A). Similarly, AdS/H3 infection in
HeLa cells was completely inhibited by sera from AdS5/H3-
immunized mice, though not by sera from Ad5/HS5-immunized
mice (Fig. 4B). These data suggested that neutralizing the
antibody against one type of the virus did not neutralize the
other type. In addition, given that Ad5/H3 and Ad5/HS differ
only in their hexons, these data clearly demonstrated that the
neutralizing antibodies against adenoviruses were principally
directed against hexons.

Ad5/H3 and AdS5/HS were not cross-neutralized in vivo. To
further investigate whether Ad5/H3 and Ad5/HS are cross-
neutralized, we examined whether the two viruses could escape
the host neutralization response against one another in vivo
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FIG. 4. Ad5/H3 and Ad5/H5 were not cross-neutralized in vitro.
Ad5/H3 and AdS5/HS viruses at an MOI of 10 were incubated with 5 pl
of sera from PBS-, Ad5/H3-, or Ad5/H5-immunized C57BL/6 mice
before infecting HeLa cells plated in 96-well plates. The infectivity was
determined by luciferase activity assay. (A) AdS5/HS infection was
blocked by sera from AdS/HS5-immunized mice but not by sera from
Ad5/H3-infected mice. (B) In contrast, Ad5/H3 infection was blocked
by sera from Ad5/H3-immunized mice but not by sera from Ad5/HS
infected mice. Three mice were used for each group, and all of the
infections were done in triplicate.

when administrated sequentially. C5S7BL/6 mice were first in-
jected with PBS or 10° VPs of Ad5/H3 or Ad5/H5 per mouse
via the tail vein. This concentration of viruses has been shown
to sufficiently prevent reinfection of the AdS vector (29). One
month later, each group of mice was injected again with PBS or
10*° VPs of Ad5/H3 or Ad5/H5 per mouse via the tail vein.
Three days later, the mice were sacrificed and the organs,
including the lung, heart, spleen, liver, and kidney, were har-
vested for luciferase activity measurement. In both the liver
(Fig. 5A) and heart (Fig. 5B), preimmunization with Ad5/H5
blocked Ad5/HS infection but not Ad5/H3 infection. Similarly,
preimmunization with Ad5/H3 prevented AdS5/H3 infection
but allowed AdS/HS infection to a large extent. Other organs
exhibited similar patterns (data not shown). These data sug-
gested that Ad5/H3 and AdS5/HS were not cross-neutralized in
vivo and that sequential injections of the two viruses could
overcome the host neutralization response.

DISCUSSION

In this study, we constructed a novel hexon chimera, Ad5/
H3, and characterized its growth kinetics, heat stability, gene
transfer efficiency, and neutralization properties. We found
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FIG. 5. Ad5/H3 and Ad5/HS were not cross-neutralized in vivo.
C57BL/6 mice were preimmunized with PBS or 10° VPs of Ad5/H3 or
Ad5/HS per mouse by i.v. injection. One month later, the mice were
injected with either PBS or 10'° VPs of Ad5/H3 or Ad5/H5 per mouse
by i.v. injection. Three days later, the mice were sacrificed and their
livers and hearts were harvested for the luciferase activity assay. In
both the liver (A) and heart (B), Ad5/H5 infection was greatly inhib-
ited by Ad5/H5 preimmunization but was retained to a large degree in
Ad5/H3-preimmunized mice. Similarly, Ad5/H3 infection was retained
in Ad5/HS5-preimmunized mice but was blocked by Ad5/H3 preimmu-
nization. Note: it appears that luciferase expression in mice preimmu-
nized with Ad5/H3 was sustained in liver even after 1 month but not in
the heart.

that the hexon of Ad3, which belongs to adenovirus subgroup
B, was able to encapsidate the Ad5 genome, though with less
efficiency than the AdS hexon, and that the hexon-chimeric
virions were less stable than Ad5 bearing its native hexon.
Furthermore, we found that Ad5/H3 and Ad5/HS escaped the
host neutralizing response against one another and thus could
be employed sequentially to achieve readministration in gene
therapy applications.

Several strategies have been employed to escape the host
immunity against AdS vectors (22). These include transient
suppression of the host immune response by blocking CD4™*
T-cell activation (17, 39) or physical masking of the capsid of
Ad5 from neutralizing antibodies with polyethylene glycol
polymers (5, 20). However, these approaches require addi-
tional procedures and their efficacy and safety remain to be
tested. Alternatively, since the neutralizing response is sero-
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type specific, different serotypes of adenoviruses can be used
sequentially to escape the host immunity. However, this re-
quires the development of genomes of different serotypes and
evaluation of the gene transfer efficacy of each adenovirus
vector carrying the gene of interest. Switching the hexon, the
serotype determinant of adenovirus, on the other hand, would
be a much simpler approach to overcoming the host neutral-
izing antibodies generated in previous administrations.

Many efforts have been made in search of hexon chimeras
that can be used to circumvent host immunity against Ad5.
However, hexon switch has only succeeded between AdS and
Adl, Ad2, Ad6, and Ad12 (15, 24, 40). Among them, except
Ad12, which belongs to subgroup A, all others belong to the
same subgroup as AdS5, subgroup C. This led to the assumption
that hexon switch might only work efficiently within a sub-
group. Our study suggests that the hexon of Ad3, a subgroup B
member, can also replace the AdS hexon, supporting the con-
cept that hexon switch can work between subgroups. In addi-
tion, neutralizing antibodies generated by C57BL/6 mice
against Ad5/H3 and AdS5/HS exhibited minimal cross neutral-
ization to each other in vitro and the two viruses successfully
escaped the host neutalization responses against each other in
vivo, suggesting that the two viruses can be used sequentially to
circumvent host neutralization responses.

The inability of many alternate hexons to package the Ad5
genome may be due to the incompatibility of the hexons with
other Ad5 capsid proteins that are involved in virion assembly.
For example, polypeptides VI, VIII, and IX are associated with
the hexon protein and may participate in stabilizing the hexon
capsomere lattice (11, 28). Another protein, the 100-kDa pro-
tein, is required for hexon trimerization (8, 12). Incompatibility
of foreign hexons with these Ad5 components might also ex-
plain the fact that the Ad3 hexon encapsidated the Ad5 ge-
nome less efficiently than the native Ad5 hexon and that
Ad5/H3 was more susceptible to heat inactivation of virions.
Although thermostability data are not available for other
hexon chimeras with regard to packaging efficiency, similar
results were obtained for AdS bearing the hexons of Ad1, Ad2,
and Ad12 (24, 40). Ad5 with the Ad12 hexon has the lowest
efficiency since its yield is about 100-fold lower than that of
Ad5, while Ad5 with the Ad1, Ad2, or Ad3 hexon resulted in
ayield about 10-fold lower than that for AdS (Fig. 3A) (24, 40),
indicating that the Ad12 hexon is less compatible with Ad5
components than the hexons of Adl, Ad2, and Ad3. Consid-
ering that HVRs of hexons contain the serotype-specific
epitopes and that they do not appear to be involved in binding
any other viral proteins, an alternative strategy to construct
hexon chimeras could be to switch only the HVRs. This should
allow better rescue of hexon chimeras while retaining their
ability to circumvent the host neutralization response.

It is noteworthy that Ad5/H3 exhibited a gene transfer effi-
cacy lower than that for Ad5/HS. Similar results were obtained
with AdS containing the Ad12 hexon, but not with AdS con-
taining the Adl, Ad2, and Ad6 hexons (40). This implies that
hexons from different subgroups—which are thus more dis-
tantly related—interfered with Ad5 infectivity. Hexons are not
known to be involved in the cell-binding or internalization
steps of adenoviruses; thus, it is not clear whether hexons
interfere with these pre-cell entry steps directly. Nonetheless,
these hexons could indirectly interfere with penton base-me-
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diated internalization by their interaction with the penton base.
Another possibility is that the hexon may interfere with virus
disassembly at the post-cell entry steps. In the disassembly
process, viral components including polypeptides VIII, VI, and
IX dissociate in an orderly manner from the hexon capsid and
DNA is finally freed into the nucleus (28). Interactions of these
components with the hexon capsid may be disturbed by hexon
replacement, which in turn could affect the efficacy of the
dissociation process. Reduction in infectivity caused by hexon
chimerism is a drawback for gene therapy application. How-
ever, this may be overcome by replacing only the HVRs of
hexon, and/or by combining the hexon switch strategy with
infectivity enhancement technology that can be achieved via
fiber modifications (2, 9, 33, 34, 36).
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