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Virus-specific neutralizing antibodies present an obstacle to the effective use of adenovirus vectors for gene
therapy and vaccination. The specific sites recognized by neutralizing antibodies have not been identified for
any adenovirus, but they have been proposed to reside within the hexon, in small regions of the molecule that
are exposed on the capsid surface and possess sequences that vary among serotypes. We have mapped the
epitopes recognized by a panel of seven hexon-specific monoclonal antibodies that neutralize the chimpanzee
adenovirus 68 (AdC68). Surface plasmon resonance experiments revealed that the antibodies compete for a
single hexon binding site, and experiments with synthetic peptides indicated that this site resides within just
one small surface loop. Mutations within this loop (but not in other surface loops) permitted virus to escape
neutralization by all seven monoclonal antibodies and to resist neutralization by polyclonal antisera obtained
from animals immunized against AdC68. These results indicate that a single small surface loop defines a major
neutralization site for AdC68 hexon.

Modified adenoviruses have been widely used as vehicles for
gene delivery and as vaccine vectors. Most adenovirus vectors in
use have been derived from the human serotype 5 (Ad5). As
almost all human adults have been exposed to Ad5, they possess
neutralizing antibodies to Ad5 that limit the efficiency of the virus
as a delivery vector (7, 33, 42). Approaches to circumvent the
problem of preexisting immunity include chemical modification
of Ad5 surface proteins to mask the neutralizing epitopes (4, 19,
29) and replacement of the immunogenic capsid proteins with
those of other serotypes (21, 23, 32, 41, 44). Many investigators
are also exploring the use of rare human serotypes (such as
human Ad48) or nonhuman adenoviruses (including those de-
rived from dogs, fowl, and nonhuman primates) to which humans
are not usually immune (2, 6, 13, 16–18, 22, 30).

An alternative approach is to identify the specific sites on
adenovirus that are recognized by neutralizing antibodies and
then modify those sites to generate mutants capable of escap-
ing neutralization. One nonhuman serotype that has been pro-
posed as an alternative vector for vaccination is the chimpan-
zee adenovirus 68 (AdC68) (42). AdC68 is not neutralized by
most human adult sera and elicits a strong transgene product-
specific immune response in animals already immune to Ad5
(7, 33, 42). However, because one immunization with an
AdC68 vector will induce serotype-specific immunity, multiple-
dose immunization regimens may require the availability of

additional vectors. Production of antigenically modified vec-
tors would be facilitated if the epitopes recognized by the
neutralizing antibodies were well characterized.

The adenovirus capsid is an icosahedron with long fibers
projecting from the vertices. Twelve copies of the trimeric
major capsid protein, hexon, form each of the 20 triangular
facets of the icosahedron; trimeric fibers are inserted into the
pentameric penton bases at the 12 vertices (28). Each hexon
trimer has a pseudo-hexagonal base, which allows for close
packing within the facet, and three tower domains that are
exposed on the exterior surface of the virion (Fig. 1A). Ade-
novirus-neutralizing antibodies can be raised against any of the
major capsid proteins (9, 22, 34, 36, 37, 40). However, exper-
iments with chimeric viruses—in which capsid components of
one serotype were replaced by those of another serotype—
suggest that hexon is the predominant target of serotype-spe-
cific neutralizing antibodies (10, 22, 23, 32, 44).

The typical hexon is a protein of �100 kDa in mass and
�960 amino acids in length (25). Alignment of available hexon
sequences and crystal structures of hexons from Ad5 and Ad2
show that all hexons share a highly conserved core structure
(25). The greatest sequence variability is confined to nine hy-
pervariable regions that map to small surface loops within the
hexon towers. These form the exposed surface of the capsid
and are thus likely to contain the epitopes recognized by se-
rotype-specific neutralizing antibodies (24). The crystal struc-
ture of AdC68 hexon (43) (Fig. 1A) has more precisely defined
the location of the surface loops than a homology model. In
combination with the crystal structures of Ad2 (1, 25) and Ad5
(24, 25) hexons, the new structure has given an improved
sequence alignment for all hexons (J. J. Rux and R. M.
Burnett, unpublished). Nonetheless, the specific locations of
neutralizing epitopes have not been previously identified for
any adenovirus. Using a combination of immunochemical and
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genetic approaches, with the production of hexon-specific
monoclonal antibodies neutralizing AdC68, we now have iden-
tified a single major neutralizing site on the AdC68 hexon.

MATERIALS AND METHODS

Hexon-specific neutralizing monoclonal antibodies. Two BALB/c mice (6 to 8
weeks) (Jackson Laboratory, Bar Harbor, ME) were injected intramuscularly
with 50 �l of 2 � 1011 particles/ml of CsCl-purified AdC68 virus. The mice were
boosted intraperitoneally 2 weeks later with 100 �g of AdC68 hexon in phos-
phate-buffered saline (PBS) emulsified with TiterMax (CytRx Corp). Hexon was

purified by column chromatography from the soluble structural proteins in ly-
sates of infected cells, as described for purification of Ad5 hexon (26). A wealth
of structural and biochemical evidence supports the assumption that this form of
the protein is a good representation of that found in the adenovirus virion (26,
31). Three days later, the mice were sacrificed and hybridoma fusion was per-
formed by a standard protocol (12). Hybridomas secreting hexon-specific anti-
bodies were screened by enzyme-linked immunosorbent assay (ELISA) against
10 �g/well of purified AdC68 hexon and cloned by limiting dilution. Eighty
hexon-specific clones were subsequently screened in a virus neutralization assay
using AdC68 encoding green fluorescent protein (GFP) (described below); seven
showed neutralizing activity (90% inhibition of GFP expression) and were sub-

FIG. 1. Structure and sequence of AdC68 adenovirus hexon. (A) Space-filling representation of the crystal structure of the trimeric AdC68 hexon
showing the potential epitope regions (43). Potential epitope regions on hexon are located in the three tower regions at the top of the molecule. These
form the exterior surface of the virion. The regions are labeled on the sequence and highlighted in the same color on the molecule: R1 (red), R2 (green),
R3 (blue), R4 (yellow), and R5 (magenta). Although R3 is on the upper surface of hexon, it is buried between hexons in the intact virion and so is not
accessible to antibodies. The figure was produced with PyMol v0.99. (B) Partial sequence alignment of the 932-residue AdC68 and 951-residue Ad5
hexons based on an alignment of the structures, showing residues 121 to 474 of Ad5 and 121 to 455 of AdC68. Amino acid residues in flexible regions
that were not observed in the Ad5 X-ray structure are indicated by lines through the sequence. The potential epitope regions are colored as in panel A.
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cloned (Table 1). Antibody isotypes were determined with a mouse hybridoma
subtyping kit (Roche) according to the manufacturer’s instructions. Antibody
concentrations in hybridoma supernatants were determined with ELISA kits for
both immunoglobulin G (IgG) and IgM antibodies (ZeptoMetrix).

Polyclonal antisera specific for AdC68. Rabbit antiserum was obtained from
animals that had been injected intramuscularly with 1 � 1013 AdC68 particles
and then boosted subcutaneously with 1 � 1013 particles in complete Freund’s
adjuvant. Rhesus macaque antiserum was a pooled sample from six animals, each
immunized once intramuscularly with 2 � 1011 AdC68 particles.

Defining potential epitope regions. A structural alignment of three hexon
crystal structures, Ad2 (protein data bank identifier [PDB] 1P2Z), Ad5 (PDB
1P30), and AdC68 (43), was used to guide the alignment of the full-length hexon
sequences using SwissPDBViewer (11) as described previously (25). PyMOL
v0.99 (3) was used to generate the space-filling representation of the AdC68
hexon structure. Five regions within hexon that show serotype-specific sequence
variation, and which are located on the surface of the molecule, were selected as
potential sites for recognition by neutralizing antibodies (R1 [residues 136 to
148], R2 [residues 163 to 181], R3 [residues 233 to 248], R4 [residues 253 to 265],
R5 [residues 412 to 425]) (Fig. 1). These correspond approximately to the
positions of five of the nine hypervariable regions defined earlier from an align-
ment of multiple hexon sequences (25). Information from the AdC68 hexon
crystal structure has led to an improved global alignment, resulting in some
shifting of the AdC68 sequence relative to the sequences of other hexons (Rux
and Burnett, unpublished). Based on this new alignment, the putative AdC68
neutralizing sites described above correspond approximately to hypervariable
regions 1, 2, 4, 5, and 8 as previously defined.

Surface plasmon resonance. Experiments were performed at room temperature
on a Biacore X optical biosensor (Biacore AB). AdC68 hexon (10 �g/ml), diluted in
10 mM acetate buffer, pH 4.5, was directly coupled via primary amines to a CM5 chip
using a standard protocol (BIA applications handbook, Biacore AB, Uppsala, Swe-
den) (14) in a running buffer of PBS–0.005% Tween 20. In short, an equal mix of 0.2
M EDC [N-ethyl-N�-(dimethylaminopropyl carbodiimide)] and 0.5 M NHS (N-
hydroxysuccinimide) was used to activate the reactive ester groups on flow cell 2
(FC2) for coupling with hexon. The immobilization resulted in 900 resonance units
of hexon on FC2. Ethanolamine was then used to block the remaining activated ester
groups. As a control, FC1 was similarly activated for coupling and blocked with
ethanolamine but was not coupled with hexon.

For antibody binding measurements, hybridoma supernatant was injected over
both FC1 and FC2 at 5 �l/min in a buffer consisting of PBS with 0.9 mM CaCl2,
0.5 mM MgCl2, and 0.005% Tween 20. All experiments were performed with
hybridoma supernatants. Antibodies with high apparent affinity (4C1, 10E8, 6B8,
4D1, and 11F6) were diluted (3 �g/ml) in running buffer prior to injection;
antibodies of lower affinity (7G4 and 8G10) were used undiluted. Two neutral-
izing antibodies were not used in this experiment (1B9 and 15G7). The concen-
tration of 1B9 in the supernatant was too low to achieve significant binding to
hexon on the chip; 15G7 antibody is an IgM, and we were concerned that its
multivalent binding would prove difficult to compete with IgGs.

Antibody binding competition assays were performed as described by Krummen-
acher et al. (14). Briefly, 20 �l of the first antibody (Ab) was injected for 4 min at 5
�l/min to saturate available binding sites. Once a steady state was achieved, as
evidenced by a steady plateau in the binding curve, the second antibody (20 �l) was

immediately injected for 4 min at 5 �l/min. Injections of 0.2 M glycine (pH 2) after
the competition experiment removed bound antibody and returned the response
signal to baseline. The binding of each monoclonal antibody (MAb) in the absence
of a competing first MAb was defined as BA. Binding of an antibody after presatu-
ration with itself was defined as BA�A. Binding of antibody A after saturation by a
first antibody X was defined as BX�A. Competition data were calculated as a
percentage of binding for each second Ab after blocking with each first Ab, using the
formula [(BX�A � BA�A) � 100/(BA � BA�A)].

Antibody binding to variable region peptides, purified hexon, and whole virus.
Synthetic peptides (see Fig. 6A) representing the potential neutralizing sites (R1
to R5) on the surface of the AdC68 hexon were synthesized (Sympep). Peptides
were solubilized in trifluoroacetic acid, which has been reported to enhance
antibody recognition by promoting the formation of secondary structures within
peptides (15). Peptides (0.5 �g/well in 100 �l of trifluoroacetic acid) or purified
AdC68 hexon (0.4 �g/well in 100 �l PBS) was immobilized on tissue culture-
treated polystyrene 96-well plates (Corning, Inc.) by overnight incubation at
37°C. The plates were washed four times with PBS–0.05% Tween 20 and then
blocked for 1 h at room temperature in 1% bovine serum albumin–PBS–0.05%
Tween 20. The immobilized peptides and hexon were incubated with each neu-
tralizing antibody (0.1 �g Ab/well) or with an anti-AdC68 rabbit polyclonal
antibody (1:1,000 dilution) for 1 h at room temperature. Bound MAb was
detected with horseradish peroxidase (HRP)-conjugated goat antibody to mu-
rine IgG (Amersham Pharmacia Biotech) or IgM (Santa Cruz), and rabbit
antibody was detected with HRP-conjugated goat antibody to rabbit immuno-
globulin (Santa Cruz). Plates were developed with 3,5,3�,5�-tetramethylbenzidine
(KPL) at room temperature for 5 min. The reaction was stopped with o-phos-
phoric acid, and absorbance was read at 450 nm.

For the virus ELISA, AdC68 was diluted in 100 �l of 100 mM sodium car-
bonate (pH 9.5) (from 0.5 � 109 particles to 9 � 109 particles/well) and immo-
bilized on a 96-well plate by overnight incubation at 4°C. Each neutralizing MAb
and control antibody was tested against the virus, and bound antibody was
detected as described above.

For immunoblot analysis (data not shown), purified AdC68 hexon was incu-
bated for 10 min in Laemmli sample buffer containing 1% sodium dodecyl sulfate
(SDS), either at room temperature or at 95°C. Heated and unheated hexon
samples were electrophoresed side-by-side (10 �g/lane) on SDS-polyacrylamide
gels and then transferred to a polyvinylidene difluoride membrane; membrane
segments (each segment contained heated and unheated samples side-by-side)
were incubated with MAbs diluted in TBST (0.15 M NaCl, 0.01 M Tris-HCl [pH
7.4], 0.05% Tween 20). The bound antibodies were detected with HRP-conju-
gated goat antibody to murine IgG (Amersham Pharmacia Biotech) or IgM
(Santa Cruz) diluted to 1:20,000 in TBST. Western blots were analyzed by
enhanced chemiluminescence with the WestDura kit (Bio-Rad).

Construction of AdC68 with mutated hexon. A plasmid encoding an AdC68
vector with an E1 deletion (pPAN9pkGFP) (6) was obtained from the Vector
Core at the University of Pennsylvania. Since the �38-kb adenovirus genome
contains few unique restriction sites, the hexon variable region was cloned into
smaller vectors that would facilitate the shuttling of an altered hexon into the
full-length viral plasmid (Fig. 2).

Construction of the mutagenesis vector pHexon Mut. pPAN9pkGFP was di-
gested with the restriction endonucleases ClaI and EcoRI, and a 7.3-kb fragment,
containing the hexon, was isolated by gel electrophoresis and ligated into the ClaI/
EcoRI sites of pBR322 (New England Biolabs). From the resulting plasmid,
pBR7.3kb Hexon, a 4.6-kb hexon-containing fragment was isolated, by digestion with
ClaI/NheI, and cloned into corresponding overhangs in pBR322 to yield the mu-
tagenesis vector pHexon Mut (Fig. 2). pHexon Mut contained the unique restriction
sites ClaI, AflII, and XhoI. Specific mutations were introduced into the hexon by
splice-overlap extension PCR (38). PCR products containing mutations in variable
regions R1 and R2 were ligated into the ClaI and AflI sites of pHexon Mut, and
products with mutations in R3 to R5 were inserted into the AflII and XhoI sites.

Construction of the shuttle vector pAdC68 Shuttle. A vector (pAdC68 Shuttle)
was created to facilitate the transfer of mutated hexon fragments from the mutagen-
esis vector into the full-length AdC68 genome (Fig. 2). A fragment (pAdx-SphI)
isolated from pAdenoXGFP (obtained from the Vector Core, University of Penn-
sylvania) contained the origin of replication, the ampicillin resistance marker, and a
unique SpeI site. To isolate this fragment, pAdenoXGFP was digested with SpeI and
self-ligated to create pAdx-SpeI. A 4.6-kb fragment, generated by digesting pAdx-
SpeI with SphI and AflII, was then self-ligated to produce pAdx-SphI. Finally, both
pAdx-SphI and pPAN9pkGFP were digested with SpeI. The 25-kb fragment from
pPAN9pkGFP was ligated into the SpeI site of pAdx-SphI. The resulting vector,
pAdC68 Shuttle, contained unique restriction sites ClaI and NheI flanking the hexon
gene for shuttling the mutated hexon from the mutagenesis vector.

TABLE 1. Hexon-specific monoclonal antibodies

MAb Isotype Neutralizing
activity

15G7 IgM(�) �
1B9 IgG1(�) �
8G10a IgG1(�) �
7G4a IgG1(�) �
10E8 IgG2a(�) �
4C1 IgG2a(�) �
6B8 IgG2b(�) �
4D1 IgG2a(�) �
11F6 IgG2a(�) �
12B4 IgG2a(�) �
6A2 IgG2a(�) �
3H3 IgG2a(�) �

a Sequence analysis revealed that hybridomas 8G10 and 7G4 are clonally
related; they most likely originated from a B-cell clone expanded in the immu-
nized animal.
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Construction of the pC68GFP backbone. SpeI sites divide pPAN9pkGFP into
two major components: a 25-kb fragment containing the hexon gene and a 14-kb
fragment containing both the components for replication and restriction sites
I-CeuI/PI-SceI, which can accommodate a gene insert (sites not shown but
surround the GFP insert). For our experiments, GFP, under the control of a
cytomegalovirus (CMV) promoter, was inserted into the I-CeuI/PI-SceI region
of the pPAN9pkGFP. The resulting plasmid was called pPAN9CMVGFP. Di-
gestion of this plasmid with SpeI resulted in a 14-kb fragment that contains the
origin of replication and is sufficient for growth in bacterial cells. This 14-kb
plasmid (pAdC68GFPbackbone) served as the backbone, which was ligated to
the 25-kb fragment from pAdC68Shuttle, to reconstruct the complete viral ge-
nome (pAdC68mutGFP) (Fig. 2). The presence of the mutation was verified by
sequencing the final cDNA clone.

Full-length mutant genomes were introduced into HEK-293 by calcium phos-
phate transfection (BD CalPhos transfection kit). The day before the transfections,
4 � 105 HEK-293 cells were added to each well of a six-well plate and grown
overnight at 37°C with 5% CO2. Prior to transfection into HEK-293 cells,
pAdC68mutGFP vector was digested with PacI to isolate the recombinant genome
from the vector backbone. Transfected cells were incubated at 37°C with 5% CO2.
Recombinant adenovirus was harvested when 95 to 100% cytopathic effect was
observed.

Neutralization assays. (i) Screening hybridoma supernatants. Approximately
100 fluorescent focus forming units of AdC68 encoding GFP was mixed with 100
�l of hybridoma supernatant and incubated for 1 h at 37°C in a 96-well plate in
the presence of 5% CO2. The virus-Ab mixtures were transferred to a 96-well
plate containing confluent monolayers of 293 cells (5 � 104 cells/well) and

incubated for 48 h. After the 48 h incubation, infection was monitored using
fluorescence microscopy to look for the appearance of cells expressing GFP.

(ii) Quantitative neutralization assay with MAbs. Replication-deficient wild-
type or mutant virus encoding GFP (6 � 107 particles in 500 �l Dulbecco’s
modified Eagle medium–10% fetal calf serum) was mixed with 500 �l MAb
supernatant and incubated for 1 h at 37°C in a 24-well plate in the presence of
5% CO2. The virus-MAb mixtures were transferred to a 24-well plate containing
confluent monolayers of 293 cells (2.5 � 105 cells/well) and incubated for 48 h.
Cells were harvested with trypsin-EDTA and analyzed by flow cytometry to
quantitate GFP expression.

(iii) Neutralization assay with anti-AdC68 polyclonal serum. Each polyclonal
serum was serially diluted in PBS, and 500 �l of each dilution was mixed with
wild-type or mutant AdC68 or wild-type Ad5, all encoding GFP (6 � 107 parti-
cles in 500 �l PBS). The antibody-virus mixtures were incubated for 1 h at 37°C
and then transferred to HEK-293 monolayers in 24-well plates. Monolayers were
incubated for 48 h, and then the cells were washed with PBS and trypsinized. The
cells were spun and resuspended in 500 �l of PBS, and GFP expression was
quantified by flow cytometry. The number of GFP-positive cells was directly
proportional to the number of input viral particles in the range at which these
assays were performed (data not shown). The reduction in neutralization was
calculated as [(1 � 1/n-fold difference in serum dilution) � 100%], where a
fivefold difference would indicate that the virus was able to escape from 80% of
the neutralizing antibody response.

Protein structure accession number. Crystallographic refinement of the
AdC68 hexon structure has been completed, and the coordinates have been
deposited in the Protein Data Bank (identification code 2OBE).

FIG. 2. Shuttling mutated hexons into the complete AdC68 genome. The R1 and 2 and R3 to 5 variable regions are labeled and represented
as arrows (orange) below a larger arrow identifying the hexon gene (orange) in the plasmid. The size of these arrows varies according to the size
of the plasmid, and in the larger plasmids (i.e., pAdC68mutGFP), the R1 and 2 region is represented as a small blue box rather than an arrow.
Nonunique restriction sites are labeled in black and unique sites in red. In all plasmids, f1 ORI, APr, CMV, and GFP (green) identify the origin
of replication, ampicillin resistance, CMV promoter, and green fluorescent protein genes, respectively. The mutated hexon gene was excised from
a mutagenesis vector (pHexon Mut) with the restriction enzymes ClaI and NheI and cloned into these same sites in a shuttle vector
(pAdC68Shuttle) for final ligation into a plasmid containing the complete coding sequence for AdC68. In the last step of the cloning strategy, the
25-kb SpeI fragment from pAdC68Shuttle, containing the hexon mutation, was ligated with the SpeI-digested pC68GFP backbone to generate a
pPAN9CMVGFP (AdC68mutGFP) mutant vector.
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RESULTS

Production of AdC68 hexon-specific neutralizing MAbs.
BALB/c mice were immunized with AdC68 virus and then
boosted with purified AdC68 hexon, and splenocytes were iso-
lated and used to generate hybridomas. Hexon-specific antibod-
ies, selected by ELISA on purified hexon, were screened for the
capacity to neutralize an AdC68 vector expressing enhanced
GFP. Seven hexon-specific neutralizing antibodies were identified
(Table 1); five hexon-specific antibodies with no neutralizing ac-
tivity were selected as negative controls. Experiments were per-
formed with supernatants of hybridomas that had been subcloned

twice by limiting dilution. The AdC68 neutralizing antibodies had
no neutralizing activity against Ad5.

Binding of the MAbs to AdC68 hexon and virions. In an
attempt to identify differences between the neutralizing and
nonneutralizing antibodies, we tested the binding of the anti-
bodies to hexon and to intact virions in ELISAs (Fig. 3). Be-
cause antibodies were selected for their ability to bind purified
hexon, it was possible that the nonneutralizing antibodies rec-
ognized epitopes that are inaccessible in the intact virion. In
ELISAs, both neutralizing and nonneutralizing antibodies
bound to purified hexon (Fig. 3A) as well as to intact virus (Fig.

FIG. 3. Antibody interactions with purified hexon and intact virus. (A) Purified hexon. Hexon (twofold serial dilutions) was immobilized and
probed with MAbs. Nonneutralizing antibodies are labeled with an x and represented with dotted lines; neutralizing antibodies are shown with solid
lines. (B) Intact virions. AdC68 purified by CsCl centrifugation was diluted, immobilized, and probed as performed for hexon. An IgG1 myeloma
protein, MOPC21, was used as a nonspecific control.
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3B). There was no obvious relationship between neutralizing
activity and avidity for purified hexon; however, the neutraliz-
ing MAbs appeared to bind with more avidity to intact virus
than did the nonneutralizing MAbs. These results suggest that
epitopes recognized by neutralizing antibodies may be highly
exposed on the virion surface, whereas nonneutralizing anti-
bodies may bind to sites that are accessible on the purified
hexon but partially masked in the intact virion.

Analysis of MAb competition by surface plasmon resonance.
We used an optical biosensor to determine if neutralizing an-
tibodies competed for a single site within hexon. In each ex-
periment, one antibody was injected over hexon covalently
attached to the chip. When available binding sites were satu-
rated and a plateau was reached, binding of a second antibody
was measured. In a representative experiment, saturation of
binding sites by the neutralizing MAb 4C1 did not inhibit
subsequent binding of a nonneutralizing antibody, 11F6 (Fig.
4A). In contrast, saturation with 4C1 did prevent subsequent
binding of another neutralizing antibody, 7G4 (Fig. 4B). This
strongly suggests that 4C1 and 7G4 (but not 11F6) compete for
the same binding site. Similar experiments were performed
with each of the antibodies in combination (Fig. 5) with com-
petition scored as described in Materials and Methods.

Among the neutralizing antibodies, competition was nearly
complete. When binding sites were saturated with the neutraliz-
ing MAbs 4C1, 10E8, or 6B8, no subsequent binding was seen for

any other neutralizing antibody. In contrast, binding of the non-
neutralizing controls (11F6 and 4D1) was not inhibited. Satura-
tion of the chip with neutralizing MAb 7G4 or 8G10 only partially
inhibited binding of neutralizing MAb 4C1, 10E8, or 6B8; how-
ever, in the reciprocal experiments, MAb 4C1, 10E8, or 6B8
completely inhibited binding of MAbs 7G4 and 8G10. The in-
complete inhibition by 7G4 and 8G10 is most likely explained by
these antibodies’ low apparent affinity for immobilized hexon
(data not shown), consistent with their relatively poor binding to
purified hexon in the ELISA (Fig. 3A).

Antibody recognition of hexon peptides. We reasoned that
epitopes for serotype-specific neutralizing antibodies would be
exposed on the virion surface and would reside within regions
of hexon where sequences vary among serotypes. Using the
crystal structure of AdC68 hexon (Fig. 1A) and sequence align-
ment data (Fig. 1B), we identified five small surface loops as
potential neutralizing sites (R1 to 5). Synthetic peptides were
then designed to represent the loop sequences (Fig. 6A). Pep-
tides were not made for hexon loops that would be inaccessible
when hexons are assembled into a viral capsid (5, 31). When
the seven neutralizing MAbs were tested against peptides in an
ELISA (Fig. 6B), three of the seven neutralizing Abs recog-
nized peptide_R1 (10E8, 4C1, and 6B8). A rabbit polyclonal
anti-AdC68 serum with high-titer neutralizing activity bound
to peptides_R1 and _R2. The remaining four neutralizing
MAbs and the nonneutralizing MAbs did not bind any of the
peptides. All antibodies bound to purified hexon.

To determine if the neutralizing and nonneutralizing anti-
bodies recognized conformation-dependent or linear epitopes,
we immunoblotted hexon that had been electrophoresed after
exposure to 1% SDS at room temperature or at 95°C (data not

FIG. 4. Representative biosensor antibody competition experi-
ments. (A) No competition. The MAb 4C1 was permitted to bind to
immobilized hexon; once a plateau was reached, MAb 11F6 was in-
jected. The binding of 11F6 was not inhibited (did not differ from
binding in the absence of 4C1). (B) Competition. MAb 4C1 was per-
mitted to bind and then MAb 7GF was injected; 7G4 binding was
inhibited by 4C1. RU, resonance units.

FIG. 5. Summary of competition results. The chart indicates the
amount of inhibition of binding of each second antibody (rows) in the
presence of a first antibody (columns). Black boxes indicate �60% inhi-
bition. Gray boxes indicate 30 to 60%. Inhibition of 	30% is indicated by
white boxes. The percentage of binding was calculated by the formula
[(BX�A � BA�A) � 100/(BA � BA�A)], where BA represents the binding
of antibody A to a chip not previously saturated. BA�A represents the
residual binding of antibody A to a chip previously saturated with anti-
body A. BX�A represents the binding of antibody A to a chip previously
saturated with antibody X. Neutralizing antibodies are indicated in black
letters and are surrounded by a dotted box. The nonneutralizing antibod-
ies are indicated in gray letters.
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shown). At room temperature, hexon in SDS maintains its
trimeric form (8). None of the antibodies listed in Table 1
recognized hexon that had been heated to 95°C in the presence
of SDS, suggesting that all the antibodies must recognize con-
formation-dependent epitopes.

R1 mutations reduce susceptibility to neutralization. The
biosensor experiments suggested that the neutralizing anti-
bodies recognized a single site (composed of one or more
individual epitopes), and the peptide ELISA suggested that
this site was likely to be contained within R1. To map neu-
tralizing epitopes by an independent approach, we produced
viruses in which single site mutations were introduced into
each small surface loop likely to contain an epitope (Table
2). (After refinement of the crystal structure, R3 was found
to be involved in interhexon contacts and inaccessible from
the surface of the virion; no mutations were introduced into
R3.) These mutant viruses were then screened against the
panel of neutralizing antibodies. Mutations in regions R2,
R4, and R5 did not affect neutralization by any of the MAbs.
When a single amino acid substitution was introduced
within R1 (ETA to EDA), the mutant virus showed reduced
susceptibility to four of the neutralizing antibodies (15G7,

1B9, 7G4, and 8G10; data not shown), consistent with the
idea that these MAbs recognize epitopes within R1. A mu-
tant with three R1 residues altered (ETA to CDQ) escaped
neutralization by all seven neutralizing MAbs (Fig. 7). This

FIG. 6. Antibody interaction with synthetic peptides. (A) Sequences of peptide_R1 to peptide_R5. Each peptide sequence represents a small
exposed loop on the hexon molecule. To enhance its solubility, peptide_R2 contains additional residues that flank the corresponding loop; the
sequence of the exposed loop is underlined. (B) Peptides and purified hexon (0.5 �g/well) were immobilized on 96-well plates and probed with
hexon-specific monoclonal antibodies (0.1 �g Ab/well) and anti-AdC68 polyclonal serum. Hexon was plated as a positive control (0.5 �g/well). The
10E8, 4C1, and 6B8 neutralizing MAbs bound to peptide_R1. Anti-AdC68 polyclonal serum recognized both peptide_R1 and peptide_R2.

TABLE 2. Mutations in small hexon surface loops

R (loop
region)

Wild-type
sequencea

Mutation(s)
introducedb

MAbs escaped
by mutant

1 ...ADGETAT... ADGATAT None
ADRETAT None
ADGEDAT 1B9, 7G4, 8G10, 15G7
ADGCDQT 1B9, 4C1, 6B8, 7G4,

8G10, 10E8, 15G7
2 ...DTDDQ... DAAAQ None
4 ...SAAAAG... SDDDAG None

SAARAG None
5 ...TDQTTW... TDQTPW None

TDETTW None

a The sequence shown represents only a small region of the loop. The dots on
either side of the sequence indicate that additional residues within the loop are
not represented.

b Mutated residues are underlined.
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mutant virus (termed CDQ) replicated to the same titers
and showed the same particle/PFU ratio as did the wild-type
virus (not shown), suggesting that mutations in R1 did not
significantly alter the virion structure. In a virus ELISA, the
CDQ mutant was recognized by nonneutralizing antibodies
4D1 and 11F6 but not by any of the neutralizing antibodies
(not shown), suggesting that mutation of R1 did not perturb
antibody epitopes elsewhere on the virus capsid. (Similarly,
the failure of mutations in other loops to affect antibody
recognition by MAbs 10E8, 4C1, and 6B8, which we found
to bind directly to peptide_R1, suggests that mutations in
the small surface loops have only local effects and do not
prevent antibody recognition of remote epitopes.)

We tested the CDQ mutant against neutralizing antisera pre-
pared by immunizing animals with AdC68. These animals would
be expected to generate virus-specific antibodies directed against
multiple epitopes. High-titer rabbit serum (50% neutralization at
a 2 � 106-fold dilution of the serum) was fivefold less efficient in
neutralizing the CDQ mutant than it was in neutralizing wild-type
virus, suggesting that the mutant escapes 80% of the neutralizing
response (Fig. 8A). Serum pooled from rhesus macaques exposed
to one dose of AdC68 (50% neutralization at a 5 � 103-fold
dilution) showed 32-fold less activity against the mutant (Fig. 8B),
suggesting escape from more than 90% of the neutralizing anti-
body. These results indicate that R1 contains a dominant neutral-
ization site, which accounts for much of the neutralizing antibody
response to AdC68.

DISCUSSION

In the experiments described here, we found that the R1
region of the AdC68 hexon is a major target for neutralizing
antibodies. Surface plasmon resonance experiments showed
that a panel of hexon-specific neutralizing MAbs competed for
a single binding site. Several of the monoclonal antibodies
bound to a linear peptide derived from R1, directly confirming
that they recognize epitopes within R1. Finally, mutations
within R1 permitted virus to escape from neutralization by all
seven monoclonal antibodies and to resist neutralization by
polyclonal antisera from animals immunized with intact virus.
Although it is formally possible that mutations in R1 might
affect the structure of epitopes elsewhere on the viral capsid,
the combination of genetic, competition, and peptide ELISA

FIG. 7. The AdC68 R1 mutant (CDQ) virus resists neutraliza-
tion by MAbs. Particles (6 � 107; 0.5 to 0.6 infectious units per cell)
of GFP-encoding wild-type or CDQ mutant virus were incubated
with culture medium or with 100 �l of each hybridoma supernatant
for 1 h at 37°C and then added to HEK-293 cells. After 48 h,
GFP-expressing cells were counted in a flow cytometer. Error bars
indicate standard deviations for triplicate samples. Hybridoma su-
pernatants contained the following concentrations of antibody:
8G10, 15 �g/ml; 7G4, 10 �g/ml; 6B8, 55 �g/ml; 4C1, 60 �g/ml; 1B9,
1 �g/ml; 15G7, 30 �g/ml; 10E8, 60 �g/ml; 4D1, 60 �g/ml; 11F6, 40
�g/ml.

FIG. 8. The AdC68 R1 mutant resists neutralization by polyclonal
antisera. Particles (6 � 107) of GFP-expressing wild-type (black cir-
cles) or CDQ mutant (black squares) virus or Ad5 control virus (white
squares) (0.5 to 0.6 infectious units per cell) were incubated with serial
dilutions of rabbit (A) or rhesus macaque (B) anti-AdC68 polyclonal
antiserum for 1 h at 37°C then added to HEK-293 cells. After 48 h,
cells expressing GFP were counted in a flow cytometer. Arrows indi-
cate the 50% neutralization point in each experiment.
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results leads us to conclude that the site for antibody recogni-
tion is the small surface loop corresponding to R1.

The monoclonal antibodies we tested were all generated by
immunizing inbred mice, and we cannot exclude the possibility
that the neutralizing antibody response may differ in other
hosts. However, the results obtained with antisera from immu-
nized rabbits and monkeys suggest that, in these animals, most
of the polyclonal response was directed at R1. Since humans
are not commonly infected by AdC68 (6), we cannot determine
how closely the neutralizing responses in humans may resem-
ble those we observed in mice, rabbits, and monkeys.

Our data are consistent with previous reports that hexon is the
major target of adenovirus neutralizing antibodies (10, 20, 22, 23,
32, 44). Recently, Roberts et al. (21) replaced all of the exposed
Ad5 hexon variable regions with those from human adenovirus 48
to produce a vector that escaped preexisting immunity to Ad5.
The neutralizing site we mapped in AdC68 lies within the broad
region swapped by these investigators and confirms the impor-
tance of the hexon region as a major target for neutralizing anti-
bodies. Neutralizing responses against minor epitopes may be-
come more evident after repeated exposures to virus; we
observed that the CDQ mutant was less resistant to a very high
titer serum obtained from rabbits given repeated doses of virus.
Other investigators (20) have reported that fiber-specific neutral-
izing antibodies could be detected in high-titer human sera but
not in sera with lower neutralizing titers. We do not know whether
the additional neutralization of the CDQ mutant we see with the
higher-titer rabbit serum is directed at other epitopes within the
hexon or epitopes within other capsid proteins.

To our knowledge, R1 is the first neutralizing site to be
identified for any adenovirus. It has been reported previously
that neutralizing antibodies to Ad2 hexon targeted a 15-kDa
fragment within the protein, a fragment that includes R1 (36),
but the precise location of the epitope was not identified. A
recent cryoelectron microscopy reconstruction of Ad5 bound
by a neutralizing monoclonal antibody shows contact between
the antibody and Ad5 in the region corresponding to R1 and
R5 in AdC68 hexon (27, 37). It will be interesting to determine
if the loop corresponding to AdC68 R1 is the major neutral-
ization target in other adenoviruses.

Although the mechanism by which antibodies neutralize ad-
enoviruses is unclear, some neutralizing antibodies do not prevent
virus entry into cells and thus may act by inhibiting postentry
events (34, 37, 39, 40). It has been proposed that an acidic cluster
in the subgroup C adenoviruses may interact with histone-H1
during capsid disassembly at the nuclear pore complex (35); it has
also been suggested that this acidic cluster may contribute to
conformational changes in the capsid that occur after endosomal
acidification (36, 39). Antibody interaction with AdC68 R1 might
conceivably interfere with capsid disassembly or genome entry
into the nucleus. AdC68 R1 occupies the same location in the
hexon structure as do the acidic loops in Ad5 and Ad2; however,
it does not contain an acidic cluster of amino acids.

Our results indicate that much of the neutralizing response
to AdC68 is directed against a single site and that mutation of
this site results in a vector that resists neutralization in vitro.
Because neutralizing antibodies interfere with adenovirus-me-
diated gene delivery and immunization, capsid modifications
that permit escape from neutralization may be important for
successful applications of adenoviral vectors in the clinic.

Structure-based immunological characterization is a powerful
tool that has permitted us to focus our efforts on those hexon
regions most likely to contain epitopes accessible to neutraliz-
ing antibodies.
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