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The efficiency and specificity of gene transfer with human adenovirus (hAd)-derived gene transfer vectors
would be improved if the native viral tropism could be modified. Here, we demonstrate that the minor capsid
protein IX (pIX), which is present in 240 copies in the Ad capsid, can be exploited as an anchor for
heterologous polypeptides. Protein IX-deleted hAdS vectors were propagated in hAdS helper cells expressing
pIX variants, with heterologous carboxyl-terminal extensions of up to 113 amino acids in length. The exten-
sions evaluated consist of alpha-helical spacers up to 75 A in length and to which peptide ligands were fused.
The pIX variants were efficiently incorporated into the capsids of Ad particles. On intact particles, the
MYC-tagged-pIX molecules were readily accessible to anti-MYC antibodies, as demonstrated by electron
microscopic analyses of immunogold-labeled virus particles. The labeling efficiency improved with increasing
spacer length, suggesting that the spacers lift and expose the ligand at the capsid surface. Furthermore, we
found that the addition of an integrin-binding RGD motif to the pIX markedly stimulated the transduction of
coxsackievirus group B and hAd receptor-deficient endothelioma cells, demonstrating the utility of pIX
modification in gene transfer. Our data demonstrate that the minor capsid protein IX can be used as an anchor

for the addition of polypeptide ligands to Ad particles.

To date, 51 human adenoviruses (hAds) serotypes classified
into six distinct subgroups (or species), A to F, according to
their genomic homologies and agglutination properties have
been identified (15). The virions are composed of at least 11
different structural proteins and a linear double-stranded DNA
genome of ca. 36,000 bp (42). Proteins II (hexon), III (penton
base), Illa, IV (fiber), VI, VIII, and IX form the icosahedral
capsid (8, 45-47), while the other four structural proteins (V,
VII, p, and tp) are packaged with the DNA genome within the
virus particle (VP) (12, 17, 42, 48). The fiber and penton base
proteins bind to cellular receptors and determine the tropism
(37). The initial step in infection is the binding of the primary
cellular receptor by the globular knob of the fiber. The cox-
sackievirus group B and hAd receptor (CAR) has been iden-
tified as a primary receptor for subgroup A, C, D, E, and F hAd
(6, 40). In addition, the major histocompatibility complex class
I «, subunit and sialic acid-containing proteins have been im-
plicated as receptors for hAdS (subgroup C) and hAd37 (sub-
group D), respectively (2). After binding of the primary recep-
tor by the fiber, the penton base recruits o, integrins via an
RGD motif, thereby facilitating internalization of the virion via
receptor-mediated endocytosis (27, 37).

In the previous years, hAds have attracted considerable at-
tention as vectors for in vitro and in vivo delivery of heterol-
ogous genes. However, several cell types are relatively refrac-
tory to infection by the subgroup C-derived hAd vectors due to
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the paucity or lack of the cellular hAd receptors on these cells
(e.g., CHO, endothelial cells, certain tumor cells) (13). Several
strategies have been pursued to improve gene transfer into
CAR-negative cells (31, 50), such as the use of vectors that
have been derived from non-CAR-binding serotypes (e.g.,
hAd35), and “fiber-swap” vectors, where (parts of) specific
regions of the fiber proteins are replaced by the homologous
sequences from non-CAR-binding serotypes (36, 43, 49). Al-
ternatively, recombinant hAds with altered tropism have also
been generated by engineering new ligands for cellular recep-
tors into the surface loops of the major capsid components; the
C terminus and the HI loop of the fiber knob, the RGD loop
of penton base, and the L1 loop of the hexon (4, 5, 29, 51).
Although effective, the applicability of this approach can be
limited by the restricted tolerance for inserting new ligands at
these positions. In another approach, the knob and shaft of the
fiber have been replaced by an artificial trimerization domain,
which was linked to a receptor-binding ligand (26, 28, 31).
However, such viruses appear to be difficult to produce at high
titers, thus limiting the applicability of this approach.

A novel strategy for modifying the tropism of hAd vectors
relies on fusing polypeptides to the C terminus of the minor
capsid protein IX (16). This approach is based on the obser-
vation that pIX is dispensable for the virus: Ads lacking the
pIX gene can be grown to wild-type titers. However, the pIX-
deficient hAds are more heat labile than wt.hAd and do not
form the so-called group of nine (GON) hexon capsomers. The
GONs form the central part of each of the facets of the ico-
sahedral capsid (9). Hence, pIX has been suggested to function
as a molecular cement, which enhances the structural integrity
of the particles by stabilizing the interaction between hexon
capsomers (21, 22). Cryoelectron microscopy image analyses
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and the pIX-hexon interaction domains are not known. Im-
mune accessibility studies with antibodies directed against the
N-terminal and the C-terminal parts of hAd3 pIX suggest that
the N terminus is between the hexon capsomer cavities and
inaccessible. The C terminus is accessible to immunoglobulins,
suggesting that it may be pointing toward the outer surface of
the virion (1). These data, together with the data from the
cryoelectron microscopy image analysis, suggest that if ligands
are to be fused with pIX, a spacer may be required to lift the
ligand above the outer surface of the icosahedrical surface
formed by the hexon capsomers to ensure its availability for a
cellular receptor.

In this present study, we examined whether insertion of
alpha-helical spacers between pIX and a fused ligand increases
the ligand accessibility. Using pIX-incorporation assays and
immunogold-labeling electron microscopy experiments, we
demonstrate that pIX variants carrying alpha-helical spacers
and peptide ligands at their C termini are well tolerated in the
viral capsid and expose their ligands in an accessible manner.
From these data we conclude that modification of pIX is a
feasible approach for retargeting hAd vectors.
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MATERIALS AND METHODS

Cells. The murine microvascular endothelioma cell line Eoma (38), derived
from a mouse hemangioendothelioma, was obtained from R. Auerbach (Labo-
ratory of Developmental Biology, University of Wisconsin, Madison). The pri-
mary human foreskin fibroblasts (VH10) were provided by A. G. Jochemsen
(Department of Molecular Cell Biology, Leiden University, Leiden, The Neth-
erlands), whereas the U118 human glioma cell line was obtained from B. de
Leeuw (Department of Neurology, Erasmus University Medical Centre, Rotter-
dam, The Netherlands). The CHO cell line was obtained from the American
Type Culture Collection. The hAd5 El-transformed helper cell lines PER.C6
and 911 (18, 19) were used to propagate and titer Ad vectors. All cell lines were
maintained at 37°C in a humidified atmosphere of 5% CO, in Dulbecco modified
Eagle medium medium (Gibco-BRL, Breda, The Netherlands) supplemented
with 8% fetal bovine serum (Gibco-BRL) and 0.3% glucose (J. T. Baker, De-
venter, The Netherlands). Infections of the cells with hAds were carried out in
infection medium containing 2% fetal bovine serum.

Construction of pIX-ligand eukaryotic expression plasmids. For construction
of the pIX expressing plasmid pAdSpIX.flag, the 480-bp coding sequence of
hAdS pIX was obtained from plasmid pAd5SalB (7) by PCR, with the protIX
forward and reverse primers (Table 1) providing an EcoRI site and a Xbal site
upstream from the translation-initiation codon and downstream of the transla-
tion-termination codon, respectively. In addition, primer protIX (reverse) adds
the codons for a FLAG-tag sequence (TAC AAG CTG GCC GAC, encoding
Tyr-Lys-Leu-Ala-Asp) (32) immediately before the translation-termination
codon. The resulting PCR product was digested with EcoRI and Xbal and cloned
into EcoRI- and Xbal-digested pCDNA3.1, generating plasmid pAdSpIX.flag.
To insert the ligands at the C terminus of the pAd5pIX.flag, the translation-stop
codon was removed, and two unique sites (XholI and EcoRV) were introduced by
replacing the flag tag sequence by inserting the synthetic oligonucleotide pair
flag-XE. This flag-XE fragment (which has a 5’ blunt end and a 3’ sticky Xbal
overhang) was cloned between the Hpal and Xbal sites in the pAd5pIX.flag
plasmid, generating plasmid pAdSpIX.flagXE. For construction of plasmid
pAd5pIX, a stop codon was inserted directly after pIX by site-directed mutagen-
esis PCR (QuickChange site-directed mutagenesis kit), with the pIXstop primers
(Table 1) and the pAd5pIX.flag plasmid as a template. The pAd5pIX.RGD
plasmid was obtained by annealing the RGD oligonucleotides (Table 1), cloning
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the duplex in Hpal and Xbal-digested plasmid pAdSpIX.flag. A similar approach
was used for construction of plasmid pAd5pIX.flag. RGD. Here the same RGD
DNA duplex was inserted into EcoRV- and Xbal-digested plasmid
pAd5pIX.flagXE. The 30-A spacer DNA duplex was obtained by annealing the
30-A spacer oligonucleotides (Table 1). The coding polypeptide of this sequence
was predicted to form an alpha helix of ~30 A (20, 23). Insertion of the 30-A
spacer duplex in Xhol-digested plasmid pAd5pIX.flag.RGD resulted in
PAd5pIX.flag-30.RGD. The 45-A spacer was obtained via PCR by amplifying the
longest alpha helix (nucleotides 373 to 472; GenBank entry XM_008844) from
ApoE4 cDNA by using the ApoE primers (Table 1). After digestion with Sall
and Xhol, the 45-A spacer fragment was cloned in Xhol-digested plasmid
pAd5pIX.flagXE to generate plasmid pAd5SpIX.flag-45XE. The RGD4c
polypeptide was inserted as described above, generating the pAd5pIX.flag-
45.RGD plasmid. For construction of the pAdSpIX.flag-45-30.RGD, the
30.RGD EcoRV-Apal fragment from plasmid pAd5pIX.flag-30.RGD was in-
serted into EcoRV-Apal-digested pAd5pIX.flag-45XE. For construction of the
MYC-tagged variants, the RGD codons were replaced by a MYC(3X) tag by
three-fragment ligation with two sets of oligonucleotides MYCa and MYCb
(Table 1). The DNA duplexes were inserted by ligation into the various pIX
constructs digested with EcoRV and Apal.

Ad vectors. The pTrackCMV-GFP is an El- and E3-deleted hAd5-based
shuttle plasmid that carries green fluorescent protein (GFP) transgene each
under the control of the human cytomegalovirus (CMV) immediate-early pro-
moter. For construction of ApIX pTrackCMV-GFP, two unique restriction sites
were introduced, a Scal site at the start codon and a Spel site at the C terminus
of pIX, by site-directed mutagenesis PCR (primers pIXScal and pIXSpel, Table
1). The ApIX pTrackCMV-GFP plasmid was constructed by blunt-end self-
ligation after Scal and Spel digestion and treatment with the Klenow fragment
of E. coli DNA polymerase. Replication-incompetent hAdS vectors hAdSCMV-
GFP and hAd5CMV-GFPApIX were generated as described elsewhere (25).
The hAd5dI313 virus lacks the 2,307 bp of the E1 region, including the 5" portion
of the pIX gene. This mutant does not express detectable levels of pIX (14).
Viruses were titrated via standard plaque assay protocol (19).

Incorporation assay. For incorporation of the pIX-ligand fusion proteins in
ApIX viruses (hAd5dI313 and hAdSCMV-GFPApIX), 70 to 80% confluent layer
911 helper cells were transfected with the appropriated expression plasmids by
the calcium phosphate coprecipitation technique (24). For five Cellstar 550-ml
flasks (Greiner bio-one, Frickenhausen, Germany), 300 pg of plasmid DNA was
used in a total volume of 25 ml of buffered calcium-chloride (Merck, Darmstadt,
Germany) solution. At 18 h after transfection the cells were infected with ApIX
viruses. After 2 days, the virus was harvested and CsCl purified as described
before (19).

Immunofluorescence assays. For immunofluorescence assays, 911 cells were
grown on glass coverslips in six-well plates, fixed in methanol, washed with
phosphate-buffered saline (PBS) containing 0.05% Tween 20, and incubated with
primary antibody, (1:800 diluted in PBS, 3% bovine serum albumin [BSA]) for 60
min at room temperature. The rabbit antiserum recognizing pIX has been de-
scribed previously (10). The cells were washed and incubated with secondary
fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit serum (diluted
1:100 in PBS-3% BSA) for 30 min at room temperature. Nuclei were visualized
by using propidium iodide. Subsequently, the cells were washed and mounted on
object glasses by using Dabco-glycerol (glycerol, 0.02 M Tris-Cl [pH 8.0], and
2.3% 1,4-diazabicyclo-[2.2.2]-octane). Cells were visualized with a Leica DM-
IRBE microscope.

Western analysis. Cell lysates were made in radioimmunoprecipitation assay
lysis buffer (50 mM Tris-Cl [pH 7.5], 150 mM NaCl, 0.1% sodium dodecyl sulfate
[SDS], 0.5% deoxycholate, and 1% NP-40). Protein concentrations were mea-
sured with a protein assay (Bio-Rad Laboratories, Veenendaal, The Nether-
lands). Samples for Western analyses were prepared by boiling 15 pg of the
protein extract with sample buffer (10% glycerol, 2% SDS, 60 mM Tris-Cl [pH
6.7], 2.5% B-mercaptoethanol, and 2.5% bromophenol blue from a 1:20-diluted
saturated solution) for 4 min at 100°C. Samples were analyzed on 12% polyac-
rylamide-SDS gels (30% acrylamide-bisacrylamide [37.5:1]; Bio-Rad) overlaid
by a 5% stacking gel (30% acrylamide-bisacrylamide [37.5:1]; Bio-Rad). The
proteins were transferred to Immobilon-P (Immobilon-P transfer membrane
[polyvinylidene difluoride]; Millipore, Etten-Leur, The Netherlands) and visual-
ized by standard protocols with anti-pIX (1:2000), anti-actin (1:500, clone C4;
ICN Biomedicals, Inc., Zoetermeer, The Netherlands), or anti-hexon, a poly-
clonal serum that recognizes the major capsid proteins (1:500, rat polyclonal
serum), as the primary antibody. All antibodies were diluted in TBST (0.2%
Tween 20, 150 mM NaCl, and 10 mM Tris) with 5% nonfat dried milk (Protifar
Plus; Nutricia BV, Zoetermeer, The Netherlands). Virus lysates were prepared

J. VIROL.

by adding 5 X 10'° virus particles (measured by a standard OD260 protocol (33)
directly to Western sample buffer.

Flow cytometry analysis. For fluorescence-activated cell sorting analyses, cells
were treated with trypsin gently, the volume was increased by adding PBS
supplemented with 1% fetal bovine serum, and the cells were kept on ice. The
samples were analyzed with a FACScan flow cytometer (Becton Dickinson). GFP
fluorescence was detected by using a 530+30-nm band-pass filter (FL1 channel)
after excitation with an argon ion laser source at 488 nm. Using a forward
scatter-side scatter representation of events, a region was defined in order to
exclude cellular debris from the analysis. A number-of-events/FL1 (which reflects
the fluorescence intensity) histogram was then established according to this
region, and percentages of GFP-positive cells were determined in comparison to
the negative control (untreated cells). Data analysis was performed by using
CellQuest 3.1 software (Becton Dickinson). For each sample, 10,000 events were
collected.

Immunoelectron microscopy. Viruses were brought on copper grids with a
carbon-coated Formvar film and washed with PBS (PBS plus 2% BSA), incu-
bated with anti-MYC (diluted 1:200 in PBS-2% BSA, clone 9E10; Upstate
Biotechnology, Charlottesville, Va.) for 60 min at room temperature. After a
washing step, grids were incubated with rabbit anti-mouse serum (Dako Cyto-
mation A/S, Copenhagen, Denmark) (diluted 1:200 in PBS-2% BSA) for 30 min,
washed with PBS-2% BSA, and incubated with gold-labeled protein-A (Amer-
sham Biosciences Europe GmbH, Freiburg, Germany) for 30 min at room
temperature. Subsequently, these samples were fixed in 1.5% glutaraldehyde in
cacodylate buffer and negative stained with 1% uranyl acetate for 15 min. The
viruses were examined by using a Philips EM 410-LS transmission electron
microscope at 80 kV.

RESULTS

Ad pIX resides at a deep position (hidden) below the tops of
the hexon capsomers (21, 45, 46). Hence, small C-terminal
extensions to pIX may be difficult to access from the outside
the capsid surface. Although small C-terminal ligands are ca-
pable of interacting with cellular structures with some effi-
ciency (16), the position of pIX in the capsid predicts that
lifting the peptide ligands toward the top of the hexon cavities
may increase ligand accessibility, and thereby, should improve
ligand-receptor interaction.

To test whether insertions of alpha-helical spacers between
the pIX C terminus and the ligand could improve the accessi-
bility of the ligand, we made fusion constructs with spacers of
varied lengths joining the pIX C terminus to MYC and RGD
epitopes (Fig. 1). These were used in 911 helper cells to com-
plement pIX deficiency during propagation of hAd5ApIX vi-
ruses on these cells. During infection, wild-type pIX (wt.pIX)
accumulates almost exclusively in the nucleus, where it resides
in small bodies called pIX bodies (41). To test whether the pIX
fusion proteins used in the present study also localize to pIX
bodies, we transfected 911 cells with the corresponding expres-
sion plasmids encoding the fusion protein; after 2 days, the
cells were stained with anti-pIX and FITC-labeled goat anti-
rabbit immunoglobulin and then examined with a fluorescence
microscope. As shown in Fig. 2, all pIX variants localized to
the nuclei of the 911 cells, as did wt.pIX. Identical distribution
patterns were seen with antiserum recognizing the Flag
epitope fused to the C terminus of pIX (data not shown).

To determine whether these modified pIX molecules could
be incorporated into the viral capsid, we used an incorporation
assay based on transient expression of the pIX variants in 911
cells. The cells were transfected with the various pIX expres-
sion vectors; at 18 h posttransfection, the cells were infected
with hAd>5dI313, an hAdS deletion mutant lacking a functional
pIX gene. At 48 h postinfection, viruses were harvested and
purified by CsCl density gradient centrifugation and subjected
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FIG. 1. (A) Schematic representation of the pIX variants used in the present study. The RGD4c motif and MYC peptide, which are used as

ligands, are fused directly with pIX or linked via a spacer. The values 30, 45,

and 75 are the predicted lengths of the a-helical spacers in angstroms.

(B) Schematic representation of the location of pIX between the hexon capsomers. Electron microscopic image reconstruction suggests that pIX
resides between the hexon capsomers, hidden ca. 65 A below the hexon tops. Introducing spacers between pIX and the ligand may improve the

accessibility of ligands fused to the C terminus of pIX.

to Western blotting with pIX antiserum. All pIX.MYC fusion
proteins accumulated to similar levels in 911 helper cells (Fig.
3B) and were efficiently incorporated (Fig. 3C) into virus par-
ticles. From these data we conclude that the C-terminal exten-
sions up to 113 amino acids do not impair the incorporation of

pIX into adenoviral capsids. In contrast, as previously re-
ported, deletion of the pIX N terminus prevented incorpora-
tion into viruses (Fig. 3A).

Next, we determined whether the MYC peptides were ac-
cessible to immunoglobulins. Viruses were incubated with
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FIG. 2. Subcellular localization of pIX variants. The subcellular localization of the various pIX proteins was tested by immunofluorescence
microscopy. 911 cells grown on coverslips were transfected with the various pIX.RGD expression plasmids. At 2 days postinfection, the localization
of pIX was visualized with anti-pIX and FITC-labeled goat anti-rabbit antibodies. The nuclei were stained with propidium iodide. (A) wr.pIX;
(B) pIX.RGD; (C) pIX.flag. RGD (D); pIX.flag.30.RGD; (E) pIX.flag.45.RGD; (F) pIX.flag.75.RGD. All pIX variants are localized in nuclear

aggregates, as is wt.pIX.

mouse antiserum recognizing the MYC peptide and then with
rabbit anti-mouse antiserum and protein A labeled with 10-nm
gold particles. Electron microscopy analysis revealed no gold
particles associated with hAd5dI313 viruses or with hAd5dI313
particles loaded with wt.pIX. In contrast, hAd5dI313 incorpo-
rating the MYC-tagged pIX constructs were efficiently labeled
(Fig. 4). Quantitative analyses of the photomicrographs indi-
cated that particles loaded with any of the spacer constructs
labeled more efficiently than those loaded with the pIX.MYC
construct that had only the 34-amino-acid MYC tag (P <
0.0001 [unpaired Student ¢ test]) (Fig. 5). Nonlabeled virions
were seen occasionally (e.g., Fig. 4D); these most likely re-
sulted from virus propagation in the nontransfected cells in the
cultures. Taken together, these data confirm that the pIX-
variants carrying C-terminal extensions are efficiently incorpo-
rated into the hAd capsid and that the ligands linked to these
proteins are accessible on the outer surface of the virion. In
addition, these data provide evidence that the ligand accessi-
bility improves when the length of the alpha-helical spacers is
increased.

To test whether ligands fused to the C terminus of pIX can
bind cellular receptors and whether the recruitment of cellular
receptors is improved by addition of a spacer, the MYC pep-
tide was replaced by a small ligand, RGD4c. These pIX.RGD
fusion proteins were incorporated into virions encoding GFP.
The RGD4c binds efficiently to avB3 and o,B5 integrins (3),
which are broadly expressed on many cell types, including
endothelial cells (11, 39, 44, 52). To evaluate CAR-indepen-
dent transduction, we used the mouse hemangioendothelioma
cell line Eoma (38) as target. Whereas Eoma cells do not
express detectable amounts of CAR receptor on their cellular
membrane, o, 35 and «, 35 integrins were readily detectable by
flow cytometry (J. Vellinga, unpublished data). For these ex-

periments we used the vector hAdSCMV-GFPApIX. The vec-
tor was propagated on transfected helper cells as described
above. All pIX-RGD4c fusion proteins were produced ade-
quately in the 911 helper cells (Fig. 3D). Western blot analysis
revealed equivalent incorporation of the different pIX.RGD4c
variants into virus particles (Fig. 3E). Where Eoma cells were
infected with the GFP vector loaded with wt.pIX, only a few
cells were seen to express GFP (Fig. 6A). Cultures infected
with vectors loaded with the pIX.RGD variants showed an
increased number of GFP-positive cells; the efficiency of trans-
duction appear to increase with spacer lengths (Fig. 6B to F).
In contrast, the presence of the RGD motif and the length of
the spacers had no effect on transduction efficiency in CAR-
positive HeLa cells (data are shown for wr.pIX and
pIX.flag.75.RGD in Fig. 6G and H, respectively). To show that
the improved infection efficiency was not restricted to the
Eoma cells, three other CAR-negative cell lines were infected
with GFP vectors incorporating either pIX.RGD or pIX.flag
.75.RGD, and number of transduced cells was quantified by
flow cytometry analysis (Table 2). Transduction by
pIX.flag.75.RGD was five- to sevenfold more efficient on these
human (VHI10 and U118) and rodent (CHO and Eoma) cell
lines than when transduced by the pIX.RGD (which lacks a
spacer). In the absence of the RGD peptide, vectors incorpo-
rated pIX spacers showed no increased efficiency of transduc-
tion. Thus, the improved efficiency seen with pIX.flag.75.RGD
reflected the improved accessibility of the RGD motif and not
the presence of the spacer itself.

DISCUSSION

In the present study, we show that Ad minor capsid protein
pIX variants, carrying alpha-helical spacers and ligands at their
C termini, are efficiently incorporated into the Ad capsid. pIX
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FIG. 3. Western blot pIX incorporation assays. (A) To test the specificity of the incorporation assay, wt.pIX and pIX-AN expression plasmids
were transfected into 911 cells. At 18 h posttransfection, the cells were infected with hAd5dI313. The infected cells were lysed 48 h postinfection.
Protein extracts were prepared from aliquots of the lysates, whereas the remainder was used for virus isolation. Protein extracts of the cell lysates
and of the purified viruses were analyzed by Western blotting with an anti-pIX serum. Although both pIX variants were expressed in 911 cells, only
wt.pIX was incorporated into the virion. (B and C) To test the incorporation of the pIX variants, 911 cells were transfected with the various pIX
expression plasmids. After overnight incubation, the cells were infected with hAd5dI313 or hAdSCMV-GFPApIX viruses. Protein extracts were
prepared from the cell lysate and from the purified viruses and analyzed by Western blotting. The blots were probed with anti-pIX, anti-actin, or
anti-hexon as described in the text. All pIX MYC constructs were expressed in equivalent amounts by the 911 cells (B), and all were incorporated
in equivalent amounts into hAd5d/313 virions (C). (D and E) An identical analysis was performed for the various pIX.RGD constructs. All pIX
variants were expressed in 911 cells (D) and incorporated efficiently into hAdSCMV-GFPApIX virions (E). As a negative control (neg), 911 cells
were mock transfected and infected with hAd5dI313 and hAdSCMV-GFPApIX. The extra bands marked with an asterisk are proteolytic
degradation products.

is hidden between hexon capsomers, where it associates with
the hexon to stabilize the capsid. Immunoelectron microscopy
studies with hAd3 demonstrated that the C terminus of pIX, in
contrast to its N terminus, is accessible to immunoglobulins,
suggesting that this part of the protein is expressed on the
capsid surface (1). Our data confirm and extend this hypothe-
sis. Based on the previous estimated by Stewart et al. that the
main mass of pIX is located ca. 65 A below the tops of the

hexon capsomers (21, 45), incorporation of spacers up to 75 A
would suffice to lift the ligands and expose them at the surface
of the capsid. In line with this hypothesis is our observation
that the increasing spacer-length is directly correlated with
increasing ligand accessibility. We observed an improved anti-
body labeling of the MYC peptide-containing viruses with
longer spacers. Since there was no significant effect of the
spacer length on the efficiency of pIX incorporation into the
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A.

FIG. 4. Immunoelectron microscopic analysis of ligand accessibility. To test the accessibility of the MYC epitope on hAd5dI313, viruses that
were loaded with the various pIX variants were bound on copper grids with a carbon-coated Formvar film. The MYC epitope was detected with
anti-MY C antibody, followed by rabbit anti-mouse immunoglobulin and gold-labeled Prot.A. Visualization was done by using a Philips EM 410-LS
transmission electron microscope. The viruses were loaded with wt.pIX (A), pIXMYC (B), pIX.flag RGD.MYC (C), pIX.flag.30.MYC (D),
pIX.flag.45.MYC (E), and pIX.flag.75.MYC (F), respectively.
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FIG. 5. Quantification of the number of gold particles bound to the viruses. The mean number of gold particles bound to the viruses (y axis)
is plotted against the length (in amino acids) of the C-terminal extension (x axis). The labeling efficiency of each variant is greater than the
pIX.MYC construct (34 amino acids) (P < 0.0001 [unpaired Student ¢ test]).
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FIG. 6. Infection assay. To test whether the spacers increase the infection efficiency, hAdSCMV-GFPApIX viruses were propagated in 911 cells
expressing the pIX.RGD variants. The capacity of the resulting viruses to transduce cells independent of CAR was tested by exposing CAR-
negative Eoma cells to the CsCl purified viruses at 1,000 particles/cell. At 48 h postinfection, the cells were evaluated for GFP expression. (A to
F) hAdSCMV-GFPApIX with wt.pIX (A), pIX.RGD (B), pIX.flag.RGD (C), pIX.flag.30.RGD (D), pIX.flag.45.RGD (E), or pIX.flag.75.RGD

(F). To show that hAdSCMV-GFPApIX with wt.pIX (G) and hAdSCMV-GFPApIX bearing pIX.flag.75.RGD (H) have equivalent infectious
particle numbers, HeLa cells were infected with the corresponding viruses.
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TABLE 2. Infection assay

% GFP™" cells

Cell  care mor
pIX.RGD pIX.flag.75.RGD pIX.myc pIX.flag.75.myc
HeLa + 40 30=x3 32 £5(1.1) 29+ 4 28 =2
CHO - 1000 1.5*+05 78+10(52) 1.1x05 09 =*0.1
Eoma - 1000 1.3+01 93=*=11(72) 0804 1.1+05
VHI10 - 1000 3.1*+0.6 20.7*+25(6.7) 14=0.8 1.2+02
U118 - 1000 93 *+0.1 289+31(3.1) 78=*08 8.1+ 0.6

“ The data for the CAR expression were obtained from B. de Leeuw.

® MOI, multiplicity of infection.

¢ The data represent the mean of three independent experiments. Values in
parentheses are the ratio percent GFP-positive cells (pIX.RGD) to percent
GFP-positive cells (pIX.flag.75.RGD).

capsid, these data suggests that the spacers make the MYC
epitope more accessible for antigen-specific immunoglobulins.

Using an integrin-interacting RGD4c motif fused to the
spacers, we evaluated the relative infection efficiencies of spac-
er-bearing pIX virions on mouse endothelioma cells (44).
Wild-type hAdS is largely unable to infect these cells, which
have little if any CAR on their cell surface. However, incor-
poration of the RGD motif within pIX, particularly when a
spacer was also incorporated, significantly increased transduc-
tion efficiency of CAR-negative cells.

Wild-type pIX is confined to the nucleus. Here we demon-
strate that the pIX fusion proteins have a subcellular localiza-
tion that is indistinguishable from wz.pIX in 911 cells. Hence,
neither the presence of the RGD4c motif nor the presence of
the various spacers prevents nuclear localization and accumu-
lation in pIX bodies.

Modification of pIX can be used for vector targeting in two
ways, the pIX gene can be modified in the vector backbone;
alternatively, pIX variants can be synthesized in pIX-express-
ing helper cell lines (10). Although it has been suggested that
pIX synthesis is toxic for mammalian cells (30), careful selec-
tion procedures yield cell lines that can efficiently complement
pIX-deficient viruses.

Thus far the retargeting via pIX modification is not very
efficient (comparing the number of transduced Eoma cells with
that of the HeLa cells). Additional modifications may improve
the efficacy and specificity of retargeting. For example, the
ligand used in our experiments is the RGD4c motif, which is a
small peptide with relatively low affinity for integrin receptors.
Substitution of this ligand with other, higher-affinity ligands,
such as single-chain antibodies, affibodies, or domain antibod-
ies (4), may increase the infection efficiency. In addition, the
natural viral entry mechanisms should be reduced or ablated to
increase retargeting selectivity. In the present study we used
wt.hAdSCMV-GFP virus, which still retains its natural CAR
and o, integrins binding sites in the fiber knob and penton
base. Removal of these sites may be essential to achieve more
specific retargeting. Furthermore, the presence of the long
hAdS fibers may hinder pIX-mediated targeting as these long
and protruding fibers may limit access of the cellular receptors
to the heterologous ligands. The use of short fibers from other
serotypes (34, 35, 51) or, alternatively, artificially shortened
hAdS fibers may therefore improve the efficiency of cell tar-
geting via pIX-linked ligands.

Considering the increased accessibility achieved with the
spacers between pIX and the fused ligand, we envisage that the

J. VIROL.

alpha-helical spacers lift the ligands toward the hexon top and
as a result expose them on the capsid surface. Here they are
easily reached by cell surface receptors. Our data demonstrate
the feasibility of using pIX as an anchor to link peptide ligands
to retarget Ad vectors.
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