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Vectors based on the chicken embryo lethal orphan (CELO) avian adenovirus (Ad) have two attractive
properties for gene transfer applications: resistance to preformed immune responses to human Ads and the
ability to grow in chicken embryos, allowing low-cost production of recombinant viruses. However, a major
limitation of this technology is that CELO vectors demonstrate decreased efficiency of gene transfer into cells
expressing low levels of the coxsackie-Ad receptor (CAR). In order to improve the efficacy of gene transfer into
CAR-deficient cells, we modified viral tropism via genetic alteration of the CELO fiber 1 protein. The av
integrin-binding motif (RGD) was incorporated at two different sites of the fiber 1 knob domain, within an
HI-like loop that we identified and at the C terminus. Recombinant fiber-modified CELO viruses were
constructed containing secreted alkaline phosphatase (SEAP) and enhanced green fluorescent protein genes as
reporter genes. Our data show that insertion of the RGD motif within the HI-like loop of the fiber resulted in
significant enhancement of gene transfer into CAR-negative and CAR-deficient cells. In contrast, CELO
vectors containing the RGD motif at the fiber 1 C terminus showed reduced transduction of all cell lines. CELO
viruses modified with RGD at the HI-like loop transduced the SEAP reporter gene into rabbit mammary gland
cells in vivo with an efficiency significantly greater than that of unmodified CELO vector and similar to that
of Ad type 5 vector. These results illustrate the potential for efficient CELO-mediated gene transfer into a broad

range of cell types through modification of the identified HI-like loop of the fiber 1 protein.

The chicken embryo lethal orphan (CELO) virus is repre-
sentative of type 1 fowl adenoviruses (Ads) (3, 24, 25, 34).
Similar to mammalian Ads, the CELO virus has an icosahedral
capsid comprised of hexons and pentons as major subunits
(35). The viral capsid contains a double-stranded DNA ge-
nome that has substantial homology with mastadenovirus ge-
nomes. Like many Ads, CELO uses the fiber proteins of its
capsid to gain entry into host cells through binding to the
coxsackie-Ad receptor (CAR).

Recent studies have shown that CELO virus can be used as
a gene transfer vehicle for gene therapy (24, 34) and gene
vaccination (10). However, the usefulness of CELO-based vec-
tors is significantly limited by their poor transduction efficiency
of CAR-deficient cells compared to CAR-positive cells
(24, 35).

A general approach to solve the problem of gene transfer to
specific cell types is genetic alteration of Ad fiber proteins by
construction of chimeric fibers or by introducing heterologous
receptor binding motifs into the fiber (8, 17, 26, 37, 39). This
strategy has been used successfully for a number of applica-
tions involving retargeting human Ads to receptors other than
CAR (8, 37). Thus, we set out to explore the possibility of
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improving transduction of CAR-deficient cells by CELO vec-
tors by genetically altering the CELO fiber protein. Unlike
other Ads, the CELO virus is characterized by two fibers of
different lengths at each vertex of the virion. The CELO long
fiber (fiber 1) is responsible for recognition of CAR, and unlike
the CELO short fiber (fiber 2), it is dispensable for both virus
assembly and penetration into permissive cells (35). Thus, the
fiber 1 protein is an ideal target for genetic modification that
might result in expanded virus tropism.

To avoid creating significant changes in the CELO virus
natural tropism, we chose to modify surface-exposed portions
of the fiber 1 protein without significantly disturbing the knob
domain. Previous studies suggested that this might be achieved
by introducing receptor binding motifs (e.g., the integrin-bind-
ing motif RGD or the heparan sulfate-containing receptor
binding motif pK7) within a surface-exposed loop of the fiber
or at its C terminus (8, 37, 39). However, due to a lack of
structural information about CELO fiber domains, it was not
obvious where places appropriate for modification were lo-
cated within the CELO fiber 1 protein. For human Ad vectors,
two sites of modification that have been well characterized are
the C terminus of the fiber and the HI loop of the fiber knob
(1, 8,19, 37, 39). To determine whether the CELO fiber 1 knob
domain contains an HI-like loop, we compared the primary
sequence and secondary-structure prediction of the CELO fi-
ber 1 protein with the X-ray crystal structure of the Ad type 5
(Ad5) fiber protein (42). An HI-like surface-exposed loop in
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the CELO fiber 1 knob was localized to amino acid residues
661 to 666.

Based upon previous studies, we chose to insert the integrin-
binding motif RGD (5, 6, 15, 17, 21, 36) as a heterologous
receptor binding sequence within the identified HI-like loop,
as well as at the C terminus of the fiber 1 protein directly
before the stop codon. Functional analysis of these two types of
CELO vector mutants demonstrated that insertion of RGD
into the HI-like loop of the CELO fiber, but not into the C
terminus, dramatically increases the ability of the virus to
transduce CAR-negative (MCF-7 and CHO) and CAR-defi-
cient (ACHN and H596) cells, which are normally resistant to
CELO transduction. Moreover, CELO virus modified at the
HI-like loop provided enhanced gene delivery into primary
rabbit mammary gland cells in vitro and provided increased
levels of transgene expression in milk when injected into the
channel of rabbit mammary glands in vivo.

In summary, the HI-like loop that we have identified in the
CELO fiber 1 knob provides an appropriate site for successful
incorporation of receptor binding sequences to retarget CELO
virus infection. Such fiber-modified CELO vectors greatly
broaden the potential usefulness of CELO virus for experi-
mental and clinical applications.

MATERIALS AND METHODS

Construction of recombinant plasmids. To create mutations in the CELO Ad
fiber 1 gene (in the C terminus and in the HI loop), PCR-based mutagenesis was
used. Two pairs of primers were designed for mutagenesis in the HI loop: primer
pRGDhil (5'-CCT GGT CAC GTA TAC CAA G-3'), primer pRGDhi2 (5'-
CGT ATT TCG TCG TCT GCA CGC AGA AAC AGT CTC CGC GGC AGT
CAC AGG GCG ATT TCG CCG CTG CAA C-3'), primer pRGDhi3 (5'-CTG
CAG GAG TTA ACA AGT TC-3’), and primer pRGDhi4 (5'-GGT GTG ACT
GCC GCG CAG ACT GTT TCT GCG TGC AGA CGA CGA AAT ACG-3').
The nucleotides encoding the RGD motif are underlined. Primers pRGDhi2 and
pRGDhi4 are complementary to the site of the mutation; primers pRGDhil
and pRGDhi3 are complementary to DNA sequences outside the mutation site
and were designed as partners for pPRGDhi2 and pRGDhi4, respectively. Gen-
eration of the mutation was accomplished via two sequential PCRs. First, primer
pairs pRGDhil-pRGDhi2 and pRGDhi3-pRGDhi4 were used to amplify two
DNA fragments from CELO wild-type DNA overlapping at the mutation site.
These two fragments were then used as the template for a second PCR with
primer pair pRGDhil-pRGDhi3. The DNA fragment generated via the second
PCR contained the inserted RGD motif. To insert the RGD-containing segment
of the fiber gene into pCRVA (bp 23830 to 33358 of the CELO genome), the
PCR product and pCRVA were digested with Bst1107I and Hpal. The obtained
fragment (242 bp) was used to replace the analogous segment in pCRVA. The
DNA of the new plasmid, pPCRVA-hiRGD, was sequenced to confirm the pres-
ence of the mutation.

The plasmid pSCELO-HIRGD was constructed by cloning the CELO frag-
ment (9,548 bp) from the pPCRVA-hiRGD plasmid digested with EcoRV into
EcoRV-digested plasmid pDL113 containing a Clal (16,254-bp) and EcoRV
(23,830-bp) fragment. The recombinant plasmid pCELO-HIRGD, containing
the modified fiber 1 gene, was generated by homologous recombination in
Escherichia coli, as described below.

For comparative analyses of virus transduction, secreted alkaline phosphatase
(SEAP) or enhanced green fluorescent protein (EGFP) reporter gene expression
cassettes were introduced into the region of deletion of the CELO genome (bp
41731 to 43685) by homologous recombination in E. coli between pCELO-
HIRGD and a shuttle plasmid containing an expression cassette (pCShCMV-
SEAP or pCShCMV-EGFP) as described below. Genomic clones (P CELOSEAP-
HIRGD or pCELOEGFP-HIRGD) were sequenced and analyzed by PCR prior to
transfection into LMH cells.

For mutagenesis of the C terminus of the CELO fiber 1 protein, three primers
were designed: pRGD1 (5'-ACC TGG TCA CGT ATA CCA AG-3'), pRGD2
(5'-CAG GAG TTA ACA AGT TCA CGC AGA AAC AGT CTC CGC GGC
AGT CAC ATT GAT AGT ACC CCA GAT AAG TAA ACG-3'), and pRGD3
(5'-GTC GGT CTT GAC CCC GAT CG-3'). The nucleotides encoding the
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RGD motif are underlined. Primer pRGD2 is complementary to the insertion
sequence; primers pRGD1 and pRGD3 are complementary to DNA sequences
outside of the insertion site. Generation of the mutation was accomplished via
two sequential PCRs. Primer pair pPRGD1-pRGD2 was used for amplification of
the DNA fragment from the CELO wild-type DNA containing the mutation site.
This fragment (263 bp) was then used as a primer for a second PCR with primer
pRGD3. The DNA fragment generated by the second PCR contained the RGD
motif. The PCR product (242 bp) was digested with Bst1107I and Hpal and
cloned into pCRVA digested with the same restriction endonucleases. The
plasmid pCRVA-RGD was sequenced to confirm the presence of the mutation.

The plasmids containing the RGD insertion at the C terminus of CELO fiber
1 (pSCELO-RGD, pCELO-RGD, pCELOSEAP-RGD, and pCELOEGFP-
RGD) were constructed as described above for generation of pPCELOSEAP-
HIRGD and pCELOEGFP-HIRGD.

Generation of recombinant Ad g by homolog recombination in E.
coli. Recombinant CELO Ad genomes containing the modified fiber 1 gene were
generated by homologous recombination in E. coli as described by Michou et al.
(25). Briefly, the vector (pPSCELO-HIRGD or pSCELO-RGD) was linearized
with Spel and mixed with a plasmid containing the genome of the CELO avian
Ad (with the EcoRV fragment, bp 41731 to 43685, deleted) digested with Notl,
and the DNA mixture was electroporated into E. coli BJ5183 cells using a
MicroPulser (Bio-Rad). Bacterial colonies obtained after 18 to 24 h of growth
at 30°C were analyzed by PCR and restriction endonuclease digestions. Recom-
binant plasmids with the reported genes (pCELOSEAP-HIRGD and
pCELOSEAP-RGD or pCELOEGFP-HIRGD and pCELOEGFP-RGD) were
generated by homologous recombination in E. coli BJ5183 between a shuttle
plasmid containing an expression cassette, pPCShCMV-SEAP or pCShCMV-
EGFP, linearized with AscI and a plasmid (pCELO-HIRGD or pCELO-RGD)
linearized with Pacl. Genomic clones were sequenced and analyzed by PCR
analysis (see Fig. 2b).

Viruses. The recombinant Ad5-SEAP and CELO-SEAP or Ad5-EGFP and
CELO-EGFP vectors containing expression cassettes [the human cytomegalovi-
rus promoter, the SEAP or EGFP reporter gene, and a poly(A)/stop signal]
integrated in nonessential regions of the virus genome were generated in our
previous study (24). For the present study, the following viruses were created:
CELOSEAP-RGD and CELOEGFP-RGD, with the high-affinity RGD se-
quence CDCRGDCEFC incorporated at the C terminus of the fiber protein, and
CELOSEAP-HIRGD and CELOEGFP-HIRGD, with the RGD sequence CD
CRGDCEFC incorporated at the HI loop of the fiber protein. Avian recombinant
CELO Ads were grown in specific-pathogen-free chicken embryos and purified
by double cesium chloride gradient centrifugation. The yields of CELO recom-
binant viruses were not affected by fiber modification. The optical densities (OD)
of Ad vector stocks were as follows: (i) 7 OD units/ml and 8.4 OD units/ml for
CELO-SEAP and CELO-EGFP, respectively; (ii) 6.8 OD units/ml and 7.3 OD
units/ml for CELOSEAP-HIRGD and CELOEGFP-HIRGD, respectively;
and (iii) 10.8 OD units/ml and 6.4 OD units/ml for CELOSEAP-RGD and
CELOEGFP-RGD, respectively. Each virus was verified by PCR to contain the
correct insert. Restriction analysis of DNA from each virus further confirmed the
identities of the viruses with unique restriction sites. Virus samples were analyzed
for the titer of viral particles (vp) (absorbance at 260 nm) using a conversion
factor of 1 OD unit equaling 10'? vp/ml.

Cell culture. The human kidney 293, chicken hepatoma LMH, human lung
cancer H1299, human colon cancer HCT-116, human breast cancer MCF-7,
Chinese hamster ovary CHO, human renal carcinoma ACHN, and human ade-
nosquamous bronchogenic carcinoma H596 cell lines were used in the experi-
ments. CHO cells were propagated in a 50:50 mixture of Dulbecco’s modified
Eagle’s medium and Ham’s F-12 medium (DMEM/F-12) supplemented with
10% fetal calf serum (HyClone), L-glutamine (2 mM), penicillin (100 U/ml), and
streptomycin (100 mg/ml). All other cell lines were grown in DMEM supple-
mented with 10% fetal bovine serum (HyClone), 100 U/ml penicillin, 100 pg/ml
streptomycin, and 2 mM L-glutamine at 37°C in a humidified atmosphere with
5% CO,.

Primary cell lines. Rabbit primary breast cells were cultured in a 50:50 mixture
of DMEM/F-12 supplemented with 10% fetal calf serum (HyClone), 10 ng/ml
epidermal growth factor (Gibco BRL), 2 mM L-glutamine, and 50 pg/ml genta-
micin.

Ad-mediated gene transfer experiments. To determine the efficiency of re-
porter gene transfer by Ad vectors into various cell lines, 10° cells per well were
seeded in a 24-well plate and incubated overnight at 37°C. On the next day, the
cell monolayers were infected for 2 h at a multiplicity of infection (MOI) of
either 100, 1,000, or 10,000 vp/cell with either virus in 200 pl of medium. Two
hours later, the cells were washed once with medium and added to growth
medium. SEAP activity in the culture medium was measured 48 h postinfection
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FIG. 1. Amino acid sequences of the C-terminal portions of the CELO large fiber (top) and human AdS5 fiber knob (bottom) domains. The
numbering of amino acids shown in the upper line is according to Q64761 (top) and P11818 (bottom) GenBank entries. The letters E above the
sequences indicate beta strands predicted by both the PSI-PRED and JPRED programs (top) or by both programs and X-ray analysis (bottom).
The italicized letters E indicate beta strands predicted only by PSI-PRED (top) or detected only by X-ray analysis (bottom). The letters G, H, I,
and J in the line under the numbering indicate the names of the beta strands in the structure of the human Ad5 fiber knob domain (Protein Data
Bank accession no. 1IKNB) and predicted for the CELO large fiber knob domain. Boldface type indicates amino acid residues that are identical
or similar in the two proteins. Pro661 and Val662 residues in the predicted HI loop of the CELO large fiber knob domain are underlined.

using an iEMS Reader MF (Thermo Labsystems, Finland) as described previ-
ously (24). Experiments were performed in triplicate.

For Ad-mediated gene transfer into human cell lines involving blocking con-
ditions, Ad5 fiber protein at 10-wg/ml final concentration was incubated with the
cells at 37°C in transduction medium for 30 min prior to the addition of the virus.
Following infection by AdS-SEAP, CELO-SEAP, and CELOSEAP-HIRGD
for 2 h at 1,000 vp/cell, the cells were maintained at 37°C in an atmosphere of
5% CO,.

In order to determine the number of internalized vp, virus bound to the
outsides of cells was removed by incubation in 0.2 M acetic acid-150 mM NaCl
for 1 min at room temperature, followed by three washes with PBS prior to cell
lysis, DNA extraction, and real-time PCR analysis.

RT-PCR analysis. Expression of CAR, av integrin, 33 integrin, and B5 integrin
genes in human cell lines was analyzed using reverse transcription (RT)-PCR.
Total RNA was isolated using TRIZOL reagent (Invitrogen). RT was performed
using an RT System (Promega) according to the instructions of the manufac-
turer. After the RT reaction, cDNA encoding the human CAR and integrin (av,
B3, and B5) genes was amplified by PCR with the following primers: CAR,
forward (5'-AGC CTT CAG GTG CGA GAT GTT ACG-3') and reverse (5'-
TAG GAC AGC AAA AGA TGA TAA GAC-3"); av integrin, forward (5'-GAC
TGT GTG GAA GAC AAT GTC TGT AAA CCC-3') and reverse (5'-CCA
GCT AAG AGT TGA GTT CCA GCC-3"); B3 integrin, forward (5'-GAG GAT
GAC TGT GTC GTC AG-3') and reverse (5'-CTG GCG CGT TCT TCC TCA
AA-3"); B5 integrin, forward (5'-GCC TAT CTC CAC GCA CAC TG-3') and
reverse (5'-AGA CTC CGA CCC TTC CTG AC-3'); and GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase), forward (5'-TCT AGA CGG CAG GTC
AGG TCC ACC-3') and reverse (5'-CCA CCC ATG GCA AAT TCC ATG
GCA-3"). The PCR conditions were as follows: human CAR, 30 s at 94°C, 40 s
at 65°C, and 60 s at 72°C for 40 cycles; human av integrin, 40 s at 94°C, 40 s at
55°C, and 40 s at 72°C for 40 cycles; human B3 integrin, 30 s at 94°C, 40 s at 65°C,
and 60 s at 72°C for 40 cycles; human B5 integrin, 30 s at 94°C, 40 s at 58°C, and
60 s at 72°C for 40 cycles; and human GAPDH, 30 s at 94°C, 40 s at 65°C, and
60 s at 72°C for 40 cycles.

PCR products were analyzed by electrophoresis in a 1.5% agarose gel. Am-
plification of the GAPDH gene was used for semiquantitative estimation of
reverse-transcribed mRNA levels.

Quantitative RT-PCR for Ad5 and CELO genomes. To determine the adeno-
viral copy number, real-time PCR was performed as described previously (34).
Briefly, total DNA from cells transduced with Ad5-SEAP, CELO-SEAP, or
CELOSEAP-HIRGD was extracted with a DNA purification kit (Promega)
according to the manufacturer’s instructions. To amplify adenoviral DNA, the
following primers and probes were designed: Ad5 forward primer (5'-CTG GGC
AAT GGT CGC TAT GT-3'), Ad5 reverse primer (5'-AGA AGG TGG CGT
AAA GGC AAAT-3'), and probe for 5'-R6G-CAT CCA GGT GCC TCA GAA
GTT CTT TGC CA-BHQ2-3'; CELO forward primer (5'-TCA AGA CCG ACG
GAA GCA TT-3'), CELO reverse primer (5'-TTC TTG CCG CTG CTA CCG
TC-3"), and probe (5'-FAM [6-carboxyfluorescein]-AGC GCG CCG TCC GCA
TTG-BHQ1-3"). Known quantities of Ad5 and CELO were serially diluted and
added to DNA isolated from cells. The quantitative PCR was initiated with a hot
start at 94°C for 10 min. Amplification occurred during 50 cycles, with each cycle
consisting of 20 s at 94°C and 50 s at 62°C in an iQCycler (Bio-Rad).

Quantitative RT-PCR for CAR. Total RNA was extracted as described above,
and RNA (1.0 pg) was converted to cDNA by RT, using an RT System (Promega).
Real-time PCR was performed in duplicate to determine the relative quantities of

GAPDH and CAR amplicons. Primers for determination of the CAR and GAPDH
were as follows: CAR forward (5'-AAA TTT ACG CTT AGT CCC GAA GAC-3'),
CAR reverse (5'-CCT TCT GAT TAT CAG CTG GTG ATA TC-3'), and probe
(5’-FAM-CCA CTC GAT GTC CAG CGG TCC CT-BHQI1 -3'); GAPDH for-
ward, (5'-GGT TTA CAT GTT CCA ATA-3'), GAPDH reverse, (5'-ATG GGA
TTT CCA TTG ATG ACA AG-3'), and GAPDH probe (5'-R6G-CGT TCT CAG
CCT TGA CGG TGC CAT-BHQ2 -3"). The CAR mRNA level of H1299 cells was
defined as 100% for the analysis of other samples. The CAR mRNA levels in other
cell lines are presented in the figures as the calculated percentages of mRNA relative
to the levels in H1299 cells (11). GAPDH was included as a control reference gene
to normalize the amount and quality of cDNA. CAR mRNA expression was nor-
malized to GAPDH mRNA using the standard-curve method (14). Standard curves
were constructed using dilutions of ¢cDNA (50, 25, 10, and 5 ng per reaction).
Quantitative real-time RT-PCR was performed using an ANA-32 instrument (Syn-
tol, Russia).

In vivo experiments. All animal work was carried out in accordance with the
Regulation of Laboratory Practice and the Sanitary Epidemic and Veterinary
legislation of the Russian Federation. For analysis of Ad-mediated gene transfer
in vivo, female rabbits (strain Chinchilla; age, 15 months) were injected with
recombinant Ads in the mammary gland, at 10'° vp/rabbit, on the first day of the
lactation period. SEAP activities were determined in milk on the third day of the
lactation period. Prior to being milked, the rabbits were injected (intravenously)
with 3 U ocytocin (alpha hypophamine). The samples of milk were diluted with
an equal volume of buffer (10 mM CaCl, 100 mM sodium acetate, pH 6.0) and
centrifuged at 10,000 X g for 10 min to separate the milk sera. SEAP activity was
measured in prepared milk sera as described previously (24).

RESULTS

Identification of an HI-like motif in the CELO fiber 1 pro-
tein structure. The first stage of our work was to predict an
appropriate place in the CELO fiber 1 knob domain for intro-
duction of the integrin-binding RGD motif. For human Ads,
the HI loop of the fiber knob domain has proved to be an ideal
site for incorporation of the RGD sequence (the full incorpo-
rated sequence is CDCRGDCEFC) (8). Unfortunately, there is
no primary sequence similarity between the fiber knob do-
mains of CELO and human Ads. Therefore, we used second-
ary-structure prediction coupled with analysis of limited se-
quence similarity to identify the amino acid residues of the
CELO fiber 1 knob domain that correspond to the HI loop of
the human AdS fiber knob domain (Fig. 1). The programs
PSI-PRED and JPRED (4, 16) were used to predict the sec-
ondary structure. Good correspondence was demonstrated for
the results of prediction with both programs, as well as X-ray
crystallographic analysis of the human AdS fiber knob domain
(Fig. 1, bottom). The C-terminal 14 amino acid residues of the
CELO fiber 1 knob domain showed limited sequence similarity
to the corresponding region of the human AdS fiber knob
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RGD insertion within the HI loop of the fiber 1 gene (pCELO-HIRGD). See Materials and Methods for details of construction.

9644



VoL. 81, 2007

domain. The PSI-PRED program predicted a discontinuous
beta strand in this region of the CELO fiber 1 protein, which
corresponds to the J beta strand of the Ad5 fiber. In human
fiber knob domains, the J beta strand plays a role in intersub-
unit interaction (42). Based upon the identification of the J
beta strand, the next predicted beta strands of the CELO fiber
1 knob domain, which are closer to the N terminus, were
named I, H, and G. Amino acid residues 661 to 666, located
between the predicted H and I beta strands of the CELO fiber
1 knob domain, were determined to correspond to the surface-
exposed HI loops of human Ad fiber knob domains.

Construction of fiber-modified recombinant CELO Ads. In
the next stage of our study, we constructed two types of fiber-
modified CELO vectors via PCR-based mutagenesis. One
modified virus contained the RGD sequence insertion (CDC
RGDCFC) at the C terminus of the fiber 1 protein, and the
other contained the RGD sequence insertion within the pre-
dicted HI-like loop (between the Pro661 and Val662 residues)
of the fiber 1 knob (Fig. 2a). In order to measure the efficien-
cies of transduction by the modified viruses in comparison to
wild-type CELO, SEAP and EGFP genes were used as re-
porter genes. All viruses were constructed by the method de-
scribed by Michou et al. (25). Briefly, pPCELO-HIRGD (with
RGD inserted in the HI-like loop) or pCELO-RGD (with
RGD inserted at the C terminus) was generated by homolo-
gous recombination in E. coli between the pSCELO-HIRGD
or pSCELO-RGD plasmid, which contained a fragment of the
CELO genome with the fiber modification (bp 16254 to
33358), and the plasmid pCELOdIRYV, containing the CELO
genome with a deletion of bp 41731 to 43685 (Fig. 2b).
pCELO-RGD and pCELO-HIRGD, containing SEAP or
EGFP reporter genes, was generated by homologous recom-
bination in E. coli between the pCELO-HIRGD or pCELO-
RGD plasmid, which contained the full-length CELO genome
with the modified fiber genes, and a pCShCMYV shuttle vector
bearing the SEAP or EGFP expression cassette flanked by
CELO DNA sequences. The resulting plasmids were trans-
fected into LMH cells for preparation of fiber-modified vec-
tors. The identities of the viruses were confirmed by PCR and
restriction endonuclease mapping (data not shown).

A CELO-based vector containing an RGD motif in the HI
loop is capable of effective gene transfer into CAR-negative
cells. Expansion of AdS tropism through incorporation of an
RGD motif into the fiber protein has previously been shown to
increase virus uptake and transgene expression in CAR-nega-
tive cells (37, 41). We therefore examined whether CELO
fiber-modified vectors could also effectively transduce genes
into CAR-negative cells. We tested four groups of mammalian
cell lines that were characterized by different levels of CAR
expression and by expression of specific RGD-binding recep-
tors (avB5 and avB3 integrins): (i) permissive cells that sup-
port viral replication (LMH cells for CELO virus and 293 cells
for Ad5), (ii) CAR-positive cells (HCT-116 and H1299), (iii)
CAR-deficient cells (ACHN and H596), and (iv) CAR-nega-
tive cells (CHO and MCF-7). The levels of CAR and integrin
expression in 293, HCT-116, H1299, ACHN, H596, and
MCEF-7 cells were determined via semiquantitive RT-PCR
(Fig. 3a). We found that 293 cells express high levels of CAR
and of av and B5 integrins, while expression of 33 is moderate.
HCT-116 and H1299 cells express high levels of both CAR and
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integrins, with the exception of moderate expression of 35 in
HCT-116 cells. ACHN and H596 cells demonstrated moderate
levels of CAR expression but high levels of integrin expression.
MCEF-7 cells were CAR negative but showed high levels of av,
B5, and B3 expression. As standard CAR-negative cells, we
used the well-characterized CHO cell line (7, 27).

To more accurately measure CAR expression levels, quan-
titative real-time RT-PCR was used in selected cell lines. CAR
mRNA levels were normalized to GAPDH expression levels,
and the results were expressed as the percentage of mRNA,
with the CAR mRNA level in H1299 cells defined as 100% (11,
14). Significant variation in CAR mRNA levels between dif-
ferent cell lines was observed by quantitative real-time PCR,
and these results were consistent with the standard RT-PCR
results shown in Fig. 3a. The quantitative analysis confirmed
that CAR mRNA is expressed at high levels in 293, HCT-116,
and H1299 cells; at low levels in ACHN and H596 cells; and at
nearly undetectable levels in MCF-7 cells (Fig. 3b). Therefore,
the set of cell lines chosen for our gene transfer experiments
represents a full range of CAR expression profiles with mod-
erate to high levels of integrin avB5 and avp3 expression.

To determine the efficiency of gene transfer provided by
CELO fiber-modified vectors (CELOSEAP-HIRGD and
CELOSEAP-RGD), cells were infected at an MOI of 100,
1,000, or 10,000 vp per cell. As controls, we used unmodified
Ad5 (Ad5-SEAP) and CELO (CELO-SEAP) vectors. The
efficiency of gene transfer was determined by measuring
SEAP activity in the culture medium of the transduced cells
(Fig. 3c).

All constructed vectors demonstrated a high level of SEAP
expression following infection of permissive cells (Ad5 in 293
cells and CELO vectors in LMH cells) (Fig. 3c). At an MOI of
10* vp/cell, all CELO vectors (both unmodified and fiber mod-
ified) were about fivefold less effective in transducing CAR-
positive cells (HCT-116 and H1299) than AdS5-SEAP was (Fig.
3c). For all vectors tested, infection of CAR-deficient (low
CAR expression) cells (ACHN and H596) was significantly
lower (P < 0.05) than infection of CAR-positive cells (10-fold
for Ad5-SEAP and 4- to 6-fold for CELO vectors) (Fig. 3c).
Nevertheless, CELOSEAP-HIRGD was more effective in
transducing CAR-deficient cells (ACHN and H596) than ei-
ther unmodified CELO or CELOSEAP-RGD (P < 0.05) and
was only twofold less effective than the AdS vector. In contrast,
in CAR-negative cells (MCF-7 and CHO), CELOSEAP-
HIRGD was 1.5- to 3-fold more efficient than Ad5-SEAP and
4-fold more efficient than the unmodified CELO-SEAP vector.
CELOSEAP-RGD, containing the RGD motif insertion at the
fiber 1 C terminus, did not improve gene transfer into CAR-
negative cells compared to the unmodified CELO-SEAP vec-
tor. Transduction with CELOSEAP-RGD actually resulted in
less SEAP expression than CELO-SEAP in most cell types.

To confirm the data obtained using the SEAP reporter gene,
we carried out similar experiments with CELO vectors bearing
the EGFP gene. Representative CAR-positive (H1299) and CAR-
negative (MCF-7) cell lines were infected with CELOEGEFP-
HIRGD, CELOEGFP-RGD, CELO-EGFP, and Ad5-EGFP
vectors. The efficiency of transduction was measured by fluo-
rescence microscopy (Fig. 4a) and flow cytometry (Fig. 4b).
Consistent with our findings using the SEAP reporter,
CELOEGFP-HIRGD demonstrated the highest transduction
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efficacy in CAR-negative MCF-7 cells but provided less effi-
cient gene transfer into CAR-positive H1299 cells than the
Ad5-based vector. The significant increase in EGFP expres-
sion following infection of MCF-7 cells with CELOEGFP-
HIRGD (70%) compared to CELO-EGFP (25%) clearly
demonstrates that RGD modification of the HI loop of
CELO fiber 1 expands virus tropism to include CAR-nega-
tive cells. CELOEGFP-RGD transduced both CAR-positive
and CAR-negative cell lines less efficiently than the other
CELO vectors, suggesting that the activity of the virus par-
ticles was negatively affected by the RGD addition at the C
terminus of the fiber protein. Based upon this, CELO vec-
tors modified at the C terminus were not tested further.
Surprisingly, while the Ad5-SEAP vector gave approxi-
mately fivefold-higher levels of SEAP expression in CAR-pos-
itive cells than the CELOSEAP-HIRGD vector (Fig. 3c,
HCT116 and H1299), transduction of H1299 with Ad5-EGFP
and CELOEGFP-HIRGD vectors (Fig. 4b) resulted in com-

parable levels of EGFP-expressing cells (Fig. 4b) (94% for
Ad5-EGFP versus 83% for CELOEGFP-HIRGD). To explain
this difference between the SEAP and EGFP experiments, we
estimated the number of Ad intracellular genomes accumu-
lated after infection. H1299 and MCF-7 cells were infected
with Ad5-EGFP, CELOEGFP-HIRGD, and CELO-EGFP
vectors at an MOI of 10* for 2 h. At 48 h after infection, the
number of Ad genomes was measured by real-time PCR using
primer and probe sets specifically designed to detect either
CELO or AdS sequences, as described by Stevenson et al. (34).
We have found that, on average, each transduced H1299 cell
accumulated about five times more Ad5-EGFP genomes than
CELOEGFP-HIRGD genomes (Fig. 5). These data provide a
potential explanation for the difference between the levels of
SEAP expression and percentages of EGFP-expressing CAR-
positive cells for Ad5 and CELO vectors. There were no dis-
crepancies noted in the results of EGFP and SEAP tests for
CELO and AdS5 vectors in the context of MCF-7 cells.
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indicated in panel a are shown. The cells were infected for 48 h at an MOI of 10,000 vp/cell. The percentage of EGFP-positive cells as defined
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Insertion of an RGD motif into the HI-like loop of CELO
fiber 1 affects both attachment and internalization of CELO in
CAR-negative cells. To evaluate whether insertion of the RGD
motif in the HI-like loop of CELO fiber 1 influences attach-
ment and/or internalization of the virus, we infected H1299
and MCF-7 cells with wild-type or fiber-modified (with RGD
within the HI loop) CELO vectors. The cells were incubated
with virus at 4°C (allowing virus binding only) or 37°C (allow-

ing virus binding and internalization) for 90 min, and surface-
bound virus was then removed by a mild acetic acid wash. The
number of surface-bound or internalized viral particles was
determined by measurement of the viral genome copy number
by real-time PCR as described above. As predicted, CAR-
negative cells bound more fiber-modified virus (CELOSEAP-
HIRGD) than wild-type viruses (Ad5-SEAP and CELO-SEAP)
(P < 0.05). In contrast, CAR-positive cells accumulated more



9648 LOGUNOV ET AL.

IOU-
1044
1074
10°4
10°
10+
|0"-
1074
10 4
0 4

copy numbers/10° cells

DMUMIMIMXIY

Y

H1299 MCF-
W Ad5-EGFP  [[J] CELO-EGFP CELOEGFP-HIRGD

FIG. 5. Quantitative analysis of Ad vector DNA accumulated after
transduction of CAR-negative and CAR-positive cells. Human H1299
and MCF-7 cells were exposed for 2 h to 10,000 vp/cell of Ad5-EGFP,
CELO-EGFP, and CELOEGFP-HIRGD. The virus-containing me-
dium was then removed, and the cells were washed twice with 0.5 ml
of ice-cold phosphate-buffered saline and incubated in fresh medium
for 48 h. Total DNA was extracted and used in real-time PCR to
determine the number of Ad copies present in the cell population. The
error bars represent standard deviations from the mean.

J. VIROL.

AdS-SEAP than CELOSEAP-HIRGD and CELO-SEAP (P <
0.05) (Fig. 6a). Internalization of CELOSEAP-HIRGD in CAR-
negative MCF-7 cells was highly efficient, with 60% of the cell-
associated virus becoming internalized within 90 min, whereas
only 25% of cell-associated CELO-SEAP and 49% of Ad5-SEAP
were internalized during the same amount of time. In contrast,
there was no difference in the efficiencies of internalization of
CELOSEAP-HIRGD and CELO-SEAP in CAR-positive cells.
Attachment of CELOSEAP-HIRGD to permissive LMH cells
showed a slight (but statistically significant) reduction in compar-
ison to CELO-SEAP (Fig. 6b); however, the two viruses were
internalized with similar efficiencies in this cell line. Taken to-
gether, these results indicate that insertion of RGD within the
HI-like loop improves both attachment and internalization of
CELO virus specifically in CAR-negative cells.

The CELOSEAP-HIRGD virus has greater tolerance to
blocking of CAR receptors than the unmodified CELO virus.
Our next goal was to examine whether blocking of CAR re-
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CAR-negative (MCF-7) cells. *, significant difference between Ad5-SEAP and CELO vectors (P < 0.01); #, significant difference between
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significant difference between CELO-SEAP and CELOSEAP-HIRGD (P < 0.05). H1299, MCF-7, and LMH cells were incubated with the
indicated viruses at 1,000 vp/cell at 37°C (allowing internalization) or 4°C (allowing binding but not internalization) for 90 min. The virus was then
removed, and the cells were washed with phosphate-buffered saline (PBS). A portion of each sample was then treated with 0.2 M acetic acid to
remove virus bound to the cell surface, washed with PBS, and lysed. DNA was extracted, and real-time PCR analysis of Ad5 and CELO genomic
sequences was performed. The percentages of total particles that had internalized are indicated. The percentages represent the numbers of vp
associated with cells (at 37°C) after the cells were washed with acetic acid divided by the total number of Ad particles that attached to the cells
at the same temperature. The error bars represent standard deviations from the mean.
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ceptors on the cell surface influences the efficiency of gene
transfer by the CELOSEAP-HIRGD vector. For this purpose,
H1299 and MCF-7 cells were used in an assay based upon
inhibition of CAR-mediated gene delivery by soluble (non-
virus-associated) AdS5 fiber protein, which efficiently blocks Ad
binding to CAR (8).

As shown in Fig. 7, transduction of the SEAP reporter gene
by all recombinant CELO viruses and Ad5 was blocked by AdS
fiber protein in H1299 cells, but not in MCF-7 cells. The same
concentration of Ad5 fiber protein caused a threefold decrease
in reporter gene expression for Ad5-SEAP and a 3.7-fold de-
crease for CELOSEAP-HIRGD. Interestingly, CELO-SEAP-
mediated gene transfer was reduced 34-fold by AdS fiber treat-
ment. It is likely that the difference in gene transfer efficiency
by CELO recombinants when CAR is blocked can be ex-
plained by the presence of the RGD motif in the structure of
CELOSEAP-HIRGD fiber 1. It is known that CELO, like
Ad5, utilizes fiber-CAR interaction for attachment of the virus
to the host cell surface (35). However, unlike Ad5, the penton
base protein of the CELO virus does not contain an RGD
motif. Therefore, it seems logical that the CELOSEAP-
HIRGD virus bearing RGD possesses more resistance to AdS
fiber-blocking treatment than the unmodified CELO virus.
Our finding that CELOSEAP-HIRGD demonstrates in-
creased resistance to CAR blocking compared to wild-type
CELO further validates its ability to infect cells in a CAR-
independent manner.

CELO-HIRGD demonstrates increased efficacy of gene
transfer in vivo. It is known that some types of primary tissues
are CAR deficient or CAR negative (22, 26, 28, 30). In par-
ticular, samples of mammary gland biopsy specimens showed
low levels of CAR expression (23, 32). Since CELOSEAP-
HIRGD showed efficient transduction of CAR-deficient cul-
tured cells, we next examined the ability of the modified virus
to transduce genes into primary CAR-deficient cells, namely,
primary mammary gland cells from rabbits. The cells were
transduced with Ad5-SEAP and with CELOSEAP-HIRGD
and CELO-SEAP viruses at an MOI of 100, 1,000, or 10,000
vp/cell. As expected based upon our findings in established

CAR-deficient cell lines (Fig. 3c), gene transfer into rabbit
primary breast cells was improved by using CELOSEAP-
HIRGD compared to CELO-SEAP (Fig. 8a). The absolute
levels of SEAP expression directed by all vectors were lower in
the primary cells than in the established cell lines; however, the
profile of SEAP expression was similar to that in CAR-defi-
cient cells (ACHN and H596) (compare Fig. 3c and 8a).

Having demonstrated that CELOSEAP-HIRGD can trans-
duce rabbit primary breast cells in culture, we next tested the
fiber-modified CELO virus for gene transfer efficiency in vivo.
For this purpose, pregnant rabbits were used as experimental
models. On the first day of the lactation period, the rabbits
were injected in the mammary gland with Ad5-SEAP and with
CELOSEAP-HIRGD and CELO-SEAP viruses at 10'° vp per
injection. SEAP activity in milk sera was determined on the
third day of the lactation period. In this system, we found that
fiber-modified CELO virus was four times more effective in
gene delivery than wild-type CELO virus and showed efficiency
similar to that of an AdS-based vector (Fig. 8b). Thus, the
modified CELO vector that we have developed illustrates that
CELO-mediated gene transfer is a promising technology that
is not necessarily limited by CAR expression.

DISCUSSION

Recombinant Ad is a powerful system for mammalian gene
transfer that is widely used for gene therapy applications (1, 2,
20, 29, 40). However, two factors can negatively affect the
efficacy of Ad-mediated gene transfer. The first is preexisting
immunity to human Ads (9, 13, 18, 33, 43), and the second is
limited distribution of the Ad-specific receptor CAR on the
surfaces of many cell types (22, 23, 28, 30). Use of the avian Ad
CELO bypasses the immunity limitation but is still dependent
upon CAR expression. It was recently shown that both draw-
backs can simultaneously be partially overcome by using an
alternative avian Ad CELO vector system modified by polymer
coating to retarget the virus to the fibroblast growth factor
receptor (34). However, CELO-mediated gene transfer was
limited in this case by fibroblast growth factor receptor expres-
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sion. In the current study, we set out to expand the tropism of
CELO through genetic alteration of the fiberl protein rather
than using polymer-based modification. It is known that the HI
loop of the fiber knob domain of human Ads is a convenient
site for incorporation of different motifs for redirection of virus
specificity (1, 8). Another site commonly used for modification
of virus tropism is the C terminus of the fiber knob domain
(37). Following identification of an HI-like loop in CELO fiber
1, we created and tested CELO viruses modified by RGD motif
insertion at both of these sites. By measuring the transduction
of SEAP and EGFP reporter genes into cells expressing dif-
ferent levels of CAR, we demonstrated that only the CELO
virus bearing the RGD motif at the HI-like loop of the fiber
knob showed increased gene transfer efficacy and that the
increase was observed only in CAR-negative cells. Notably,
following infection with CELOSEAP-HIRGD, the level of
SEAP expression and the number of penetrated genomes
(data not shown) were lower for CAR-positive and B5 integrin-
deficient HCT-116 cells than for H1299 cells expressing high
levels of both CAR and B5 integrin. This confirmed successful
retargeting of the modified CELO vector to the RGD-binding
integrin receptor.

Insertion of the RGD motif at the C terminus of CELO fiber
1 resulted in the opposite effect: a reduction in gene transfer
efficiency compared to unmodified CELO. Interestingly, the
CELOSEAP-HIRGD vector showed enhanced gene transfer

efficiency only in CAR-deficient and CAR-negative cells, but
not in CAR-positive cells. One possible explanation for this is
that the major interaction of the CELO fiber protein with CAR
can partially mask the engagement of integrins with the RGD
motif localized in the HI-like loop and, as a consequence,
decrease the efficiency of integrin-mediated penetration of the
vector into the cell. Therefore, modification of the CELO fiber
provides increased gene transfer into CAR-deficient and, es-
pecially, CAR-negative cells.

It is well known that a native RGD motif located in the
penton base of human Ads does not affect the initial attach-
ment step for CAR-interacting Ads but is crucial for virus
internalization (31, 38). To understand whether insertion of an
RGD motif into the HI-like loop of CELO fiber 1 affects virus
binding and/or internalization, we infected MCF-7, H1299, and
LMH cells (permissive for CELO replication). This analysis
revealed that insertion of an RGD motif into the CELO fiber
significantly increases both binding and internalization of virus
into CAR-negative MCF-7 cells. In contrast, we did not ob-
serve any differences in the efficiency of interaction of
HIRGD-modified CELO virus with H1299 (CAR-positive)
cells.

In the next stage of the study, we examined whether blocking
of CAR receptors influenced the efficiency of gene transfer by
the CELOSEAP-HIRGD vector. We found that gene transfer
efficacy by the CELO-SEAP virus was reduced 34-fold under
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conditions of CAR blocking by Ad5 fiber protein. In contrast,
the efficacy of gene transfer provided by CELOSEAP-HIRGD
under the same conditions was reduced only 3-fold. The same
effect was observed for AdS naturally possessing the RGD
motif in its penton base. It has been shown that introduction of
an RGD motif in the HI loop of Ad5 vectors results in AdS
tolerance of CAR receptor blocking (8). However, in the case
of HI-like loop modification of CELO, total tolerance of CAR
blocking has not been achieved.

Ad5-based vectors are widely used for experimental gene
therapy of human breast cancer, as well as for production of
recombinant proteins in the milk of animals (12). Since expres-
sion of CAR on primary breast cells is often low (22, 31), we
proposed that the HIRGD-modified CELO vector might be an
effective tool for gene transfer into these cells. Our results
demonstrate that this fiber-modified CELO virus is capable of
providing gene transfer into rabbit mammary gland cells in
vitro and in vivo as efficiently as an AdS-based vector.

In summary, this study describes a novel approach for the
generation of new tropism-modified CELO viruses. The iden-
tification of an HI-like loop as a potential site for introduction
of heterologous receptor binding motifs in the structure of
CELO fiber will allow the construction of new genetically mod-
ified CELO-based vectors with specified or expanded tropism.
This approach can be used for the creation of a new generation
of optimized non-human Ad vectors.
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