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Efficient infection with adenovirus (Ad) vectors based on serotype 5 (Ad5) requires the presence of coxsack-
ievirus-adenovirus receptors (CAR) and «, integrins on cells. The paucity of these cellular receptors is thought
to be a limiting factor for Ad gene transfer into hematopoietic stem cells. In a systematic approach, we screened
different Ad serotypes for interaction with noncycling human CD34* cells and K562 cells on the level of virus
attachment, internalization, and replication. From these studies, serotype 35 emerged as the variant with the
highest tropism for CD34™ cells. A chimeric vector (AdSGFP/F35) was generated which contained the short-
shafted Ad35 fiber incorporated into an AdS capsid. This substitution was sufficient to transplant all infection
properties from Ad35 to the chimeric vector. The retargeted, chimeric vector attached to a receptor different
from CAR and entered cells by an o, integrin-independent pathway. In transduction studies, AdSGFP/F35 ex-
pressed green fluorescent protein (GFP) in 54% of CD34™ cells. In comparison, the standard AdSGFP vector
conferred GFP expression to only 25% of CD34* cells. Importantly, AASGFP transduction, but not AdSGFP/
F35, was restricted to a specific subset of CD34™ cells expressing o, integrins. The actual transduction efficiency
was even higher than 50% because AdSGFP/F35 viral genomes were found in GFP-negative CD34™ cell fractions,
indicating that the cytomegalovirus promoter used for transgene expression was not active in all transduced
cells. The chimeric vector allowed for gene transfer into a broader spectrum of CD34* cells, including subsets
with potential stem cell capacity. Fifty-five percent of CD34™" ¢-Kit* cells expressed GFP after infection with
Ad5GFP/F35, whereas only 13% of CD34™" ¢-Kit* cells were GFP positive after infection with AdSGFP. These

findings represent the basis for studies aimed toward stable gene transfer into hematopoietic stem cells.

Human hematopoietic stem cells (HSCs) represent an im-
portant target for gene therapy. However, CD34 " -enriched
human bone marrow cells can be only poorly transduced by the
most commonly used viral vectors. HSCs are believed to be in
a quiescent state and, when induced to divide, tend to lose
their stem cell capacity (4, 7, 35). Another limiting factor for
viral gene transfer into HSCs is the scarcity of corresponding
cellular receptors for virus binding and/or internalization (14,
53).

Key features which make recombinant adenoviruses (Ad) an
attractive vehicle for gene transfer into hematopoietic cells
include the ability to easily prepare high-titer stocks of purified
virus, the remarkable efficiency of each step in the Ad cell/
nucleus entry process leading to high-level gene expression,
and the ability to transport its double-stranded DNA genome
into the nucleus, allowing for transduction of nondividing cells.
However, transduction with first-generation, E1/E3-deleted re-
combinant Ad vectors is associated with toxicity and immune
responses against Ad proteins expressed in transduced cells,
limiting the duration of transgene expression. Other important
disadvantages include the episomal status of Ad DNA in trans-
duced cells and the restricted tropism of recombinant Ad vec-
tors which are based on the well-characterized, nontumori-
genic serotype 5 (AdS) (24).

Attachment to the cell surface of Ad5 is mediated by its fiber
protein (11; for a review, see reference 64). The fiber molecule
is a homotrimer forming 12 vertices per virion. The distal,
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C-terminal domain of the trimeric fiber molecule terminates in
a knob, which binds with high affinity (K, = 10° to 10'° M*
per site) to a specific primary receptor identified recently as the
coxsackievirus B-adenovirus receptor (CAR) (3). After bind-
ing, Arg-Gly-Asp (RGD) motifs in the penton base interact
with cellular integrins of the o, 5 and «o,B5 types which func-
tion as secondary AdS receptors (77). This interaction triggers
cellular internalization whereby the virion resides within the
endosome. The endosomal membrane is lysed in a process
mediated by the penton base, releasing the contents of the
endosome to the cytoplasm. During these processes, the virion
is gradually uncoated and the Ad DNA is transported into the
nucleus.

The efficiency of Ad5 infection depends on CAR and inte-
grin density (21, 76). Binding of virions occurs with increasing
cooperativity, which permits the virion to bind to several re-
ceptors simultaneously. It is known that Ad5-based vectors can
infect cells that lack CAR and/or «, integrin expression when
virus is applied at very high multiplicities of infection (MOISs).
Furthermore, fiberless particles demonstrate infectivity (36).
In both cases, low-affinity interactions, e.g., between penton
base or hexon with cell surface proteins or receptors, may be
utilized as alternative cell entry strategies. Importantly, infec-
tion with high MOIs is associated with cytotoxicity and immu-
nogenicity in vivo and is therefore not practical for gene ther-
apy approaches.

Due to the lack of corresponding primary and/or secondary
receptors, AdS gene transfer is inefficient to a number of tis-
sues, such as endothelia (70, 78), smooth muscle (78), differ-
entiated airway epithelia (82), brain tissue (10), and peripheral
blood cells (73). There are controversial reports with regards
to the ability of Ad5-based vectors to transduce hematopoietic
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cells. A number of investigators noted that bone marrow cells
are refractory to AdS vector infection and used this property to
purge cancer cells from bone marrow (9, 12, 27, 30, 80). On the
other hand, it has been shown that Ad5 vectors are capable of
infecting CD34™" cells (5, 6, 16, 19, 46, 50, 74). Drawing an
overall conclusion on Ad5 vector transduction of CD34™ cells
is complicated by the fact that culture conditions, proliferative
status of CD34™ cells, transgene promoter, and viral doses
significantly differed between studies. In some of these studies,
only MOIs of 500 to 1,000 PFU/cell (6, 50) allowed for trans-
duction; in other studies, these same MOIs were associated
with severe cytotoxicity (5, 19, 46). Furthermore, pretreatment
of CD34" cells with cytokines prior to infection (5, 74) may
have changed the spectrum of potential viral receptors (2, 22,
28).

Since the cell types that can be infected with Ad5 vectors are
restricted by the presence of CAR and «, integrins, attempts
were made to broaden the tropism of Ad vectors. These ap-
proaches included complexing Ad with lipids or polycations (6,
56), using bispecific antibodies directed against Ad fiber and an
internalizing cellular receptor (75, 78), and engineering pep-
tide ligands into the fiber (31, 45, 76), hexon (13), or penton
(79). Most of these approaches did not abrogate CAR tropism.
The most commonly used method to retarget Ad tropism is by
swapping part or all of the fiber from one serotype to another
(10, 32, 70). There are at least 49 known Ad serotypes, which
have been classified into six subgroups (A to F), based in part
on amino acid sequence homology, hemagglutination pattern,
and oncogenic potential. The various serotypes of human Ad
show differences in tissue tropism and cause different pathol-
ogies mostly localized to the gastrointestinal tract, respiratory
tract, genitourinary tract, or conjunctiva and cornea (25). Since
the nucleotide and amino acid sequences of fibers differ sig-
nificantly among different Ad serotypes, it has been suggested
that they can recognize different receptors (1). This implies
that fiber substitution would be sufficient to change virus tro-
pism and has been convincingly shown for Ad5-Ad3 chimeras
(70), Ad5-Ad7 chimeras (20), and Ad5-Ad17 fiber chimeras
(10). In these studies, the Ad5 fiber or fiber knob was geneti-
cally substituted by heterologous sequences derived from the
other serotype.

Previously, we have demonstrated that inverted repeat se-
quences inserted into first-generation Ad vector genomes me-
diate precise genomic rearrangements resulting in vector ge-
nomes devoid of all viral genes that are efficiently packaged
into functional Ad capsids (68). As a specific application
of these replication derivatives, we developed an integrat-
ing AAd.AAV hybrid vector devoid of all viral genes (40).
The AAd.AAV genome contains two adeno-associated virus
(AAV) inverted terminal repeats—elements that stimulated
transgene integration into cellular DNA with a frequency com-
parable to that of recombinant AAV. So far, these vectors were
based on Ad5-derived capsids, which may limit their applica-
tion for gene transfer into HSCs. Our long-term goal is to
adapt integrating, gutless AAd.AAV hybrid vectors for stable
gene transfer into HSCs by modifying their tropism. On the
way to reach this goal, the present study tested the ability of
selected Ad serotypes to interact with and transduce human
CD34™" cells. Based on these data, we generated a chimeric,
first-generation Ad vector containing heterologous fiber mol-
ecules, which allowed for efficient transduction of human
CD34™" cells with potential stem cell capacity.

MATERIALS AND METHODS

Cells and viruses. HeLa (human cervix carcinoma; ATCC [American Type
Culture Collection] CCL-2.2), CHO (Chinese hamster ovary; ATCC CCL-61),
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K562 (human erythroleukemia; ATCC 45506), HEp-2 (human larynx carcinoma,
ATCC CCL-23), and 293 (human embryonic kidney; Microbix, Toronto, On-
tario, Canada) cells were maintained in Dulbecco modified Eagle medium
(DMEM)-10% fetal calf serum (FCS)-2 mM glutamine—penicillin-streptomy-
cin. Culture medium for CHO cells was supplemented with 200 uM asparagine
and 200 uM proline. Human CD34*-enriched bone marrow cells were purified
from peripheral blood after mobilization using MiniMACS VS™ separation col-
umns (Miltenyi Biotec, Auburn, Calif.) according to the manufacturer’s instruc-
tions. Aliquots were stored in liquid nitrogen. Sixteen hours before the experi-
ment, cells were recovered from the frozen stock and incubated in Iscove
modified Dulbecco medium supplemented with 20% FCS, 10~* M B-mercapto-
ethanol, 100 pg of DNase I per ml, 2 mM glutamine, 10 U of interleukin-3, and
50 ng of stem cell factor (SCF) or 2 ng of thrombopoietin per ml. The purity of
CD34" preparations was verified by flow cytometry and was consistently greater
than 90%.

Ad3 (VR-3), Ad4 (VR1081), Ad5 (VR-5), Ad9 (VR1086), Ad35 (VR-716),
and Ad41 (VR-930) were purchased from the ATCC. VR-716 was purchased
from the ATCC labeled as serotype 34; however, it was found to be serotype 35
upon sequencing of the fiber region. For amplification, the corresponding Ads
were infected onto HeLa, 293, or HEp-2 cells under conditions that prevented
cross-contamination. Virus was banded in CsCl gradients, dialyzed, and stored in
aliquots as described elsewhere (41). Plaque titering was performed as follows:
confluent 293 cells plated in six-well plates were incubated for 24 h with virus in
a total volume of 1 ml; 2 weeks after infection, plaques were counted on cultures
overlaid with 1% agarose-minimal essential medium-10% FCS.

Labeling of Ads with methyl-*H-thymidine. Serotypes were labeled with [meth-
yl-*H]thymidine as described in detail elsewhere (59). Briefly, 5 X 107 HeLa or
293 cells were grown in 175-cm? flasks with 15 ml of DMEM-10% FCS and
infected with wild-type Ad at an MOI of 50 or higher. Twelve hours postinfec-
tion, 1 mCi of [methyl-*H]thymidine (Amersham, Arlington Heights, IIl.) was
added to the medium, and cells were further incubated at 37°C until complete
cytopathic effect was observed. Then cells were harvested, pelleted, washed once
with cold phosphate-buffered saline (PBS), and resuspended in 5 ml of PBS.
Virus was released from the cells by four freeze-thaw cycles. Cell debris was
removed by centrifugation, and viral material was subjected to ultracentrifuga-
tion in CsCl gradients and subsequent dialysis as previously described (41). Virus
purification and dialysis removed unincorporated radioactivity. Wild-type Ad
particle concentrations were determined spectrophotometrically by measuring
the optical density at 260 nm (OD,), using the extinction coefficient for wild-
type AdS5, €50 = 9.09 X 1073 OD ml cm virion™! (42). The virion-specific
radioactivity was measured by a liquid scintillation counter and was always in the
range of 107> to 10™* cpm per virion. For selected variants, the fiber gene was
PCR amplified and sequenced to ensure identity and the absence of cross-
contamination.

Electron microscopy (EM) studies. CsCl-banded Ad stocks were thawed and
diluted with 0.5% glutaraldehyde. Grids were prepared as described earlier (47).
After staining with 2% methylamine tungstate (Nanoprobes, Stony Brook, N.Y.),
the carbon-coated grids were evaluated and photomicrographed with a Philips
410 electron microscope, operated at 80 kV (final magnification, X85,000). For
each particular Ad serotype, the number of morphologically deficient viral par-
ticles per 100 was counted in five random fields.

Attachment and internalization assays. The studies were performed based on
a protocol published elsewhere (77). In preliminary experiments, we found that
labeled AdS virions reached equilibrium in attachment to HeLa cells after 45 min
at 4°C with an MOI of 400 PFU per cell. For attachment studies, 3.5 X 10° cells
were incubated for 1 h on ice with equal amounts of *H-labeled Ad OD particles
equivalent to an MOI of 400 PFU/cell for Ad5 in 100 pl of ice-cold adhesion
buffer (DMEM supplemented with 2 mM MgCl,, 1% bovine serum albumin, and
20 mM HEPES). Next, the cells were pelleted by centrifugation for 4 min at
1,000 X g and washed two times with 0.5 ml of ice-cold PBS. After the last wash,
the cells were pelleted at 1,500 X g, the supernatant was removed, and the
cell-associated radioactivity was determined by a scintillation counter. The num-
ber of viral particles bound per cell was calculated using the virion-specific
radioactivity and the number of cells. To determine the fraction of internalized
JH-labeled Ad particles, cells were incubated on ice for 1 h with the correspond-
ing virus, washed with PBS as described above, resuspended in 100 pl of adhe-
sion buffer, and then incubated at 37°C for 30 min. Following this incubation,
cells were diluted threefold with cold 0.05% trypsin-0.5 mM EDTA solution and
incubated at 37°C for an additional 5 to 10 min. This treatment removed 99% of
attached radioactivity. Finally, the cells were pelleted at 1,500 X g for 5 min, the
supernatant was removed, and the protease-resistant counts per minute were
measured. This protocol minimizes the possibility that the internalization data
were affected by receptor recycling (58). Nonspecific binding of Ad particles to
cells on ice was determined in the presence of 100-fold excess of unlabeled virus.
This value routinely represented less than 0.1% of viral load.

Flow cytometry. Adherent cells (CHO and HeLa) grown in non-tissue culture-
treated 10-cm-diameter dishes (Falcon, Franklin Lakes, N.J.) were detached by
treatment with 1 mM EDTA and washed three times with wash buffer (WB),
consisting of PBS supplemented with 1% FCS. Cells grown in suspension (K562
and CD34") were washed three times with WB. After washing, cells were
resuspended in WB at 2 X 10° cells/ml; 2 X 10° cells were incubated in WB for
1 h at 37°C with monoclonal antibodies (MAbs) specific for «, integrins (L230
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[ATCC] or HB-8448 [59]; 1/30 final dilution]), CAR (RmcB [3, 26] [1/400 final
dilution]), or bromodeoxyuridine (BrdU; Amersham; 1/100 final dilution). Sub-
sequently, cells were washed with WB and incubated with fluorescein isothio-
cyanate (FITC)-labeled horse anti-mouse immunoglobulin G (IgG) antibodies
(Vector Laboratories, Burlingame, Calif.; 1/100, final dilution) or phycoerythrin
(PE)-labeled goat anti-mouse IgG antibodies (Calbiochem, La Jolla, Calif.; 1:100
dilution) for 30 min at 4°C. After incubation with secondary antibodies, cells
were washed two times with WB and 10* cells per sample were analyzed in
duplicate by flow cytometry.

For the analysis of CD34 and c-Kit expression on transduced CD34* cells and
for fluorescence-activated cell sorting (FACS), purified human CD34™ cells were
incubated with a PE-conjugated anti-CD34 MAD (Becton Dickinson Immuno-
cytochemistry Systems, San Jose, Calif.) or with PE-labeled anti-CD117 (c-Kit)
MADb 95C3 (Immunotech, Beckman Coulter, Marseille, France) according to the
manufacturer’s protocol, followed by flow cytometry analysis. All analyses and
sortings were performed on a FACStar Plus flow cytometer (Becton Dickinson,
Franklin Lakes, N.J.) equipped with 488-nm argon and 633-nm HeNe lasers. For
analysis of c-Kit expression and FACS purification of CD34™" c-Kit* cells, SCF
was not added to the medium during culturing of CD34™ cells.

Quantitative replication assay. CD34" or K562 cells (10°) were infected in 100
wl of growth medium with different MOIs of Ad5, Ad9, or Ad35 which had been
amplified in 293 cells expressing the Xhol DNA methyltransferase isoschizomer
PaeR7 (51). After 2 h of incubation at 37°C, the cells were centrifuged at 1,000 X
g for 5 min, the virus-containing medium was removed, and the cells were
resuspended in 100 pl of fresh medium and then incubated at 37°C until har-
vesting. At 16 h postinfection for K562 cells or 36 h postinfection for CD34*
cells, 5 pg of pBlueScript (Stratagene, La Jolla, Calif.) plasmid DNA was added
as a carrier which could also be used as a loading control. Genomic DNA was
extracted as described previously (41). One-fourth of the purified cellular DNA
(equivalent to 2.5 X 10* cells) was digested with HindIII, Xhol, or both HindIII
and Xhol at 37°C overnight and subsequently separated in a 1% agarose gel
followed by Southern blot with chimeric Ad5/9 or Ad5/35 DNA probes. The
chimeric probes, containing sequences of Ad5 and Ad9 (Ad5/9) or Ad5 and
Ad35 (Ad5/35), were generated by a two-step PCR amplification using Pfu-
Turbo DNA polymerase (Stratagene) and viral DNA from purified particles as a
template. The following primers were used for PCR (Ad5 sequences and nucle-
otide numbers are underlined): Ad5F1 (nucleotides [nt] 32775 to 32805), 5'-
GCC CAA GAA TAA AGA ATC GTT TGT GTT ATG-3'; Ad5R1 (nt 33651-
33621), 5'-AGC TGG TCT AGA ATG GTG GTG GAT GGC GCC A-3';
chimeric Ad5/9F (nt 31150 to 31177; nt 181 to 208), 5'-AAT GGG TTT CAA
GAG AGT CCC CCT GGA GTC CTG TCA CTC AAA CTA GCT GAC
CCA-3'; chimeric Ad5/9R (nt 32805 to 32775; nt 1149 to 1113), 5'-CAT AAC
ACA AAC GAT TCT TTA TTC TTG GGC TTC ATT CTT GGG CGA TAT
AGG AAA AGG-3'; chimeric Ad5/35F (nt 31150 to 31177; nt 132 to 159),
5'-AAT GGG TTT CAA GAG AGT CCCCCT GGA GTT CTIT ACT TTA
AAA TGT TTA ACC CCA-3'; chimeric Ad5/35R (nt 32805 to 32775; nt 991 to
958), 5'-CAT AAC ACA AACGAT TCT TTATTC TTG GGC ATT TTA GTT
GTC GTC TTC TGT AAT GTA AG-3'. Nucleotide numbers are given accord-
ing to the sequences obtained from the National Center for Biotechnology
Information GenBank (accession no. M73260/M29978 for AdS, X74659 for Ad9,
and U10272 for Ad35). After the first amplification, the 968-bp-long Ad9, an
859-bp-long Ad35 DNA fragment corresponding to the fiber genes, and an
876-bp-long Ad5 fragment corresponding to the Ad5 E4 region (located imme-
diately downstream of Ad5 fiber gene) were purified by agarose gel electrophore-
sis. To generate chimeric DNA probes, amplified Ad5 DNA was mixed with Ad9
or Ad35 fragments obtained during the first step of PCR and subjected to a
second PCR amplification using Ad5/9F or Ad5/35F primers and the Ad5R1
primer. The resulting Ad5/9 or Ad5/35 chimeric DNA fragments (see Fig. 4C)
were purified, and their concentrations were measured spectrophotometrically.
Corresponding chimeric DNA fragments were loaded as concentration standards
on agarose gels or labeled with [>?P]JdCTP and used as probes for Southern
analysis. The number of viral genomes per DNA sample was calculated after
quantitative phosphorimager analysis. In preliminary experiments, no preferen-
tial hybridization of chimeric DNA probes to DNA of any particular viral sero-
type was detected.

Construction of chimeric Ad vectors. For transduction studies, we constructed
two Ad vectors, AASGFP and AdSGFP/F35, containing a chimeric Ad5/35 fiber
gene. Both Ad vectors contained a 2.3-kb, cytomegalovirus (CMV) promoter-
driven enhanced green fluorescent protein (EGFP) gene (derived from pEGFP-
1 [Clontech, Palo Alto, Calif.]) inserted into the E3 region of AdS5. The EGFP
expression cassette was cloned between AdS positions 25191 to 28191 and 30818
to 32507 into a shuttle plasmid, which contained the E3 deletion described for
pBHGI10 (Microbix). The resulting plasmid was named pAdGFP. For the chi-
meric vector, the AdS fiber gene in pAdGFP was substituted by an Ad5/35
chimeric fiber gene generated by the two-step PCR protocol outlined above. In
the first PCR step, three DNA fragments corresponding to (i) the Ad5 fiber 5
nontranslated region and the first 132 bp of the fiber tail domain (nt 30798 to
31178), (ii) the Ad35 shaft and knob domains (nt 132 to 991), and (iii) the Ad5
E4 region including the Ad5 fiber polyadenylation signal (nt 32775 to 33651)
were amplified by Pfu-Turbo DNA polymerase. The following primers were
used: for the Ad5 tail, AdSF-2 (nt 30798 to 30825; 5'-CGC GAT ATC GAT
TGG ATC CAT TAA CTA-3") and Ad5R-2 (nt 31178 to 31153; 5'-CAG GGG
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GAC TCT CTT GAA ACC CAT T-3'); for the Ad35 shaft and knob, primers
Ad5/35F and Ad5/35R (see above); for the Ad5E4 and polyA, primers AdSF-1
and AdSR-1 (see above). After 10 PCR cycles, the products were purified by
agarose gel electrophoresis, combined, and then subjected to a second PCR with
primers Ad5F-2 and AdSR-1. The resulting 2,115-bp-long chimeric fiber gene
contained the AdS tail and the Ad35 shaft and knob domains. This product was
used as a substitute for the Sall/Xbal Ad5 fiber gene containing fragment in
PAdGFP. The resulting plasmid was named pAdGFP/F35. To generate full-
length E1/E3 vector genomes, pAdGFP and pAdGFP/F35 were inserted in
pAdHM4 (49) by recombination in Escherichia coli (8). To do this, the RecA™* E.
coli strain BJ5183 was cotransformed with pAdHM4 linearized by Srfl mixed
with the Xbal fragments containing the GFP genes, the Ad5 or Ad5/35 fiber
genes, and the Ad5 homology regions. The resulting recombinants were analyzed
by restriction analysis. Correct recombinants were amplified in E. coli HB101 and
purified by double CsCl gradient banding. The plasmids were named pAd5GFP
and pAd5GFP/F35. The correct structure of the Ad5/35 chimeric fiber gene was
confirmed by endonuclease digestion and sequencing part of pAd5SGFP/F35. To
produce the corresponding viruses, pAdSGFP and pAd5GFP/F35 were digested
with Pacl to release the viral genomes and transfected onto 293 cells as described
elsewhere (41). Plaques developed 7 to 10 days posttransfection in overlaid
cultures. Recombinant viruses were propagated in 293 cells and purified by
standard methods described elsewhere (41).

Hemagglutination assay. Twenty-five-microliter aliquots of serial dilutions of
Ad5, Ad35, or chimeric AdSGFP/F35 virions in Mcllvaine-NaCl buffer (0.1 M
citric acid-0.2 M Na,HPO, [pH 7.2], diluted 1:50 with 0.87% NaCl) were loaded
onto 96-well plates. To each dilution, 25 pl of a 1% suspension of monkey
erythrocytes (in Mcllvaine-NaCl buffer) was added. The sedimentation pattern
was determined after incubation for 1 h at 37°C. All tests were performed in
quadruplicate in at least two independent experiments.

Southern blotting. Extraction of genomic DNA, labeling of DNA fragments,
and hybridization were performed as described earlier (41).

RESULTS

CAR and «, integrin expression on test cells. It is generally
accepted that CD34™ cells possess bone marrow-repopulating
activity. Therefore, we used human CD34 " cells as the target
for our studies to identify Ad serotypes with HSC tropism and
constructing new viral vectors. Studies were performed on mo-
bilized, CD34-positive peripheral blood cells from one donor
under conditions which are known to retain CD34" cells in a
quiescent stage (37, 57). More than 90% of purified cells were
CD34 positive by flow cytometry. Furthermore, we included
into our Ad tropism studies the cell line K562, which is con-
sidered to be an adequate model for studying gene transfer
into human hematopoietic cells (44). HeLa cells, which are
readily infectible by AdS, and CHO cells, which are refractory
to AdS infection (3), were used as positive and negative control
cell lines, respectively.

For AdS5, both binding to the primary receptor and binding
to a,B; and o,Bs integrins are important for high-efficiency
infection of target cells. The expression of CAR and «, inte-
grins on test cells was analyzed by flow cytometry using MAbs
against CAR (RmcB [3, 26]) and «, integrins (L230 [59]) (Fig.
1). As expected, nearly all HeLa cells expressed high levels of
CAR and q, integrins, whereas CHO cells lacked significant
CAR and «, integrin expression. Fifteen and 77% of K562 cells
expressed CAR and o, integrins, respectively. Only ~6% of
the CD34™" cells used in our studies expressed CAR, and
17% were positive for a, integrins. Notably, the preparation of
CD34" cells represents a mixture of different cell types. The
absent or low expression of primary and secondary AdS recep-
tors on noncycling human CD34" cells is in agreement with
previous reports (27, 50, 73).

Serotype screening. It is thought that different Ad serotypes
bind to different cellular receptor proteins and use different
entry mechanisms (15, 43). A set of human Ad serotypes was
obtained from the ATCC to be tested for tropism to CD34™
cells. These included serotypes 3, 4, 5, 9, 35, and 41 represent-
ing different subtypes (Table 1). We hypothesized that these
serotypes would use different cellular attachment and internal-
ization strategies due to differing lengths of fiber shafts (11,
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FIG. 1. Expression of CAR and «, integrins on test cells. For flow cytometry analysis, HeLa, CHO, K562, and CD34" cells were incubated with an anti-CAR
(RmcB; 1:400 dilution) or anti-a, integrin (L230; 1:30 dilution) MAb. As a negative control, cells were incubated with an irrelevant mouse MAb (anti-BrdU; 1:100
dilution). The binding of primary antibodies was developed with anti-mouse IgG-FITC conjugates (1:100 dilution). Data shown represent the average results of

quadruplicate analyses performed on 10* cells.

60), the presence or absence of RGD motifs within the penton
base, and differing tissue tropism. The relatively little charac-
terized Ad35 was selected because it was found in immuno-
compromised hosts, particularly in bone marrow recipients
(17, 18, 65). The latter observations prompted us to speculate
that bone marrow cells may be among the natural reservoirs
for Ad3s.

Little is known about the stability of particles from serotypes

other than AdS. Since the intactness of viral particles was
crucial for comparative interaction studies, virions from the
serotypes specified above were analyzed by EM. EM studies of
negative-contrast-stained Ad suspensions demonstrated that
the percentage of defective particles (loss of icosahedral shape
or luminal staining) did not exceed 5%, indicating that sero-
type preparations had comparable qualities. Representative
EM photographs are shown for AdS, Ad9, and Ad35 (Fig. 2).
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TABLE 1. Properties of selected serotypes®

B repeats RGD

Sero- Sub- Hemagglu- in fiber motifs in Tissue

type  group tination®< shaftd penton® tropism”
3 B1 +++ (ME) 6 + Respiratory
4 E 12 + Eye, respiratory
5 C + (RE) 22 + Respiratory
9 D +++ (RE) 8 + Eye
35 B2 +++ (ME) 7 ? Genitourinary
41 F 22/12 - Gastrointestinal

“ Members of subgroup A were not analyzed due to their high tumorigenicity.
The length of the fiber shaft seems to be specific for the virus subgroup and may
be a determining factor for cell entry and/or tissue tropism (59, 60). The rod-like
shaft of variable length contains repeats of a 15-amino-acid-long B sheet with the
number of repeats ranging from 6 (e.g., for Ad3 or Ad7) to 22 (for Ad2 and
Ad5). The protruding RGD motifs in the penton base are critical for interaction
with «, integrins and virus internalization.

> According to reference 25.

¢ ME, hemagglutination of monkey erythrocytes; RE, hemagglutination of rat
erythrocytes.

4 According to reference 11. Ad41 contains a short-shafted and long-shafted
fiber.

¢ According to reference 60. The sequence for the Ad35 penton and informa-
tion about the presence of RGD motifs penton base were not available.

To analyze attachment of Ad particles to target cells and
subsequent internalization, the selected serotypes were meta-
bolically labeled with [*H]thymidine, which is incorporated
into viral DNA during replication. Adsorption and internaliza-
tion can be experimentally dissociated by taking advantage of
the observation that at low temperature (0 to 4°C) only virus
cell attachment occurs, whereas internalization requires incu-
bation at higher temperatures. The number of particles ad-
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sorbed or internalized per cell was calculated using the virion-
specific radioactivity and used to quantify interaction of Ad
serotypes 3, 4, 5, 9, 35, and 41 with CD34™", K562, HeLa, and
CHO cells (Fig. 3). The serotypes varied significantly in the
ability to attach to and to be internalized by the different cell
lines. For Ad5, the degree of attachment to the cell lines tested
correlated with the level of CAR expression. In CHO cells,
which were previously shown to be refractory to AdS infection,
the level of attachment and internalization was about 50 to 70
viral particles per cell. This number was hereafter assumed
negative in terms of susceptibility of a given cell type for AdS.
Interaction of the other serotypes with CHO cells was not
significantly higher, indicating that corresponding receptors
were absent on CHO cells. All serotypes tested interacted with
HeLa cells, Ad3 and Ad35 being the most efficient variants.
The presence of distinct Ad3 and Ad5 receptors on Hela cells
was demonstrated previously (69). Ad4, Ad5, and Ad41 did not
bind to K562 cells. In contrast, Ad9 as well as the members of
subgroup B, Ad3 and Ad35, efficiently interacted with K562
cells, Ad35 having the highest number of adsorbed and inter-
nalized particles. About 25 times more Ad5 than Ad35 parti-
cles were attached, and three-fourths of these were internal-
ized by K562 cells. Viral interactions with CD34 " cells were
generally weaker. Among the serotypes tested, only Ad9 and
Ad35 were significantly internalized by noncycling CD34™
cells. Internalization of Ad9 and that of Ad35 were, respec-
tively, four and eight times more efficient than for AdS parti-
cles. The number of Ad35 virions internalized by CD34™" cells
was almost half of that seen for Ad5 in HeLa cells, which can
be readily infected with AdS5-based vectors.

In summary, of all serotypes tested, Ad9, Ad3, and Ad35

Ad S

Ad9

Ad 35

FIG. 2. EM analysis of Ad particles. Purified particles from AdS5, Ad9, and Ad35 were negative contrast stained and analyzed at an original magnification of
X85,000. Defective particles are highlighted by arrows.
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FIG. 3. Analysis of attachment and internalization of different serotypes to CHO, HeLa, K562, and CD34* cells. Equal amounts of [*H]thymidine-labeled virions
of Ad serotypes 3, 4, 5, 9, 35, and 41 (measured by OD,¢, and equivalent to an MOI of 400 PFU per cell for Ad5) were incubated for 1 h on ice as described in Materials
and Methods. Cells were then washed, and the number of labeled virions bound per cell was determined. For internalization studies, viruses were first allowed to attach
to cells for 1 h on ice, and then unbound viral particles were washed out. Cells were then incubated at 37°C for 30 min, treated with trypsin-EDTA, and washed to
remove uninternalized viral particles. The data were obtained from two to four independent experiments performed in triplicate. Note the different scales on the y axes

for CD34* cells.

demonstrated the most efficient attachment to and internaliza-
tion with K562 and CD34" cells. Based on adsorption/inter-
nalization data, Ad9 and Ad35 as representatives for sub-
groups D and B were selected for further tropism studies.
Replication of selected serotypes in K562 and CD34™ cells.
Adsorption/internalization studies do not ultimately prove vi-
ral transduction, a process often defined as gene transfer that
allows for viral or heterologous gene expression in host cells.
Intracellular trafficking, including endosomal lysis, transport to
the nucleus, and nuclear import of the viral genome, depends
on structural capsid proteins and thus varies between different
serotypes (15, 48). We hypothesized that analysis of viral gene
expression would be a means to verify successful nuclear im-
port of viral genomes and that this would be a good criterion
for selection of serotypes able to efficiently infect our target
cells. To do this, we studied Ad DNA replication in infected
cells; viral DNA synthesis can occur only after de novo expres-
sion of Ad early genes. We used a site-specific methylation
strategy to monitor viral DNA replication within infected cells
(51). Methylated Ad serotypes were produced by the addition
of a methyl group onto the N6 position of the adenine base of
Xhol sites, CTCGAG, during propagation of the viruses in 293

cells expressing the Xhol isoschizomer PaeR7 methyltrans-
ferase (33). Loss of methylation through viral replication re-
stores Xhol cleavage and can be detected by Southern blots of
Xhol-digested genomic DNA from infected cells.

Ad replication studies were performed in K562 and CD34™"
cells with Ad9 and Ad35, in comparison to AdS. For replica-
tion studies, the infectious titer (in PFU per milliliter) and
genome titer (in genomes per milliliter) were determined (by
plaque assay on 293 cells and by quantitative Southern blot,
respectively) for methylated and unmethylated AdS, Ad9, and
Ad35 (Table 2). The ratio of PFU to genome titer was com-
parable for methylated and unmethylated virus, demonstrating
that DNA methylation had not altered transduction properties
(data not shown). About 85% of the Ad5, Ad9, and Ad35 used
for infection was methylated, as calculated based on the inten-
sity of fragments specific for methylated and nonmethylated
viral DNA present in the viral load (Fig. 4). The numbers of
genomes detected after adsorption (1 h, 0°C) or internalization
(2 h, 37°C) correlated well with studies shown in Fig. 3. Ad9
and Ad35 interacted more efficiently than Ad5 with K562 and
CD34™ cells. Dose-dependent replication studies in K562 and
CD34™ cells were performed with the same genome numbers
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TABLE 2. Virus titers and genome-to-PFU ratios for
wild-type AdS, Ad9, and Ad35¢

Methylated virus PFU/ml Viral genomes/ml  Ratio, genomes/PFU
Ad5 1.25 x 10" 7.5 x 101 6
Ad9 4.1 x 10° 1.5 x 10'° 3,600
Ad35 2.1 x 10 1.2 x 101! 5.6

@ The genome titer in preparations of purified methylated Ad was measured
by quantitative Southern blotting as described earlier (41). The plaque titer was
determined on 293 cells under conditions outlined in Materials and Methods.
The different genome-to-PFU ratios confirm the different transduction proper-
ties of the given serotypes for 293 cells.

of AdS, Ad9, and Ad35 (Fig. 4). The replication rate was mea-
sured based on the ratio of methylated to demethylated viral
DNA after infection with different MOIs (2,100, 420, and 105
genomes per cell). In K562 cells, efficient replication (100%
conversion from methylated to unmethylated DNA) was de-
tected for Ad9 at MOIs of =420 and for Ad35 at MOIs of
=105. The signal from internalized Ad5 genomes was relative-
ly weak, reflecting the low level of Ad5 interaction with K562
cells. This complicated the analysis of AdS replication. Clearly
detectable replication of Ad5 was observed only at MOIs of
=2,100 genomes per cell. Taken together, these findings dem-
onstrated that Ad35 transduced K562 cells with the highest
efficiency. In CD34 ™ cells, the replication rates were 100% for
AdS5 and 31% for Ad9 after infection with an MOI of 420.
Although methylated Ad35 viral DNA was present in CD34™
cells, viral replication was undetectable for Ad35. In summary,
while viral replication studies in K562 cells confirmed data
obtained for AdS, Ad9, and Ad35 adsorption and internaliza-
tion, there was a discrepancy between earlier results and the
poor replication of Ad9 and, particularly, Ad35 in CD34™" cells.
As outlined later, replication analysis in heterogeneous cell
populations, like CD34™ cells, may not allow for definitive con-
clusions on tropism of a particular serotype.

Taking all the screening data together, Ad9 and Ad35
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emerged as the variants with the strongest tropism for K562
and CD34" cells. It is thought that Ad9 can bind to CAR;
however, it preferentially uses «, integrins for cell entry (59).
This entry strategy may not be optimal for efficient infection of
CD34™" cells, as only less than 17% of them express a, integrins
(Fig. 1). Therefore, we decided to concentrate on Ad35 as a
source for heterologous fiber to be used for construction of a
chimeric vector based on an Ad5 backbone.

Construction and characterization of chimeric fiber. Previ-
ously, it was shown that exchanging the fiber knob was suffi-
cient to alter the tropism of chimeric Ad vectors (10, 31, 70).
As outlined above, the length of the fiber shaft may critically
determine the entry strategy of a particular serotype. There-
fore, we decided to replace not only the Ad5 fiber knob but
also the shaft. The chimeric Ad5/35 fiber contained the AdS
tail (amino acids 1 to 44) necessary for interaction with the
Ad5 penton base linked to 279 amino acids from Ad35 includ-
ing the shaft with seven B sheets and the knob (Fig. 5A). The
endogenous Ad5 fiber poly(A) signal was used to terminate
transcription of the chimeric fiber gene. The combination of
the Ad5 capsid including the RGD motif containing penton
base with a short-shafted fiber could be risky because the
natural distance between the fiber knob and the RGD motifs
was disturbed. Nevertheless, the Ad5 fiber was replaced by the
chimeric fiber sequences based on an E1/E3-deleted Ad vec-
tor. This vector carried a CMV promoter-GFP reporter gene
cassette inserted into the E3 region. The corresponding chi-
meric virus (Ad5GFP/F35) was produced in 293 cells at a titer
of >2 X 10'* genomes per ml. For comparison, an E1/E3-
deleted Ad vector containing the original AdS fiber gene and
the GFP expression cassette was generated (Ad5SGFP). The
titer and the ratio of physical to infectious particles were sim-
ilar between Ad5GFP and Ad5GFP/F35, indicating that the
fiber modification did not significantly alter the stability and/or
growth properties of the chimeric vector (data not shown). The
correctness of the fiber modification was confirmed by restric-
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FIG. 4. Analysis of viral replication in K562 and CD34* cells by Southern blot analysis of methylated viral DNA. Replication studies were performed with 10° K562
(A) or CD34" (B) cells infected with methylated Ad5, Ad9, or Ad35. The lanes labeled “load” represent DNA that was extracted from the medium-cell mixture
immediately after adding the indicated viral dose to cells. The intensities of bands corresponding to methylated and unmethylated viral DNA indicate that ~85% of
the input virus was methylated. To quantify adsorption and internalization, DNA analysis was performed after prior incubation of virus with cells at 0°C (adsorption)
or 37°C (internalization). For dose-dependent replication studies, the indicated viral dose (expressed as the number of genomes per cell) was added, and cellular
genomic DNA together with viral DNA was extracted 16 or 36 h postinfection for K562 and CD34™" cells, respectively. Identical amounts of sample DNA were analyzed
by Southern blotting. For quantification purposes, Ad9 replication was analyzed together with AdS5, using an Ad5/9 chimeric probe that hybridizes with DNA of both
serotypes (C). The analysis of AdS versus Ad35 replication was performed with the corresponding Ad5/35 chimeric probe. Since separate hybridizations with both
Ad5/35 and Ad5/9 probes gave identical signal intensities for Ad5 DNA, only one panel is shown for Ad5 replication in test cells. To produce distinguishable fragments
specific for the methylated or nonmethylated status of viral genomes, AdS DNA was digested with Xol, while Ad9 and Ad35 DNA was digested with XAol and HindIII.
The bands specific for methylated (not replicated) viral DNA were ~12 kb for Ad9, 35 kb for Ad5, and ~12 kb for Ad35. The fragments specific for nonmethylated
DNA were 5.8 kb for Ad9, 6.1 kb for AdS, and 9.5 kb for Ad35. Chimeric Ad5/9 and Ad5/35 DNA fragments (1.8 kb) were used as quantification standards and applied
onto gels together with digested viral or cellular DNA (shown on the left). Hybridized blots were subjected to quantitative phosphorimager analysis or exposed to X-ray
films for 12 h. Lanes representing Ad5 replication data for K562 cells were also exposed for 48 h (A, left panel).
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FIG. 5. Structure of AASGFP and chimeric AdSGFP/F35 vectors. (A) Schematic diagram of the original E1/E3-deleted AdS-based vector with GFP expression
cassette inserted into the E3 region (Ad5GFP) and the chimeric vector AdSGFP/F35 containing the Ad5/35 fiber gene. The 2.2-kb AdS5 fiber gene was replaced by a
0.9-kb chimeric fiber gene encoding the short shaft and knob of Ad35 by a technique that involved PCR cloning and recombination in E. coli. Kpnl (K) and HindIII
(H) sites localized within or around the fiber genes are indicated. The lower panel shows the detailed structure of the chimeric fiber region. The Ad5 fiber tail (amino
acids [aa] 1 to 44) were joined in frame to the Ad35 fiber shaft starting from its first two amino acids (GV), which are conserved among many serotypes. A conserved
stretch of amino acids, TLWT, marks the boundary between the last 8 sheet of Ad35 shaft and the globular knob. The Ad35 fiber chain termination codon is followed
by the Ad5 fiber polyadenylation signal. The region of AdSGFP/F35 encoding for chimeric fiber was completely sequenced with Ad5-specific primers (see Materials
and Methods). ITR, inverted terminal repeat; bPA, bovine growth hormone polyadenylation signal. (B) Restriction analysis of viral genomes. Viral DNA was isolated
from purified AdASGFP and Ad5GFP/F35 particles as described elsewhere (41). One microgram of DNA was digested with HindIII or Kpnl and separated in ethidium
bromide-stained agarose gels (left) which were subsequently blotted and analyzed by Southern blot with an Ad5 E4-specific probe (nt 32775 to 33651) (right). Specific
patterns designating the correct structure for both viral vectors were detected. The HindIII fragments specific for AdSGFP and Ad5SGFP/F35 were 2.9 and 4.9 kb, respectively.
The Kpnl fragment that confirmed the correct AASGFP/F35 structure was 1.6 kb, compared to a 7.6-kb Ad5GFP fragment. M, 1-kb ladder (Gibco-BRL, Grand Island, N.Y.).
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tion analysis of the Ad5SGFP/F35 viral genome followed by
Southern blot hybridization (Fig. 5B), direct sequencing of the
fiber-coding region, and a functional test for hemagglutination
of monkey erythrocytes. The agglutination of erythrocytes is
fiber knob mediated; it is known that Ad5 does not agglutinate
monkey erythrocytes, whereas Ad35 efficiently does (55). In
hemagglutination tests, AdSGFP/F35 agglutinated monkey
erythrocytes with the same efficiency as Ad35 at dilutions of up
to 1:512. In contrast, no hemagglutination was observed with
equivalent AdS dilutions. This clearly confirmed the functional
activity of the chimeric Ad5/35 fiber incorporated into AdS
capsid.

Competition studies. Cross-competition studies between
Ad5, Ad35, and AdSGFP/F35 for binding and internalization
were performed to investigate in more detail the pathways
used by the chimeric vector to infect target cells. Wild-type
Ad35 and the chimeric vector AASGFP/F35 could recognize
the same primary receptor, as they competed with each oth-
er for attachment to K562 cells (Fig. 6A, upper panel). This
primary receptor is different from that used by AdS, since
neither AdS viral particles nor anti-CAR MAbs (Fig. 6B, upper
panel) were able to abrogate Ad35 or AASGFP/F35 binding. In
competition studies for internalization, Ad35 and Ad5SGFP/
F35 competed with each other with equal efficiency. AdS and
anti-a, integrin MAb L.230 (Fig. 6, lower panels) did not inhibit
internalization of Ad35 or the chimeric virus. To consolidate
these data, K562 cells were infected with AASGFP and Ad5GFP/
F35 after prior incubation of cells with anti-CAR or anti-qo,
integrin MAbs followed by analysis of GFP-expressing cells.
The transduction data mirror the results obtained in adsorp-
tion/internalization studies (data not shown). In summary, this
demonstrated that Ad35 and Ad5SGFP/F35 use a CAR- and «,,
integrin-independent pathway for infection of K562 cells; the
structural elements which account for these specific properties
are located within the Ad35 fiber and can be transplanted into
AdS by fiber substitution.

We demonstrated earlier that Ad3 can efficiently interact
with K562 cells (Fig. 3). Although Ad3 and Ad35 belong to
the same subgroup (B), the homology between amino acid
sequences of their fibers is only about 60%. Therefore, we
decided to test whether Ad3 could compete with Ad35 and
AdS5GFP/F35 for attachment and internalization (Fig. 7).
These studies demonstrated that Ad35 binding was not inhib-
ited by Ad3, indicating the use of different receptors. Interest-
ingly, Ad3 slightly inhibited attachment of AdSGFP/F35 (Fig.
7A, left panel). We speculate that in addition to binding to the
receptor common for the Ad35 and AdSGFP/F35 fiber, the
chimeric capsid (e.g., the Ad5 penton RGD motifs) also inter-
acts with a second cellular receptor that overlaps with elements
involved in Ad3 binding. In cross-competition for internaliza-
tion, preincubation of cells at 37°C with Ad35 and with chi-
meric virus significantly decreased internalization of *H-la-
beled Ad3 (Fig. B, right panel). In the reverse experiment, Ad3
as competitor decreased the level of internalization by 30% for
both Ad35 and the chimeric virus (Fig. 7A, right panel). As ex-
pected, Ad5 and Ad3 did not compete for adsorption or inter-
nalization. As shown before (Fig. 6B), anti-CAR and anti-a,
integrin antibodies did not block Ad3 interaction with K562
cells. In summary, we concluded that Ad35 and Ad5GFP/F35
bind to a receptor(s) different from that of Ad3. However,
Ad35, AA5GFP/F35, and Ad3 appear to use common struc-
tural elements for internalization, which are different from «,
integrins.

Infection studies with chimeric virus. So far, we have estab-
lished that AASGFP/F35 infected K562 cells by a CAR- and
a, integrin-independent pathway. We hypothesized that this
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property may allow for efficient transduction of noncycling
CD34™ cells, which express scarcely CAR and «, integrins. To
test this, the transduction properties of AASGFP and AdSGFP/
F35 vectors were analyzed on CD34", K562, and HeLa cells.
Figure 8 shows the percentage of transduced, GFP-expressing
cells depending on the MOI used for infection. Nearly 100% of
HeLa cells were transduced with AdSGFP and AdSGFP/F35 at
MOIs of =25. More than 95% of the K562 cells were trans-
duced with Ad5GFP/F35 at MOIs of =100, whereas the trans-
duction rate was significantly lower with Ad5, in which case it
increased, with the MOI reaching a plateau at ~70% GFP-
positive cells after infection with an MOI of 400. Transduction
of CD34" cells was about threefold more efficient with
Ad5GFP/F35 than with Ad5GFP at all MOIs analyzed. Inter-
estingly, at higher MOIs, the transduction rate did not rise
proportionally with the viral dose and soon reached a plateau,
indicating that in both cases only specific subsets of CD34™
cells were permissive to infection.

To characterize in more detail these specific, permissive
subsets, additional transduction studies were performed. First,
the percentage of GFP-expressing cells was determined in
CD34" fractions that were stained for «, integrins or CARs
(Fig. 9). The low number of CAR-positive CD34" cells com-
plicated accurate colabeling studies; however, it appears that
there was no correlation between CAR expression and the
proportion of transduced cells among CD34™" cells infected
with Ad5GFP or Ad5SGFP/F35. Interestingly, for Ad5SGFP,
65% of all GFP-expressing cells were positive for «, integrins,
whereas less than 22% of GFP-positive cells infected with
the chimeric virus stained positive for «, integrin expression.
While only 17% of the whole CD34" population expressed
GFP after AA5GFP infection, the percentage of GFP-express-
ing cells in the CD34™" «, integrin-positive fraction was 50%.
This indicates that AASGFP vector-mediated GFP expression
was preferentially localized to «, integrin-positive CD34™" sub-
sets, whereas after infection with the Ad5SGFP/F35 vector,
GFP was expressed in a broader spectrum of CD34" cells,
most of them being «, integrin negative. It remains to be
determined whether there is a correlation between «,, integrin
expression and the differentiation status of CD34 ™" cells.

Next, transduced cells were simultaneously analyzed for GFP
as well as for CD34 and CD117 markers. As mentioned before,
only about 90% of all cells used in our analysis were positive
for CD34 at the time of infection, hence the multiparameter
analysis for CD34 and GFP. A population of CD34" cells is
extraordinarily heterogeneous in morphology and stem cell
capacity. The subpopulation of CD34" and CD117" cells re-
sembles very primitive hematopoietic cells (29, 67). Figure 10
summarizes the analyses of GFP expression in correlation with
these specific stem cell markers. A total of 92%, 89 (66 + 23)%),
or 92 (42 + 50)% of all analyzed cells were CD34 positive in
the mock-infected, Ad5GFP-infected, or Ad5/35GFP-infected
samples, respectively (Fig. 10A, lower panel). From these CD34-
positive cells, 54% (50 out of 92) were also positive for GFP
after infection with the AASGFP/F35 chimeric vector, whereas
only 25% (23 out of 89) of all CD34-positive cells expressed
GFP after infection with the AdS vector. Analogously, the per-
centage of GFP-expressing cells among all CD117-positive cells
was calculated. From all CD117-positive cells, 80% (20 out
of 25) were also positive for GFP after infection with the
Ad5GFP/F35 chimeric vector, whereas only 36% (8 out of 22)
of all CD117-positive cells expressed GFP after infection with
the AdS5 vector (Fig. 10A, middle panel). In an additional
experiment, CD34" cells were sorted for CD117 expression
prior to infection with AASGFP or Ad5GFP/F35; 24 h postin-
fection, GFP expression was analyzed in this specific fraction



2576 SHAYAKHMETOV ET AL. J. VIROL.

A. B.

Attachment. Attachment.
Cold " “ “
. o o It
competitors. & & &
A Ay A A [aUpy el
= o 3 [Sope — L
COON LV0O0 SRCRCE A
s nn = Val's! = v
Sgvw EwTT §TTTT
S <€ <« < o< << O <€ <€ <<
) = 120
14 4 o e
g S £
= Ry Ay — p
S 124 — [1, [x, l r% © 100 J I
b5 200N l = = N\
£101 £5355 RN NS
8 5] o<<< 50 N=
b >3 60 - W
= =
% = N=
"o' 0 4 cC C \»-——-1
< 5 8 40 \
o 4 o T @ \-—1
O v Q \
S 2 - @9 7 20+ N=
8 : NS
N N . NS
.
[*H]-AdSGFP [H]-AdSGFP/F35 [H]-Ad3S anti-CAR MAb
Internalization Internalization
Cold i i i
competitors. g o, oo A a
-8 o = o — L L
SO0 £unOO cCoO0wY .
o jaolisolso) o o T U < o T T U T
. o€ o<« e 1207, © < < € <
5 229 0 N
S 20+ N - D — 100 -
© 18 A E : )
) —— 5 o
N 16 ;. [-L — ‘(‘:‘ —
= @) c 5 80 A —
© 14 - % o O —
o 127 < 25 601 —
c 10 - 5 € =
= o & —
5 8- & 8 401 =
€ 61 Bl =
{3 4 A 8 ~ 20 4 —
o 24 = —
[19)
& 0 1 b\\‘ C 0 J
-
[(H]-AdSGFP [PH]-AdSGFP/E35 [H]-Ad35 L230 MAb

FIG. 6. Cross-competition for attachment and internalization of labeled Ad5GFP, Ad35, and chimeric AdSGFP/F35 virions with unlabeled viruses and with
anti-CAR or anti-a, integrin MAb. (A) For attachment studies, 10° K562 cells were preincubated with a 100-fold excess of unlabeled competitor virus (cold competitors)
at 4°C for 1 h; then equal amounts of [*'H]Ad5GFP, [*'H]Ad5GFP/F35, or [’H]Ad35, at a dose equivalent to an MOI of 100 PFU per cell determined for Ad5GFP,
were added to cells, which were incubated at 4°C for 1 h. Cells were then washed with ice-cold PBS and pelleted, and the percentage of attached virus (cell-associated
counts per minute) was determined. For analysis of cross-competition for internalization, cells were preincubated with a 100-fold excess of competitor virus at 37°C
for 30 min before labeled virus was added. After an additional incubation at 37°C for 30 min, cells were treated with trypsin-EDTA for 5 min at 37°C, washed with
ice-cold PBS, and pelleted, and the percentage of internalized virus was determined. For controls, cells were incubated with labeled viruses without any competitors.
Preliminary experiments had shown that the conditions chosen for competition studies allowed for saturation in attachment or internalization on K562 cells for all
unlabeled competitors. As a control, *H-labeled viruses were incubated with cells without any competitor. (B) K562 cells (10°) were preincubated for 1 h at 4°C with
an anti-CAR (RmcB; diluted 1:100) or anti-, integrin (L230; diluted 1:30) MADb and then incubated with labeled viruses according to the protocols for attachment
or for internalization as described above. For each particular serotype, the percentage of attached or internalized virus was compared to the control settings, where
cells were preincubated under the same conditions with a 1:100 dilution of an irrelevant antibody (anti-BrdU MADb) before addition of the labeled virus. Note that the
specific competitors but not the corresponding controls significantly inhibited Ad5 internalization to a degree that is in agreement with published data (59). n = 4.
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of [’H]Ad3 without competitor. (B) *H-labeled Ad3 was incubated with a 100-fold excess of cold (unlabeled) virus (AdSGFP, Ad5GFP/F35, Ad35, or Ad3). In control

settings, cells were incubated with labeled viruses without any competitors. n = 4.

(Fig. 10B). This analysis revealed that the chimeric vectors
transduced fourfold more CD34" CDI117" cells than the
Ad5GFP vector.

In conclusion, these results demonstrated that the chimeric
Ad5GFP/F35 vector was clearly superior to the AASGFP vec-
tor in targeting and transduction of CD34™ cells. Furthermore,
the data suggest that the spectrum of CD34" cell subsets
permissive for Ad infection was significantly different for the
chimeric vector than for the AdS vector.

Analysis of viral genomes within CD34* cells infected with
the Ad5 and chimeric vectors. So far, the transduction rate of
CD34™" cells was measured based on GFP expression after

infection with Ad5GFP and AdSGFP/F35. Considering the
extraordinary heterogeneity of CD34™ cells in morphological
and functional parameters, GFP may not be expressed in all
cell types that were efficiently infected; reasons for this include
that the CMV promoter is not active in all cell types or that the
regulation of transgene expression differs between subsets on a
posttranscriptional or posttranslational level. To test this, we
quantified the number of intracellular (transduced) viral ge-
nomes within GFP-positive and GFP-negative fractions of
CD34™" cells infected with AdSGFP and Ad5GFP/F35. To do
this, 24 h after infection, CD34™" cells were sorted for GFP-
positive and GFP-negative fractions, which were subsequently
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for 18 h at 37°C. The percentage of GFP-expressing cells was determined by flow cytometry. n = 3.

used to isolate genomic DNA together with transduced viral
DNA. The number of viral genomes was determined by quan-
titative Southern blot as described for Fig. 4. Per GFP-positive
CD34™" cell, about 270 copies of the Ad5GFP/F35 viral ge-
nome were detected. Interestingly, a remarkable 200 copies of
the AdSGFP/F35 viral genome were found per GFP-negative
CD34™ cell (Fig. 11A). This demonstrated that not all infected
cells expressed GFP and implies that the actual transduction
rate was higher than 54% (GFP-positive cells). We speculated
that the CMV promoter was not active in all transduced
CD34" subsets. No Ad5GFP vector-specific signal was de-
tected within infected CD34™" (GFP-positive or -negative) frac-
tions by Southern blotting which had a detection limit of 14
viral genomes per cell. From this, we can conclude that the
vector DNA concentration per transduced cell was at least 20
times higher for AASGFP/F35 than for Ad5GFP.

Ad5GFP DNA was detectable in DNA samples from in-
fected CD34™" cells by Southern blotting only after prior PCR
amplification with vector-specific primers (Fig. 11B). This in-
dicates that the replication deficient AdS vector is present but
at a very low copy number, which may be limited by intracel-
lular genome stability. Using the PCR-Southern detection
method, AdS vector DNA was also detected in GFP-negative
cells, supporting our hypothesis that the CMV promoter may
not have been the optimal choice for transduction studies. It is
notable that studies by others on viral genome analyses after
infection of CD34" cells with Ad5 vectors were performed
only after prior PCR amplification (46, 50).

DISCUSSION

Our long-term goal is the development of viral vectors for
stable gene transfer into human HSCs. Towards this end, we
tested the interaction of selected Ad serotypes with CD34™
cells. As a result of this screening, we constructed a first-
generation, Ad5-based vector whose fiber was substituted with
the fiber derived from Ad35. We demonstrated that this capsid
modification allowed for efficient viral transduction of poten-
tial HSCs by the corresponding chimeric Ad vectors.

All tropism and transduction studies were performed with
noncycling CD34™ cells, which are thought to include HSCs.
The quiescent stage of CD34" cells purified from mobilized
blood is important because induction of cell proliferation is
associated with a loss of the ability to reconstitute hematopoi-

esis and with changes in the spectrum of cellular receptors (2,
22, 28).

Although it was reported earlier that fiber knobs derived
from Ad serotypes 2, 9, 4, and 41L can bind to CAR in slot blot
assays (60), it is not clear whether this binding occurs with an
affinity that is physiologically relevant and whether this would
confer virus infection. Furthermore, as shown for the Ad5
interaction between the penton and integrins, a secondary re-
ceptor is required to induce virus internalization. We demon-
strated that different serotypes interacted differently with the
K562 or CD34™ target cells. Ad5, Ad4, and Ad41 were not able
to efficiently attach to and be internalized by K562 and CD34™*
cells. Although Ad4 belongs to a separate subgroup (E), it is
thought that Ad4 represents a natural hybrid between sub-
group B and C viruses with a fiber related to Ad5 (23). There-
fore, it was not surprising that Ad4 has binding properties
similar to those of AdS. The subgroup F serotype Ad41 has
been shown to contain distinct fibers, a long-shafted and a
short-shafted fiber allowing for different cell entry pathways
(71). The Ad41 penton base does not contain RGD motifs,
suggesting that this virus may use «, integrin-independent
pathways for cell entry. However, these features did not im-
prove interaction with CD34™ cells. Ad9, Ad3, and Ad35 did
interact with CD34™" cells more efficiently than Ad5. Out of all
the serotypes tested, Ad35 demonstrated the most efficient
attachment and internalization with K562 and CD34" cells.
Although the short-shafted Ad9 can bind to CAR, it prefer-
entially uses «, integrins for cell entry (59). Therefore, the low
level of «, integrin expression on certain subsets of CD34™
cells may account for the observed susceptibility to Ad9.

Viral replication studies in K562 cells confirmed the data
obtained for AdS, Ad9, and Ad35 adsorption and internaliza-
tion. However, there was a discrepancy between the interaction
data and the replication data for CD34" cells, where Ad9
replicated only poorly and no replication was seen for Ad35.
Ad DNA replication is initiated only upon the production of a
critical threshold of early viral proteins, which in turn is directly
dependent on the number of viral genomes present in the
nuclei of infected cells. Therefore, the outcome of replication
studies may be affected by the rate of nuclear import of viral
genomes, by the activity of viral promoters, and/or by the
intracellular stability of viral DNA or RNA. These parameters
may vary, on one hand, between different subsets of CD34™
and/or, on the other hand, between different Ad serotypes.
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FIG. 9. Distribution of GFP-positive cells in subpopulations of human CD34* cells expressing CAR or a, integrins. CD34 ™ cells (10°) were infected with AdSGFP
or Ad5GFP/F35 at an MOI of 200 PFU/cell as described for Fig. 8. Twenty-four hours after infection, cells were incubated with anti-CAR (1:100 final dilution) or anti-«,
integrin (1:30 final dilution) primary MAb for 1 h at 37°C. Binding of primary antibodies was developed with anti-mouse IgG-PE secondary MAbs (1:100 final dilution)
at 4°C for 30 min. For each variant, 10* cells were analyzed by flow cytometry. The mock infection variants represent cells incubated with virus dilution buffer only.
The quadrant borders were set based on the background signals obtained with both the GFP- and PE-matched negative controls. The percentages of stained cells found
in each quadrant are indicated. The data shown are representative of three independent experiments.

This implies that viral replication analyses performed with
different Ad serotypes in CD34" cells may not predict the
actual transduction properties of chimeric vectors based on
Ad5 backbones.

Recently, an Ad serotype screening strategy was used to
identify variants with tropism for primary fetal rat central ner-
vous system cortex cells or human umbilical vein endothelial
cells. The optimal serotype (Ad17) was selected based on im-
munohistochemistry for hexon production 48 h after infection
(10). However, this approach is problematic because, at least in
our hands, antibodies developed against Ad5 hexon did not
efficiently cross-react with all other serotypes. Also, hexon is
expressed only after onset of replication. As outlined above,
the kinetics of intracellular trafficking, viral gene expression,
and replication significantly vary between serotypes (15, 48).

In addition to being the most efficient serotype in terms of
interaction with CD34™ cells, Ad35 is also interesting because
it interacts with receptors different from those with which Ad5
interacts. Ad35 and AdSGFP/F35 attachment was not inhib-
ited by Ad5 or anti-CAR antibodies, suggesting that Ad35
binding was CAR independent. Furthermore, our data indi-

cate that infection with Ad35 and the chimeric AASGFP/F35
vector does not involve «, integrins. First, Ad5 did not com-
pete with Ad35 and Ad5GFP/F35 in internalization or infec-
tion studies, indicating that o,B5/ integrins may not be in-
volved in viral entry. Second, function-blocking antibodies
against «, integrins did not compete with Ad35 and Ad5SGFP/
F35 for internalization into K562 cells, whereas these antibod-
ies did inhibit Ad5 internalization. Third, in contrast to Ad5-
based vectors, GFP expression after infection with Ad5GFP/
F35 was not restricted to a, integrin-expressing CD34™" cells.
In this context, the presence or absence of RGD motifs within
Ad35 penton base remains to be determined by sequencing the
corresponding genome region. Cross-competition assays dem-
onstrated that Ad35 and Ad5SGFP/F35 bind to a receptor that
is different from the Ad3 receptor. Although Ad3 and Ad35
belong to the same subgroup, they have been divided into two
DNA homology clusters, B1 and B2; the amino acids compos-
ing their fibers are only 60% homologous. Furthermore, the
target tissues for the two viruses are different; Ad3 can cause
acute respiratory infections, whereas Ad35 is associated with
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kidney infections (25). Therefore, it was not surprising to find
that Ad3 and Ad35 recognize different receptors.

In conclusion, Ad35 and the chimeric vector enter the cells
by a CAR- and o, integrin-independent pathway. We speculate
that Ad35 and the chimeric vector binds primarily to its fiber
receptor. This interaction may be sufficient to trigger internal-
ization. On the other hand, Ad35 internalization may involve
cellular proteins which appear to overlap with those for Ad3
internalization and may represent 3, integrins, which protrude
more from the cell surface than «, integrins (27).

Fiber substitution was sufficient to swap cell tropism from
Ad5 to Ad35. The AASGFP/F35 capsid chimera contained the
short-shafted Ad35 fiber incorporated into an Ad5 capsid, in-
stead of the naturally occurring long-shafted AdS fiber. The
length of fiber shaft and the precise spatial arrangement of
knob and RGD motifs appear to be critical for the viral entry
strategies. So far, most of the chimeric viruses have been gen-
erated by substituting only the Ad5 knob while maintaining the
long Ad5 fiber shaft (10, 32, 69, 70). The exception was an
Ad5/7 chimeric virus (20), where the whole Ad5 fiber was
substituted by the short-shafted Ad7 fiber. However, similar to
the parental Ad5, the Ad5/7 chimera still required o, integrins
for infection. Importantly, the Ad5/35 capsid chimera allows
for efficient infection of K652 and CD34 ™ cells, suggesting that
the protruding RGD motives in the AdS penton base do not
affect the interaction with the primary Ad35 receptor. We
hypothesize that despite the presence of RGD motifs within
the AdS penton, the chimeric virus uses cell entry pathways
determined primarily by the receptor specificity of the short-
shafted heterologous fiber.

Our data suggest that infection with Ad5-based vectors is
restricted to a specific subset of CD34 " cells. The percentage
of GFP-expressing cells after AASGFP infection of CD34"
cells reached a plateau at MOIs higher than 100, indicating
that only a limited fraction of CD34™" cells was permissive to
AdS. Also, strong replication of wild-type AdS5 in infected
CD34" cells may be the result of preferential transduction of
a specific subpopulation of CD34™, resulting in an expression
of early viral genes at a level sufficient to initiate viral replica-
tion. The presence of a specific subpopulation of CD34™" cells
permissive to AdS vector infection was suggested by others
(6, 50). In the present report, we further characterized this
subpopulation and demonstrated that Ad5-based vectors pref-
erentially infected «, integrin-positive CD34 " cells. Integrins
(including o) are thought to be important for homing and
trafficking of transplanted hematopoietic cells; however, little
is known about the correlation between «,, integrin expression
and the differentiation status of hematopoietic cells (54, 61).
Importantly, infection with the chimeric AASGFP/F35 vector
was not restricted to the a,-positive CD34* subpopulation.

Among CD34™" cells, the subpopulation of CD34™ and
CD117" cells resembles very primitive hematopoietic cells (29,
67). The receptor for stem cell factor, CD117 (c-Kit), belongs
to a tyrosine kinase family. It was previously shown that c-Kit™
CD34" cord blood cells contain a high fraction (16%) of
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FIG. 11. Southern analysis of viral genomes in GFP-positive and GFP-neg-
ative fractions of CD34™" cells infected with the AASGFP and chimeric AdSGFP/
F35 vectors. CD34" cells were infected with viruses at an MOI of 100 as
described for Fig. 8. Twenty-four hours postinfection, cells were sorted by FACS
for GFP-positive and GFP-negative fractions; 10° cells from each fraction were
used to isolate genomic DNA together with viral DNA. Before cell lysis, a
rigorous treatment with trypsin and DNase followed by washing was performed
to exclude that genomic DNA samples were contaminated by extracellular viral
DNA. (A) The upper panel shows the ethidium bromide-stained 1% agarose gel
before blotting, demonstrating that similar amounts of genomic DNA were
loaded. This amount corresponded to DNA isolated from ~25,000 GFP* or
GFP~ cells. The lane labeled “Load” represents viral DNA purified from
AdSGFP or Ad5SGFP/F35 virions mixed with pBluescript plasmid DNA (Strat-
agene) as a carrier and applied on a gel at the amount that was actually used to
infect 25,000 cells. As a concentration standard, a serial dilution of AdSGFP
genomes was loaded on the gel (left). For Southern analysis (lower panel), an
8-kb-long HindIII fragment corresponding to the E2 region of Ad5 was used as
a labeled probe. Hybridized filters were subjected to phosphorimager analysis
and then exposed to Kodak X-Omat film for 48 h at —70°C. The cellular/viral
genomic DNA is indicated by an arrow. (B) To detect AdSGFP genomes in
transduced cells, PCR amplification followed by Southern blot hybridization was
performed on the same samples as used for quantitative Southern blot hybrid-
ization in panel A. DNA purified from ~2,500 cells was subjected to PCR (95°C
for 1 min, 53°C for 1 min, 72°C for 1 min; 20 cycles with primers Ad5-F1 and
Ad5-R1). One-fifth of the PCR product was subjected to agarose gel electro-
phoresis (upper panel). A 0.9-kb-long DNA fragment specific to the E4 region of
Ads5 was detected for transduced AdSGFP/F35 genomes. DNA then was blotted
onto Nybond-N+ membrane, and Southern blot hybridization (lower panel) with
an AdS E4-specific DNA probe was performed. In addition to the 0.9-kb DNA
fragment, the PCR primers generated a smaller 0.5-kb-long fragment that also
hybridized with the E4 region probe.

hematopoietic progenitors (52) and that early in ontogeny
CD34" CD117" cells have long-term repopulating activity
(62). In our studies, the chimeric vector expressed GFP in 54%
CD34" cells and 80% of CD34" c-Kit™" cells. The actual viral
transduction rate could be even higher because transduced
Ad5GFP/F35 vector DNA was also found in GFP-negative
fractions of infected cells. This indicates that the CMV pro-
moter used to drive GFP expression in our vectors was not
active in all transduced cells. We selected the CMV promoter
for transgene expression based on published data demonstrat-
ing that phosphoglycerate kinase and CMV promoters allowed
for efficient transgene expression in CD34" cells, whereas the
human T-cell leukemia virus type 1 and Rous sarcoma virus
promoters were almost inactive (6, 7). On the other hand,
studies by Watanabe et al. (74) suggest that the CMV pro-

30 min on ice, and 10* cells per variant were subjected to two-color flow cytometry analysis. For negative control staining, no antibodies were added to the cells before
analysis. The mock infection variants represent cells incubated with virus dilution buffer only. The quadrant borders were set based on the background signals obtained
with both the GFP- and PE-matched negative controls. The percentages of stained cells found in each quadrant are indicated. The experiment was performed two times
in triplicate, and typically obtained results are shown. The standard error of the mean was less than 10% of the statistical average. (B) Transduction of CD34" CD117"
cells with AdSGFP and chimeric AdSGFP/F35 virus vectors. CD34 ™ cells, cultured overnight before staining in media without SCF, were incubated with PE-labeled
anti-CD117 MADb for 30 min on ice. The fraction of CD117-positive cells was sorted by FACS. More than 97% of sorted cells were positive for CD117. CD117+ CD34™*
cells (10°) were infected with AdSGFP or AdSGFP/F35 at an MOI of 200 PFU/cell as for Fig. 8. Twenty-four hours postinfection, the percentage of GFP-positive cells
was determined by flow cytometry. For mock infection, CD117" CD34™ cells were incubated with virus dilution buffer only. The infections were done in triplicate, and
the average percentage of GFP-expressing cells is indicated on the corresponding histogram. The standard error of the mean was less than 10% of the statistical average.
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moter is not active or rapidly silenced in certain CD34" sub-
sets. Our data underscore this observation. Considering retro-
viral transduction studies, the retroviral murine leukemia virus
promoter may have been a better candidate for transduction
studies in hematopoietic cells (5).

After having demonstrated that the AdSGFP/F35 vector ef-
ficiently transduced cells carrying stem cell-specific markers,
the next logical step would be to perform colony assays with
presorted GFP-positive and -negative cells. However, this as-
say is complicated by the fact that infection with first-genera-
tion Ad vectors is cytotoxic and affects the formation and
growth of progenitor colonies in semi-solid cultures (46, 74).
This side effect is caused by the expression of Ad proteins
within transduced cells (41, 63, 81). Some of these proteins
(e.g., E4-orf4, pTP, and E3-11.6k) have proapoptotic activity
or induce cell cycle arrest (34, 39, 66, 72). We plan to
perform colony assays or, preferably, repopulation assays in
SCID-NOD mice with gutless vectors (68) or integrating
AAd.AAYV vectors devoid of all viral genes (40) generated
based on AdSGFP/F35 chimeric capsids. Alternatively, gut-
less, retargeted vectors could be used to transiently express a
retroviral receptor on CD34™ cells to increase their suscepti-
bility to infection with retroviral vectors based on an approach
that we have published earlier (38).

Our finding that AdSGFP/F35 can efficiently transduce he-
matopoietic cells with potential stem cell capacity represents
an important step toward stable gene transfer into HSCs and
gene therapy of blood disorders. Furthermore, the virological
aspects of our study contribute to a better understanding of
Ad-cell interactions.
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