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Hematopoietic cells are attractive targets for gene therapy. However, no satisfactory vectors are currently
available. A major problem with the most commonly used adenovirus vectors, based on adenovirus type 2 (Ad2)
or AdS, is their low binding efficiency for hematopoietic cells. In this study we identify two adenovirus serotypes
with high affinity for hematopoietic cells. The binding efficiency of prototype serotypes Ad4p, Ad11p, and Ad35p
for different committed hematopoietic cell lines representing T cells (Jurkat), B cells (DG75), monocytes
(U937-2), myeloblasts (K562), and granulocytes (HL-60) was evaluated and compared to that of Ad5v, the
commonly used adenovirus vector, using flow cytometry. In contrast to AdSv, which bound to less than 10% of
the cells in all experiments, Ad11p and Ad35p showed high binding efficiency for all of the different hemato-
poietic cell lines. Ad4p bound to the lymphocytic cell lines to some extent but less well to the myelomonocytic
cell lines. The abilities of the different serotypes to infect, replicate, and form complete infectious particles in
the hematopoietic cell lines were also investigated by immunostaining, *>S labeling of viral proteins, and
titrations of cell lysates. Ad11p and Ad35p infected the highest proportion of cells, and Ad11p infected all of
the cell lines investigated. The Ad11p hexon was expressed equally well in K562 and A549 cells. Jurkat cells
also showed high levels of expression of Ad11p hexons, but the production of infectious particles was low. The

binding properties of virions were correlated to their ability to infect and be expressed.

The interest in adenoviruses is partly due to the perspective
of using them as vectors for gene therapy. The hematopoietic
system is a particularly suitable target for gene therapy, as
techniques for bone marrow and blood cell transplantation are
well established and the transductions can be performed ex
vivo. However, there are currently no suitable adenovirus vec-
tors available for this application.

Most adenovirus vector gene transfer systems are derived
from adenovirus serotypes 2 and 5 (Ad2 and AdS5) since they
are the best studied and nucleotide sequences are available for
both (8, 43). However, vectors based on Ad2 or AdS are known
to transduce resting hematopoietic cells with very low effi-
ciency (5). Adenovirus entry into host cells involves interac-
tions with two separate receptors. The fiber knob binds with
high affinity to a specific cellular attachment receptor (32);
subsequent interactions between the penton base RGD motif
and o, integrins (second-step receptors) lead to endocytosis of
the virus (41) in clathrin-coated vesicles (11). The coxsackievi-
rus and adenovirus receptor (CAR) serves as the attachment
receptor for at least the subgenus C adenoviruses Ad2 and AdS
(4, 38). Furthermore, soluble CAR protein has been shown to
bind to adenovirus serotypes from all subgenera except subge-
nus B (33).

The adenovirus family consists of 49 known serotypes, which
have been divided into six subgenera (A to F) with distinctly
different organ tropisms. Although other factors may influence
infectivity and replication, the high-affinity attachment of viri-
ons to host cell fiber receptors represents a key determinant in
cell and tissue tropism. The purpose of this study was to find
adenovirus serotypes with tropism for hematopoietic cells. The
binding properties of Ad4p (prototype), AdSv (vector strain),
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and the subgenus B:2 viruses, Ad11p and Ad35p, to committed
hematopoietic cells were evaluated by flow cytometry. Ad4p
and Ad5v are epitheliotropic viruses causing airway infections,
and Ad11p and Ad35p have been described as causing infec-
tions of the kidneys and urinary tract (20, 31). Many isolates
from patients with acute hemorrhagic cystitis after bone mar-
row or renal transplants have been identified as Ad11lp (25,
34). The ability of these viruses to replicate and form new
infectious particles in hematopoietic cells was also investigated
by immunostaining for viral structural proteins, >°S labeling of
proteins after adenovirus infection, and titrations in A549 cells
of lysates collected at different time points after infection.

MATERIALS AND METHODS

Cell lines and culture conditions. The cell lines used, all of human origin, were
as follows: Jurkat, an acute T-cell leukemia cell line; DG75, established from a
Burkitt’s B-cell lymphoma; U937-2, from a diffuse histiocytic lymphoma still
expressing many monocyte-like characteristics; K562, established from a chronic
myelogenous leukemia in terminal blast crisis; HL-60, from a promyelocytic
leukemia with phagocytotic activity; and A549, from a human oat cell carcinoma
of the lung. K562 was previously classified as an erythroleukemia line (2), but
more recent studies indicate that the cells are multipotential blasts that sponta-
neously can differentiate into progenitors of the erythrocytic, granulocytic, and
monocytic series (26). All hematopoietic cell lines were grown in RPMI 1640
containing 10% fetal calf serum (FCS), 20 mM HEPES, NaCO; (0.75 g/liter),
and 1X penicillin G (100 IU/ml)-streptomycin sulfate (100 wg/ml) (PEST) at
37°C. They were split 1:5 to 1:10 when they reached a concentration of about 1
million cells/ml, on average every second to third day. A549 cells were grown in
Dulbecco’s modified Eagle medium (DMEM) containing 5% FCS, 20 mM
HEPES NaHCOj; (0.75 g/liter), and 1X PEST at 37°C; upon virus infection, the
FCS concentration was lowered to 0.5 to 1.0%.

Viruses. The adenovirus serotypes used in this study, 4p (RJ-67), 5v (pFG140),
11p (Slobitski), and 35p (S-761), were all typed with respect to their restriction
patterns (1). All serotypes were raised in A549 cells and purified on CsCl
gradients as previously described (27).

Virus labeling. The virions were desalted on a NAP-10 column (Pharmacia
Upjohn, Uppsala, Sweden) equilibrated in labeling buffer (50 mM NaHCOs, 2
mM MgCl,, 135 mM NaCl [pH 8.8]); 100 nl of N-hydroxysuccinimidobiotin (1
mg/ml; Sigma Chemical Co., St. Louis, Mo.) in dimethyl sulfoxide was added to
1 ml of the virions (1 to 4 mg/ml) (19). The solution was then mixed on a rocker
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FIG. 1. Flow cytometry analysis of the human hematopoietic cell lines Jurkat, DG75, U937, K562, and HL-60 exposed to 6.0 pg of biotin-streptavidin-FITC labeled
adenoviruses per cell to evaluate the binding of various adenovirus serotypes to different hematopoietic lineages.

platform overnight at 4°C under dark conditions. The buffer was then changed,
and free biotin was removed by passing the solution thorough a NAP-10 column
equilibrated in phosphate-buffered saline (PBS). The concentration of biotinyl-
ated virions was determined by spectrophotometry at 260 and 330 nm. One unit
of optical density at A,y — As30 = 102 particles/ml = 280 pg/ml of virions.
Glycerol was added to a final concentration of 10%, and the virions were
aliquoted in small volumes and kept at —70°C until used.

Binding experiments using a FACScan flow cytometer. For each binding ex-
periment, 5 X 10° cells were used. The cells were incubated with five different
concentrations, 0.5, 1.0, 3.0, 6.0, and 10.0 pg/cell (corresponding to ca. 1,800,
3,600, 10,700, 21,400, and 35,700 particles/cell) of biotinylated AdSv, Ad4p,
Adl11p, and Ad35p virions in a total volume of 100 pl of PBS supplemented with
2% FCS and 0.01% NaN; (PBS-FCS-NaN3;) on a rocker platform at 4°C for 30
min. The cell samples were then washed in 150 pl of PBS-FCS-NaN; buffer.
Streptavidin-fluorescein isothiocyanate (FITC; DAKO) in a dilution of 1:100 in
PBS-FCS-NaN; was then added, and the samples were incubated for 30 min
under the same conditions as before. The samples were washed again and finally
resuspended in 300 wl of PBS-FCS-NaN; buffer with an addition of propidium
iodine (1 pg/ml) to exclude dead cells from the fluorescence-activated cell sort-
ing (FACS) analysis. Throughout the experiment, the samples were kept on ice
so that they never reached a temperature higher than 4°C, making virus inter-
nalization very unlikely. The samples were evaluated by a FACScan (Becton
Dickinson) flow cytometer, and the measurements consisted of 10,000 events per
sample. The data were analyzed with the LYSYS II software program (Becton
Dickinson). Measurements of relative mean fluorescence were corrected for
autofluorescence of control cells.

Blocking experiments using a FACScan flow cytometer. The same cell lines as
used in the binding experiments were incubated with unlabeled Ad11p (5, 10, 20,
and 40 pg/cell) for 30 min in 4°C before addition of biotinylated Ad4p, Ad11p,
and Ad35p. The amounts of biotinylated viruses used per cell in all reactions
were 1 pg of Ad11p and Ad35p, 6 pg of Ad4p for DG75 cells, and 10 pg of Ad4p
for Jurkat cells. To reach an initial minimum binding of 25% of the cell popu-
lation, different concentrations of biotinylated Ad4p were used.

Immunostaining procedures. Jurkat, DG75, U937-2, K562, and HL-60 cells
(3 X 10° of each cell line) were cultured in a 24-well plate (2 cm?/well) in RPMI
1640 containing 2% FCS. After inoculation with Ad4p, Ad5v, Ad11p, and Ad35p
(each at 2 pg/cell), the cell cultures were incubated for 1 or 48 h at 37°C. The
medium was then aspirated, and the cells were washed once in PBS and allowed

to dry. The cells were fixed in 100% ice-cold methanol at 4°C for 10 min followed
by incubation with the primary antibody for 1 h at 37°C; as the primary antibody,
unfractionated serum from rabbits immunized with whole virions (Ad5v, Ad4p,
Adl11p, and Ad35p) was used at a dilution of 1:200 in PBS supplemented with
0.1% bovine serum albumin (BSA). The cells were then washed twice in PBS for
5 min each time and incubated with the secondary antibody, an FITC-conjugated
swine anti-rabbit immunoglobulin G (DAKO), diluted 1:40 in PBS-BSA, for 30
min at 37°C. Again the cells were washed as previously described and examined
under a fluorescence microscope. The stained cells were stored in PBS contain-
ing 50% glycerol. Micrographs were taken at 200X enlargement.
[3*5S]methionine-cysteine labeling of proteins after infection with Adl11p. Ju-
rkat, DG75, U937-2, K562, HL-60, and A549 cells (1.5 million of each cell line)
were infected with 2 pg of Ad5v and Adllp virions per cell. Virions were
adsorbed in a minimal amount of medium, DMEM for A549 cells and RPMI
1640 for the hematopoietic cell lines, containing 5% FCS for 90 min on a rocker
platform. Unbound viruses were then removed by washing with PBS. At 22 h
postinfection (p.i.), the infected cell cultures were washed once with PBS and
incubated for 2 h in 2.5 ml of methionine- and cysteine-free DMEM or RPMI
1640 (ICN Biomedicals, Inc.) containing 5% FCS, 20 mM HEPES, and 1X PEST
to deplete endogenous methionine and cysteine. At 24 h p.., the cells were
labeled with 0.46 mCi of Tran®S-label (1,175 Ci/mmol, 10.5 mCi/ml; ICN Bio-
medicals, Inc.) per bottle. After labeling for 1 h, 26 wl of unlabeled cysteine (200
mM) was added, after another 4.5 h 26 .l of unlabeled methionine (100 mM) was
added, and after labeling for 24 h both unlabeled methionine and unlabeled
cysteine (26 pl of each) were added to final concentrations of 2 and 4 mM,
respectively. The infected cultures were harvested at 72 h p.i. and washed twice
in 0.1 M Tris-HCI (pH 8.0) containing 5 mM EDTA and 1 mM phenylmethyl-
sulfonyl fluoride. The cells were dissolved in 90 pl of the same buffer, and the
volumes were adjusted to 100 wl; 10 pl of each sample (~250,000 cells) was taken
for protein separation sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) on a 12% gel. The gel was Coomassie blue stained, dried, auto-
radiographed for 16 to 24 h, and also analyzed in a Molecular Dynamics Phos-
phorImager system. Two separate labeling experiments were performed.
Production of infectious particles in Jurkat, K562, U937-2, and A549 cells.
Jurkat, K562, U937-2, and A549 cells (10° of each cell line) were incubated with
Ad11p (0.2 pg/cell) for 1, 16, 48, 96, and 144 h. Duplicate samples for each time
point were used; after 1 h of adsorption in 200 pl of DMEM or RPMI 1640
containing 2% FCS on a rocker platform at 37°C, all samples were washed twice
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FIG. 2. Binding of Ad4p, Ad5v, Ad11p, and Ad35p to hematopoietic cell lines Jurkat (T cells), DG75 (B cells), K562 (myeloblasts), U937-2 (monocytes), and HL-60
(granulocytes), evaluated by flow cytometry using biotin-streptavidin-FITC-labeled adenoviruses. Percentages of virus-bound cells were plotted against virus concen-
tration (0.5, 1.0, 3.0, 6.0, and 10.0 pg/cell). The results are presented as the means * 95% confidence interval of at least three independent experiments.

in 1 ml of PBS and then given 1 ml of new medium. The duplicates were pooled
at the end of the incubation and freeze-thawed three times. The lysates were
diluted in 10-fold steps, inoculated in five parallel A549 cell tubes for each
dilution, and read every second day for 12 days.

RESULTS

Ad11p and Ad35p bind with high efficiency to lymphocytic
and myelomonocytic cell lines. To compare the levels of bind-
ing of AdSv, Ad4p, Adl1p, and Ad35p to different committed

blood cell lineages, the continuous human blood cell lines
Jurkat (T cells), DG75 (B cells), U937-2 (with monocyte-like
characteristics), K562 (myeloblasts), and HL-60 (granulocyte-
like) were used. Virus binding was evaluated by flow cytometry
at five different virus concentrations (0.5, 1.0, 3.0, 6.0, and 10.0
pg/cell).

The two subgenus B:2 members, Ad11p and Ad35p, showed
very efficient binding to all cell lines investigated (Fig. 1 and 2)
and had nearly identical binding profiles (Fig. 2). They bound
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FIG. 3. Binding of biotin-streptavidin-FITC-labeled virions of Ad11p, Ad35p, and Ad4p to various hematopoietic cell lines after preincubation with unlabeled
Ad11p. Flow cytometry was used to determine the blocking effect of unlabeled Ad11p (5, 10, 20, and 40 pg/cell) on the binding of biotinylated Ad11p or Ad35p (1
pg/cell) or biotinylated Ad4p (6 pg/cell for DG75 cell and 10 pg/cell for Jurkat cells). Different concentrations of Ad4p were used to reach a minimum initial binding
of 25% of the cell population for both cell lines. The results are presented as the means *+ 95% confidence interval of three independent experiments.
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FIG. 4. Infectivity of Ad4p, Ad5v, Adllp, and Ad35p in various hematopoietic cell lines. Immunofluorescence with virion-specific antisera was performed on
cultures of Jurkat (a), DG75 (b), K562(c), U937-2 (d), and HL-60 (e) cells 1 and 48 h after inoculation with Ad11p, Ad35p, Ad4p, and AdSv. Micrographs show
immunostainings of cells infected with 2 pg of adenoviruses per cell. NC, negative control (uninfected cells). Representative micrographs were taken at 200X

enlargement.

especially well to the two lymphocytic cell lines (DG75 and
Jurkat) and to myeloblasts (K562), monocytes (U937), and
granulocytes (HL-60) (listed in the order of descending affin-
ity). At a virus concentration of only 0.5 pg/cell, Ad11p and
Ad35p virions were bound to over 70% of DG75 and Jurkat
cells, over 60% of K562 cells, and around 50% of U937-2 and
30% of HL-60 cells (Fig. 2). At a virus concentration of 3
pg/cell, there was almost 100% binding of Ad11p and Ad35p to

all cell lines investigated. The most commonly used adenovirus
vector, Ad5v, exhibited a very low affinity for all cell lines
investigated. At the virus concentrations used, it never bound
to more than 10% of the cells of any cell line (Fig. 2). Ad4p
bound to the lymphocytic cell lines to some extent, but Ad4p
and AdSv showed comparatively low affinity for the my-
elomonocytic cell lines except perhaps for K562 cells (Fig. 1
and 2).
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Ad11p and Ad35p uses the same, but Ad4p uses a different,
attachment receptor. The binding profile of Ad4p was some-
what different from those of the other adenoviruses studied,
and we wanted to test the hypothesis that Ad4p uses a different
attachment receptor than Adllp and Ad35p. The subgenus
B:2 adenoviruses Adllp and Ad35p displayed very similar
binding profiles, and we also wanted to determine whether
they were binding to the same receptor. The different cell lines
were preincubated with unlabeled Ad11p virions up to 40 pg/
cell, and then binding of biotinylated Ad11p and Ad35p (1
pg/cell) and Ad4p (6 to 10 pg/cell) was investigated by flow

cytometry as before. Adllp virions blocked the binding of
Ad35p to all of the investigated cell lines similarly to the
self-blocking of the binding (Fig. 3). Thus, they bind to the
same receptor with similar affinities. However, unlabeled
Ad11p virions displayed no blocking effect on the binding of
Ad4p to the two lymphocytic cell lines. Surprisingly, there was
an increase in the binding of Ad4p after addition of Adl1p
virions (Fig. 3).

Adl11p and Ad35p are more infectious to lymphocytic and
myelomonocytic cell lines than Ad4p and Ad5v. To determine
whether the adenoviruses under study also were infectious to
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and could propagate in the hematopoietic cells, immunostain-
ings against viral structural proteins were done on cultures of
Jurkat, DG75, K562, U937-2, and HL-60 cells 1 and 48 h after
infection with Ad4p, AdSv, Ad11p, and Ad35p at a concentra-
tion of 2 pg/cell, which corresponds to a multiplicity of infec-
tion (MOI) of 100 for Ad11p and probably more for Ad5v (15).
The original inoculum virus could be detected on the cell
surfaces of the hematopoietic cell lines after 1 h of incubation,
especially for adenovirus serotypes that display high binding
efficiency, as previously determined by FACS (Fig. 4). How-
ever, the location and intensity of the fluorescence became

clearly different after 48 h of incubation in cases of infection.
The infected cells were also in many cases larger than sur-
rounding uninfected cells, reflecting a cytopathogenic effect
caused by the productive infection (Fig. 4).

Ad11p and Ad35p were the serotypes most infectious to the
hematopoietic cell lines and thus infected the highest propor-
tion of cells of all cell lines eventually except DG75. Ad11p and
Ad35p infected almost all of the Jurkat cells and many K562
cells at the dose given (Fig. 4a and c). However, just a few
DG75 or U937-2 cells produced viral structural proteins,
though capped uninternalized virus particles could still be de-
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tected on many uninfected cells 48 h p.i. (Fig. 4b and d). Only
one or two Ad11p antigen-positive HL-60 cells were occasion-
ally seen per well (Fig. 4e). Ad11p was the only serotype found
to cause productive infections in HL-60 cells. Ad4p and AdSv
structural proteins could be detected primarily in Jurkat and
K562 cells and also in a few DG75 cells but in neither U937-2
nor HL-60 cells (Fig. 4). Jurkat and K562 were thus the cell
lines most susceptible to infection by all adenoviruses investi-
gated, whereas DG75, U937-2, and HL-60 (listed in order of
increasing refractivity) were refractory.

Adl1p structural proteins are highly expressed in Jurkat
and K562 cells. To confirm the immunofluorescence results
and determine which viral proteins were produced in the he-
matopoietic cell lines, Jurkat, DG75, K562, U937-2, and HL-60
cells were infected with Ad11p or AdSv (2 pg/cell) and pulsed
with [**S]methionine and [**S]cysteine 24 h p.i. A549 cells were
infected with the same amount of adenoviruses and pulsed for
comparison with expression in permissive epithelial cells. To
distinguish the viral proteins from cellular proteins, a mock-
infected control of Jurkat cells was included. Viral proteins of
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both serotypes could be detected in Jurkat and K562 cells but
not in the other cell lines (Fig. 5), which were found to be
refractory to adenovirus infection also in the immunofluores-
cence experiment. The production of Ad5v hexons in A549
cells was more than sixfold higher than that of Ad11p, indicat-
ing that the amount of virions added corresponded to a higher
MOI for Ad5v than for Adllp (Fig. 6a). However, in the
hematopoietic cell lines the production of Adl1lp hexon was
about 30-fold higher in Jurkat and 14-fold higher in K562
compared to the production of Ad5v hexon, which was the only
detectable viral protein for AdSv in both Jurkat and K562 cells,

clearly showing that Adl1p is more effectively expressed in
these cells (Fig. 6b). All of the main structural proteins of
Ad11p seemed to be produced both in Jurkat and K562 cells,
although there seemed to be a low production of protein III
(penton base). In addition, there was a viral or induced cellular
band with an apparent size of 78 to 79 kDa which was more
than 2 times stronger in Jurkat cells and 24 times stronger in
K562 cells than in A549 cells (Fig. 5 and 6).

Cellular protein synthesis was more effectively turned off in
A549 cells infected with Adl1p than AdS5v, despite higher
production of Ad5v proteins in this cell line. In Jurkat cells, the
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FIG. 5. Expression of viral structural proteins in Jurkat, DG75, K562,
U937-2, HL-60, and permissive A549 cells. Cultures of 1.5 million cells of the
different cell lines were infected with Ad11p or Ad5v (2 pg/cell) and pulsed with
[**S]methionine-cysteine 24 h p.i. Equal amounts of cell lysates obtained from
the different cultures were separated by SDS-PAGE on a 12% gel and autora-
diographed for 16 to 24 h. Purified Ad11p and Ad5v separated on the same gel
were used to identify the viral structural proteins. The arrows show the Ad11p
structural proteins and the Ad5v hexon band, which was the only Ad5v band
detected in the hematopoietic cell lines. Mock-infected Jurkat cells (negative
control [NC]) were used to distinguish between viral and cellular bands. *, the
hexon band has apparent sizes of 120 kDa for Ad11p and 110 kDa for Ad5v (39).
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cellular proteins became equally labeled in the Ad11p-infected
culture and the mock-infected control. The actin band was
about 10 times stronger in Jurkat than in A549 cells after
Ad11p infection (Fig. 5 and 6b). The immunofluorescence
experiment indicated that almost all Jurkat cells became in-
fected with Ad11p at an MOI of 100. Thus, the level of labeled
cellular proteins, which was the same as in the mock-infected
control, indicates that cellular protein synthesis is not turned
off in Jurkat cells during Ad11p infection; alternatively, cellular
protein synthesis is turned off later during infection (Fig. 5).
Infectious Adl1p particles are produced to only a small
extent in Jurkat, K562, and U937-2 cells. To investigate if any
infectious virions were produced in the hematopoietic cell
lines, the lymphocytic cell line Jurkat the myeloblastic cell line
K562, and the monocytic cell line U937-2 were chosen. In
earlier experiments, Jurkat and K562 appeared to be permis-
sive to Ad11p infection, while U937-2 cells were refractory. We
wanted to investigate if the production of particles was as high
in Jurkat and K562 as the expression of structural proteins
would indicate and if there was any production of infectious
particles in the refractory U937-2 cells. Cultures of Jurkat,
K562, and U937-2 cells were incubated for 1, 16, 48, 96, and
144 h with Ad11p at an MOI of 10. The samples were freeze-
thawed, and the lysates were titered in A549 cells. To obtain a
reference system, A549 cells were incubated in the same way.
In Jurkat and K562 cells, the titer increased 2 and 2.5 logs,
respectively, from ~4.0 log 50% tissue culture infective doses
(TCIDs,) at 1 h, which was the lowest point, to 5.8 and 6.5 log
TCIDs, at 144 h, respectively (Fig. 7). In U937-2, the lowest
titer was obtained 48 h p.i.; from this time point to 144 h p.i.,
the titer increased 1 log (Fig. 7). However, the total increase in
titer was only 0.5 log in the U937-2 cells. In A549 cells, the titer
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increased to 9.4 log TCIDs,, after 144 h of incubation, com-
pared to 6.5, 5.8, and 4.5 log TCIDs, in K562, Jurkat, and
U937-2 cells, respectively, which corresponds to at least 1,000-
fold higher production of infectious particles in A549 cells than
in the hematopoietic cell lines (Fig. 7). The kinetics of the
infection in Jurkat, K562, and U937-2 cells was also delayed in
comparison with that in A549 cells. In A549 cells the produc-
tion of complete virions started before 16 h p.i. and peaked
before 48 h p.i. In Jurkat and K562 cells, the titer had increased
by 48 h p.i., and in U937-2 cells an increase in titer was not seen
until 96 h p.i. After 48 h p.i., the increase in titer was parallel
in Jurkat, K562, and U937-2 cells (Fig. 7). The production of
infectious particles was thus low and seemed delayed in the
hematopoietic cell lines.

DISCUSSION

The subgenus C serotypes AdS and Ad2, which most ade-
novirus vectors are based on, have been reported to have very
limited ability to infect human leukocytes (3, 9, 13, 16, 35). This
nonpermissiveness of hematopoietic cells to subgenus C ad-
enoviruses could be explained in part by the limited capacity of
subgenus C adenoviruses to bind to hematopoietic cells (9, 16,
35), which was also confirmed by our experiments. CAR, which
has been shown to function as a fiber attachment receptor for
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FIG. 7. Production of Adl1p infectious particles in Jurkat, K562, U937-2,
and permissive A549 cells. Cultures of 10° Jurkat, K562, and U937-2 cells were
infected with Ad11p at an MOI of 10 (0.2 pg/cell) and incubated for 1, 16, 48, 96,
and 144 h. The cultures were freeze-thawed three times at the end of the
incubation, and endpoint titrations of the lysates were performed in A549 cells
to determine the production of infectious particles at the different time points.
To obtain a reference system, A549 cells were incubated in the same way. The
results are presented as the means = 95% confidence interval of at least two
independent experiments.

Ad2 and AdS5, has also been found to be expressed at very low
levels on resting peripheral blood leukocytes (16, 18, 30, 35,
38). Fiberless vectors have recently been created and found to
have significantly reduced infectivity, demonstrating the im-
portance of the high-affinity fiber binding to the target cell for
the establishment of an infection (23, 44). Ectopic CAR ex-
pression has also been seen to be sufficient to render almost
resistant lymphocytic cell lines susceptible to subgenus C in-
fection (24). In this study we searched for and found adenovi-
rus serotypes, namely, the subgenus B:2 serotypes Ad11p and
Ad35p, that show remarkably high binding efficiency for all of
the hematopoietic cell lines studied. The two lymphocytic cell
lines Jurkat and DG75 cells seemed to express the highest
amounts of the subgenus B:2 receptor since Ad11p and Ad35p
showed particularly high binding to these cell lines. It has been
known for a long time that subgenus B uses a different attach-
ment receptor than the subgenus C adenoviruses (12, 14, 21,
36), and it has been shown that the subgenus B adenoviruses
cannot bind CAR (33). Therefore, finding the receptor of these
adenoviruses with apparent differences in tropism would be
valuable. Chimeric vectors expressing the fiber genes or parts
of these genes of Ad3 or Ad7 (subgenus B:1) have been cre-
ated (14, 21, 36) and shown to be more infectious than the
subgenus C adenoviruses to hematopoietic cells (36), in accor-
dance with what we have observed for the subgenus B:2 sero-
types, Ad11p and Ad35p. However, there could be two differ-
ent subgenus B attachment receptors since members of this
subgenus can be further divided into two different DNA clus-
ters, B:1 and B:2, with tropism for the respiratory and urinary
tracts, respectively. Ad4p showed some affinity for the two
lymphocytic cell lines (DG75 and Jurkat) but not for the my-
elogenous ones and thus expressed a pattern of binding differ-
ent from those of both AdSv and the two subgenus B:2 sero-
types used in this study. Blocking experiments confirmed that
Ad11p and Ad35p share the same attachment receptor, which
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they bind to with similar affinities although they have very
different fiber compositions (28, 29). However, Ad11p could
not block the binding of Ad4p to the lymphocytic cell lines,
indicating that Ad4p uses a cellular attachment receptor other
than the receptor used by the subgenus B:2 adenoviruses,
probably a receptor other than CAR since AdSv showed no
affinity to any of the hematopoietic cell lines used in this study.
Ad4p has been shown to attach to the CAR protein (33) but
has not been proven to use this protein as its receptor, or as its
only receptor. On the contrary, preincubation with Adllp
seems to increase the binding efficiency of Ad4p, especially to
Jurkat cells. Since the experiments were performed on ice, this
phenomenon could hardly be explained by receptor induction.
As expected, the binding properties of the serotypes studied
correlated with their abilities to infect and replicate in the
hematopoietic cell lines, as seen both in the immunofluores-
cence experiment, where Ad11p and Ad35p infected the high-
est proportion of cells, and in the [>*S]methionine-cysteine
labeling experiment, showing 10- and 30-fold higher expression
of Ad11p hexons than Ad5v hexons in K562 and Jurkat cells,
respectively. However, Adllp and Ad35p are relatively un-
characterized serotypes, and there could be several additional
differences between them and Ad5v that also account for their
remarkably high expression in Jurkat and K562 cells. For ex-
ample, it has been shown that there are differences between
subgenus B and subgenus C in endosome lysis and route to the
nucleus (6, 7, 12). The cell lines studied also differed signifi-
cantly in permissiveness to adenovirus infection. Jurkat cells
and K562 cells were much more susceptible to adenovirus
infection than DG75, U937-2, and HL-60 cells, as shown in the
immunofluorescence and **S protein labeling experiments.
Varying levels of permissiveness of established hematopoietic
cell lines to adenovirus infection have also been observed by
others (22, 40). Primary leukocytes are known to express low
levels of the adenovirus internalization receptors, 5 and
o,Bs integrins. The nonpermissiveness of these cells can be
partly overcome by stimulation of the cells with several differ-
ent stimulation protocols (5, 17, 18, 30), and the activated cells
have also been seen to upregulate the o, 5 and o, 5 integrins
(5, 18). Adenovirus aggregates were found to be trapped on
surfaces of cells with low permissiveness and still detectable at
48 h p.i. This would indicate that lack of adenovirus internal-
ization receptors is the major obstacle to adenovirus infection
in the refractory cell lines. Jurkat cells express o5 and o, Bs
integrins according to leukocyte typing VI (Becton Dickinson).
Different expression levels of the o35 and «,B5 integrins may
thus explain the highly variable permissiveness observed by us
and others between different hematopoietic cell lines.
Although Jurkat and K562 cells seem susceptible to Ad11p
infection, as seen in both the immunofluorescence and >°S
labeling experiments, the production of Ad11p infectious par-
ticles is 1,000-fold less than in A549 cells, indicating that virus
replication is somehow disturbed in these cells. The *S label-
ing of viral proteins shows that all of the major structural
proteins seem to be produced in both Jurkat and K562 cells,
although protein III (penton base) seems to be produced to a
lesser extent in Jurkat and K562 cells than in A549 cells. There
is also a viral or induced cellular protein with an apparent size
78 to 79 kDa that seems to be produced in excess in both
Jurkat and K562 cells. However, the penton base is not known
to have any precursor. The only viral protein migrating in this
region known to have a precursor is III,, which for Ad5 has an
apparent size of 67 kDa, and this precursor could be of a
different size for Ad11p. Faucon and coworkers detected an
increase of the 64- to 66-kDa band in lymphoblastoid cell lines
after infection with Ad5 (13). However, the 78- to 79-kDa
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protein appearing in Jurkat and K562 cells after infection with
Ad11p remains to be identified.

To summarize, hematopoietic cells seem to be semipermis-
sive to Ad11p and probably also other subgenus B:2 infections.
From a vector perspective this must be advantageous since the
risk of getting productive infections from leaky vectors will be
reduced. These findings regarding adenovirus serotypes with
high binding efficiency for hematopoietic cells we hope will
contribute to the development of more efficient gene delivery
vectors in relation to hematopoietic cells. The problems with
cytotoxicity (10, 37, 42) observed with the currently used ade-
novirus vectors, based on Ad2 or AdS5, will probably be over-
come by using a vector with high affinity for its target since such
a vector can be used in lower concentrations.
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