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Following receptor binding and internalization, intracellular trafficking of adenovirus (Ad) among sub-
groups B and C is different, with significant amounts of Ad serotype 7 (Ad7) (subgroup B) virions found in
cytoplasm during the initial hours of infection while Ad5 (subgroup C) virions rapidly translocate to the
nucleus. To evaluate the role of the fiber in these differences, we examined intracellular trafficking of Ad5, Ad7,
and Ad5f7 (a chimeric vector composed of the AdS capsid with the fiber replaced by the Ad7 fiber) by
conjugating Ad capsids directly with Cy3 fluorescent dye, permitting the trafficking of the capsids to be
examined by fluorescence microscopy. The human lung carcinoma cell line A549 was infected with Cy3-
conjugated viruses for 10 min followed by a 1-h incubation. AdS5 virions rapidly translocated to the nucleus
(within 1 h of infection), while Ad7 virions were widely distributed in the cytoplasm at the same time point.
Interestingly, chimeric Ad5f7 virions behaved similarly to Ad7 but not AdS. In this regard, the percentages of
nuclear localization of Ad5, Ad7, and Ad5f7 at 1 h following infection were 72% = 4%, 32% = 6%, and 38% *
2%, respectively. Consistent with these observations, fluorescence in situ hybridization demonstrated that most
of the Ad5 DNA was detected at the nucleus after 1 h, but at the same time point, DNA of Ad7 and Ad5f7 was
distributed in both the nucleus and cytoplasm. Quantification of the kinetics of Ad genomic DNA delivery to
the nucleus using a fluorogenic probe-based PCR assay (TagMan PCR) demonstrated that the percentages of
nuclear association of Ad5S DNA and Ad5f7 DNA at 1 h postinfection were 80% = 13% and 43% *= 1%,
respectively. Although it has been generally accepted that Ad fiber protein mediates attachment of virions to
cells and that fibers dissociate during endocytic uptake, these data suggest that in addition to mediating
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binding to the cell surface, fiber likely modulates intracellular trafficking as well.

Adenovirus (Ad) has been widely used in gene transfer ap-
plications, in part because of its ability to achieve highly effi-
cient targeting of its genome to the nucleus (7, 16, 40, 52). Six
subgroups comprising 49 human Ad serotypes have been iden-
tified on the basis of their resistance to neutralization and
ability to agglutinate red blood cells (40). Ad serotype 5 (AdS)
and Ad2 (subgroup C) have been studied most extensively and
have been employed most widely as recombinant gene transfer
vectors (7, 52). Although Ad subgroup C vectors demonstrate
very efficient gene transfer, their tropism is limited in vitro and
in vivo by receptor expression on target cells (2, 3, 15, 22-24,
35, 45, 47-54). One approach to circumvent limited gene trans-
fer resulting from a deficiency of the appropriate Ad receptor
on the target cells is to introduce a novel tropism to the capsid.
Strategies to accomplish this have included engineering pep-
tide sequences into the fiber protein, using monospecific and
bispecific antibodies, and swapping part or all of the fiber
protein from one serotype to another (10, 11, 13, 14, 26, 27, 37,
42, 48-51). The “fiber swap” strategy is based on the knowl-
edge that different Ad subgroups have different tropisms, as
evidenced by their various pathologies of infection (21). This
concept is borne out by the observation that Ad fiber proteins
from different Ad subgroups mediate high-affinity attachment
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to different cell surface receptors on target cells (3, 9, 13, 36,
41, 45).

Efficient gene delivery is achieved in part by binding to the
target cell and by efficient intracytoplasmic translocation of Ad
virions to the nucleus. Intracellular trafficking of Ad in the
target cell is a stepwise process. Ad attaches with high affinity
to cell surface receptors via the fiber protein, internalizes by
endocytosis into an endocytic vesicle, escapes from the endo-
some into the cytoplasm, and then translocates to the nucleus
of the target cell (16-19, 28, 40). Viruses from different sub-
groups are known to have different characteristics of intracy-
toplasmic trafficking in target cells. For example, AdS (sub-
group C) fibers bind to different cell surface receptors than
Ad7 (subgroup B) fibers (13). Further, while AdS5 virions rap-
idly escape to the cytosol and translocate to the nucleus within
1 h, Ad7 virions are often found clustered in cytoplasm in
membranous organelles at the same time point (4, 5, 8). Al-
though it has been generally accepted that the role of the fiber
in Ad trafficking is limited to modulating binding to the high-
affinity cell surface receptor (17, 43), preliminary studies com-
paring fluorophore-labeled Ad5 and Ad7 virions suggested
that the fiber could play a postinternalization role in delivery of
the Ad genome to the nucleus. These preliminary studies have
led us to hypothesize that the Ad fiber may, in part, influence
the entire process of intracellular trafficking of Ad and that the
swapping of the Ad fiber may change the characteristics of Ad
translocation beyond the binding process per se.

To evaluate this concept, we compared the intracellular traf-
ficking of Ad5 (subgroup C) and Ad7 (subgroup B) with that of
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Ad5f17, a chimeric virus composed of the Ad5 capsid with the
fiber replaced by the Ad7 fiber (13). To examine the intracel-
lular trafficking of these Ad, viral capsid protein progression to
the nucleus was observed by direct conjugation with fluoro-
phores and fluorescence microscopy, and the viral genome was
monitored by fluorescence in situ hybridization (FISH) and by
subcellular fractionation combined with quantitative real-time
PCR. The data show that Ad fiber influences the postinternal-
ization intracellular trafficking of Ad, i.e., that swapping the Ad
fiber may change the characteristics of Ad translocation be-
yond the binding process per se.

MATERIALS AND METHODS

Cells. The A549 human lung epithelial cell line (CCL-185; American Type
Culture Collection [ATCC], Manassas, Va.) was cultured in F-12K medium
supplemented with 10% fetal bovine serum, 50 U of penicillin/ml, and 50 pg of
streptomycin (GIBCO/BRL Life Technologies, Inc., Gaithersburg, Md.)/ml.
Next, 10° A549 cells were seeded in 35-mm-diameter culture plates that were
modified by punching a 7-mm-diameter hole in the bottom and resealing it with
a cover glass to create a well in which cells could be plated directly on a cover
glass for subsequent microscopic observation (28).

Viruses. Wild-type Ad5 (Ad5wt) and Ad7 (Ad7wt) were obtained from the
ATCC (VR-5 and VR-7, respectively). Ad5 subgroup C recombinant Ad vectors,
Ad5Null, Ad5GFP, and Ad5CAT, are E1~ E3™ replication-deficient vectors
containing a cytomegalovirus early-intermediate promoter-enhancer and either
no expression cassette (null), the green fluorescent protein gene (GFP), or the
chloramphenicol acetyltransferase gene (CAT) in the E1 position (12, 20, 25).
An Ad7 subgroup B recombinant vector, Ad7CAT, is similar to the AASCAT
vector but is based on the Ad7 genome (1). Ad5{7 is similar to AdSCAT but is
a chimeric vector in which the Ad5 fiber gene has been replaced with the Ad7
fiber gene (13). The wild-type Ad and the Ad vectors were all propagated in the
293 human embryonic kidney cell line, purified, and stored at —70°C as previ-
ously described (38, 39). Stock preparations of Ad were evaluated for particle
concentration by recording absorbance at 260 nm and calculating the particle
number based on a published extinction coefficient (30).

Characterization of viral stocks included PCR to confirm the identity of hexon
and fiber from different serotypes. The hexon similarity between Ad subgroups
ranges from 65 to 80% (6). Areas with low homology were selected as PCR probe
templates. Based on Ad5 and Ad7 hexon sequences (GenBank accession no.
J01966 and Z48571, respectively), the Ad5 hexon primer pair (sense primer,
GAACCTCAAATAGGAGAATCT, position 431 of the Ad5 hexon gene; anti-
sense primer, GCAAAATTATTTCCAACTCTT, position 1180 of the Ad5
hexon gene) and Ad7 hexon primer pair (sense primer, CTCAAGTTGGAGA
AGAATCAT, position 487 of the Ad7 hexon gene; antisense primer, ATGTT
TTCGCTGGTCCTATGC, position 1141 of the Ad7 hexon gene) were synthe-
sized by using a model 392 DNA/RNA synthesizer (Applied Biosystems, Foster
City, Calif.). Serotypes of Ad fiber were also confirmed by PCR. Based on Ad5
and Ad7 fiber sequences (GenBank accession no. M18369 and M23696, respec-
tively), the Ad5 fiber primer pairs included sense primer TTAATGCAGGAG
ATGGGCTTGAAT (position 1488 of the Ad5 fiber gene) and antisense primer
ATAAGATGAGCACTTTGAACTGTT (position 1825 of the Ad5 fiber gene).
The Ad7 fiber primer pair included sense primer GGGGGTCTTACAATAGA
TGACACC (position 2376 of the Ad7 fiber gene) and antisense primer TTAA
GTGGAGTTTTTAGGGATGAA (position 2804 of the Ad7 fiber gene).

Fluorophore-conjugated Ad. Wild-type Ad and Ad vectors were conjugated
with Cy3 fluorescent dye (Amersham Life Science, Arlington Heights, IIl.) or 5
(and 6)-carboxyfluorescein, succinimidyl ester (Molecular Probes, Eugene,
Oreg.), to allow assessment by fluorescence microscopy. To accomplish this, Ad
(10" particles/ml) were reacted with Cy3 dye in 0.1 M sodium carbonate buffer
(pH 9.3) (at 20% of the concentration recommended by the manufacturer, as
previously described [28]) or 40 pg of carboxyfluorescein/ml in 0.1 M sodium
bicarbonate buffer (pH 8.3). After incubation (23°C for 30 min), the conjugation
reaction was stopped by adding 0.2% glycine. Labeled virus was separated from
the excess, unconjugated dye by dialysis against a mixture of 10% glycerol, 50
mM Tris-HCI (pH 7.8), 150 mM NaCl,, and 10 mM MgCl, at 4°C overnight. The
amount of dye incorporated into Cy3-Ad and carboxyfluorescein-Ad was mea-
sured by recording absorbance at 552 and 495 nm, respectively, using a spectro-
photometer (model DU640; Beckman, Fullerton, Calif.). Glycerol was added to
fluorophore-conjugated virus to a final concentration of 30%, and the prepara-
tions were stored at —20°C.

Fluorescence microscopy. Samples were observed by using a Nikon Microphot
SA microscope equipped with X60 and X100 PlanApo objective lenses and a
cooled CCD camera (Princeton Instruments, Trenton, N.J.) as previously de-
scribed (28). Image manipulation and digital image analysis were performed with
Metamorph imaging software (Universal Imaging, West Chester, Pa.). For quan-
titative studies, three to six fields per condition were selected randomly, acquired
by the X60 objective lens, and used for digital image analysis. Each field con-
tained between 6 and 11 cells. Fluorescence intensities over 3% of dynamic range
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of the camera following background subtraction were collected and digitally
analyzed.

Binding specificity. To evaluate the specificity of binding of the Ad to A549
cells, the cells were rinsed three times with binding buffer (modified Eagle’s
medium supplemented with 1% bovine serum albumin-10 mM HEPES [pH 7.3])
and infected with a 100-fold excess of competitor virus (unlabeled AdS or Ad7;
10'2 particles/ml) for 30 min at 37°C. After preincubation, a mixture of Cy3-Ad
(10" particles/ml) and unlabeled virus (10'? particles/ml) was applied to the cells
and incubated for 30 min at 37°C. At the end of the incubation, cells were washed
three times with phosphate-buffered saline (PBS) (pH 7.4) and fixed with 4%
paraformaldehyde (23°C for 15 min). Then, cells were treated with 1 ug of the
DNA dye 4’,6-diamidino-2-phenylindole (DAPI; Molecular Probes)/ml in PBS
with 0.1% Triton X-100 for 5 min at 23°C. The cover glass was detached from
culture plate and mounted on a glass slide with antifade solution (Slowfade;
Molecular Probes).

Internalization rate. To assess the internalization rate of the virus prepara-
tions, an experiment was designed based on the principle that fluorescence
associated with surface-bound Ad is quenched by horseradish peroxidase-3,3'-
diaminobenzidine (HRP-DAB) precipitation in the presence of H,O, (29). A549
cells were rinsed three times with binding buffer and then infected with carboxy-
fluorescein-Ad (10'" particles/ml) at 4°C for 1 h or at 37°C for 10 min. After a
10-min infection at 37°C, the cells were washed three times with binding buffer
to wash out unbound virus and incubated with binding buffer for 0 to 40 min at
37°C. After infection at 4°C or infection with incubation at 37°C as indicated, the
cells were washed three times with ice-cold PBS and incubated with HRP (10
pg/ml; Pierce, Rockford, Ill.) and metal-enhanced DAB (Pierce) in PBS or in
stable peroxide buffer (H,O,; Pierce) for 1 h at 4°C. At the end of the incubation,
the cells were washed five times with ice-cold PBS and fixed with ice-cold 4%
paraformaldehyde for 30 min. The samples were evaluated by fluorescence
microscopy. Virus number per cell in single optical sections was estimated by the
ratio of unquenched (internalized) Ad to total Ad (including internalized and
surface-bound Ad) by using the DAPI nuclear stain to determine the number of
cells per field. Background-subtracted digital images (see above) were quantified
by using an object-counting algorithm in the MetaMorph image analysis soft-
ware.

Intracellular trafficking of the Ad capsid. To follow intracellular trafficking of
the Ad capsid, A549 cells were rinsed three times with binding buffer and
infected with Cy3-Ad (10"! particles/ml) at 37°C for 10 min. After infection, the
cells were washed three times with PBS and fixed with 4% paraformaldehyde or
washed three times with binding buffer and incubated for 1 h at 37°C prior to
fixation. Cells were then stained with DAPI and mounted on glass slides as
described above. The percentage of nuclear localization was estimated in single
optical sections following background subtraction by calculating the ratio of
nuclear Cy3 fluorescence identified by overlap with nuclear DAPI staining and
total cell-associated fluorescence intensity. Cy3 intensity was measured by using
a gray scale integration algorithm in the image analysis software.

Colocalization of carboxyfluorescein-Ad and Cy3-a,M. To demonstrate the
intracellular location of Ad prior to nuclear localization, we used the serum
protease inhibitor a,-macroglobulin (a,M) as a marker of endocytic compart-
ments. A549 cells were rinsed three times with binding buffer and infected with
carboxyfluorescein-Ad (10"! particles/ml) at 37°C for 10 min. After infection, the
cells were washed three times with binding buffer and incubated with 10 pg of
Cy3-conjugated a,M/ml (kindly provided by F. R. Maxfield, Cornell University)
at 37°C. After a 45-min incubation, the cells were washed with binding buffer
three times and incubated without Cy3-a,M for 15 min. Cells were examined
with a Zeiss LSM510 confocal laser scanning microscope with LSM510 software.

Localization of Ad genome. To monitor the localization of the Ad genome,
FISH was used. Ad5 and Ad7 DNA probes were synthesized, incorporating
digoxigenin (DIG)-coupled dUTP by nick translation. DNA purified from
Ad5SNull or Ad7wt was used as the template; agarose gel assessment of the
average probe size was 400 bp. A549 cells were cultured on Silane-prep slides
(Sigma, St. Louis, Mo.) at 37°C overnight. After the slides were rinsed three
times with binding buffer, Cy3-Ad (10'" particles/ml) was applied to the cells,
which were then incubated at 37°C for 10 min. After incubation, the slides were
washed three times with PBS and immediately fixed or washed three times with
binding buffer and incubated at 37°C for 1 to 8 h. The slides were then washed
three times with PBS, fixed with Histochoice (Amresco, Solon, Ohio) for 30 min
at 23°C, and dehydrated in a graded alcohol series (50, 70, 95, and 100%).
Prehybridization solution (70% formamide-2X SSC [300 mM NaCl-30 mM
sodium citrate; pH 7.0]) was applied to the sample on the slide glass, which was
overlaid with a plastic coverslip, denatured at 70°C for 12 min, and then imme-
diately dehydrated in a graded alcohol series at 4°C. The DIG-labeled Ad DNA
probes were denatured with hybridization solution (a mixture of 50% form-
amide, 2% Denhardt’s solution, 10% dextran sulfate, and 1 SSC) at 70°C for 30
min, applied to the sample, overlaid with a plastic coverslip, and hybridized at
37°C overnight. After hybridization, the sample slides were washed three times
for 5 min in 50% formamide-2X SSC at 43°C and subsequently washed three
times for 5 min in 0.1X SSC at 60°C. In situ DIG-labeled Ad DNA was detected
by immunofluorescence staining. The samples were incubated with fluorescein
isothiocyanate (FITC)-sheep anti-DIG Fab fragment (1 pg/ml; Boehringer In-
gelheim, Mannheim, Germany) at 37°C for 30 min. DAPI staining to detect the
positions of nuclei was performed.
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FIG. 1. Competition of unlabeled Ad5 or Ad7 with Cy3-AdS5, Cy3-Ad7, or Cy3-Ad5f7 for entry and translocation in A549 cells. A549 cells were incubated (30 min
at 37°C) with unlabeled competitor virus (Ad5 or Ad7, each at 10> particles/ml). Cy3-Ad (10'° particles/ml) mixed with unlabeled Ad (10'? particles/ml) was then
added, and the incubation continued for 30 min at 37°C. Shown are Cy3-Ad (red) and DAPI-stained nuclei (blue) evaluated by fluorescence microscopy. (A) Cy3-Ad5
in the presence of excess unlabeled Ad5. (B) Cy3-Ad5 in the presence of excess Ad7. (C) Cy3-Ad7 in the presence of Ad5. (D) Cy3-Ad7 in the presence of Ad7. (E)
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Cy3-Ad5f7 in the presence of AdS. (F) Cy3-Ad5f7 in the presence of Ad7. Bar = 10 wm.

Quantitative analysis of Ad DNA delivery. To quantify delivery of the Ad
genomic DNA to the nucleus over time, Ad DNA and B-actin DNA of A549 cells
were quantified by real-time PCR (TagMan PCR detection; Perkin-Elmer, Ap-
plied Biosystems Division, Foster City, Calif.). A549 cells (2 X 10°) cultured in
a 10-cm-diameter culture plate were infected with Ad (2 X 10° particles/ml, 10°
particles/cell) at 37°C for 10 min, washed three times with binding buffer, and
incubated for 0 to 8 h at 37°C. At each time point, the cells were collected by the
addition of trypsin (0.5 mg/ml for 5 min at 37°C) (GIBCO) followed by washing
with PBS. Half of the cells were used for the extraction of total cellular DNA.
The remaining cells were used for nuclear isolation as described by Muggeridge
and Fraser (31). Briefly, cells were suspended with reticulocyte standard buffer
solution (10 mM Tris-HCI [pH 7.5]-10 mM NaCl-3 mM MgCl,), broken in a
Dounce homogenizer with a loose pestle, incubated on ice for 10 min, and
brought to 1.5% (vol/vol) with respect to the nonionic detergent IGEPAL CA-
630 (Sigma). Samples were overlaid onto a 2X sample volume of 0.33 M sucrose
in 10 mM Tris-HCI [pH 8.0]-5 mM MgCl,, and the homogenate was centrifuged
at 500 X g for 10 min. The pellet was collected as the nuclear fraction. The DNA
of Ad and A549 cells was purified from total cell lysate and from the nuclear
fraction by using the QIAamp blood kit (QIAGEN Inc., Santa Clara, Calif.). The
Ad E2 region and B-actin gene of A549 cell were amplified and quantified by
TagMan PCR. A fluorogenic probe (CCGCCTCGGCTTGTCACATTTTTC)
was designed to anneal to the target between the sense primer (AATAAACA
AGTTCCCGGATCGAT) and the antisense primer (GCACATAGGAGAGA
TGAGCTTCC) in the E2 region of the Ad genome. The fluorogenic probe
contains both a reporter dye (6-carboxyfluorescein; 5’ end) and a quencher dye
(6-carboxy-N,N,N',N'-tetramethylrhodamine; 3’ end). During the extension
phase of the PCR cycle, the 5’-3" exonuclease activity of Tag polymerase cleaves
the hybridized fluorogenic probe, resulting in an increase in fluorescence emis-
sion from the reporter dye that quantitatively reports the amount of PCR prod-
uct. Samples were amplified for 40 cycles in a Perkin-Elmer model 7700 sequence
detection system with continuous monitoring of the fluorescence. Data were
processed by the SDS 1.6 software package (Perkin-Elmer). For human B-actin
detection, B-actin probes (Perkin-Elmer) were used. To control for differences in
DNA recovery from samples, the data are presented as ratios of Ad genome
DNA to B-actin DNA.

Statistical analysis. All data are presented as means * standard errors of the
means. Statistical evaluations were carried out by using the two-tailed Student’s
1 test.

RESULTS

Characterization of fluorophore-conjugated Ad. For all Ad
used in this study, the dye/capsomere ratio of Cy3- or carboxy-
fluorescein-conjugated Ad was 0.4 to 1.5. In this range, the
fluorophore did not affect Ad infectivity as assessed by plaque
assay. The molecular identity of viral stocks was further veri-
fied by PCR assessment with primers specific for Ad5 or Ad7
hexon. The product length of amplified nucleotide with Ad5
and Ad5f7 was 770 bp, corresponding to the predicted AdS
hexon template, while the product length with Ad7 was 675 bp,
corresponding to the predicted Ad7 hexon template (not
shown). The product lengths of the amplified Ad fiber genes
were, as expected, 452 bp for Ad5 and 361 bp for Ad7 (not
shown). There was no contamination of the chimeric virus by
parental stocks.

To confirm the binding specificity of Cy3-Ad5, Cy3-Ad7, and
Cy3-Ad517, each was incubated with a 100-fold excess of un-
labeled AdS or Ad7. Cy3-AdS5 binding to the target cells was
blocked by excess unlabeled AdS (Fig. 1A) but not by excess
Ad7 (Fig. 1B). In parallel studies, the binding of Ad7 was
blocked by excess unlabeled Ad7 (Fig. 1D) but not by Ad5
(Fig. 1C). These data are consistent with previous reports that
subgroup B and C Ad utilize different cell surface receptors (9,
13, 36, 41). The Ad5f7 chimera vector, identical to AdS but
with an Ad7 fiber, was blocked by excess unlabeled Ad7 (Fig.
1F) but not by Ad5 (Fig. 1E). These observations confirmed
that Ad5f7 interacts with target cells via the engineered chi-
meric Ad7 fiber as previously noted by using radioactively
labeled Ad5f7 (13).
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FIG. 2. Internalization rates of carboxyfluorescein-AdS, -Ad7, and -Ad5f7. Carboxyfluorescein-Ad (10'! particles/ml) was incubated with A549 cells at 4°C to
evaluate only surface binding or at 37°C to allow binding and internalization of Ad. At each time point, cells were washed, fixed, and treated with HRP and DAB, with
or without H,O,. Extracellular fluorophore was quenched by precipitation of DAB by HRP in the presence of H,O,. (A) A549 cells incubated with carboxyfluorescein-
AdS (4°C for 1 h) and treated with HRP-DAB without H,O,. (B) Same as panel A, but treated with HRP-DAB in the presence of H,O,. (C) A549 cells infected with
carboxyfluorescein-Ad5 at 37°C for 10 min, washed, and incubated for an additional 10 min at 37°C, then treated with HRP-DAB without H,O,. (D) Same as panel
C, but treated with HRP-DAB in the presence of H,0,. (E) A549 cells incubated with carboxyfluorescein-Ad7 (4°C for 1 h) and treated with HRP-DAB without H,O,.
(F) Same as panel E, but treated with HRP-DAB in the presence of H,O,. (G) A549 cells infected with carboxyfluorescein-Ad7 at 37°C for 10 min, washed, and
incubated for an additional 10 min at 37°C, then treated with HRP-DAB without H,O,. (H) Same as panel G, but treated with HRP-DAB in the presence of H,0,.
(I) A549 cells incubated with carboxyfluorescein-Ad5f7 (4°C for 1 h) and treated with HRP-DAB without H,O,. (J) Same as panel I, but treated with HRP-DAB in
the presence of H,O,. (K) A549 cells infected with carboxyfluorescein-Ad5f7 at 37°C for 10 min, washed, and incubated for an additional 10 min at 37°C, then treated
with HRP-DAB without H,0,. (L) Same as panel K, but treated with HRP-DAB in the presence of H,O,. Bar = 10 um. (M) Percentage of internalized Ad per cell
relative to the total amount of Ad per cell. Levels of internalized Ad5 (@), Ad7 (O), and Ad5f7 (A) were determined by digital image analysis (see Materials and

Methods). Data for zero internalization time correspond to surface-labeled cells (4°C binding for 1 h).

Internalization rates for fluorophore-conjugated Ad sero-
types. One potential difference in viral trafficking following a
change in tropism may be the rate of viral internalization
following binding. Using a novel fluorescence-based internal-
ization assay, the internalization rates of AdS, Ad7, and Ad5f7
were compared. The assay takes advantage of the ability of
precipitated DAB to quench fluorophore (29). In this experi-
mental setting, DAB was precipitated by the addition of HRP
and H,O, to culture medium, resulting in selective quenching
of surface-bound fluorophore, i.e., permitting assessment of
the proportion of fluorophore-conjugated Ad that is on the cell
surface compared to the proportion that is internalized. To test
the efficiency of the assay, carboxyfluorescein-conjugated Ad

were bound to the surface of A549 cells for 1 h at 4°C, condi-
tions that do not permit viral internalization. Dishes were
treated in parallel with either HRP and DAB or HRP, DAB,
and H,0,, a key substrate in HRP-conjugated precipitation of
DARB. Cultures treated with H,O, exhibited a nearly undetect-
able carboxyfluorescein-Ad pattern, while cultures treated with
HRP and DAB but not H,O, had clear carboxyfluorescein
staining patterns (Fig. 2). The ratio of internalized fluorophore
to total fluorophore was quantified by using digital image anal-
ysis to assess the number of fluorescein puncta in the presence
or absence of H,0O,. At 4°C, carboxyfluorescein associated with
cell-surface-bound Ad was quenched completely by HRP-
DAB precipitation in the presence of H,0O, (Fig. 2A, B, E, F,
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I, and J). In contrast, almost no quenching was observed when
A549 cells were infected for 10 min at 37°C, washed, and
incubated an additional 10 min at 37°C (Fig. 2C, D, G, H, K,
and L). By calculating the ratio of internalized Ad to total Ad
at various incubation times at 37°C following a 10-min infec-
tion, curves reflecting the internalization rates of AdS5, Ad7,
and Ad5f7 were generated (Fig. 2M). Together, these data
demonstrate that there is no difference in the kinetics of in-
ternalization among Ad5, Ad7, and Ad5f7.

Intracellular trafficking of Cy3-Ad. The efficiency with which
fluorophore-conjugated Ad targeted the nucleus following in-
ternalization was evaluated by examining the intracellular dis-
tribution of fluorophore-Ad 1 h after infection. As noted

J. VIROL.

FIG. 3. Intracellular distribution of Cy3-Ad5, Cy3-Ad7, and Cy3-Ad5f7 fol-
lowing binding and internalization. A549 cells were infected with Cy3-Ad (10"
particles/ml, 10 min at 37°C), washed, and either immediately fixed or incubated
for 1 h at 37°C prior to fixation. Cy3-Ad (red) and DAPI-stained nuclei (blue)
were evaluated. (A) Cy3-AdS5, 10-min infection. (B) Cy3-AdS5, 10-min infection
plus a 1-h incubation. (C) Cy3-Ad7, 10-min infection. (D) Cy3-Ad7, 10-min
infection plus a 1-h incubation. (E) Cy3-Ad5£7, 10-min infection. (F) Cy3-Ad5f7,
10-min infection plus a 1-h incubation. Bar = 10 wm. Arrows indicate small
puncta. Arrowheads indicate larger aggregates of vector. (G) Percentage of
nuclear localization relative to total cell-associated virions at 1 h following in-
fection. The dashed line represents the background value (see Results).

above, Cy3-Ad5 bound avidly to cells following a 10-min in-
fection period at 37°C (Fig. 3A). Most Cy3-Ad5 translocated to
the nucleus within 1 h of infection (Fig. 3B). In contrast,
despite good binding to target cells (Fig. 3C), large amounts of
Cy3-Ad7 were found in the cytosol 1 h after infection (Fig.
3D). Strikingly, the same observation was made with Cy3-
Ad5f7 (Fig. 3E and F); i.e., with the only difference being an
Ad7 fiber, the Ad5f7 virus behaved as an Ad7 virus, not as an
AdS virus. The percentages of nuclear localization of AdS,
Ad7, and Ad5f7 at 1 h following infection were 72% =+ 4%,
32% = 6%, and 38% * 2%, respectively (Fig. 3G) (P < 0.01,
Ad5 versus Ad7; P < 0.01, Ad5 versus Ad5f7; P > 0.1, Ad7
versus Ad5f7). The values for Ad7 and Ad5f7 were comparable
to the overlap of randomly distributed Cy3-Ad immediately
following infection with the nuclear stain and thus represent
the background values for this time point. Immediately follow-
ing infection, all three fluorophore-conjugated viruses dis-
played a uniform punctate appearance at the cell surface (Fig.
3A, C, and E). While Cy3-Ad5 retained the uniform punctate
appearance throughout translocation to the nucleus (Fig. 3B),
the cytoplasmic stain for both Cy3-Ad7 and Cy3-Ad5f7 in-
cluded small puncta similar to those immediately following
infection as well as larger, brighter puncta that may have re-
flected the accumulation of vectors in intracellular organelles
(Fig. 3D and F). Cy3-Ad7 and Cy3-Ad5f7 were observed at the
nuclear perimeter most often as small puncta.

Intracellular location of Ad7 and Ad5f7 prior to nuclear
localization. The localization of Ad in cytoplasm was evaluated
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FIG. 4. Colocalization of carboxyfluorescein-Ad with Cy3-a,M. A549 cells were infected with carboxyfluorescein-Ad (10'! particles/ml, 10 min at 37°C), washed,
and incubated with Cy3-conjugated a,M (10 pg/ml, 45 min at 37°C), then washed and incubated for 15 min at 37°C. Carboxyfluorescein-Ad (green) and Cy3-a,M (red)
were examined by confocal laser scanning microscopy. (A) Ad5. (B) a,M, same field as shown in panel A. (C) Combined image of panels A and B. (D) Ad7. (E) a,M,
same field as shown in panel D. (F) Combined image of panels D and E. (G) Ad5f7. (H) a,M, same field as shown in panel G. (I) Combined image of panels G and

H. Arrows highlight examples of colocalization. Bar = 10 pum.

by comparing Ad localization with the location of a,M, an
endocytic marker that occupies sorting endosomes, late endo-
somes, and lysosomes (53). After a 1-h incubation, most of Ad5
was around the nuclei without colocalization with a,M (Fig.
4A to C). In contrast, a significant proportion of Ad7 and
Ad5t7 was colocalized with a,M in the cytoplasm (Fig. 4D to
I). These results suggested that Ad7 and Ad5f7 remained in
endocytic compartments as late as 1 h after infection.
Localization of the Ad genome. Trafficking of Cy3-Ad pro-
vided information on the intracellular fate of the fluorophore
covalently conjugated capsid proteins. The fate of the Ad ge-
nome was independently assessed by FISH. Consistent with
Cy3-Ad capsid observations, FISH analysis using a DIG-la-
beled Ad DNA probe demonstrated that most of the AdS
DNA was in the cytoplasm immediately after infection (Fig.
5A) and at the nucleus after 1 h (Fig. 5B to D). In contrast,
DNA of Ad7 and Ad5f7 was detected both in the nucleus and

cytoplasm as long as 4 h following infection (Fig. 5E to G and
I to K). By 8 h, however, the majority of both Ad7 and Ad5f7
genomes became localized to the nucleus (Fig. 5H and L).
Thus, in regard to postinternalization intracellular trafficking,
both fluorophore labeling of capsid and detection of the Ad
genome by FISH demonstrated that the Ad5f7 chimera be-
haves as Ad7, not Ad5.

Kinetics of Ad DNA delivery to the nucleus. To examine
further the rate of DNA transfer to the nucleus, real-time
quantitative PCR (TagMan PCR) using primers specific for
the Ad genome E2 region was performed. Ad DNA was quan-
tified at various time points from both total cell lysate and
isolated nuclei, and Ad genome delivery to nuclei was calcu-
lated as the ratio of Ad DNA in a nuclear subcellular fraction
to Ad DNA in total cell lysate. To control for variation in the
recovery of DNA from cell lysate and nuclei, data were ex-
pressed as the ratios of Ad DNA to cellular DNA as measured
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AdS5f7

Ad7

FIG. 5. FISH evaluation of the Ad genome following binding and internalization of Ad5, Ad7, and Ad5f7. The various Ad (10'" particles/ml) were incubated with
A549 cells (10 min at 37°C) and washed, and the incubation was continued at 37°C for 0, 1, 4, or 8 h. The cells were then hybridized with a DIG-labeled Ad DNA probe.
After hybridization, DIG-Ad DNA was stained with FITC-anti-DIG antibody. The Ad DNA (green) and DAPI-stained nuclei (blue) are shown. (A) Ad5, 10-min
infection. (B) Ad5, 10-min infection plus a 1-h incubation. (C) Ad5, 10-min infection plus a 4-h incubation. (D) AdS, 10-min infection plus an 8-h incubation. (E) Ad7,
10-min infection. (F) Ad7, 10-min infection plus a 1-h incubation. (G) Ad7, 10-min infection plus a 4-h incubation. (H) Ad7, 10-min infection plus an 8-h incubation.
(T) Ad5f7, 10-min infection. (J) Ad5f7, 10-min infection plus a 1-h incubation. (K) Ad5f7, 10-min infection plus a 4-h incubation. (L) Ad5f7, 10-min infection plus an

8-h incubation. Bar = 10 pm.

by using probes specific for the B-actin gene. Most of the Ad5
DNA was delivered to the nucleus within 1 h (Fig. 6). In
contrast, the rate of Ad5f7 genome accumulation in the nu-
cleus was significantly lower (Fig. 6) (Ad5 versus Ad5f7; 1 h,
P < 0.01; 4 h, P < 0.01), but eventually the same degree of
nuclear localization (8 h, P > 0.5). The half time for accumu-
lation of Ad5 DNA in the nucleus was 40 min, while the Ad5f7
genome exhibited a half time of 110 min.

Comparison of Ad capsid and Ad DNA localization. To
confirm that fluorophore-conjugated capsid localization and
Ad genome localization reflected the same population of vec-
tors, Ad capsid (detected with Cy3 fluorescence) and Ad DNA
(detected with FITC-anti-DIG) were simultaneously located
in A549 cells at various time points after infection. Immedi-

ately following infection, AdS and Ad5f7 capsids showed good
colocalization with the Ad genome (Fig. 7). After 1 h, AdS
capsid and its colocalized genome were primarily at the pe-
riphery of the nucleus. In contrast, Ad5f7 capsids and their
colocalized genome were found both in the cytoplasm and at
the nucleus. Ad5 DNA was completely dissociated from its
capsid within 4 h following infection, while Ad5f7 DNA re-
tained a significant level of colocalization with its capsid at 4 h.

DISCUSSION

Ad5 (subgroup C) has been widely used as a gene therapy
vector due to the efficient manner in which it delivers its ge-
nome to the nuclei of target cells. However, efficient gene
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FIG. 6. Quantitative evaluation of DNA delivery to the nucleus at various times after a 10-min infection. A549 cells were infected with Ad5 or Ad5f7 (10°
particles/cell) at 37°C for 10 min. The cells were washed and then incubated for 0 to 8 h at 37°C. The cells were then harvested, and DNA was extracted from the total
cells or isolated nuclei. Ad DNA and A549 DNA were quantified by TagMan PCR using probes for the Ad E2 region and for the cellular B-actin gene. Data are
percentages of Ad DNA delivered to the nucleus, i.e., a ratio of Ad genome copies to B-actin gene copies from the nuclear fraction versus those from the total cell
lysate. Shown are DNA analyses of AdS (O) and Ad5f7 (@). Data are mean values and standard errors from three experiments for each vector.

transfer and expression occurs in cells expressing the coxsack-
ievirus-Ad receptor (CAR) (3, 45). The requirement for ex-
pression of the Ad5 receptor on the target cell represents a
hurdle to genetic modification of cells that lack CAR, leading
to the strategy of modifying the tropism of Ad5 vectors (10, 11,
13, 14, 26, 27, 37, 42, 48-51). This strategy presupposes that
intracellular trafficking of Ad5 will not be affected by modified
tropism. Utilizing an AdS5 vector with modified tropism by
virtue of expression of the Ad7 (subgroup B) fiber protein in
place of Ad5 fiber (13), the consequences of modified tropism
on intracellular trafficking of an AdS5 vector were examined.
The two parental Ad exhibited significant differences in intra-

Ad5

cellular trafficking. Cy3-AdS capsids showed efficient targeting
of the nucleus within 1 h after infection, with the majority of
the AdS genome detected in association with the nucleus 1 h
after infection by both FISH on fixed cells and TagMan PCR
following subcellular fractionation. In contrast, at the same
time point, Cy3-Ad7 capsids displayed a predominantly cyto-
plasmic distribution, with the Ad7 genome progressively accu-
mulating in the nucleus over an 8-h period. Strikingly, the
chimeric Ad5f7 vector exhibited intracellular trafficking char-
acteristics similar to those of Ad7 rather than AdS5, suggesting
that substitution of the Ad7 fiber had a significant impact on

Ad5f7

1hr

4 hr

1hr

FIG. 7. Comparison of localization of the Cy3-Ad capsid and Ad DNA localization (FISH) for Ad5 and Ad5f7 at various times after infection. The Ad capsids
(upper panels) were detected by Cy3 fluorescence, and Ad DNA (lower panel) was detected with FITC-anti-DIG after hybridization with DIG-Ad DNA probe.
Micrographs show an individual nucleus with adjacent cytoplasm. Arrows indicate colocalization of Ad capsid and DNA. Ad5 DNA was dissociated from its capsid
within 4 h following infection, while Ad5f7 DNA was still colocalized with its capsid at 4 h. Bar = 5 um.
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intracellular trafficking of the Ad5 capsid and delivery of the
AdS5 genome to the nucleus.

Intracellular trafficking of Ad5 and Ad7. The present study
showed that intracellular trafficking of Ad5 capsids and that of
Ad7 capsids were distinct in several respects. The differences in
Ad5 and Ad7 trafficking occurred distal to the internalization
step, given the observation that Ad5 and Ad7 internalized into
AS549 cells at comparable rates. The half time for internaliza-
tion, approximately 5 min for each vector, was comparable to
internalization half times previously reported for subgroup C
Ad (17, 28, 44, 46). In contrast, Cy3-AdS capsid progressed to
the nucleus more rapidly than that of Cy3-Ad7. The distribu-
tion of capsid in the cytoplasm also differed, with AdS exhib-
iting a homogeneous punctate distribution throughout the cy-
toplasm whereas Ad7 initially exhibited a homogeneous
punctate distribution that evolved into a pattern including cy-
toplasmic aggregations of heterogenous size. Importantly, Ad7
at the perimeter of the nucleus often exhibited a uniform
punctate appearance similar to the appearance of Ad7 imme-
diately following infection, suggesting that Ad7 capsids were
released from aggregates prior to their encounter with the
nuclear envelope. These data are consistent with previous ob-
servations comparing the intracellular distribution of subgroup
B and C Ad following infection. Working with HeLa cells,
Dales and coworkers (4, 5, 8) noted that the principal mor-
phological distinction between the two subgroups was that
subgroup B Ad accumulated in large, membranous organelles
during infection whereas multiple subgroup C virions were
rarely found within the same membranous organelle. Similarly,
working with A549 cells, Defer et al. (9) observed that sub-
group C Ad caused a more complete release of cointernalized
particles to the cytoplasm, suggesting escape from an early,
common endocytic compartment, whereas subgroup B Ad was
less efficient in releasing cointernalized particles, suggesting
escape from a later, more specialized endocytic compartment.
Furthermore, our data obtained by confocal laser scanning
microscopy showed significant colocalization of Ad7 and
Ad5f7 with a marker of endocytic compartments, a,M. This
fact supported the concept that a significant population of
subgroup B Ad and the chimeric vector remained in endocytic
compartments 1 h after infection. Taken together, the present
report and previous studies with several cell types (4, 5, 8, 9)
establish the fact that subgroups B and C follow different
intracellular trafficking routes.

The fact that Ad5 and Ad7 capsids showed distinct routes to
the nucleus predicted that the Ad genome would also differ in
the kinetics of approach to the nucleus. Using FISH analysis,
the Ad5 genome’s arrival at the nucleus clearly preceded the
arrival of the Ad7 genome, with the majority of the AdS ge-
nome showing nuclear localization at 1 h while Ad7 required
8 h to achieve the same nuclear localization. Quantitative de-
termination of Ad genome delivery to the nucleus performed
using TagMan PCR showed that, as predicted by the FISH
observations, the Ad5 genome encountered the nucleus with
more rapid kinetics than Ad7. Ad5 showed a half time of 40
min for nuclear localization, a value comparable to those pre-
viously reported for the half time of dissociation of hexon
protein from the Ad genome (17). In contrast, the Ad7 genome
localized to the nucleus with slower kinetics, exhibiting a half
time of approximately 2 h. The progressive accumulation of the
Ad7 genome at the nucleus assessed by FISH demonstrated
that the Ad7 capsids were eventually effective in accomplishing
delivery of DNA to the nucleus, albeit with slower kinetics,
despite the failure of the pulse of incoming virus to localize to
the nucleus in a coherent manner, as observed with AdS.

J. VIROL.

Intracellular trafficking of the Ad5f7 chimera. Particle for
particle, the chimeric Ad5f7 vector has previously been shown
to be comparable to AdS and Ad7 vectors with respect to
transgene expression as assessed by CAT assay 12 to 72 h after
infection (1, 13). The differences in intracellular trafficking of
the Ad5 capsid as a result of the presence of the Ad7 fiber
protein, therefore, do not affect the ultimate efficacy of the
vector over time. However, modifying the tropism does slow
the process of genome delivery to the nucleus, a parameter
that may be important for some gene transfer applications.
Further, given the multiple potential endocytic routes within
the cell (32), it is conceivable that introduction of a novel
tropism might induce trafficking of modified vectors into in-
hospitable, degradative environments such as lysosomes and
thus modify the presentation of the virus to host defense im-
mune recognition systems in a different fashion. With the es-
tablishment of a precedent for modified intracellular traffick-
ing of an Ad vector shown here, investigators of vectors with
modified tropism should consider the concept of intracellular
trafficking as well as the binding-internalization step.

Role of fiber. Data in the present study demonstrating the
influence of the Ad7 fiber on Ad5 trafficking in the AdS5f7
chimeric vector suggest a new role for the Ad fiber protein
during Ad infection. The Ad fiber protein imparts high-affinity
binding of the Ad capsid to the plasma membrane of target
cells (33, 34). Biochemical studies of Ad2 indicate that the fiber
and penton base protein are rapidly released from the body of
the capsid following internalization (17, 43). Data presented
here suggest that the Ad fiber protein, at least in some Ad
serotypes, influences postinternalization Ad trafficking. The
observation that the Ad7 fiber modifies the Ad5f7 vector such
that it trafficks more like an Ad7 virus suggests that the fiber
may play a role in directing the virus into a specific intracellular
environment. One possibility is that the accumulation of Ad7
and Ad5f7 is a result of nondissociation of fiber after internal-
ization. If the utilization of a different receptor is instrumental
in dictating the resulting trafficking pattern, then future at-
tempts to alter Ad tropism for gene transfer applications may
encounter similar intracellular differences in trafficking, some
of which may be detrimental (or advantageous) to genome
delivery to the nucleus.
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