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The intracellular trafficking of adenovirus (Ad) subgroup B (e.g., Ad7) differs from that of subgroup C (e.g.,
Ad5) in that AdS rapidly escapes from endocytic compartments following infection whereas Ad7 accumulates
in organelles. To assess the hypothesis that Ad7 is targeted to the lysosomal pathway, Ad7 and AdS were
conjugated with fluorophores and their trafficking in A549 epithelial cells was analyzed by fluorescence
microscopy. Within 1 h after infection, Ad7, but not AdS, accumulated in the cytoplasm of A549 cells. The pH
in the environment of AdS was nearly neutral (pH 7), while Ad7 occupied acidic compartments (pH 5) over the
first 2 h with a gradual shift toward neutrality by 8 h. Ad7 partially colocalized with o,-macroglobulin and late
endosomal and lysosomal marker proteins, including Rab7, mannose-6-phosphate receptor, and LAMP-1. The
pH optimum for membrane lysis by Ad7, as well as a chimeric Ad5 capsid that expressed the Ad7 fiber
(Ad5fiber7), was pH 5.5, while that for lysis by Ad5 was pH 6.0. Thus, the native trafficking pathway for Ad7
involves residence in late endosomes and lysosomes, with information encoded in the Ad7 fiber acting as a
pH-dependent trigger for membrane lysis and escape to the cytosol.

Many of the 49 human adenovirus (Ad) serotypes have dis-
tinct pathophysiology, suggesting underlying variations in the
biological life cycle of the viruses (21, 45). The differences can
partially be explained in terms of different tropisms secondary
to differences in high- and low-affinity receptors utilized by the
different adenovirus serotypes (11, 30, 39, 48), but the differ-
ences are likely to extend beyond the plasma membrane and
may encompass the intracellular trafficking characteristics of
the serotypes.

Entry into and trafficking through target cells has been most
throughly studied using subgroup C viruses. Binding to target
cells occurs via a high-affinity interaction between the fiber
protein and the coxsackievirus-Ad receptor on the cell surface
(3, 52). Subgroup C Ad then rapidly enter cells by endocytosis
through interaction of the penton base protein of Ad with
vitronectin binding integrins on the cell surface, including
a,Bs, o,Bs, anPBo, and asP, integrins (2, 10, 22, 56, 57). Endo-
somal membranes are lysed by adenovirus, allowing the escape
of capsids to the cytosol (4, 15, 18, 26, 38, 43, 44, 56). Then
adenovirus translocates to the nucleus by using microtubules in
cytoplasm, binds to the nuclear envelope, and inserts its ge-
nome through nuclear pore complexes (5, 6, 8, 19, 26, 27, 34,
42, 49, 58).

The most striking differences in intracellular trafficking
among serotypes has been observed in comparisons of the
infection pathways of Ad subgroups B and C. Although the
high-affinity receptor of subgroup B differs from that of sub-
group C (11, 48), both serotype 5 (Ad5) and Ad7 enter the cell
with similar kinetics (33). The major distinctions in the traf-
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ficking of Ad5 and Ad7 relate to the observation that Ad7 is
found in membranous organelles for hours after infection
whereas subgroup C viruses escape rapidly to the cytosol (5, 8).
Subgroup B and C viruses also have different characteristics of
endocytic trafficking. Subgroup B Ad remain colocalized with
cointernalized markers for a longer period than do subgroup C
Ad (33). Conversely, subgroup C viruses induce a more rapid
release of cointernalized particles to the cytoplasm than do
subgroup B viruses (11). Finally, subgroup C Ad can be found
associated with the nuclear envelope rapidly following infec-
tion while subgroup B Ad exhibit a slower association with the
nucleus (6, 33). This observation correlates with the observa-
tion that capsids of subgroup B Ad maintain association with
their genomes for a longer period following infection than do
those of subgroup C Ad (33).

The key difference in the intracellular trafficking of the two
Ad subgroups appears to be the length of time that virions are
retained within membranous organelles before escaping to the
cytosol. In general, materials that enter cells via endocytosis
can follow one of two major routes: (i) the endocytic recycling
pathway, in which membrane proteins and membrane-bound
proteins are collected in a tubulovesicular compartment,
termed the endocytic recycling compartment, prior to traffick-
ing back to the cell surface; or (ii) the lysosomal pathway, in
which a select set of membrane proteins, ligands that have
dissociated from their receptors, and soluble materials occupy
a compartment termed the sorting endosome, which later ma-
tures and acidifies to become a late endosome and finally a
lysosome (36).

Based on previously published ultrastructural studies sug-
gesting aggregation of Ad7 in an endocytic compartment (6, 8)
and cosedimentation with lysosomal enzymes (6, 37), we hy-
pothesized that the subgroup B virus Ad7 follows the lysoso-
mal trafficking pathway after endocytosis. To follow the intra-
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cellular fate of subgroup B Ad, we used a series of functional
analyses of intracellular compartments of cells infected with
Ad5 (subgroup C) and Ad7 (subgroup B), including evaluation
of the pH, characterization of lysosomally targeted endocytic
ligands, and localization of organelle marker proteins. Finally,
we tested the hypothesis that Ad7 trafficked to lysosomes prior
to escape to the cytosol by evaluating the pH optimum of
membrane lysis by Ad7. The results suggested that Ad7, but
not AdS5, trafficked in the lysosomal pathway following endo-
cytosis and that this route favored the escape of Ad7 to the
cytosol by delivering Ad7 to a low-pH compartment.

MATERIALS AND METHODS

Cells. The A549 human lung epithelial cell line (CCL-185; American Type
Culture Collection, Manassas, Va.) and the KB human epithelial cell line (CCL-
17; American Type Culture Collection) were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum, 50 U of penicillin
per ml, and 50 pg of streptomycin (GIBCO/BRL Life Technologies, Inc., Gaith-
ersburg, Md.) per ml. For microscopy experiments, the cells were seeded in
35-mm coverslip dishes and cultured to approximately 50% confluence. The
7-mm-diameter well in each coverslip dish contained 10* cells. For other exper-
iments, cells were plated as described below.

Ad vectors. The Ad used in this study were recombinant, E1~, E3™ replication-
deficient viruses containing a cytomegalovirus early/intermediate promoter-en-
hancer driving expression of the chloramphenicol acetyltransferase gene in the
El position (23). The identical expression cassette was inserted into a viral
backbone encoding either an Ad subgroup B, Ad7 vector or an Ad subgroup C,
Ad5 vector (1, 23). AdSfiber7 is a chimeric vector composed of an Ad5 capsid
with an Ad7 fiber replacing the Ad5 fiber protein (16). Ad vectors were propa-
gated in the 293 human embryonic kidney cell line, purified, and stored at —70°C,
as previously described (40, 41).

Quantitative analysis of Ad genome delivery. To evaluate delivery of the Ad
genomic DNA to the nucleus over time, Ad DNA and B-actin DNA of A549 cells
were analyzed using quantitative real-time PCR (TaqMan PCR detection; Per-
kin-Elmer, Applied Biosystems Division, Foster City, Calif.) as previously de-
scribed (33). Briefly, A549 cells (2 X 10°) cultured in a 10-cm culture plate were
infected with AdS or Ad7 (2 X 10° particles/ml, 10 particles/cell) at 37°C for 10
min, washed to remove unbound Ad, and incubated for 0 to 8 h at 37°C. At each
time point, the cells were collected and half of the cells were used for extraction
of total cellular DNA using the QIAamp blood kit (Qiagen Inc., Santa Clarita,
Calif.). The remaining cells were used for nuclear isolation as previously de-
scribed (33, 35). For Ad7 analysis, a fluorogenic probe (carboxyfluorescein-TC
CCGTGATGGGCAGGCAGAC-carboxytetramethylrhodamine) was designed
to anneal to the target between the sense primer (GGATGATGCTGATCCCC
ATT) and the antisense primer (TCGGGTCACTGATGGTAGCC) in the Ad7
genome. A similar set of probes was used for analysis of the Ad5 E2 region and
B-actin gene of A549 cells as previously described (33). Samples were amplified
for 40 cycles in a Perkin-Elmer 7700 sequence detection system with continuous
monitoring of the fluorescence. Data were processed by the SDS 1.6 software
package (Perkin-Elmer). To control for differences in DNA recovery from sam-
ples, the data are presented as a ratio of Ad genome DNA to cellular B-actin
DNA.

Conjugation of fluorescent dyes with Ad. 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 as previously described (26, 33).
Cy3-Ad and carboxyfluorescein-Ad stocks were maintained in 30% glycerol-50
mM Tris-HCI (pH 7.8)-150 mM NaCl,~10 mM MgCl, at —20°C. The amount of
dye incorporated into Cy3-Ad and carboxyfluorescein-Ad was measured by re-
cording the absorbance at 552 and 495 nm, respectively, using a spectrophotom-
eter (no. Du640; Beckman, Fullerton, Calif.). For preparations used in this study
the dye-to-capsomere ratio ranged from 0.3 to 1.9. We previously reported that
conjugation of vectors with fluorophore resulting in comparable dye-to-capso-
mere ratios did not change the titer of vectors within the experimental error of
the titer determination assay (26).

Fluorescence microscopy. Fixed samples were observed using a Nikon Micro-
phot SA microscope equipped with a 100X or 60X PlanApo objective lens. Live
cells were viewed on a Nikon Diaphot inverted microscope equipped with a 100x
N.A. 1.25 objective, Nikon NP2, thermostatic heater, stage incubator, and elec-
tronic filter wheel with 450- and 490-nm excitation filters. Images were collected
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and analyzed using a cooled charge-coupled device camera (Princeton Instru-
ments, Trenton, N.J.) and Metamorph imaging software (Universal Imaging,
West Chester, Pa.) as previously described (26). For quantitative studies, five
fields per condition were acquired and used for digital image analysis. Following
background substraction, the fluorescence intensities over 1% of the dynamic
range of the camera were collected and digitally analyzed.

Virus accumulation in cytoplasm. To compare the size and distribution of
local viral accumulations of Cy3-Ad5 and Cy3-Ad7 in cytoplasm, A549 cells in
coverslip dishes (10* cells in the coverslip well) were rinsed three times with
binding buffer (modified Eagle’s medium supplemented with 1% bovine serum
albumin and 10 mM HEPES) (pH 7.3) and infected (pulse) with Cy3-Ad (10"
particles/ml; 30-pl volume added to the coverslip well) for 10 min at 37°C, giving
a viral concentration of 3 X 10° particles per cell. Ad vectors with identical
dye-to-capsomere ratios (0.3) were used. After infection, the cells were washed
three times with phosphate-buffered saline (pH 7.4) (PBS) and fixed with 4%
paraformaldehyde (at 23°C for 15 min) or washed three times with binding buffer
to wash out unbound virus and incubated (chase) for 30 min at 37°C prior to
fixation. Following fluorescence microscopy with digital image acquisition, the
corresponding fluorescent signal from Cy3 virions was measured using a pixel
area algorithm in the image analysis software. Pixel size calibration was per-
formed using InSpeck microscopic size standards (Molecular Probes). A 2.5-um
particle had a diameter of 25 =+ 0.6 pixels (n = 10); i.e., each pixel corresponded
to an area of 100 nm by 100 nm.

Intracellular pH measurement. To determine the intracellular pH, carboxy-
fluorescein-AdS or Ad7 was used as previously described (27). Briefly, following
infection with carboxyfluorescein-Ad as described for Cy3-Ad infection (see
above), optical fields containing live cells maintained at 37°C in Leibowitz’s L-15
medium (Life Technologies) were imaged using either 450-or 490-nm excitation
wavelengths. The ratio of fluorescence intensities (I490/l450) correlates with the
pH in the environment of the fluorophore. Fluorescence ratios were interpreted
by comparison with standard curves generated by incubating Ad-infected cells in
buffers containing 50 mM methylamine in Leibovitz’s L-15 medium adjusted to
various pH values (pH 5.0 to 7.5) (31, 32). More than 500 individual spots in five
different fields were analyzed for each condition.

Coincubation of Ad with a,M. Cy3-conjugated a,-macroglobulin (Cy3-a,M;
kindly provided by F. R. Maxfield, Weill Medical College of Cornell University)
was used as a marker to label endocytic trafficking compartments including late
endosomes to lysosomes (36). To demonstrate specific endocytic trafficking of
a,M in A549 cells, cells were incubated with Cy3-a,M (10 pg/ml) and a marker
for the endocytic recycling pathway, fluorescein-5-isothiocyanate-conjugated
transferrin (59) (FITC-Tf; kindly provided by F. R. Maxfield)(10 wg/ml), for 15
min at 37°C, washed three times in binding buffer, and then incubated for 0 or 45
min in binding buffer at 37°C.

Colocalization of Ad7 and a,M was investigated by infecting A549 cells for 10
min at 37°C with carboxyfluorescein-Ad7 (10'! particles/ml; 3 X 10° particles/
cell), washing them three times in binding buffer, and incubating them in Cy3-
a,M (10 pg/ml) for 15 min. After three washes with binding buffer, the cells were
incubated for 0, 45, or 105 min at 37°C, corresponding to total infection times of
15, 60, and 120 min, respectively. The cells were washed, fixed, stained with 4’,
6-diamidino-2-phenylindole (DAPI) and observed by fluorescence microscopy.

Colocalization of Ad with endosomal proteins. To identify endosomal com-
partments containing Ad7, indirect immunofluorescence experiments were con-
ducted on cells infected with carboxyfluorescein-Ad7 using primary antibodies to
several endosome-associated proteins. A549 cells were infected with carboxy-
fluorescein-Ad7 (10! particles/ml; 3 X 10° particles/cell) at 37°C for 10 min,
washed three times with binding buffer, and incubated for the indicated times.
The cells were washed three times in PBS, fixed with 4% paraformaldehyde for
15 min, and permeabilized with ice-cold 100% methanol for 20 min. The cells
were washed and blocked with normal serum (10% [vol/vol] in PBS) for 20 min
at 23°C. Monolayers were incubated for 60 min with primary antibodies diluted
in 1.5% serum (Calbiochem, San Diego, Calif.) matched to the species of the
secondary antibody, washed, and incubated at 23°C for 60 min with species-
matched fluorophore-conjugated secondary antibodies. The primary antibodies
used were monoclonal mouse anti-transferrin receptor (clone B3/25; Boehringer
Mannheim, Indianapolis, Ind.), mouse anti-lysosome-associated membrane pro-
tein 1 (clone H4A3; Pharmingen, San Diego, Calif.), polyclonal rabbit anti-
mannose-6-phosphate receptor (kindly provided by L. Traub, Washington Uni-
versity), polyclonal rabbit anti-Rab 4, rabbit anti-Rab 5, goat anti-Rab 7, and
goat anti-Rab 11 (Santa Cruz Biotechnology, Santa Cruz, Calif.). The secondary
antibodies used were Texas red-conjugated goat anti-rabbit immunoglobulin G
(Calbiochem), donkey anti-goat immunoglobulin G (Jackson ImmunoResearch
Lab., West Grove, Pa.), and goat anti-mouse IgG (Molecular Probes).
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Quantitative comparison of the Ad5 and Ad7 metility. Cy3-Ad translocation in
living A549 cells was quantified as described previously (27). A549 cells were
infected with Cy3-Ad5 or Cy3-Ad7 (10'! particles/ml; 3 X 10° particles/cell) for
10 min at 37°C, washed, and incubated in binding buffer at 37°C as described
above. The cells were washed three times with Liebowitz L-15 medium and
transferred to a Nikon Diaphot inverted microscope equipped as described
above. Ten successive images of a single microscopic field were acquired at 1-s
intervals. Ad translocation was quantified by determining the number of linear
translocations (“linear translocation” defined as >2 wm of uninterrupted move-
ment), the number of virus particles in the field, and the duration of observation.
To ensure equal weighing of each segment, data are presented as the number of
translocations per virion per minute of observation.

Ad-induced cell membrane lysis assay. Ad-induced cell membrane lysis was
assayed by measuring [*H]choline release (44, 56). KB cells were plated at a
density of 2 X 10%cells/well in a 96-well plate and used 24 h later. The cells were
washed once with Dulbecco’s modified Eagle’s medium containing 0.2% BSA
and labeled with 5 pCi of [*H]choline per ml (1 mCi/ml; NEN Life Science
Products, Boston, Mass.) in the medium at 37°C for 1 h. The cells were then
washed once with ice-cold HEPES-buffered saline (5 mM HEPES [pH 7.0], 0.9%
NaCl, 0.2% BSA, 1 mM CaCl,, 1 mM MgCl,, 50 mM NaNj) and incubated at
4°C for 1 h with AdS, Ad7, or Ad5fiber7 (10'! particles/well; 5 X 10 particles/
cell). After virus binding, the cell samples were washed once with permeability
buffer, prepared by titrating morpholineethanesulfonic acid (MES)-buffered sa-
line (100 mM MES [pH 5.0] containing 0.9% NaCl, 0.2% BSA, 1 mM CacCl,, 1
mM MgCl,, and 50 mM NaN;) with HEPES-buffered saline (100 mM HEPES
[pH 7.5] with the same supplements) to achieve the desired pH. The cells were
incubated at 37°C for 1 h. After incubation, the permeability buffer was collected
to determine H release, while cell-associated *H was determined by incubating
the cells with 0.1 N NaOH at 37°C for 1 h. The percent [*H]choline release was
calculated by measuring the counts released into the permeability buffer and the
counts that remained cell associated using a liquid scintillation counter.

Statistical Evaluation All data are presented as means * standard errors of
the means. Statistical evaluations were carried out by using the two-tailed Stu-
dent ¢ test.

RESULTS

Kinetics of Ad DNA delivery to the nucleus. To examine the
rate of DNA transfer to the nucleus, real-time quantitative
PCR (TagMan PCR) was performed using primers specific for
the AdS genome or the Ad7 genome. Both the AdS and Ad7
genomes were stable in cells throughout the time course of the
experiment (Fig. 1A). The difference in the amount of the Ad5
genome found in total-cell lysate 1 h after infection (1.31 X
1072 = 0.04 X 10~ *Ad/B-actin gene) versus 8 h after infection
(1.58 xX1072 = 0.02 X 10~% Ad/B-actin gene) was not signifi-
cant (P > 0.25). Similarly, the difference in the amount of Ad7
genome found in total-cell lysate 1 h after infection (2.05 X
1072 = 0.02 X 10~% Ad/p-actin gene) versus 8 h after infection
(2.44 X 1072 = 0.04 X 10~ Ad/B-actin gene) was not signif-
icant (P > 0.25). Ad7 genome accumulation in the nucleus,
measured as percentage of total-cell-associated viral DNA, was
slower than AdS accumulation with the two vectors exhibiting
half times of DNA transfer to nuclei of 220 and 40 min, re-
spectively (Fig. 1B).

Local intracellular accumulation of Ad7. Prior analyses
demonstrated that Ad7 capsids accumulated in an intracellular
compartment whereas Ad5 capsids remained dispersed (6, 8,
33). The fate of Ad5 and Ad7 in the cytoplasm of A549 cells
was investigated by infecting A549 cells with virions fluores-
cently conjugated to the fluorophore Cy3 (Cy3-AdS or Cy3-
Ad7). Immediately after infection, the sizes of fluorescent
spots were comparable for the two viruses (Fig. 2A, B).
Cy3-Ad morphology was analyzed again 30 min following in-
fection, a time point deliberately chosen prior to AdS accumu-
lation at the nuclear envelope to enable analysis of cells that
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FIG. 1. Quantitative evaluation of Ad5 and Ad7 genome persis-
tence in cells and delivery of the genome to the nucleus at various
times after a 10-min infection. A549 cells were infected with AdS or
Ad7 (10 particles/cell) at 37°C for 10 min. The cells were washed and
incubated for 0 to 8 h at 37°C. They were then harvested, and DNA
was extracted from the total-cell lysate or from isolated nuclei. Ad
DNA was quantified by a fluorogenic PCR assay using probes for Ad5
or Ad7 and compared to an internal standard (cellular B-actin gene).
(A). Ad DNA persistence in A549 cells. The amounts of AdS and Ad7
DNA in A549 cells were compared at 1 and 8 h after infection. Data
are presented as a percentage of the DNA content at 1 h (B). Per-
centage of the Ad genome delivered to the nucleus. The data are
presented as the ratio of nuclear Ad genome copies (normalized to
nuclear B-actin gene copies) to total-cell lysate Ad genome copies
(normalized to lysate B-actin gene copies). Shown are the analyses for
Ad5 and Ad7. The data are presented as the mean = standard error of
three experiments.

still had a significant number of AdS virions that could be
resolved in the cytoplasm. When cells were incubated for 30
min following infection, the size distribution of Cy3-AdS spots
was unchanged (Fig. 2C) while the size distribution of fluores-
cent spots in Cy3-Ad7-infected cells shifted toward larger and
brighter signals (Fig. 2D). A quantitative analysis of spot size
demonstrated the shift toward vector accumulation for Ad7
but not Ad5 (Fig. 2E and F). The results demonstrate localized
accumulation of Ad7, but not AdS, in the cytoplasm. Similar to
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FIG. 2. Localized intracellular accumulation of Ad7 compared to Ad5. A549 cells were incubated with Cy3-Ad (10" particles/ml) for 10 min
at 37°C, washed, and immediately fixed (10-min pulse) or incubated for 30 min at 37°C prior to fixation (10-min pulse plus 30-min chase). (A to
D) Images of Cy3-Ad5 and Ad7. For each pair of panels, the right panels are X8 magnifications of the box in the left panel; the X8 magnification
provides an overview of the regions and extent of localized accumulation of the fluorophore-labeled virus. (E) Histogram of the frequency of
Cy3-AdS5 as a function of the pixel number. Open bars and open squares ((J) represent a 10-min pulse, whereas shaded bars and solid squares (m)
represent a 10-min pulse followed by a 30-min chase (F) Histogram of the frequency of Cy3-Ad7 as a function of pixel number. The cumulative
percentage curve of Ad7 (m) was shifted toward the right at 30 min, indicating an increase in the mean pixel area of the fluorescent spots as
infection progressed. The dimensions of each box analyzed are 3.5 by 3.5 um.

A549 cells, KB cells showed localized accumulation of Ad7 but the immediate environment of the virus in living cells if the
not Ad5 in the cytoplasm (data not shown). fluorophore has pH-sensitive optical properties (13, 32). To

Determination of the pH of Ad-containing compartments. measure the pH in the immediate environment of AdS and
Fluorophore-Ad conjugates can be used to evaluate the pH in Ad7, the capsids were conjugated with the pH-sensitive dye
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FIG. 3. Comparison of the pH of compartments containing Ad5 or Ad7. A549 cells were infected with carboxyfluorescein-Ad (10" particles/ml)
for 10 min at 37°C and incubated at 37°C for various times. pH measurements were performed in living cells by recording carboxyfluorescein
emission intensity following excitation at either 490 or 450 nm. (A). Standard curve of carboxyfluorescein-AdS5 using cells equilibrated with 50 mM
methylamine buffers (pH 5.0 to 7.5). The fluorescence intensity ratio (I49/I450) is related to the pH of the standard medium. Bars show the 95%
confidence interval. (B) Carboxyfluorescein-Ad5, 10-min pulse (infection) and 10-min chase (incubation). (C) Carboxyfluorescein-Ad5, 10-min
pulse and 60-min chase. (D) Standard curve of carboxyfluorescein-Ad7. (E to J) Carboxyfluorescein-Ad7, 10-min pulse with various chase times

as indicated (10 to 480 min).

carboxyfluorescein (51). In living cells, the intensity of fluores-
cence emission was determined using a pH-sensitive excitation
wavelength (490 nm) and a pH-insensitive excitation wave-
length (450 nm) (Fig. 3). The ratio of emission intensities
resulting from the two excitation (I,40/1,5,) Wavelengths corre-
sponded to the intracellular pH, demonstrated through the use

of control buffer solutions (Fig. 3A and D). The earliest time
point observed, 10 min following removal of unbound virions
from the medium, corresponded to the time at which 100% of
virions are intracellular (33). After a 10-min chase, the Ad5
ratios were distributed between pH 6.0 and 7.0, indicating that
Ad5 was within early endosomes or free in cytosol (Fig. 3B).
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FIG. 4. Endocytic trafficking in A549 cells. The cells were labeled with Cy3-a,M (10 pg/ml) and FITC-Tf (10 pg/ml) for 15 min, washed, and
incubated for 0 or 45 min. The left column shows FITC-Tf; the center column shows Cy3-a,M; and the right column shows a color overlay of the
signals (FITC-Tf, green; Cy3-a,M, red; colocalization, yellow). (A) FITC-Tf, without incubation. (B) Cy3-a,M, without incubation. (C) Overlay
of panels A and B (D) FITC-Tf, 45-min incubation. (E) Cy3-a,M, 45-min incubation. (F) Overlay of panels D and E. Arrows indicate examples

of colocalization of Cy3-a,M and FITC-Tf. Field width, 50 pm.

After a 60-min chase, the peak of the Ad5 pH distribution was
shifted toward neutrality (Fig. 3C), indicating that most of the
AdS virions had escaped from acidic organelles to the neutral
cytosol in A549 cells within 1 h.

At 10 min after infection, the pH distribution for Ad7 had a
single peak between pH 6 and 7, indicating that Ad7 was in an
endosomal compartment after endocytosis, similar to AdS
(Fig. 3E). After a 30-min incubation, a new peak appeared at
an acidic pH (Fig. 3F). The proportion of intracellular Ad7 at
low pH increased in the first 2 h after infection and then
decreased over the next 6 h (Fig. 3G to J). The decrease in the
population of Ad7 at a low pH was matched by a correspond-
ing increase in the population of Ad7 at neutral pH (Fig. 31
and J). The kinetics of Ad7 localization in compartments with
different pHs indicated that Ad7 first entered a slightly acidic
compartment, then moved to a more highly acidic compart-
ment, and finally escaped to a neutral compartment.

Coincubation of Ad7 with o,M. Ligands that enter cells via
endocytosis are generally targeted either to the recycling path-
way, leading to delivery back to the cell surface, or to the
lysosomal pathway, leading to degradation (36). Well-charac-
terized endocytic ligands that specifically enter either pathway

include a,M, which is targeted to the lysosomal pathway, and
Tt, which is targeted to the recycling pathway. Sorting of these
ligands into different pathways can be demonstrated by com-
paring their distribution at different times after internalization.
Cy3-a,M was partially colocalized with FITC-Tf in A549 cells
after a 15-min coincubation with cells, reflecting cointernaliza-
tion into sorting endosomes, an early, functionally distinct step
in the endocytic pathway. When the cells were washed to
remove unbound ligand after the 15-min incubation and were
maintained at 37°C for an additional 45 min, the two endocytic
ligands were located in distinct compartments (Fig. 4). This
time course suggested that ligands destined for the lysosomal
pathway left sorting endosomes and entered late endosomes
within the first hour after internalization.

To determine whether Ad7 entered the lysosomal or the
recycling pathway, the localization of Ad7 was compared with
that of a,M. Significant colocalization of carboxyfluorescein-
Ad7 with Cy3-a,M was observed 1 hr after infection (Fig. 5).
Colocalization of Ad7 with a,M could be detected up to 4 h
after infection, indicating an extended residence time in an
endocytic compartment in the lysosomal pathway.
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Overlay

FIG. 5. Colocalization of Ad7 with a,M. A549 cells were infected with carboxyfluorescein-Ad7 (10" particles/ml) for 10 min at 37°C, loaded
with Cy3-a,M (10 pg/ml) for 15 min, and then incubated for an additional 45 or 105 min at 37°C. The left column shows carboxyfluorescein-Ad7,
the center column shows Cy3-a,M, and the right column shows a color overlap of the two signals (carboxyfluorescein-Ad7, green; Cy3-a,M, red;
colocalization yellow). (A) Carboxyfluorescein-Ad7, 1 h after infection. (B) Cy3-a,M, 1 h after Ad7 infection, (C) Overlay of panels A and B. (D)
Carboxyfluorescein-Ad7, 2 h after infection. (E) Cy3-a,M, 2 h after Ad7 infection. (F) Overlay of panels D and E. (G) Carboxyfluorescein-Ad7,
4 h after infection (H) Cy3-a,M, 4 h after Ad7 infection. (I) Overlay of panels G and H. Arrows indicate examples of colocalization of Ad7 and

Cy3-a,M. Field width, 50 pm.

Colocalization with endosomal and lysosomal proteins. In-
tracellular organelles can also be identified by their protein
composition. Endosomes in the recycling pathway contain the
Tf receptor, while endosomes in the lysosomal pathway are
characterized by the presence of mannose-6-phosphate recep-
tor and lysosome-associated membrane protein 1 (LAMP-1)

(7, 20, 28). The endocytic compartments can also be distin-
guished by the Rab protein family of small GTP binding pro-
tein that are thought to regulate the trafficking of membrane
and membrane-associated proteins among intracellular or-
ganelles (46). To identify the endosomal compartment in
which Ad7 resides, A549 cells were infected with carboxyfluo-
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FIG. 6. Colocalization of Ad7 with endosomal proteins. A549 cells were infected with carboxyfluorescein-Ad7 (10! particles/ml) for 10 min at
37°C, incubated for 60 min at 37°C, and then fixed and permeabilized. The cells were incubated at 23°C for 1 h with primary antibodies against
Tf receptor, mannose-6-phospate receptor, or LAMP-1 and localized using Texas red-conjugated secondary antibodies. The left column shows
carboxyfluorescein-Ad, the center column shows organelle-specific protein staining, and the right column shows overlap (Ad7, green; specific
protein, red; overlap), yellow). Very little colocalization of Ad7 with Tf. receptor was observed. However, Ad7 was partially colocalized with
mannose-6-phosphate (late endosomes) and LAMP-1 (late endosomes and lysosomes). Arrows indicate examples of colocalization. Field width,

40 pm.

rescein-Ad7 for 10 min and then incubated for 60 min; this was
followed by indirect immunofluorescence localization of or-
ganelle markers. When Ad7 localization was compared with
that of endosomal marker proteins, Ad7 was partially colocal-
ized with markers of late endosomes and lysosomes (mannose-
6-phosphate receptor and LAMP-1), but not with the recycling
endosome marker, Tf receptor (Fig. 6). Consistent with this
finding, Ad7 was partially colocalized with Rab 7, a marker of
late endosomes, but not with Rab 4, 5, or 11, which are asso-
ciated with recycling, sorting, and apical recycling endosomes,
respectively (Fig. 7).

Rapid, linear translocations of Ad5 and Ad7. It is known
that AdS is capable of rapid, linear translocations in cytosol
following escape from endosomes (26, 27, 49). To determine
whether Ad7 also exhibited rapid intracellular motility, a series
of images of infected cells were acquired at two time points
after infection, 30 min and 4 h (Fig. 8). Ad5 motility at 30 min
(0.29 = 0.07 translocations/virus/min) was comparable to pre-
viously reported values at this time point (27). Ad5 motility
observed 4 h after infection was significantly decreased com-
pared to that at the 30-min time point (P < 0.01), probably
reflecting the high degree of stable association of AdS capsids
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FIG. 7. Colocalization of Ad7 with small GTP binding proteins found in late endosomes and lysosomes. A549 cells were infected with
carboxyfluorescein-Ad7 (10" particles/ml) for 10 min at 37°C, incubated for 60 min at 37°C, and then fixed and permeabilized. The cells were
incubated at 23°C for 1 h with primary antibodies against Rab proteins, using Texas red-conjugated secondary antibodies. The left column shows
carboxyfluorescein-Ad, the center column shows organelle-specific protein staining, and the right column shows overlap (Ad7, green; specific
protein, red; colocalization, yellow). Very little colocalization of Ad7 with Rab 4, Rab 5, or Rab 11 was observed. However, Ad7 was partially
colocalized with Rab 7 (late endosomes and lysosomes). Arrows indicate examples of colocalization. Field width, 40 pm.

with the nuclear envelope late in the infection. In contrast, the
motility of Ad7 was lower than that of Ad5 30 min after
infection but increased rather than decreased by the 4-h time
point, such that Ad7 motility 4 h after infection was signifi-
cantly higher than either AdS motility at that time point or Ad7

motility at the earlier time point (P < 0.01 and P < 0.05,
respectively), probably reflecting an increase in the Ad7 pop-
ulation free in cytosol.

Influence of Ad7 fiber protein on the pH optimum for mem-
brane lysis by Ad. Intracellular trafficking of Ad7 appears
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FIG. 8. Quantitative comparison of the motility of Ad5 and Ad7 at
different time points. A549 cells were infected with Cy3-AdS or Cy3-
Ad7 (10" particles/ml) for 10 min, at 37°C, washed out, and incubated
at 37°C for 30 or 240 min. Digital segments of the fluorescent image
fields were analyzed with respect to the number of linear translocations
(>2 pm) observed. Data are normalized with respect to the number of
viruses visible in the field and the duration of observation. The motility
of Ad7 at 240 min after infection was increased significantly compared
with that 30 min after infection, whereas the motility of Ad5 decreased
over the same interval.

distinct from trafficking of AdS in that Ad7 entered a low-pH
compartment while Ad5 rapidly escaped to the pH-neutral
cytosol. These observations led to the hypothesis that Ad7
would exhibit a shift toward a lower pH for optimum mem-
brane lysis compared to Ad5. To aid in this analysis, we used a
chimeric Ad capsid composed of a complete Ad5 capsid with
an Ad7 fiber protein substituted for the AdS fiber protein
(Ad5fiber7) [16]; the Ad57 fiber vector was previously noted to
have intracellular trafficking characteristics similar to those of
Ad7 rather than AdS (33). The availability of this chimera
allowed a test of the hypothesis that the Ad7 fiber protein
would confer this property onto the Ad5fiber7 chimeric capsid.
Previous reports showed that AdS was capable of lysing cell
membranes with a pH optimum of 6.0, using an experimental
model in which Ad capsids were bound to the plasma mem-
brane of KB cells that had been loaded with [*H]choline (4, 43,
44). Capsid binding was performed in the presence of sodium
azide to eliminate cytosolic ATP and prevent endocytosis. Re-
lease of *H to the supernatant was taken as a measure of cell
lysis. KB cells were used for this assay rather than A549 cells
because A549 cells exhibited an unacceptably high rate of
spontaneous cell lysis at pH values below 6.0 (data not shown).

[*H]choline release was strongly dependent on the pH of the
medium for both Ad5, Ad7, and the chimeric Ad5fiber7 (Fig.
9). The activity of Ad5-induced cell membrane lysis was most
effective at pH 6.0, in agreement with previously published
reports (4, 43, 44). At this pH, lysis induced by AdS was sig-
nificantly greater than lysis induced by Ad7 or AdSfiber7 (P <
0.05). Interestingly, the lytic activity of Ad7 was most effective
at pH 5.5, even though the AdS lytic activity was lost at that pH
value. The Ad7-induced lysis was significantly greater than AdS
at pH 5.5 (P > 0.05), indicating that the endosome disruption
by Ad7 was optimal in low-pH compartments. The Ad5fiber7
chimera also exhibited a pH optimum of 5.5 for membrane
lysis, with significantly more lysis than Ad5 (P < 0.05), sug-
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gesting that the fiber protein confers the characteristics of
membrane lysis on the capsid.

DISCUSSION

While Ad5 and Ad7 both use receptor-mediated endocytosis
to enter cells, the routes by which they deliver their genomes to
the nucleus are quite distinct. The hallmark of a subgroup C
Ad infection is rapid escape to the cytosol following internal-
ization by receptor-mediated endocytosis (6, 15). This has been
characterized for subgroup C serotypes 1, 2 and 5, but this
property is clearly not shared universally among members of
the Adenoviridae family. In particular, members of subgroup B
(serotypes 3 and 7) are noted for their relatively long residence
times inside membranous organelles, identified as lysosomes
based on the ultrastructural appearance of the organelle or
cosedimentation of the viral genome with lysosomal markers
(6, 37). The present study has focused on a functional charac-
terization of the compartments through which Ad7 traffics
using colocalization of virions with compartment markers,
compartment pH, and membrane lysis. The data clearly iden-
tify the lysosomal pathway as the route used by Ad7 virions.
Despite trafficking through this pathway, Ad7 has the ability to
escape degradation in these organelles. Interestingly, the data
show that Ad7 traffics through the low pH lysosomal pathway
and that the fiber protein confers the property of low-pH
escape of the Ad7 capsid to the cytoplasm (Fig. 10).

Delivery of Ad7 to functionally characterized endosomes in
the lysosomal pathway. The functional characterization of Ad7
infection included the observations that Ad7-containing com-
partments had a low luminal pH and contained endocytic li-
gands known to traffic to lysosomes. One functional definition
of late endosomes and lysosomes is acidification of the or-
ganelle interior below pH 6.0. AdS virions remained at or
slightly below neutrality throughout infection, including time
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FIG. 9. Effect of pH on Ad-dependent membrane lysis. KB cells
(2 X 10* cells) were incubated for 1 h in medium containing [*H]
choline, washed, chilled to 4°C, and then treated with 10'! particles of
Ad5, Ad7, or the chimeric virus Ad5fiber7 for 1 h. The medium was
replaced with permeability buffer at various pH, containing sodium
azide to prevent endocytosis of the viruses. Cells with bound viruses
were then warmed to 37°C for 1 h to permit lysis. The percent [*H]cho-
line release was determined by measuring *H released into the medium
compared with the counts remaining in cells. Data from AdS, Ad7,
Ad5fiber7 (Ad5f7), and naive control are shown as mean values *+
standard error. The activity of AdS5-induced membrane lysis was sig-
nificantly greater than that of Ad7- or Ad5fiber7-induced lysis at pH
6.0; the activity of AdS-induced membrane lysis was significantly less
than that of Ad7- or AdSfiber7-induced lysis at pH 5.5 (P < 0.05 for
each comparison).
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FIG. 10. Summary of intracellular trafficking of subgroup B and
subgroup C Ad. Subgroup C Ad (e.g., AdS) is internalized via inter-
action with a high affinity receptor (coxsackie-virus-Ad receptor
[CARY]) and a secondary receptor integrin and then enters the cell via
receptor-mediated endocytosis. When the endocytic compartment
containing AdS fuses with a sorting endosome (pH 6.2), Ad5 breaks
out the early endosome, escapes to the cytosol, and translocates to the
nucleus along microtubules within 1 h. Subgroup B Ad (e.g., Ad7)
binds to cells via interaction with an unidentified receptor (R) and is
internalized via receptor-mediated endocytosis. The endocytic com-
partment containing Ad7 fuses with sorting endosomes, but unlike
AdS5, Ad7 does not disrupt the sorting-endosome membrane, remain-
ing inside that organelle as it matures to become a late endosome (pH
5.5) and finally a lysosome (pH 5.0). Ad7 escapes from late endosomes
and/or lysosomes and translocates to the nucleus. Following equally
rapid internalization (t» = 2 to 3 min) (33), Ad5 reaches the nucleus
rapidly (r» = 40 min) while Ad7 trafficking progresses more slowly
(tv» = 220 min).

points 10 min after infection (when previous studies have
shown that all of the Ad5 virions had been internalized) and 60
min after infection (when previous studies have shown that 70
to 80% of AdS virions were associated with the nuclear enve-
lope) (26, 33). In contrast, Ad7 rapidly entered acidic com-
partments, with approximately 30% of virions residing in com-
partments of pH < 6.0 within 30 min after infection. That
percentage grew to a maximum of approximately 50% 2 h after
infection. Since pH < 6.0 is indicative of late endosomes and
lysosomes, these data suggest that Ad7 entered compartments
that exhibited a functional property of the lysosomal pathway.

A second functional characteristic of the lysosomal pathway
that was examined in A549 cells was sorting of endocytic li-
gands. Fluorescence microscopy of Cy3-AdS virions showed
that the Ad5 retained a uniform size throughout the cell, while
imaging of Ad7 revealed an increase in the size of the fluores-
cent puncta. The data showed that these sites of local accumu-
lation of Ad7 corresponded to a,M-containing compartments.
The fact that the a,M-containing compartment diverged from
cointernalized Tf 45 min after addition of labeled a,M pro-
vided a functional demonstration that the «,M-containing
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compartments mature to become late endosomes destined for
fusion with primary lysosomes. Colocalization of Ad7 with
a,M at time points from 60 to 240 min after infection agreed
with the time course of Ad7 localization in low-pH compart-
ments.

Colocalization of Ad7 with late endosome- and lysosome-
associated proteins. Subcellular localization of virions can be
accomplished using reagents such as antibodies that mark the
position of organelle-specific proteins. Using this strategy, Ad7
localization was compared with the subcellular distribution of
three proteins which mark different parts of the endocytic
system: Tf receptor, a transmembrane protein that binds Tf
and carries it through the endocytic recycling compartment (9);
mannose-6-phosphate receptor, a protein that is located pri-
marily in late endosomes (24); and LAMP-1, a protein found in
late endosomes and lysosomes (7, 28). At 1 h after infection,
Ad7 showed partial colocalization with mannose-6-phosphate
receptor and LAMP-1, confirming delivery of Ad7 to late en-
dosomes and lysosomes.

A family of small GTP-binding proteins, the Rab proteins,
participate in membrane trafficking among distinct intracellu-
lar compartments, and organelle-specific localization of several
members of the Rab family has been demonstrated (46). Using
antibodies to Rab 5 (which marks an early endosome in which
sorting of ligands and receptors occurs), Rab 4 (the recycling
endosomes that holds material destined for return to the cell
surface), Rab 11 (specialized recycling endosomes found in
epithelial cells), and Rab 7 (late endosomes), Ad7 was found
to colocalize only with Rab 7, supporting the observation that
Ad7 trafficked to late endosomes.

The examples of colocalization between Ad7 and compart-
ment markers uniformly resulted in partial rather than com-
plete colocalization of the two fluorescent signals. This result
was probably a consequence of the biology of Ad7. First, Ad7,
being an infectious agent, has the property of lysing an endo-
somal compartment and escaping to the cytosol (8). Thus,
some fraction of the Ad7 signal will always fail to colocalize
with organelle markers since the organelle markers will not
correspond to Ad7 which has escaped. Second, Ad7 was ap-
plied to cells for only 10 min, leading to a wave of viral infec-
tion. As such, the Ad7 would be expected to correspond only to
a subset of late endosomes or lysosomes that were formed as
the wave of Ad7 reached that stage of the endocytic pathway.
As a result, the examples of partial colocalization illustrated in
this report logically reflect localization of an infectious agent
during a dynamic process.

Functional significance and mechanism of Ad7 trafficking to
late endosomes and lysosomes. Subgroup B Ad are noted for
their comparatively low efficiency is establishing an infection
(11). Subgroup B viruses often have particle-to-PFU ratios
10-fold higher than those of subgroup C viruses (1, 11). One
interpretation of the high particle-to-PFU ratio is that fewer
incoming viruses are infective, a model that would be favored
if degradation of lysosome-targeted virions were observed. The
present data do not support this interpretation. Instead, the
data suggest that no loss of viral genome occurs during virion
residence in low-pH compartments (0 to 8 h after infection),
that the viral genome is quantitatively delivered to the nucleus,
and that delivery to a low-pH compartment favors escape to
the cytosol. These data, in combination with previous data
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showing that gene transfer vectors based on the Ad7 capsid are
equally efficient in terms of gene transfer compared with Ad5-
based gene transfer vectors (1), argue strongly that the infec-
tion pathway of Ad in subgroup B, while different from that of
Ad in subgroup C, is equally competent for delivery of the
genome to the nucleus. In this context, the difference in infec-
tion efficiency of the subgroups indicated by titer assays prob-
ably reflects some other aspect of the viral life cycle, such as
capsid assembly.

The mechanism governing effective Ad intracellular traffick-
ing is highly dependent on the ability of the Ad capsid to
escape from endosomes. For virions from subgroup C, which
exhibit rapid escape from endosomes, the probability of endo-
some escape is likely to increase in acidic compartments. This
concept is based on previous demonstrations that Ad-mediated
endosomal lysis is enhanced at a pH of 6.0 (corresponding to
the pH observed in early endosomes) and observations that
inhibition of endosome acidification prevents infection (17, 26,
38). Based on the observation that anti-penton antibody sup-
presses the ability of subgroup C to lyse membranes in vitro,
penton base protein has been linked to the lytic activity of
these Ad (44, 56). The data generated in the present study
suggest that the fiber protein may also play an important in-
tracellular role during infection, perhaps acting as a pH sensor
which triggers the endosomal lytic activity. This interpretation
stems from observations showing Ad5 and Ad7 escape from
early and late endosomal compartments, respectively. This
property appears to be based on the fact that the viral DNA is
transferred quantitatively to the nucleus with distinct kinetics
for escape from early or late endosomes. Remarkably, the
properties of localized intracellular accumulation, colocaliza-
tion with an endocytic ligand destined for lysosomes (a,M),
and slowed kinetics of DNA delivery to the nucleus are all
conferred on a chimeric capsid composed entirely of AdS pro-
teins with the exception of the fiber protein which comes from
Ad7 (16). The data also show that the fiber has the additional
property of defining the pH optimum for membrane lysis.
Taken together, the simplest interpretation of the data is that
the properties of the fiber protein control the timing of endo-
somal escape and, in doing so, govern the extent to which the
capsid traffics within endocytic compartments prior to escape
to the cytosol. A role for fiber after binding is supported by the
observations of Legrand et al. (25), who compared the infec-
tion efficiency of normal fiber-bearing Ad capsids to that of
fiberless Ad capsids in cells that lacked a high-affinity receptor
for the fiber protein and found that fiber-containing Ad was
100-fold more infective than was fiberless Ad.

An alternative interpretation of the data is that the fiber
protein is directly responsible for lysis of the endosome. While
it is clear that the penton base interaction with integrin facil-
itates entry and that inhibition of that interaction can prevent
membrane lysis (43, 56), the enzymatic activity required for
lysis of endosomal membranes has never been unambiguously
assigned to any one capsid protein. The fact that the recom-
binant penton base protein competitively inhibits Ad-mediated
lysis of cells rather than causing lysis itself also argues that the
penton base, while necessary for lysis, may not be sufficient
(56). It is similarly unlikely that the fiber protein alone can
induce lysis of membranes, given the observations that the
affinity of fiber for membranes decreases in the pH range
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found in early endosomes (50), that high concentrations of
purified or recombinant fiber protein have been exposed to
cells without mention of toxicity (48, 57), and that fiberless
capsids are still able to accomplish infection, albeit at signifi-
cantly reduced efficiency (25, 53). If the penton base and fiber
are both necessary for lysis yet neither is sufficient to accom-
plish lysis independently, the penton base-fiber complex may
be required. Support for this model comes from the work of
Fender et al. (14), who showed that penton base-fiber dodeca-
hedrons efficiently bound to cells and translocated to the nu-
cleus, suggesting that membrane lysis was accomplished.

The difference in the half time of delivery of Ad7 and Ad5 to
the nucleus was observed at both high and low multiplicities of
infection, indicating that Ad7 trafficking through late endo-
somes was not an artifact of high viral concentrations during
infection. Morphological observations of Ad7 trafficking (Ad7
colocalization with compartment markers; determination of
the pH of Ad7-containing compartments) were performed fol-
lowing a brief (10-min) infection of cells at a very high multi-
plicity of infection (30,000 particles per cell). These results
showed a long-lived association of Ad7, but not Ad5, with late
endosomal compartment markers and low-pH compartments.
Similar observations with nonfluorescent Ad7 were reported
previously using in situ hybridization to localize Ad genome in
cells up to 8 h after infection (33). Time-resolved data from
both the pH determinations and in situ hybridization showed
that the majority of Ad7 did not escape from cytoplasmic
compartments for several hours after infection. Brief (10-min)
infections with a low multiplicity of infection (1,000 particles
per cell) were used in a quantitative determination of the rate
of Ad genome transfer to the nucleus. Despite the 30-fold
difference in the concentration of virus during infection, a
similar rate of translocation of the Ad genome to the nucleus
was observed (2 to 3 h half time). Interestingly, the Ad7 ge-
nome was observed to begin encountering the nucleus as early
as 1 h postinfection by the quantitative PCR assay, a finding in
agreement with the observation of a minority of vector in
association with the nuclear envelope at this time point.

Late stages in infection. After escape from endosomes, Ad
translocates to the nucleus and binds to the nuclear envelope.
Subgroup C capsids translocate at rates up to 2 wm/s in living
cells, using the microtubule-dependent motor protein, cyto-
plasmic dynein, to mediate Ad motility in cytosol following Ad
escape from endosomes (26, 27, 49). Like subgroup C Ad, Ad7
exhibited rapid intracellular movements, but the number of
Ad7 movements increased over the course of a 4-h incubation
while the number of Ad5 movements decreased, possibly re-
flecting the slower kinetics of Ad7 release to the cytosol. The
rapid movement of Ad7 suggests that Ad7 may also interact
with microtubule-based motor molecules. Combined with a
previous observation that Ad5 and Ad7 share a similar binding
mechanism with the nuclear envelope (58), it is likely that the
mechanism of infection of subgroups B and C are quite similar
following escape to the cytosol.

Targeting gene therapy vectors to cells. Utilization of gene
transfer vectors in vivo has been limited to some extent by the
native tropism of viral vectors. In Ad, early dependence on
subgroup C-based vectors limited the vector tropism to cells
with accessible receptors for subgroup C vectors. To expand
the host range of subgroup C vectors, capsids have been retar-
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geted by incorporating novel affinities for cell surface mole-
cules into the capsid structure (55). Given that subgroup B Ad
have a different cell surface receptor from subgroup C Ad (11,
16, 33, 39, 48), a series of chimeric vectors have been produced
to take advantage of the difference in viral receptors between
subgroups. Chimeric Ad vectors expressing either an Ad3
knob/AdS5 shaft fiber protein or full-length Ad3 fiber protein
exhibit increased transduction of human fibroblasts, mono-
cytes, B-lymphoid cell lines, or squamous carcinoma cell lines
compared to subgroup C Ad vectors (47, 54). The chimeric
Ad5fiber7 vector used in this study demonstrates subgroup
B-specific binding (16, 33) as well as altered in vivo tropism
(16). While the potential advantages of altering tropism are
evident, the possible contributions of altered intracellular traf-
ficking of subgroup B/C chimeric capsids remain to be evalu-
ated.

Targeting gene therapy vectors to lysosomes? Although the
concept of purposely targeting a gene transfer vector to a
lysosome may be counterintuitive, the fact remains that many
advances in the development of nonviral gene transfer vectors
(vectors composed of plasmid DNA complexed with lipids,
polymers, and or peptides) have relied on mimicking the in-
fection pathway of viruses. One significant problem plaguing
the development of nonviral vectors has been intracellular
translocation of plasmids to the nuclei of cells, since plasmids
exhibit poor diffusion characteristics in the cytoplasm (12, 29).
Evolution has conferred upon viruses highly efficient techno-
logical strategies for delivering genomes to nuclei of eukaryotic
cells. For example, by utilizing a pH-triggered lysis mechanism,
virions are less apt to undergo irreversible capsid changes
required for infection while the capsid remains outside of the
target cell. Targeting to the lysosomal pathway and delayed
escape from endosomes may permit Ad7 to take advantage of
host cell mechanisms for moving material through the cyto-
plasm to the nucleus. Ad capsids, like plasmids, are not capable
of rapid diffusion in the cytoplasm (27), so the capsid must find
mechanisms for translocating to the nucleus. Ad2 and Ad5
utilize microtubule-based molecular motors to achieve nuclear
localization after escape to the cytosol (27, 49). Ad7, con-
versely, may accomplish nuclear localization, in part, by re-
maining inside late endosomes and lysosomes, since these or-
ganelles are often transported toward nuclei (e.g.,
prelysosomal organelles in the axons of neurons are trans-
ported specifically toward the cell body). Ad7 may achieve
greater proximity to the nucleus by remaining inside late en-
dosomes and lysosomes prior to escape to the cytosol. Nonviral
vector designers have devised mechanisms for conveying re-
ceptor-specific mechanisms for binding nonviral vectors to the
cell surface, have incorporated pH-enhanced fusion mecha-
nisms, and have conjugated nuclear localization sequences to
synthetic vectors. Thus, it stands to reason that if a nonviral
vector containing a plasmid could be engineered to remain in
the lysosomal pathway for an extended period prior to escape,
the plasmid may be released near the nucleus, thereby increas-
ing the transduction efficiency of the vector.
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