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Adeno-associated virus type 2 (AAV) is a single-stranded-DNA-containing, nonpathogenic human parvovirus
that is currently in use as a vector for human gene therapy. However, the transduction efficiency of AAV vectors
in different cell and tissue types varies widely. In addition to the lack of expression of the viral receptor and
coreceptors and the rate-limiting viral second-strand DNA synthesis, which have been identified as obstacles
to AAV-mediated transduction, we have recently demonstrated that impaired intracellular trafficking of AAV
inhibits high-efficiency transduction of the murine fibroblast cell line, NIH 3T3 (J. Hansen, K. Qing, H. J.
Kwon, C. Mah, and A. Srivastava, J. Virol. 74:992-996, 2000). In this report, we document that escape of AAV
from the endocytic pathway in NIH 3T3 cells is not limited but processing within endosomes is impaired
compared with that observed in the highly permissive human cell line 293. While virions were found in both
early and late endosomes or lysosomes of infected 293 cells, they were localized predominantly to the early
endosomes in NIH 3T3 cells. Moreover, treatment of cells with bafilomycin A1 (Baf), an inhibitor of the
vacuolar H*-ATPase and therefore of endosomal-lysosomal acidification, decreased the transduction of 293
cells with a concomitant decrease in nuclear trafficking of AAV but had no effect on NIH 3T3 cells. However,
after exposure of NIH 3T3 cells to hydroxyurea (HU), a compound known to increase AAV-mediated trans-
duction in general, virions were detected in late endosomes and lysosomes, and these cells became sensitive to
Baf-mediated inhibition of transduction. Thus, HU treatment overcomes defective endocytic processing of AAV
in murine fibroblasts. These studies provide insights into the underlying mechanisms of intracellular traf-
ficking of AAYV in different cell types, which has implications in the optimal use of AAV as vectors in human

gene therapy.

Adeno-associated virus type 2 (AAV) is a nonpathogenic hu-
man parvovirus that contains a single-stranded DNA genome
and belongs to the genus Dependovirus, so named because it
requires coinfection with a helper virus for efficient viral rep-
lication (8, 47). Both herpesvirus and adenovirus can provide
the helper functions necessary for AAV to undergo a produc-
tive, lytic infection in which progeny virions are produced (7).
In the absence of a helper virus, the wild-type AAV establishes
a latent infection by integrating site specifically into human
chromosome 19 (22, 23, 44). Although first isolated from rhe-
sus monkey kidney cell cultures (3), evidence is accumulating
that AAV can infect a wide variety of cells from various spe-
cies, including humans and mice. These properties have been
instrumental in the development of AAV as a vector for hu-
man gene therapy. Indeed, human clinical trials using recom-
binant AAV vectors in the treatment of cystic fibrosis and
hemophilia B are under way (13, 21).

Although AAYV infects most cell types examined thus far, a
growing number of nonpermissive cell types have been identi-
fied (5, 35, 39). Furthermore, the transduction efficiency of
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“permissive” cells varies widely. By investigating basic aspects
of AAV infection, we and others have begun to identify the
obstacles to high-efficiency AAV-mediated transduction. For
example, to be transduced, cells must express the proper com-
bination of receptors and coreceptors on their surface. Hepa-
ran sulfate proteoglycan and human fibroblast growth factor
receptor 1 have been identified as the viral receptor and core-
ceptor, respectively (39, 49). In addition, others have shown
that o, 35 integrin is a coreceptor for AAV and plays a key role
during virus internalization (48). After binding, the virus enters
the cell via clathrin-coated pits (9), traffics to the nucleus,
uncoats, and must undergo a round of second-strand viral
DNA synthesis to yield a transcriptionally active double-
stranded DNA intermediate. Second-strand viral DNA synthe-
sis is the rate-limiting step in AAV-mediated transduction (11,
12). We have identified a cellular protein, the single-stranded
D-sequence binding protein (ssD-BP), which binds the D-se-
quence near the 3’ end of the viral genome and, when phos-
phorylated at tyrosine residues, inhibits the viral second-strand
DNA synthesis (38, 40). Moreover, we have shown that human
epidermal growth factor receptor protein tyrosine kinase ac-
tivity phosphorylates the ssD-BP and therefore modulates the
rate of the viral second-strand DNA synthesis (26).
Hydroxyurea (HU) treatment of cells has been postulated to
increase the rate of AAV second-strand DNA synthesis by
inducing a cellular microenvironment that results in dephos-
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phorylation of the ssD-BP (40). In addition, others have pro-
posed that HU increases AAV-mediated transduction by caus-
ing S-phase arrest with a concomitant increase in the DNA
repair synthesis that normally occurs during DNA replication
(42). The induction of DNA repair synthesis by genotoxic
agents such as y and UV irradiation increases transduction
efficiency, indicating that the DNA repair machinery may be
responsible for synthesizing the second strand of viral DNA
since AAV lacks its own DNA polymerase (1, 2). Since HU
arrests the cell cycle by inhibiting ribonucleotide reductase,
resulting in depletion of the pool of deoxyribonucleotides re-
quired for DNA synthesis, one might expect that viral second-
strand DNA synthesis would be impaired as well; therefore,
the HU-induced increase in AAV-mediated transduction
might be due to additional effects on the viral life cycle besides
second-strand synthesis.

Despite intensive efforts to understand events surrounding
the early steps of AAV infection, relatively little is known
about how the virus traffics to the nucleus. Previously, we have
demonstrated that impaired intracellular trafficking into the
nucleus limits high-efficiency AAV-mediated transduction of
murine fibroblasts (18). More recently, others have shown that
passage through an acidic subcellular compartment is neces-
sary for efficient viral transduction and that AAV utilizes mi-
crotubules, microfilaments, and a Racl/phosphatidylinositol
3-kinase (PI3-kinase)-dependent mechanism to traffic to the
nucleus (6, 45). Moreover, ubiquitination of viral capsids has
been postulated as a mechanism whereby certain cell types can
degrade the entering virions prior to nuclear translocation
(10). These observations notwithstanding, no direct evidence
of differential viral trafficking through endocytic organelles of
permissive and less permissive cell types exists. We hypothe-
sized that in less permissive cell types, AAV fails to enter the
acidic late endosomes, rendering it deficient in its ability to
continue to traffic into the nucleus and mediate transduction.
In this report, we provide evidence that in permissive cells,
AAV traffics through both early and late endosomes. However,
in less permissive cell types, AAV fails to enter the late endo-
somes, which accounts, in part, for the decreased transduction
efficiency of this cell type. Moreover, HU treatment of the less
permissive cells prior to infection by AAV causes the virions to
be processed through late endosomes, resulting in increased
transduction efficiency. This effect is seen as early as 2 h after
the addition of HU. These studies have implications for the
optimal use of AAV vectors in the high-efficiency transduction
of less permissive cell types.

MATERIALS AND METHODS

Cells, plasmids, and viruses. The adenovirus-transformed human embryonic
kidney cell line 293 and the murine fibroblast cell line NTH 3T3 were obtained
from the American Type Culture Collection (Manassas, Va.). Monolayer cul-
tures of 293 and NIH 3T3 cells were maintained in Iscove’s modified Dulbecco’s
medium (IMDM) supplemented with 10% newborn calf serum and antibiotics.
Recombinant AAV plasmids CMVp-lacZ, containing the cytomegalovirus im-
mediate-early promoter-driven B-galactosidase (lacZ) gene, and CMVp-luc, con-
taining the CMVp-driven firefly luciferase gene, have been described elsewhere
(27, 33, 34). Recombinant AAV vector (VCMVp-lacZ and vCMVp-luc) stocks
were generated and purified by CsCl equilibrium density gradient centrifugation
as previously described (24, 29, 33-36). Physical particle titers of recombinant
vector stocks were determined by quantitative DNA slot blot analysis, as previ-
ously described (24, 25, 51). The contaminating wild-type AAV-like particle
titers were approximately 0.01%.
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Subcellular fractionation and detection of viral DNA. Approximately 8 X 10°
cells were seeded in 10-cm tissue culture dishes and allowed to adhere for 18 h.
The cells were then either mock treated or treated with 10 mM HU for 18 h,
washed once with IMDM, and either mock infected or infected with 3,000
particles of vVCMVp-lacZ per cell for 1 h at 37°C in IMDM. The cells were
washed once with phosphate-buffered saline (PBS), trypsinized for 10 min at
37°C, and then washed twice with PBS to remove virions adsorbed to the plasma
membrane. The remainder of the procedure was carried out at 4°C by previously
described methods (15, 19). Briefly, after the cells were washed once in homog-
enization buffer (0.25 M sucrose, 10 mM triethanolamine [pH 7.6], 1 mM EDTA,
1 mM phenylmethylsulfonyl fluoride, 100 g of aprotinin per ml), they were
homogenized in a tight-fitting Duall tissue grinder (Fisher Scientific, Pittsburgh,
Pa.) until about 60% cell lysis was achieved (about 15 strokes) as monitored by
trypan blue uptake. The nuclei and intact cells were removed by centrifugation
at 1,000 X g for 5 min, and the postnuclear supernatant (PNS) was diluted to a
final volume of 10 ml with homogenization buffer and then layered onto a 2-ml
1.5 M sucrose cushion. Samples were centrifuged at 200,000 X g in an SW41 Ti
ultracentrifuge rotor for 15 h, and ~350-ul fractions were subsequently collected
from the bottom of the tube. In some experiments, fractions at the top of the
sucrose cushion, which contained the endocytic organelles, were pooled and
diluted 1:4 in homogenization buffer and organelles were concentrated by ultra-
centrifugation at 135,000 X g for 1 h. The organelles were then resuspended in
0.6 ml of homogenization buffer layered on a 3.4-ml Percoll solution (8% Percoll,
0.25 M sucrose) and separated by density gradient ultracentrifugation in a TLA-
100.3 rotor at 35,000 X g for 1 h. Fractions (0.5 ml each) were collected from the
bottom of the tube, diluted 1:3 with dilution buffer (20 mM HEPES [pH 7.4], 1
mM PMSF, 100 wg of aprotinin per ml), after which organelles in each fraction
were concentrated as described above and resuspended in 60 wl of dilution
buffer. Fractions from either the sucrose cushion or the Percoll density gradient
were then assayed for viral DNA by slot blot analysis as described previously
(25), with the following modification. After the addition of NaOH, the samples
were extracted once with phenol and once with chloroform prior to loading. The
relative amount of viral DNA was estimated by densitometric scanning of auto-
radiograms with an Alphaimager digital imaging system (Alpha Innotech Corp.,
San Leandro, Calif.). In some experiments, nuclear and PNS fractions from
infected cells were isolated and viral DNA was detected by Southern analysis as
described previously (18).

Isolation of cytoplasmic virions. Approximately 8 X 10° 293 or NIH 3T3 cells
were infected for 1 h at 37°C with 20,000 particles of vCMVp-luc per cell,
trypsinized, washed twice with PBS, and homogenized as described above. Fol-
lowing centrifugation and fractionation of the PNS on a sucrose cushion as
described above, the first four fractions were pooled and diluted in PBS, and
virions in these fractions were concentrated using Centricon-30 centrifugal filter
devices (Amicon, Beverly, Mass.) as specified by the manufacturer. The physical
titers of virus were determined by quantitative slot blot analysis as above, and an
equivalent number of particles isolated from each cell type was assayed for
transduction efficiency as described below.

Recombinant AAV transduction assays. Approximately 10° cells per well were
seeded into 12-well tissue culture plates. At 18 h later, the cells were washed once
with PBS and then either mock treated or exposed to 20 nM bafilomycin Al
(Baf) for 1 h, 750 pM tyrphostin 1 for 2 h, or 10 mM HU for various times at
37°C. All inhibitors were purchased from Sigma (St. Louis, Mo.), and stock
solutions were prepared in dimethyl sulfoxide, except HU, which was dissolved in
PBS. HU was replaced every 8 h during extended treatments. After the cells were
rinsed once with IMDM, they were incubated for 2 h at 37°C with IMDM either
alone or containing 5,000 particles of vCMVp-lacZ per cell. A 2-ml volume of
IMDM containing 10% newborn calf serum was then added, and 48 h later the
B-galactosidase activity was measured by the Galacto-Light Plus chemilumines-
cent reporter assay (Tropix, Inc., Bedford, Mass.) as specified by the manufac-
turer. Data were expressed as relative light units (RLU) per microgram of total
protein as determined by a protein assay (Bio-Rad, Hercules, Calif.). In some
experiments, prior to infection, vCM Vp-luc was preincubated for 30 min at 37°C
in either PBS (pH 7.0) or an acidic buffer (100 mM sodium citrate [pH 3.0], 150
mM NaCl) and subsequently diluted 1:100 in IMDM. When vCMVp-luc was
used, luciferase activity was measured 48 h postinfection by using the luciferase
assay system with reporter lysis buffer (Promega, Madison, Wis.) as specified by
the manufacturer. Data were also expressed as RLU per microgram of total
protein.

Analysis of markers for endocytic organelles. To label the early endosomes,
cells were pulsed with 30 pg of biotinylated human holotransferrin (Sigma) per
ml for 10 min at 37°C in IMDM. After the cells were harvested and endocytic
organelles were isolated as outlined above, proteins in 20 l of each fraction were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis through
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FIG. 1. (A) Slot blot analysis of viral DNA in membranes and cytoplasm of cells. Equivalent numbers of 293 or NIH 3T3 cells were infected
for 1 h with the recombinant vCMVp-lacZ (3,000 particles/cell) and homogenized, and the membranes were separated on a sucrose cushion by
ultracentrifugation as described in Materials and Methods. Fractions were collected from the bottom of the tube, and viral DNA was quantified
by slot blot analysis using the **P-labeled lacZ DNA probe as described previously (25). The bracket identifies the fractions containing the sucrose
cushion. As a control, purified AAV virions were also loaded onto the sucrose cushion. (B) Analysis of endocytic markers. Cells were pulsed for
10 min with biotinylated holotransferrin prior to separation of homogenate on the sucrose cushion. Each fraction was then analyzed by Western
blotting for the presence of biotinylated transferrin (Tfn), an early endosome marker, and by an enzymatic assay for acid B-galactosidase (Acid
B-gal) activity, a lysosomal marker. Results are reported as percentages of the maximum signal intensity based on densitometric scanning of the
autoradiogram or percentages of maximum enzymatic activity. (C) Subcellular distribution of AAV. Autoradiograms from three separate
experiments similar to that in panel A were densitometrically scanned, and the signal intensities in each fraction were quantified. The combined
values from fractions 1 to 4 and 5 to 8 were averaged and represent the amounts of AAV DNA in the cytoplasm (Cyt) and membranes (Mb),

respectively.

a 12% polyacrylamide gel and transferred to an Immobilon-P membrane (Mil-
lipore Corp., Bedford, Mass.) as described elsewhere (43). The membrane was
subsequently blocked in TBST-MLK (137 mM NaCl, 20 mM Tris [pH 7.6], 0.1%
Tween 20, 5% nonfat dry milk) for 1 h at 25°C, washed three times in TBST, and
incubated with a 1:1,000 dilution of horseradish peroxidase-conjugated anti-
biotin antibody (New England Biolabs, Beverly, Mass.) in TBST-MLK for 1 h at
25°C. After three washes in TBST, the membrane was incubated with the ECL-
Plus chemiluminescent substrate (Amersham, Little Chalfont, England) for 3
min and exposed to X-ray film. The relative amounts of biotinylated transferrin
in each fraction were determined by densitometric scanning of the film as above.
Acid B-galactosidase activity, a marker for lysosomes, was measured as described
previously (46). Briefly, a 10-l aliquot of each fraction from above was added to
100 ! of reaction buffer (200 mM sodium citrate [pH 4.0], 0.1% Triton X-100)
containing 0.6 mg of 4-methylumbelliferyl-B-p-galactoside (Sigma) per ml and
incubated at 37°C for 45 min. A 1-ml volume of stop buffer (133 mM glycine, 67
mM NaCl, 83 mM sodium carbonate [pH 10.6]) was added to each sample, and
fluorescence was measured in an A-4 fluorometer (Optical Technology Devices,
Inc., Elmsford, N.Y.) with an excitation wavelength of 370 nm and emission at
460 to 500 nm.

RESULTS

Escape from the endocytic pathway is not a rate-limiting
step for AAV-mediated transduction of NIH 3T3 cells. We
have recently demonstrated that impaired intracellular traf-

ficking of AAV into the nucleus limits high-efficiency transduc-
tion of the murine fibroblast cell line NIH 3T3 (18). To more
precisely determine the mechanisms responsible for decreased
transduction of this cell type, we undertook a systematic ex-
amination of the steps in viral trafficking and processing and
compared the results with those obtained with the highly per-
missive human embryonic kidney cell line 293. Since it has
been previously established that AAV enters the endocytic
pathway of the cell via clathrin-coated pits (9) and since we
have demonstrated efficient entry of AAV into NIH 3T3 cells
(18), we hypothesized that the virions failed to escape from the
endocytic vesicles into the cytoplasm of NIH 3T3 cells and
were therefore unable to subsequently traffic into the nucleus.
To test this hypothesis, we infected 293 and NIH 3T3 cells with
vCMVp-lacZ for 1 h. Following homogenization and removal
of the nuclei by centrifugation, the PNS was layered onto a
sucrose cushion and the cytoplasmic virions were separated
from those in cellular organelles by ultracentrifugation. Frac-
tions were collected from the bottom of the tube, and the
amount of viral DNA in each fraction was detected by slot blot
analysis. As shown in Fig. 1A, purified virions entered the
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sucrose cushion, concentrating toward the bottom of the tube.
In contrast, the virions isolated from the homogenate of in-
fected 293 cells remained predominantly at the top of the
sucrose cushion, presumably still within endocytic vesicles, al-
though a small proportion of the total signal was detected at
the bottom of the tube, indicating that some of the virions were
indeed in the cytoplasm as expected. Similar results were ob-
tained with infected NIH 3T3 cells (Fig. 1A). Transferrin and
acid B-galactosidase activity, markers for light (early) endo-
somes and dense lysosomes, respectively, were concentrated in
fractions at the top of the sucrose cushion, indicating that both
light and dense endocytic organelles failed to penetrate the
sucrose cushion under these conditions (Fig. 1B). Similar dis-
tributions of endocytic markers were observed for both 293
and NIH 3T3 cells. Autoradiograms similar to that in Fig. 1A
from three independent experiments were scanned, and the
signals were quantitated by densitometry. The signals in frac-
tions 1 to 4 and 5 to 8 were summed and plotted as cytoplasmic
and membrane fractions, respectively. The results are shown in
Fig. 1C. Thus, 1 h postinfection, roughly 20% of the virions
were found in the cytoplasm and 80% were found in the en-
docytic organelles. Because the results in the less permissive
NIH 3T3 cells were similar to those in the more permissive 293
cells, we concluded that endosomal escape of AAV into the
cytoplasm was not impaired in NIH 3T3 cells.

AAV fails to traffic through dense endocytic organelles in
NIH 3T3 cells. Since similar proportions of AAV appeared to
escape the endocytic pathway in both cell types and since 80%
of the virions were associated with membranous organelles, we
next hypothesized that differential processing of AAV within
the vesicles of the endocytic pathway of NIH 3T3 cells was
responsible for the lack of trafficking to the nucleus. Since it
has been previously demonstrated in HeLa cells that passage
through an acidic compartment is necessary for efficient AAV-
mediated transduction (6), we hypothesized that failure of the
virus to be processed in the acidic vesicles of NIH 3T3 cells
may account for the decreased transduction efficiency. Since
the endocytic pathway is composed of a series of organelles
that become progressively more acidic and more dense, we
reasoned that separation of the vesicles on a density gradient
would directly demonstrate whether the virions entered the
more dense, acidic vesicles in NIH 3T3 cells. To test this
hypothesis, we infected equivalent numbers of cells with vC-
MVp-lacZ for 1 h at 37°C, isolated the membranes, separated
the endocytic organelles on a Percoll density gradient, and
subsequently detected viral DNA in each fraction of the gra-
dient by slot blot hybridization to a **P-labeled lacZ probe, as
described in Materials and Methods. These results are shown
in Fig. 2A. It is clear that in the more permissive 293 cells, the
AAYV DNA was detected in both the lower and upper fractions,
containing the dense and light endocytic organelles, respec-
tively, whereas in the less permissive NIH 37T3 cells, viral DNA
was detected only in the upper fractions. To ensure that the
endocytic organelles were indeed separated by density under
these conditions, we assayed each fraction for acid B-galacto-
sidase activity and the presence of transferrin, markers for
dense and light endocytic vesicles, respectively. As expected,
most of the acid B-galactosidase activity was found in the
fractions from the bottom of the gradient and transferrin was
localized to the fractions from the top of the gradient, indicat-
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ing that these conditions were appropriate for separating en-
docytic organelles according to density (Fig. 2B). The distri-
bution of markers was similar for both cell types tested. Figure
2C is a plot of the average AAYV signal intensities from each
fraction in two separate experiments, as determined by densi-
tometric scanning. These results provide evidence that virions
are processed differently within the endocytic compartments of
each cell type and that AAV passes through dense vesicles in
293 cells but not in NIH 3T3 cells.

Inhibiting the acidification of endocytic vesicles in NIH 3T3
cells does not affect AAV-mediated transduction efficiency. Al-
though AAV localized differentially within the endocytic com-
partments of the permissive and less permissive cells, the role
of endosomal acidification in the context of AAV-mediated
transduction of the two cell types remained unknown. As early
endosomes progress through the endocytic pathway, they be-
come more dense and there is a concomitant decrease in lu-
minal pH. Since AAV was found in the denser organelles of
293 but not NIH 3T3 cells, we hypothesized that endosomal
acidification plays an essential role in the efficient transduction
of 293 but not NIH 3T3 cells. To test this hypothesis, we
pretreated 293 and NIH 3T3 cells for 2 h with 750 puM tyr-
phostin 1, a compound known to inhibit phosphorylation of the
ssD-BP and permit unimpeded second-strand viral DNA syn-
thesis (26). We also either mock treated or treated the cells for
1 h with 20 nM Baf, a specific and potent inhibitor of the
vacuolar H"-ATPase responsible for acidifying endocytic or-
ganelles. With the drugs still present, we infected the cells with
5,000 particles of vCMVp-lacZ per cell and assayed for B-ga-
lactosidase activity 48 h later. These results are shown in Fig.
3A. While the overall transduction of 293 cells was higher than
that of NIH 3T3 cells, it is clear that Baf significantly inhibited
the transduction of 293 cells but had little effect on the trans-
duction of NIH 3T3 cells. That Baf inhibited the transduction
of 293 cells is consistent with previously published data on the
effect of Baf in AAV-mediated transduction of HeLa cells (6).
However, the lack of Baf-mediated inhibition of transduction
in NIH 3T3 cells indicated that the virions did not pass through
acidified vesicles in this cell type. Moreover, the use of other
agents, such as ammonium chloride and chloroquine, which
prevent the acidification of organelles by a different mecha-
nism yielded transduction data similar to those observed with
Baf pretreatment (data not shown). These results were as
expected since in 293 cells, the virions entered the dense acidic
vesicles, which would be more sensitive to the pH-altering
effects of the drugs than would the early endosomes involved in
AAV trafficking in NIH 3T3 cells (Fig. 2). To verify that the
Baf-mediated inhibition of transduction of 293 cells was due to
decreased overall trafficking of AAV into the nucleus, we iso-
lated nuclear fractions and PNS from 293 cells that had been
either mock treated or treated with Baf and subsequently in-
fected with veCMVp-lacZ. The low-M, DNA from each fraction
was analyzed by Southern blotting with a **P-labeled lacZ
probe. As shown in Fig. 3B, most of the single-stranded viral
DNA was detected in the nuclei of mock-treated 293 cells,
which is consistent with previously published data (18). How-
ever, in Baf-treated cells, the viral DNA remained predomi-
nantly in the PNS and less was found in the nucleus. Taken
together, these data demonstrate that endosomal acidification
is necessary for the efficient trafficking of AAV into the nuclei
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FIG. 2. (A) Slot blot analysis of viral DNA in endocytic organelles from cells. Equivalent numbers of 293 or NIH 3T3 cells were infected for
1 h with vCMVp-lacZ (3,000 particles/cell) and homogenized, and the membranes were separated on a Percoll density gradient as described in
Materials and Methods. Fractions collected from the bottom of the tube were then analyzed for the presence of viral DNA by slot blot hybridization
as described in the legend to Fig. 1. (B) Detection of endosomal and lysosomal markers. For each fraction, markers for early endosomes (Tfn) and
lysosomes (Acid B-gal) were assayed as described in the legend to Fig. 1, and the results are shown as percentages of the maximum signal. (C)
Distribution of AAV within endocytic vesicles. Autoradiograms similar to that in panel A from two separate experiments were densitometrically
scanned, and the viral DNA in each faction was quantified, averaged, and plotted as a percentage of the total signal.

of 293 cells. In addition, since viral DNA was not detected in
dense, acidic endosomes of NIH 3T3 cells, the transduction
efficiency was about 100-fold lower and not sensitive to Baf
treatment. This may explain, in part, the decreased nuclear
trafficking of AAV in NIH 3T3 cells noted previously (18).
The AAV capsid structure may be modified in infected 293
but not in NIH 3T3 cells which impairs its infectivity in sec-
ondary infections. Ligands that undergo receptor-mediated
endocytosis are subsequently processed through the endocytic
pathway. In some instances, changes in the luminal pH of the
vesicle are sufficient to cause alterations in ligand-receptor
interactions (16). Moreover, in the case of internalized exog-
enous antigens, passage of the antigen through various endo-
cytic vesicles in antigen-presenting cells exposes it to condi-
tions necessary for processing and presentation to immune
cells such as low pH, protease activity, and reducing environ-
ments (14, 20, 41). Because many of these processes are de-
pendent on enzymes that function only at an acidic pH and
because we demonstrated a low-pH requirement for efficient
AAV-mediated transduction of cells, we postulated that the
virion may be modified as it passes through the acidic vesicles
of the endocytic pathway prior to its escape into the cytoplasm.
To monitor changes in the viral capsid, we isolated virions from
the cytoplasm of 293 or NIH 3T3 cells 1 h following infection
with 20,000 particles per cell of vCMVp-luc as described in
Materials and Methods. Following slot blot analysis to deter-
mine the physical titer of the isolated virions, we infected 293

cells with equivalent numbers of vCM Vp-luc isolated from the
cytoplasm of each cell type and assayed for luciferase activity
48 h postinfection. These results are shown in Fig. 4A. The
virions isolated from the cytoplasm of 293 cells had about 33%
of the transducing ability of the virions isolated from the cy-
toplasm of NIH 3T3 cells. While this experiment was an indi-
rect measurement of capsid modification and did not provide
information regarding the nature of the alteration, it did indi-
cate that the virions isolated from the cytoplasm of 293 cells
had been altered in a way that decreased their infectivity when
added to the extracellular medium. Since AAV passes through
acidic vesicles in 293 cells but not NIH 3T3 cells, we reasoned
that exposure of the virion to acidic pH alone might be suffi-
cient to account for the decrease in transducing ability of the
virions isolated from the cytoplasm of 293 cells. Therefore, we
preincubated purified vCMVp-luc in buffers of either pH 3.0 or
7.0 for 30 min at 37°C, diluted the solutions in IMDM to
neutralize the pH, and then infected equivalent numbers of
293 cells. At 48 h postinfection, we assayed for luciferase ac-
tivity. As shown in Fig. 4B, preincubation of the virions at pH
3.0 did not decrease their ability to transduce 293 cells com-
pared with the ability of control virions incubated at pH 7.0.
These results are consistent with previously published data that
AAV retains its biological activity even in very acidic environ-
ments (4). However, we concluded that exposure to acidic
conditions alone was insufficient to cause the modification of
the virion that resulted in the decreased transducing ability.
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FIG. 3. (A) Effect of Baf on AAV-mediated transduction of 293 and NIH 3T3 cells. All cells were pretreated for 2 h with 750 pM tyrphostin
1 and incubated for 1 h with or without 20 nM Baf. The cells were then either mock infected or infected with vVCMVp-lacZ (5,000 particles/cell)
for 2 h, and transgene expression was measured 48 h later as described in Materials and Methods. Results are expressed in RLU per microgram
of total protein. (B) Southern blot analysis of the subcellular distribution of viral DNA in Baf-treated cells. 293 cells were either mock treated or
treated for 1 h with 20 nM Baf and subsequently infected with 5,000 particles of vVCMVp-lacZ per cell for 2 h. The cells were trypsinized and
washed, after which nuclear (Nuc) and PNS fractions were isolated as described previously (18). Low-M, DNA was isolated from each fraction,
and analyzed by Southern blotting using a **P-labeled lacZ probe. ssDNA denotes the viral single-stranded DNA genomes.

HU treatment alters endocytic trafficking of AAV in NIH
3T3 cells. It has become increasingly clear that AAV-mediated
transduction of various cell types is impaired by a combination
of factors. For instance, the lack of expression of viral recep-
tors or coreceptors, the presence of tyrosine-phosphorylated
ssD-BP with the accompanying inhibition of the viral second-
strand DNA synthesis, and altered endocytic processing con-
tribute to the decreased transduction of less permissive cell
types. By identifying obstacles to AAV-mediated transduction,
one could envisage means of overcoming these barriers. For
example, it has been previously shown that HU treatment
increases the transduction of many cell types, presumably by
inducing the DNA repair synthesis machinery which may be
crucial for viral second-strand DNA synthesis (42). Because
HU depletes the intracellular stores of deoxyribonucleotides
necessary for DNA synthesis by inhibiting ribonucleotide re-
ductase, we reasoned that HU treatment of cells may actually
limit viral second-strand DNA synthesis and that the increase
in transduction efficiency observed previously might be due to
additional effects such as increased nuclear trafficking of AAV.
Indeed, we have recently observed in NIH 3T3 cells and pri-
mary murine hematopoietic progenitor cells that HU treat-
ment enhances AAV-mediated transduction by increasing the
trafficking of the virus into the nucleus (M. Tan, K. Qing, J.
Hansen, and A. Srivastava, submitted for publication). How-
ever, the mechanism by which this occurs is unknown. Because
altered endocytic processing of AAV in NIH 3T3 cells im-

paired transduction efficiency, we hypothesized that the in-
creased nuclear trafficking in response to HU treatment might
be due to effects on the endocytic pathway. It has previously
been established that inhibition of ribonucleotide reductase by
HU occurs after 12 h of treatment (50). Thus, any increase in
transduction that occurs when cells are pretreated with HU for
less than 12 h may be due to effects of HU on the cell other
than inhibition of ribonucleotide reductase. To examine this
possibility, we performed a time course experiment in which
NIH 3T3 cells were pretreated for various times with 10 mM
HU or for 2 h with 750 wM tyrphostin 1, washed, and subse-
quently infected with vCMVp-lacZ. B-Galactosidase activity
was measured 48 h postinfection. The results are shown in Fig.
5A. As observed previously (18), tyrphostin 1 pretreatment of
NIH 3T3 cells led to a modest increase in transduction effi-
ciency compared with mock-treated cells and pretreatment
with HU for 24 h resulted in a significant increase in transduc-
tion. The HU-induced increase in transduction was seen as
early as 2 h after addition of the drug, indicating that mecha-
nisms other than inhibition of ribonucleotide reductase might
be responsible for increasing the AAV-mediated transduction
in response to HU. We therefore postulated that HU might
increase the transduction of NIH 3T3 cells by altering endo-
cytic processing of AAV, causing virions to pass through dense
acidic vesicles prior to nuclear translocation. To test this hy-
pothesis, we infected mock- or HU-treated NIH 3T3 cells with
vCMVp-lacZ for 1 h at 37°C, fractionated the cellular mem-
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FIG. 4. (A) Infectivity of AAV isolated from the cytoplasm of cells.
Virions were isolated from the cytoplasm of vCMVp-luc-infected 293
(293 virions) or NIH 3T3 (NIH 3T3 virions) cells as described in
Materials and Methods. After the physical particle titer of the isolated
virions was determined by slot blot analysis, 293 cells were either mock
infected or infected with equivalent numbers of AAV particles and the
luciferase activity was measured 48 h later. Values are expressed in
RLU per microgram of total protein. These results are representative
of data from two independent experiments. (B) Effect of pH on the
transducing ability of AAV. vCMVp-luc was incubated for 30 min at
37°C in buffers of pH 3.0 or 7.0, diluted 100-fold in IMDM, and then
used to infect 293 cells (5,000 particles/cell). Luciferase activity was
measured 48 h postinfection as described for panel A.

branes as described above, and then detected viral DNA in
each fraction by slot blot analysis. These results are shown in
Fig. 5B. As expected, little viral DNA was present in the denser
vesicles of mock-treated cells. However, in cells treated with
HU, the viral DNA could be readily detected in both light and
dense fractions, indicating that HU indeed caused the cells to
route the incoming virions through dense vesicles. Figure 5C
represents the average quantity of viral DNA in each fraction
from three independent experiments. Since AAV was pro-
cessed in dense, acidic vesicles in HU-treated NIH 3T3 cells,
we reasoned that Baf treatment might abrogate the HU-me-
diated increase in transduction. We therefore performed trans-
duction assays in which HU-treated NIH 3T3 cells were either
mock treated or treated with 20 nM Baf. These results are
shown in Fig. 5SD. In contrast to the transduction data for NIH
3T3 cells depicted in Fig. 3A, we noted that Baf caused a
significant decrease in transduction efficiency of HU-treated
NIH 3T3 cells. This inhibitory effect of Baf on the transduction
of HU-treated NIH 3T3 cells was similar to that noted previ-
ously in untreated 293 cells (Fig. 3A). Together, these results
provided strong evidence that HU treatment of the less per-
missive NIH 3T3 cells redirects viral processing through dense,

J. VIROL.

acidic endosomes similar to the trafficking patterns observed in
highly permissive 293 cells.

DISCUSSION

It has become increasingly clear that multiple obstacles to
high-efficiency AAV-mediated transduction of certain cell
types exist. We and others have previously shown that the lack
of the viral receptors and coreceptors in particular cell types
prevents binding and internalization of the virus (35, 39, 48,
49). Transfection of these cells with cDNAs encoding the viral
receptors and coreceptors renders them susceptible to trans-
duction by AAV (39). In addition, we have previously de-
scribed a model in which a cellular protein, the ssD-BP, binds
to the D-sequence at the 3’ end of the viral genome and, when
tyrosine phosphorylated, can inhibit viral second-strand DNA
synthesis and hence transgene expression (38, 40). By treating
cells with inhibitors of tyrosine kinases such as genestein or
tyrphostin 1, we have demonstrated that the ssD-BP becomes
dephosphorylated and therefore allows for efficient viral sec-
ond-strand DNA synthesis and AAV-mediated transduction
(26). Recently, we also identified obstacles in the intracellular
trafficking of AAV from the plasma membrane to the nucleus
in certain cell types (18). In addition, Duan et al. have reported
that ubiquitination of capsid proteins in an apical airway epi-
thelial cell system causes proteasome-mediated degradation of
incoming capsids with a concomitant decrease in the transduc-
tion efficiency of this cell type (10). Upon treatment of apical
airway epithelial cells with a proteasome inhibitor, the AAV
transduction efficiency increased in these cells. More recently,
we observed that impaired intracellular trafficking into the
nuclei of primary murine hematopoietic progenitor cells also
contributes, in part, to the low transduction efficiency observed
in these cells (Tan et al., submitted).

In the present studies, a systematic analysis of the steps
immediately following internalization of the virus into NIH
3T3 and 293 cells has led to the identification of dense endo-
cytic vesicles as a necessary organelle through which AAV
must pass prior to efficient translocation to the nucleus. More-
over, processes in these dense endosomes and lysosomes that
are dependent on an acidic pH alter the virion and are re-
quired for the efficient transduction of permissive cell types. In
the less permissive NIH 3T3 cells, the virions fail to traffic
through this compartment. Our search to overcome the appar-
ent obstacle of endocytic processing in NIH 3T3 cells led us to
the conclusion that HU treatment induces a type of endocytic
processing of AAV similar to that observed in 293 cells, with an
associated increase in transduction efficiency. Interestingly,
this effect is maximal as early as 2 h after the addition of HU,
indicating a mechanism other than inhibition of ribonucleotide
reductase by HU, which requires about 12 h of treatment.

Based on our current understanding of viral trafficking in
293 and NIH 3T3 cells, we propose a model (Fig. 6). In the
permissive 293 cells (Fig. 6A), the virus binds to and enters the
cell via clathrin-coated vesicles that mature into early endo-
somes of relatively low density and neutral pH. Through pro-
cesses not completely understood, the virions then traffic to
late endosomes and/or lysosomes of relatively high density and
low pH. Presumably, it is within these dense vesicles that the
virion is exposed to some type of modification that is depen-
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FIG. 5. (A) Time course of transduction of HU-treated NIH 3T3 cells. Cells were either mock treated (AAV), pretreated for various times with
10 mM HU or for 2 h with 750 uM Tyrphostin 1 (Tyr), and subsequently infected with veCMVp-lacZ (5,000 particles/cell) for 2 h. B-Galactosidase
activity was measured 48 postinfection and is expressed as RLU per microgram of protein. (B) Detection of AAV in density-fractionated
membranes from HU-treated NIH 3T3 cells. Cells were either mock treated or pretreated with 10 mM HU for 18 h and infected with veCMVp-lacZ
for 1 h, and endocytic organelles were fractionated on a Percoll density gradient as described in the legend to Fig. 2. Viral DNA in each fraction
was detected by slot blot analysis as described in the legend to Fig. 1. (C) Localization of AAV in subcellular fractions. Autoradiograms similar
to that in panel B from three separate experiments were densitometrically scanned, and the signal in each fraction was quantified, averaged, and
plotted as a percentage of the total signal. (D) Effect of Baf on AAV-mediated transduction of HU-treated NIH 3T3 cells. The cells were either
mock treated (AAV) or treated with 10 mM HU for 18 h. Following a 1-h incubation in medium with or without 20 nM Baf, the cells were mock
infected or infected with vVCMVp-lacZ (5,000 particles/cell) for 2 h, and B-galactosidase activity was measured 48 h postinfection. Data are

expressed as RLU per microgram of protein.

dent on low pH and that results in increased trafficking of the
virus into the nucleus. Therefore, treatment of cells with com-
pounds that block endosomal acidification will also block traf-
ficking of the virus into the nucleus and transduction. Because
treatment of 293 cells with Baf efficiently inhibits the trafficking
of AAV into the nucleus, we presume that most of the virions
that enter the nucleus have passed through the dense, acidic
endosomes. However, although we cannot rule out the possi-
bility that some of the virions in the nucleus escape from early
endosomes, this most probably is not a major pathway. In fact,
in untreated NIH 3T3 cells (Fig. 6B), most of the virions are

processed solely in the early endosomes prior to their escape
into the cytoplasm, yet these virions are able to traffic into the
nucleus, albeit to a very limited extent. However, treatment of
NIH 3T3 cells with HU allows AAV to pass into the dense,
acidic vesicles similar to the trafficking observed in 293 cells.
While the mechanism responsible for this effect remains to be
elucidated, it is interesting that others have demonstrated an
increase in the stability of lysosomes prepared from HU-
treated murine lymphoblasts compared to the stability of those
prepared from untreated cells (37). It is conceivable, therefore,
that HU treatment of NIH 3T3 cells may also stabilize the
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FIG. 6. Hypothetical model comparing intracellular trafficking of AAV in 293 (A) and NIH 3T3 (B) cells. AAV binds and enters the early
endosomes of both cell types efficiently (a). In 293 cells, most of the virions progress down the endocytic pathway (b), enter a dense endocytic
organelle with a low pH, undergo a putative capsid modification (?), and subsequently enter the nucleus by an unknown mechanism (c). This
process can be blocked by inhibitors of endosomal acidification, in which case virions enter the nucleus by a less efficient pathway (). In contrast
to the viral trafficking observed in 293 cells, the virions in NIH 3T3 cells fail to pass through dense, acidic endosomes and therefore do not traffic
efficiently to the nucleus. Instead, AAV escapes from early endosomes and inefficiently enters the nucleus by an alternate route (b).

dense endocytic organelles or lysosomes, increasing the likeli-
hood that the virions will be able to traffic through these
compartments. Whether this effect is common to murine cell
lines in general remains to be established.

While HU treatment of NIH 3T3 cells induces a pattern of
AAV trafficking that is generally similar to that observed in 293
cells, there is a noticeable difference. As shown in Fig. 2C, the
virions isolated from infected 293 cells localize to the dense
vesicles found in the first, most dense fraction of the density
gradient. However, in HU-treated NIH 3T3 cells, while there
are more AAV particles in the first fraction than in mock-
treated cells, the majority are found in the second fraction of
the density gradient (Fig. 5C). These findings would indicate
that HU treatment of NIH 3T3 cells shifts the trafficking of
AAV to a dense endocytic compartment, but perhaps to a
different population of dense endosomes from that observed in
293 cells. Since acid B-galactosidase activity, a classical marker
for lysosomes, is located predominantly in the first fraction and
to a lesser extent in the second fraction, the virions in 293 cells
could traffic to the lysosomes whereas those in HU-treated
NIH 3T3 cells might pass through a less dense endocytic com-
partment such as late endosomes. Separation of membranes on
higher-resolution density gradients and a more thorough anal-

ysis of endocytic markers in fractions of this gradient are nec-
essary to resolve this issue. However, regardless of whether the
virions enter the dense vesicles in fraction 1 or fraction 2, it is
clear that the transduction efficiency increases.

Various signaling pathways have been implicated in the con-
trol of endocytosis and vesicular transport. For instance, cer-
tain members of the PI3-kinase family are known to play a
regulatory role in protein trafficking and sorting within the
endocytic pathway (28, 30). In fact, mutations in the PI3-kinase
family member Fablp are known to block the transport of
integral plasma membrane glycoproteins from endosomes to
lysosomes (31). Since others have demonstrated a role for
PI3-kinase in AAV-mediated transduction of HeLa cells (45),
it is plausible that attenuation of PI3-kinase activity in the less
permissive NIH 3T3 cells could account for the decreased
transport of AAV from early endosomes to late endosomes
and lysosomes and that HU treatment could alter the cellular
environment such that PI3-kinase activity, and hence viral traf-
ficking down the endocytic pathway, increases. However, the
relative PI3-kinase activity in mock- and HU-treated NIH 3T3
cells remains to be determined. It is interesting that Sanlioglu
et al. have demonstrated AAV-mediated activation of PI3-
kinase within the first 5 min of infection in HeLa cells (45).
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Furthermore, treatment of cells with wortmannin, an inhibitor
of PI3-kinase, inhibited the trafficking of AAV into the nu-
cleus. Given the rapid onset, perhaps binding of AAV to a
cellular receptor is sufficient to activate PI3-kinase, resulting in
trafficking of the virus down the endocytic pathway into dense
vesicles. A more thorough investigation of the cellular recep-
tors on NIH 3T3 cells that are involved in viral binding, as well
as studies of the PI3-kinase status in these cells, is warranted.

Although events involved in the cytoplasmic processing of
AAV in various cell types are becoming increasingly clear,
little is known about translocation of the virus from the cyto-
plasm into the nucleus. Based on preliminary evidence from
other laboratories, it has been suggested that intact AAV en-
ters the nucleus where, it is uncoated to release the single-
stranded viral genome followed by second-strand DNA synthe-
sis (6, 45). However, direct evidence that intact AAV enters
the nucleus is lacking. We have examined this possibility by
infecting purified nuclei with AAV in vitro and have demon-
strated that AAV can indeed enter isolated nuclei and undergo
uncoating and viral second-strand DNA synthesis (J. Hansen,
K. Qing, and A. Srivastava, submitted for publication).

Based on the data presented here, it appears that prior to
nuclear entry, the capsid structure of AAV isolated from the
cytoplasm of 293 cells undergoes some type of modification
compared with that of AAV isolated from the cytoplasm of
NIH3T3 cells (Fig. 3A). The exact nature of this structural
change is currently undefined, but it probably occurs within
dense endosomes and may be required for efficient trafficking
of the virion into the nucleus. This scenario is reminiscent of
the process by which adenovirus, a helper virus for AAV,
undergoes putative capsid changes during intracellular trans-
port through acidic vesicles, which are essential for the trans-
location of the viral genome into the nucleus (17, 32). While it
is known that exposure to low pH alone is sufficient for the
structural change observed in the adenovirus capsid, our data
indicate that in AAV, exposure to low pH is necessary but not
sufficient (Fig. 4). Since the virion would encounter many en-
zymes within the endocytic vesicles, some of which are active
only in an acidic environment, it is not surprising that the AAV
capsid change may be dependent on one or more of these
enzymatic activities. For instance, proteolytic cleavage or re-
duction of certain residues of the AAV capsid may alter sub-
sequent trafficking events. Studies to determine the function of
the AAV capsid changes that occur during endocytic process-
ing on nuclear import, as well as the mechanism by which AAV
is transported into the nucleus, would yield crucial information
on how cells may further regulate AAV-mediated transduc-
tion.

In sum, our studies have identified crucial endocytic process-
ing events involved in AAV-mediated transduction. Moreover,
we have shown that HU treatment of cells deficient in these
steps restores the processing mechanisms that lead to in-
creased nuclear trafficking and hence to AAV-mediated trans-
duction in less permissive cell types. Further studies of the
mechanisms of intracellular processing and transport across
the nuclear envelope in permissive and less-permissive cell
types will lay the foundation for the development of additional
strategies that might surmount these barriers to high-efficiency
AAV-mediated transduction and ultimately improve the utility
of AAV as vectors for human gene therapy.
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