Targeting the urokinase plasminogen activator receptor
enhances gene transfer to human airway epithelia
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Developing gene therapy for cystic fibrosis has been hindered by limited binding and endocytosis of
vectors by human airway epithelia. Here we show that the apical membrane of airway epithelia express
the urokinase plasminogen activator receptor (uPAR). Urokinase plasminogen activator (uPA), ora
7-residue peptide derived from this protein (u7-peptide), bound the receptor and stimulated apical
endocytosis. Both ligands enhanced gene transfer by nonspecifically bound adenovirus and adeno-
associated virus vectors and by a modified adenovirus vector that had been coupled to the u7-pep-
tide. These data provide the first evidence that targeting an apical receptor can circumvent the two
most important barriers to gene transfer in airway epithelia. Thus, the uPA/uPAR system may offer

significant advantages for delivering genes and other pharmaceuticals to airway epithelia.

J. Clin. Invest. 105:589-596 (2000).

Introduction

Gene transfer of the cystic fibrosis transmembrane con-
ductance regulator (CFTR) cDNA to airway epithelia
could provide an important new treatment for cystic
fibrosis (CF) lung disease (1). Despite the demonstrated
ability of several vectors to express CFTR and correct the
CI" channel defect in human airway epithelia in vitro and
in vivo (see refs. 2-6 for review), a severe inefficiency in
delivering the CFTR transgene has prevented the devel-
opment of gene transfer as a new treatment. The two
most important factors for the inefficiency are limited
binding of vector to the apical surface of differentiated
human airway epithelia and limited endocytosis across
the apical membrane. A paucity of apical receptors pre-
vents binding of viral vectors, including adenovirus (7-9),
adeno-associated virus (AAV) (10-12), and retroviral vec-
tors (13), as well as nonviral vectors, including cationic
lipids (14-16). Compounding the limited vector binding,
and in contrast to observations in cell lines, the rate of
endocytosis across the apical membrane of differentiat-
ed airway epithelia is low and may limit gene transfer for
adenovirus, AAV, and nonviral vectors (8, 16, 17).

A method that increased vector binding and endocy-
tosis might enhance both viral and nonviral vector gene
transfer to airway epithelia. One strategy to circumvent
the lack of apical receptors is to nonspecifically increase
vector binding. For example, earlier work showed

enhancement of gene transfer when adenovirus or
AAV-vector binding was increased by incorporating
virus in a calcium phosphate (CaPi) coprecipitate
(18-20). However, this delivery method did not increase
endocytosis across the apical surface (21). An alterna-
tive strategy is to identify receptors that are normally
expressed on the apical surface of human airway
epithelia. Coupling or engineering the receptor ligand
to the vector might then specifically target the vector
to the receptor (22-27). An ideal ligand would not only
enhance binding, but also stimulate endocytosis.

For a target we considered GPI-linked receptors because
they reside on the apical surface of polarized epithelia
(28). Although GPI-linked proteins do not have trans-
membrane or cytoplasmic domains, when the adenovirus
receptor was targeted to the membrane by a GPI linkage,
it bound adenovirus and enhanced gene transfer (29).
Gross et al. (30) found that pulmonary alveolar epithelial
cells express the urokinase plasminogen activator (uPA)
and its receptor (uPAR), a GPI-linked receptor. Therefore,
we hypothesized that uPAR might also be expressed in
airway epithelia and that this ligand-receptor system
might be used to enhance gene transfer. A 55-kD secret-
ed serine protease, uPA cleaves plasminogen to the active
plasmin and can degrade components of the extracellu-
lar matrix (31, 32). The carboxy-terminal portion of uPA
is catalytically active, whereas the amino-terminal portion
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of uPA binds with high affinity to uPAR (33). uParis a
55-65-kD glycoprotein (34), involved in both clathrin-
dependent and clathrin-independent endocytosis (35). In
addition to binding uPA, uPAR serves as a cellular adhe-
sion receptor for vitronectin and as a signaling receptor
(36-38). uPAR also interacts with several cell surface pro-
teins including integrins, low-density lipoprotein recep-
tor-related peptide, very-low-density lipoprotein recep-
tor, megalin and the mannose-6-phosphate/insulin-like
growth factor-II receptor (39-41).

Methods
Cells, cultures, and explants. Human airway epithelia were
obtained from tracheas and bronchi of lungs removed
for organ donation. The University of Iowa In Vitro
Models Core (Iowa City, Iowa, USA) isolated cells by
enzyme digestion as described previously (42, 43). Fresh-
ly isolated cells were seeded at a density of 5 x 10°
cells/cm? onto collagen-coated, 0.6-cm? diameter Milli-
cell polycarbonate filters (Millipore Corp., Bedford,
Massachusetts, USA). Cultures were maintained in a
37°C incubator with 7% CO; and air. After 24 hours,
media from the mucosal side was removed, and cells
were cultured at the air-liquid interface. Culture media
consisted of a 1:1 mixture of DMEM and Ham’s F12,
supplemented with 2% Ultraser G (Biosepra SA, Cedex,
France), 100 units/mL penicillin, 100 pg/mL strepto-
mycin, 50 lg/ml gentamycin, and 2 pig/ml fluoconazole.
Freshly excised monkey trachea was maintained on
ice. Explants (1 cm?) were maintained in 1:1 DMEM
and Ham’s F-12, supplemented with 2% Ultraser G
(Biosepra SA) in a 37°C incubator.
Fluorescence-activated cell analysis. Human airway
epithelia or COS-1 cells were washed once with PBS,
with 0.9 mM Ca?* and with 0.9 mM Mg?*. Epithelial
cells were released from their substratum by a 10-
minute incubation in 0.05% trypsin and 0.53 mM
EDTA at 37°C. This treatment releases all the cells
from the permeable support. The cell suspension was
collected and 1 mL of Eagle’s media was added. Cells
were centrifuged at 64 g for 5 minutes. Cells were
washed with PBS and centrifuged again. Cells were
then treated with either PBS alone or with a murine,
anti-human uPAR antibody (1:100; American Diag-
nostica, Greenwich, Connecticut, USA) at 4°C for 2
hours. After incubation, cells were centrifuged at 64 g
for 5 minutes. Cells were washed with PBS and then
incubated with FITC-conjugated anti-mouse IgG
(1:500; Jackson ImmunoResearch Laboratories, West
Grove, Pennsylvania, USA) for 1 hour at room temper-
ature. Cells were centrifuged for 5 minutes at 64 g,
resuspended in PBS, and analyzed by FACS.
Immunocytochemistry. Human airway epithelia were
chilled on ice for 15 minutes. All incubations were per-
formed at 4°C and followed by 3 washings of PBS. Cells
were incubated with 0.05 M glycine for 25 minutes to
quench free aldehydes, then with 5% BSA for 1 hour to
block nonspecific binding. Anti-human uPAR antibody
(1:100; American Diagnostica) in PBS was added to the

apical surface and incubated for 3 hours. FITC-conju-
gated anti-mouse-IgG (1:500, Jackson ImmunoResearch)
in PBS was added apically for 1 hour. Cells were fixed with
4% paraformaldehyde for 15 minutes, mounted on glass
slides, and studied using confocal microscopy (MRC-
1024; Bio-Rad Laboratories, Richmond, California, USA).
In some cases, ethidium bromide was then applied to the
permeabilized cells. Control cells were treated with FITC-
conjugated anti-mouse IgG only.

ELISA on human airway epithelia. Human airway epithe-
lia were chilled on ice for 15 minutes. Following 3 wash-
es with PBS, nonspecific binding was blocked with 1 x
TBS (137 mM NaCl, 2.7 mM KCl, 2.5 mM Tris) and 5%
milk for 1 hour on ice. All incubations were followed by
3 washes with PBS, unless otherwise indicated. Varying
concentrations of uPA were applied apically for 30 min-
utes on ice. Cells were then fixed with 4% paraformalde-
hyde for 15 minutes. Bound uPA was detected by apical
incubation with a mouse anti-human uPA mAD (1:1000
in 1 X TBS + 5% milk; American Diagnostica) for 1 hour
at 37°C. Anti-mouse IgG-HRP (1:5000 in 1 X TBS + 5%
milk; Amersham Pharmacia Biotech, Inc., Piscataway,
New Jersey, USA) was then applied apically for 1 hour at
37°C. TMBD substrate buffer (3,3',5,5', tetramethyl ben-
zidine dihydrochloride in 0.1 M citric acid, 0.2 M
Na,HPOy, pH 5.0) was added apically for 5 minutes at
room temperature in the dark. TMBD substrate buffer
was removed, and the reaction was stopped with 2 N
H,SO,. Color change of substrate was read at 450 nm
(ODyso) in a plate reader.

Assay for fluid-phase endocytosis. Cells were chilled on ice
for 15 minutes and then incubated with 50 nM uPA or
0.15 pM u7-peptide added to the apical surface for 30
minutes at 4°C. After 3 washes in PBS, cells were incu-
bated with 0.5 mg/mL Texas red-labeled fixable dextran
(3,000 MW; Molecular Probes, Eugene, Oregon, USA) for
10 minutes at 37°C. After 3 washes in PBS, cells were
fixed with 4% paraformaldehyde, mounted onto glass
slides with VectaShield (Vector Laboratories, Inc.,
Burlingame, California, USA), and viewed by fluores-
cence microscopy. Control cells were incubated with
Texas red-labeled dextran alone to measure basal levels
of endocytosis. Monkey tracheal explants were assayed
as described for primary cell cultures. To evaluate time-
dependent changes, cells were treated as described above
with uPA (50 nM) followed by incubations in Texas red
dextran of 5, 10, 30, or 60 minutes at 37°C. To evaluate
the requirement of a GPI-anchored receptor for uPA-
stimulated endocytosis, human airway epithelia were
incubated with phosphatidylinositol-specific phospho-
lipase C (PI-PLC from Bacillus cereus; Molecular Probes)
for 2 hours at 37°C followed by 3 washes in PBS before
incubations with uPA and Texas red dextran. This treat-
ment with PI-PLC did not alter transepithelial resistance.

Western blot for uPAR. Human airway epithelia,
MDAMB23 (a breast cancer cell line), and H441 cells (an
adenocarcinoma lung cancer cell line) were solubilized
with 0.1% Triton X-100 (Pierce Chemical Co., Rockford,
Illinois, USA). Cells were spun down, and the soluble
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Figure 1

Expression of uPAR in differentiated CQTOI
human airway epithelia. FACS analysis i
of uPAR staining in COS-1 cells (a) and
differentiated human airway epithelia
(b). (c) Projection of 180-pum thick X-Z
series of confocal images. Green is
staining from anti-uPAR antibody and
red is ethidium bromide fluorescence
to identify cells. (d) Western blot for
uPAR. Lane A is from MDAMB231
cells, lane B is from H441 cells, and
lane Cis from human airway epithelia.
uPAR migrates at [155 kDa.
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phase was run on a 10% acrylamide gel under reducing
conditions. Proteins were transferred to a PVDF transfer
membrane (Millipore Corporation) and then blocked
with 5% BSA for 1 hour. After extensive washes in TTBS
(137 mM NaCl, 2.7 mM KCl, 2.5 mM Tris, 0.05% Tween-
20), mouse anti-human uPAR antibody (1:1000; Ameri-
can Diagnostica) was applied for 2 hours. After washes,
anti-mouse-IgG-HRP (1:10,000; American Pharmacia
Biotech) was applied for 1 hour. The blot was developed
using Super Signal (Pierce Chemical Co.) for 1 minute
and exposed to film (Kodak X-O-Mat; Sigma Chemical
Co., St. Louis, Missouri, USA).

Recombinant adenovirus and reagents. Recombinant ade-
novirus vectors expressing [3-galactosidase (Ad2/B-Gal-
4) and CFTR (Ad2/CFTR-16) were prepared as
described previously (19) by the University of lowa Gene
Transfer Vector Core at titers of approximately 1010
infectious units (IU)/mL. Recombinant AAV2 vector
expressing [-galactosidase was prepared at approxi-
mately 1 X 107 IU/mL, as previously described (44).
Pseudotransduction cannot explain the results of trans-
gene expression because we detected no -galactosidase
activity 1 hour after vector administration; with AAV
the transgene was expressed 2 weeks after vector appli-
cation, and the generation of regulated transepithelial
CI- transport could not be explained in this way.

The uPA was purchased from either Calbiochem-
Novabiochem Corp (source: human urine; San Diego,
California, USA) or Sigma-Aldrich Inc. (source: human
kidney cells, Milwaukee, Wisconsin, USA). The u7-pep-
tide (CLNGGTC), a scrambled peptide (GTCGNCL),
and a mutated peptide (CLNFFTC) were synthesized by
the University of Iowa Peptide Synthesis Core.

Covalent attachment of u7-peptide to adenovirus. Bifunc-
tional polyethylene glycol (PEG) molecules were added to
virus at room temperature for 60 minutes to allow cou-
pling of PEG to viral surface proteins (45). Unreacted
PEG was separated from the PEG-modified virus by CsCl
centrifugation as described previously, and PEG-modi-
fied virus (Ad2/PEG) was finally dialyzed into PBS (pH 7)

= 43kD

containing 5% sucrose. The u7-peptide and mutated pep-
tide synthesized to include a terminal cysteine with a free
sulfhydryl were dissolved in PBS containing 5% sucrose
to a final concentration of 10 mM and were added to 1.5
% 10'2 particles of Ad2/PEG at a final concentration of 1
mM. The peptide and PEG virus were allowed to couple
for 4 hours at room temperature. Unreacted peptide was
removed from Ad2/PEG/peptide by dialysis into PBS
containing 5% sucrose.

Evaluation of gene transfer. The apical surface of human
airway epithelia was washed once with PBS. Adenovirus
was applied at a moi of 50 to the apical surface for 30
minutes at 37°C. Adenovirus was applied either alone or
in a CaPi coprecipitate formed as described previously
(18, 19). After 3 washes, cells were returned to the incu-
bator and assayed for gene transfer 48 hours later. AAV2
was applied at a moi of less than 1 to the apical surface
for 30 minutes at 37°C. AAV2 was applied either alone
or on a CaPi coprecipitate formed as described previ-
ously for adenovirus (18, 19). After 3 washes, cells were
returned to the incubator and assayed for gene transfer
14 days later. Total B-galactosidase activity (in relative
light units [RLU]) was measured using a commercially
available technique (Galacto-Light; Tropix, Bedford,
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Figure 2

Concentration-dependent binding of uPA to differentiated human
airway epithelia. Data are OD at 450 nM, indicating color change in

ELISA assay (n = 5).
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Stimulation by uPA of fluid-phase endocytosis by differentiated human
airway epithelia measured as uptake of Texas red-labeled dextran. (a, b)
En face images (top) and confocal X-Z series (bottom) of labeled dex-
tran uptake under basal (a) conditions and after application of 50 nM
uPA (b). Dashed line indicates filter. (c) Time course of dextran uptake
after application of uPA (50 nM) (d). Graph shows the effect of PI-PLC
on uPA-mediated stimulation of dextran uptake. n =10, *P < 0.05.

Massachusetts, USA). Background activity in the absence
of vector was subtracted. [3-galactosidase activity was
normalized to total milligrams of protein.

Monkey tracheal explants were infected as described
for primary cells. Following infection, explants were
maintained in a 37°C incubator for 72 hours and then
stained with X-gal. For X-gal staining, explants were
fixed with 1.8% formaldehyde and 2% glutaraldehyde,
and then incubated at 37°C in X-gal solution overnight.

Measurement of transepithelial electrical properties. Epithelia
were mounted in modified Ussing chambers (Jim’s Instru-
ments, lowa City, lowa, USA) and bathed with Ringer’s
solution on their submucosal side (135 mM NaCl, 2.4
mM KzHPO4, 0.6 mM KH2POZ, 1.2 mM CaCIz, 1.2 mM
MgCl,, and S mM HEPES, pH 7.4, and 10 mM dextrose).
The mucosal surface was bathed in the identical solution,
except that 135 mM sodium gluconate replaced the 135
mM NaCl. In this way a transepithelial CI*-concentration
gradient was established to magnify changes in Cl- trans-
port. Transepithelial Na* transport was blocked with
mucosal amiloride (10 uM). Mucosal diisothiocyanato-
stilbene-2,2"-disulfonate (DIDS; 100 uM) blocked non-
CFTR CI" transport. The cAMP agonists, forskolin (10
pM) and IBMX (100 pM), were applied to both solutions
to stimulate transepithelial CI- transport via CFTR.

Results
Human airway epithelia express uPAR at the apical surface.
To learn whether human airway epithelia express

uPAR, we studied primary cultures of epithelia grown
at the air-liquid interface under conditions that allow
them to differentiate and develop morphologic and
functional properties of the native epithelium (42, 43).
After at least 2 weeks in culture, cells were dissociated
from the permeable support, probed with an anti-
human uPAR mAb, and labeling was detected by fluo-
rescence-activated cell sorting. Figure 1a shows results
from COS-1 cells, which are known to express uPAR
(46); Figure 1b shows that human airway epithelia also
express uPAR. Figure 1d shows that airway epithelia
contain uPAR transcripts. Immunocytochemistry of
unpermeabilized epithelia detected uPAR (green fluo-
rescence) on the apical surface (Figure 1c). These data
indicate that uPAR is present on the apical surface, sug-
gesting that it might serve as a target for ligand applied
to the lumenal surface.

In airway epithelia uPA binds uPAR with high affinity. We
tested binding of uPA to differentiated human airway
epithelia, using a modified ELISA. Figure 2 shows that
uPA bound to the apical surface; half-maximal binding
occurred at approximately 50 nM. Studies in HeLa cells
reported an ECS0 for binding of uPA to uPAR of
approximately 400 nM (47). Binding of uPA was spe-
cific because u7-peptide (0.15 pM) successfully com-
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Figure 4

Apical fluid-phase endocytosis by human airway epithelia stimulated
by uPA and u7-peptide. Data are en face images showing Texas
red-labeled dextran uptake. Shown are basal endocytosis (a), endo-
cytosis after apical application of 50 nM uPA (b), 0.15 UM u7-pep-
tide (c), or 0.15 UM scrambled u7-peptide (d), effect of uPA and pep-
tides on number of cells showing endocytosis (e). n =5, *P < 0.05.
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pleted binding whereas the mutated peptide (0.15 pM)
did not (data not shown). These data suggest that a
high-affinity interaction between uPA and uPAR is pre-
served in human airway epithelia.

Apical uPA increases fluid-phase endocytosis. To learn
whether uPA binding could stimulate endocytosis, we
measured uptake of Texas red-conjugated dextran, a
fluid-phase marker. Figure 3a shows that under basal
conditions, few cells took up dextran from the apical
solution. This result is consistent with earlier work sug-
gesting a low level of apical endocytosis (8, 16). Howev-
er, after apical addition of uPA (50 nM), there was a
marked increase in the number of cells that took up the
fluid-phase marker (Figure 3b). We determined the total
number of cells in a microscopic field by staining all
nuclei with 4'6-diamidine-2'-phenylindole dihy-
drochloride (DAPI). Under basal conditions, 0.9 + 0.2%
of cells were dextran-positive, and with uPA 4.0 + 0.5%
of cells were positive. Because the epithelium is pseu-
dostratified and not all cells touch the apical surface,
these numbers underestimate the percentage of cells
that have access to the apical surface and that will be
involved in transepithelial transport. Vertical sections
through the cells show little dextran uptake under basal
conditions and increased labeling of the cell following
apical uPA (lower portion of Figure 3, a and b). These
data suggest that ligand binding to uPAR stimulates
endocytosis. However, they also suggest that stimula-
tion of endocytosis is heterogeneous, with not all cells
participating. Perhaps this is because not all the cells
express receptor, as suggested by Figure 1c, or because
the amount of receptor varies on individual cells.

To determine how quickly internalization follows lig-
and binding, we incubated epithelia with apical uPA
(50 nM) at 4°C for 30 minutes. Cells were then incu-
bated with labeled dextran for 5-60 minutes at 37°C.
An increase in stimulated uptake was apparent by 5
minutes, and uptake continued to increase for at least
30 minutes (Figure 3c). By 60 minutes, the dextran flu-
orescence developed a more vesicular appearance, sug-
gesting intracellular accumulation in late-stage endo-
somes or lysosomes (not shown). Removal of uPAR by
incubation with PI-PLC, which cleaves GPI linkages,
eliminated the endocytosis response (Figure 3d). These
data indicate that ligand binding to uPAR rapidly and
potently stimulates endocytosis.

The u7-peptide stimulates fluid-phase endocytosis. The abil-
ity to use a small uPA-derived peptide instead of uPA
itself would simplify the incorporation or engineering
of the ligand into gene transfer vectors. Use of a pep-
tide would also eliminate potential unwanted effects
from delivering the enzymatic portion of the full-
length uPA molecule. Studies by Appella et al. (33),
identified an NH,-terminal portion of uPA that is key
for binding to uPAR. They showed that residues 13-19
(CLNGGTC) are a region of high-sequence conserva-
tion involved in binding. We synthesized this peptide
(u7-peptide) and examined its ability to stimulate
endocytosis. As with full-length uPA, application of

u7-peptide to the apical surface of human airway
epithelia stimulated fluid-phase endocytosis, whereas
an equivalent peptide in which the sequence was
scrambled (scrambled peptide) did not (Figure 4). Of
the total number of DAPI-stained cells, 3.6 + 0.7% were
positive for endocytosis with u7-peptide and 1.2 + 0.5%
were positive with the scrambled peptide. These data
show that binding of a small peptide from uPA stimu-
lates endocytosis. Because the u7-peptide does not
contain the sequences (i.e., the proteinase domain)
required for uPA to bind PAI-1 (36, 48, 49), these data
also indicate that a uPA/PAI-1 complex is not required
to stimulate endocytosis in human airway epithelia.

Gene transfer by nonspecifically bound vector to human air-
way epithelia is enbanced by uPA. We tested the ability of uPA
to enhance gene transfer by nonspecifically bound vector.
In earlier work we showed that incorporating recombi-
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uPA stimulation of gene transfer to normal and CF airway epithelia.
(a) Apical application of uPA (50 nM) before infection with
Ad2/BGal-4 in a CaPi coprecipitate (n = 4). (b) Apical application of
uPA (50 nM) before infection with recombinant AAV in a CaPi copre-
cipitate (n = 10). (c) cAMP-stimulated increase in short-circuit cur-
rent (Alsc) in CF airway epithelia treated with Ad2/CFTR-16 deliv-

ered in a CaPi coprecipitate (n =4). *P < 0.05.
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nant adenovirus or AAV in CaPi coprecipitates increases
nonspecific virus binding to the apical surface and there-
by enhances gene transfer (18-20). However, administra-
tion of CaPi coprecipitates does not increase the rate of
apical endocytosis, and thus uptake depends on the basal
rate of endocytosis (21). Thus, we reasoned that treat-
ment of airway epithelia with a virus/CaPi complex to
increase vector binding, plus uPA to increase apical endo-
cytosis, would enhance gene transfer. To test this hypoth-
esis, uPA (50 nM) was applied to the apical surface of
human airway epithelia. Then adenovirus/CaPi copre-
cipitates were added, and cells were assayed for gene
transfer 48 hours later. Treatment with uPA increased
gene transfer 8- to 10-fold compared with delivery of an
adenovirus/CaPi coprecipitate alone (Figure 5a). We
obtained similar results with an AAV vector; Figure 5b
shows that uPA enhanced gene transfer measured 2
weeks after AAV was delivered in a CaPi coprecipitate.
Earlier work showed that disrupting epithelial tight
junctions allowed access of viral vectors to the basolat-
eral surface where they could bind receptors (9, 12, 13).
We found no effect of uPA or the u7-peptide on epithe-
lial tight junction integrity as measured by transep-
ithelial electrical resistance (data not shown). More-
over, the u7-peptide, which has no enzymatic activity,
had an effect similar to uPA and stimulated fluid-phase
endocytosis across the apical membrane. Finally, dis-
rupting tight junctions by chelating Ca?* did not

enhance gene transfer by Ad/CaPi (R.W. Walters and
M.J. Welsh, unpublished data). These data indicate that
disruption of tight junctions did not account for the
enhanced gene transfer.

We also tested the ability of uPA to enhance gene
transfer and expression of CFTR in differentiated CF
airway epithelia. Figure Sc shows that gene transfer
with an adenovirus expressing CFTR in a CaPi copre-
cipitate generated a cAMP-stimulated current. uPA
further enhanced the correction. This result indicates
that uPA targets cells involved in generating transep-
ithelial CI- transport.

Gene transfer to monkey airway epithelial explants is
enhanced by uPA. As an additional test of uPA-mediated
endocytosis and gene transfer, we studied freshly excised
monkey tracheal explants. Figure 6a shows a control
explant treated with FITC-dextran only; because with
human epithelia there was a low level of basal endocyto-
sis. In contrast, apical application of uPA stimulated
endocytosis 3-fold over control levels (Figure 6, a-c). We
also assayed the effect of uPA on Ad/CaPi-mediated gene
transfer to explants. Control explants infected apically
with Ad/CaPi alone had low levels of gene transfer (Fig-
ure 6d). However, if uPA was first applied apically and
followed by Ad/CaPi, there was an approximately 8-fold
increase in gene transfer (Figure 6, e and f). Thin sections
of X-gal-stained explants showed both ciliated and non-
ciliated cells expressing transgene (Figure 6g). Based on
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Figure 6

Endocytosis and gene transfer to freshly excised monkey tracheal explants. Fluid phase endocytosis measured as uptake of FITC-dextran
under basal conditions (a), or after addition of 50 nM uPA (b); trachea shows significant background fluorescence. (¢) Quantitation of
endocytosis (n = 12). X-gal-stained explants infected with Ad/CaPi coprecipitates alone (d) or following treatment with 50 nM uPA (e).
(f) Quantitation of gene transfer (n = 4). (g) Thin section of X-gal-stained uPA-treated explant; same explant as shown in d. *P < 0.05.
White arrow indicates ciliated cells and yellow arrow indicates nonciliated cell.
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the number of DAPI-stained nuclei in a microscopic
field, approximately 2% of the total number of cells were
X-gal positive. As described above, this percentage is an
underestimate of the percentage of transduced cells that
touch the apical surface.

Coupling a uPA-derived peptide to an adenovirus vector
enbances gene transfer. Specific binding of vector to the
apical surface would be preferable to nonspecific bind-
ing. Therefore, we tested the hypothesis that specifically
targeting the uPAR could enhance gene transfer. Earlier
work showed that PEG can be coupled to adenovirus
vectors (45). Therefore, we linked the u7-peptide to PEG,
which was coupled to the capsid of recombinant aden-
ovirus expressing [-galactosidase. As controls, we cou-
pled adenovirus to PEG alone or to PEG linked to a
mutated peptide. Figure 7 shows that coupling the u7-
peptide to the PEG-modified vector enhanced gene
transfer to airway epithelia 10-fold.

Discussion

Binding to the cell surface and uptake across the apical
membrane are two of the major barriers that limit viral-
mediated gene transfer to human airway epithelia (6-10,
12,13, 17,43, 50, 51); once viral vectors have entered the
cell, viral proteins accomplish subsequent steps in gene
transfer. Nonviral vectors in which plasmid DNA encodes
a transgene may also be limited by binding and by uptake
(14-16); however, subsequent steps in the process of gene
transfer such as escape from endosomes and entry of
DNA into the nucleus also contribute to their inefficien-
cy (14). Our data suggest that use of the uPA ligand and
its receptor, uPAR, may provide a useful strategy to cir-
cumvent both the limited binding and low rate of endo-
cytosis. The results support this strategy by using 2 dif-
ferent models of airway epithelia, differentiated human
airway epithelia and freshly excised monkey trachea, and
2 different vectors, adenovirus and AAV.

The presence of uPAR on the apical membrane and the
ability of both the uPA and u7-peptide ligands to stimu-
late apical endocytosis suggest the utility of the system.
The ligand could be delivered as a separate component to
enhance endocytosis of a vector that was nonspecifically
bound to the apical surface, i.e., virus/CaPi coprecipitates.
Our finding that gene transfer was enhanced by coating
virus with u7-peptide/PEG provides more direct evidence
that apical uPAR can be targeted to enhance gene trans-
fer. However, it would be more desirable in future studies
to engineer the peptide directly into the surface of any
one of several vectors. The high affinity of uPA binding,
with a half-maximal binding in the range of 50 nM,
makes the receptor an attractive target.

Our data leave open the question of how uPA stimu-
lates apical fluid-phase endocytosis. Binding of uPA
might stimulate endocytosis of uPAR, thereby increas-
ing fluid-phase endocytosis. Alternatively, uPA binding
to uPAR might stimulate fluid-phase endocytosis, per-
haps through a second messenger system. Because the
GPI-linked uPAR lacks a transmembrane domain,
stimulation of endocytosis through either mechanism
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Targeting an adenovirus vector (Ad2/BGal-4) to uPAR by covalent asso-
ciation of u7-peptide and PEG to the adenovirus capsid. Ad/PEG/mutat-

ed refers to a mutated u7-peptide sequence (n = 6). *P < 0.05.

would require association with another transmem-
brane protein, several of which have been identified (34,
39-41). Because we obtained similar results with an
NH,-terminal peptide from uPA that would not asso-
ciate with PAI-1, our data suggest that binding of these
2 proteins is not responsible for endocytosis. Addi-
tional studies will be required to identify the molecular
mechanisms that stimulate endocytosis.

The uPA/uPAR system may offer several advantages
for future development of gene transfer. We used
recombinant adenovirus and AAV to test the feasibili-
ty of enhancing gene transfer; thus, uPA might be used
to target and facilitate gene transfer by several encapsi-
dated vectors and, perhaps, nonviral and enveloped
viral vectors. Future applications should explore the
engineering of uPA peptides into viral surface proteins.
For example, several peptides have been engineered
into the adenovirus fiber protein and penton base and
AAV capsid to target these viruses (22-27, 52). The uPA
system might also be used to target other pharmaceu-
ticals to airway epithelia. For example, lumenal deliv-
ery of a protein that contains part of uPA for targeting
and uptake, fused to another peptide such as a single
chain antibody, might have utility in airway disease.
Finally, the high level of uPAR expression on several
cancer cells (53-55) suggests this delivery system might
have applications in cancer.
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