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In well-differentiated human airway epithelia, the coxsackie B and adenovirus type 2 and 5 receptor (CAR)
resides primarily on the basolateral membrane. This location may explain the observation that gene transfer
is inefficient when adenovirus vectors are applied to the apical surface. To further test this hypothesis and to
investigate requirements and barriers to apical gene transfer to differentiated human airway epithelia, we
expressed CAR in which the transmembrane and cytoplasmic tail were replaced by a glycosyl-phosphatidyl-
inositol (GPI) anchor (GPI-CAR). As controls, we expressed wild-type CAR and CAR lacking the cytoplasmic
domain (Tailless-CAR). All three constructs enhanced gene transfer with similar efficiencies in fibroblasts. In
airway epithelia, GPI-CAR localized specifically to the apical membrane, where it bound adenovirus and
enhanced gene transfer to levels obtained when vector was applied to the basolateral membrane. Moreover,
GPI-CAR facilitated gene transfer of the cystic fibrosis transmembrane conductance regulator to cystic fibrosis
airway epithelia, correcting the Cl2 transport defect. In contrast, when we expressed wild-type CAR it localized
to the basolateral membrane and failed to increase apical gene transfer. Only a small amount of Tailless-CAR
resided in the apical membrane, and the effects on apical virus binding and gene transfer were minimal. These
data indicate that binding of adenovirus to an apical membrane receptor is sufficient to mediate effective gene
transfer to human airway epithelia and that the cytoplasmic domain of CAR is not required for this process.
The results suggest that targeting apical receptors in differentiated airway epithelia may be sufficient for gene
transfer in the genetic disease cystic fibrosis.

The first steps in adenovirus infection involve primarily two
proteins in the viral capsid: fiber and penton base (9, 11, 12).
The adenovirus fiber protein forms a trimer which binds to the
cell via a high-affinity receptor, the coxsackie B and adenovirus
type 2 and 5 receptor (CAR) (3, 29). Recent structural and
genetic studies support a model in which the lateral cleft be-
tween two neighboring knob domains on fiber interact with
the extracellular amino-terminal immunoglobulin V domain
of CAR (4, 8, 26). Interestingly, adenovirus-meditated gene
transfer to lymphocyte and CHO cell lines does not require the
transmembrane or cytoplasmic domains of CAR, suggesting
that the interaction between fiber-knob and CAR mediates
primarily attachment to the cell surface (18, 30, 37). In addi-
tion to the fiber-CAR interaction, the penton base interacts
with avb3 and avb5 integrins, facilitating receptor-mediated
endocytosis of adenovirus (12, 21, 40). Thus, CAR is required
for binding and infection, and avb integrins act as coreceptors.

Human airway epithelia are a target for gene transfer in the
genetic disease cystic fibrosis (CF) (27, 38). Earlier works
showed that adenovirus infection and adenovirus-mediated

gene transfer to differentiated airway epithelia are inefficient
due to lack of CAR and integrins in the apical membrane (2,
10, 13, 15, 23–25, 35, 41, 42). Thus, lack of fiber-knob binding
to the apical membrane may be the rate-limiting step for ad-
enovirus-mediated gene transfer to airway epithelia. Despite
its absence on the apical membrane, CAR is present on the
basolateral membrane (25, 35). Consequently, adenovirus in-
fects airway epithelia from the basolateral surface in a fiber-
dependent manner (35).

These results raised the question of whether CAR localized
in the apical membrane would be sufficient for adenovirus-
mediated gene transfer from the apical surface. Answering this
question is important for understanding the molecular mech-
anisms of adenovirus entry into human airway epithelia. The
answer may also impact the development of targeted gene de-
livery of the cystic fibrosis transmembrane conductance regulator
(CFTR) for CF. To address this question we studied adenovi-
rus-mediated gene transfer in differentiated human airway ep-
ithelia expressing recombinant wild-type CAR and two modi-
fied CAR proteins: CAR lacking the cytoplasmic domain
(Tailless-CAR) and CAR lacking the cytoplasmic and trans-
membrane domains but modified with a glycosyl-phosphatidyl-
inositol (GPI) anchor signal sequence (GPI-CAR) to target
the apical membrane (18, 30, 37). Recently, similar modifica-
tions in CAR (Tailless- and GPI-CAR) were found to localize
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to the apical membrane in a canine renal epithelial cell line
(MDCK) (24). However, they did not facilitate adenovirus
infection until the MDCK cells were treated with neuramini-
dase to remove sialic acid from the glycocalyx. To learn
whether apically localized CAR facilitates gene transfer to the
airways and to investigate the mechanisms involved, we studied
primary cultures of well-differentiated human airway epithelia.

MATERIALS AND METHODS

Cells and culture. NIH 3T3 cells were cultured on 100-mm-diameter plates
(Corning Costar, Corning, N.Y.) in Eagle’s minimum essential medium
(EMEM) (Sigma Chemical Co., St. Louis, Mo.) supplemented with 10% fetal
calf serum (Sigma Chemical Co.), 1% nonessential amino acids, penicillin (100
U/ml), and streptomycin (100 mg/ml).

Airway epithelial cells were obtained from trachea and bronchi of lungs re-
moved for organ donation. Cells were isolated by enzyme digestion as previously
described (16, 43). Freshly isolated cells were seeded at a density of 5 3 105

cells/cm2 onto collagen-coated, 0.6-cm2 area Millicell polycarbonate filters (Mil-
lipore Corp., Bedford, Mass.). The cells were maintained at 37°C in a humidified
atmosphere of 5% CO2 and air. Twenty-four hours after plating, the mucosal
medium was removed and the cells were grown at the air-liquid interface (16,
43). The culture medium consisted of a 1:1 mix of DMEM-Ham’s F-12, 5%
Ultroser G (Biosepra SA, Cergy-Saint-Christophe, France), penicillin (100
U/ml), streptomycin (100 mg/ml), 1% nonessential amino acids, and insulin (0.12
U/ml). Airway epithelia reached confluence and developed a transepithelial
electrical resistance, indicating the development of tight junctions and an intact
barrier. Epithelia were allowed to differentiate by culturing for at least 14 days
after seeding, and the presence of a ciliated surface was tested by scanning
electron microscopy (43).

Flag-tagged CAR constructs and recombinant adenoviruses. cDNAs encoding
three CAR constructs were kindly provided by J. M. Bergelson (Division of
Immunologic and Infectious Diseases, Children’s Hospital of Philadelphia, Phil-
adelphia, Pa.): (i) full-length CAR (wt-CAR), (ii) CAR which lacks the cyto-
plasmic domain (Tailless-CAR), and (iii) CAR which has the decay-accelerating
factor signal for GPI modification in place of the transmembrane and cytoplas-
mic domains (GPI-CAR) (37). All CAR constructs were modified with the Flag
epitope tag consisting of amino acids DYKDDDDK, inserted downstream of the
NH2-terminal hydrophobic leader signal sequence, as described previously (30).

We cloned the three Flag-tagged CARs into adenovirus vectors. Recombinant
adenovirus vectors expressing the Flag-tagged CAR constructs (Ad5/wt-CAR,
Ad5/Tailless-CAR, and Ad5/GPI-CAR), and b-galactosidase (b-Gal) (Ad2/
bGal) were prepared by the University of Iowa Gene Transfer Vector Core at
titers of ;1010 infectious units/ml (determined by plaque assay) as previously
described (39). A recombinant adenovirus vector expressing green fluorescent
protein (GFP), Ad2/GFP, and CFTR (Ad2/CFTR-16) were a gift of Sam Wads-
worth (Genzyme, Framingham, Mass.).

Expression of CAR. NIH 3T3 cells, which normally express low levels of CAR,
were infected with control adenovirus (Ad2/bGal), or adenovirus expressing
either one of the three CAR constructs using Ad-CaPi coprecipiates. This
method bypasses the need for the CAR receptor on target cells (6, 33). Briefly,
Ad-CaPi coprecipitates were formed by adding CaCl2 to adenovirus particles in
EMEM to achieve a final Ca21 concentration of 5.8 mM. Cells were then
infected with Ad-CaPi coprecipitates for 30 min, rinsed three times with EMEM,
and evaluated for susceptibility to Ad2/GFP infection.

In airway epithelia, the CAR constructs were expressed by pretreating epithe-
lia with 8 mM EGTA delivered in H2O to transiently disrupt the tight junctions.
This technique results in reversible disruption of the tight junctions and allows
apically administered adenovirus to access its endogenous receptor on the ba-
solateral membrane (35, 36). Immediately after treatment, epithelia were in-
fected with control adenovirus or adenovirus (multiplicity of infection [MOI], 10)
expressing either of the three CAR constructs. Two days after infection with
CAR-expressing adenoviruses, epithelial integrity was measured with an ohm-
meter (EVOM; World Precision Instrument Inc., Sarasota, Fla.). The transepi-
thelial resistance values for all infected epithelia were .300 V z cm2. Epithelia
were then evaluated or studied as described below.

Analysis of Flag-tagged CAR protein expression. Expression of the adenovi-
rus-encoded CAR constructs was evaluated by Western blot analysis of airway
epithelia 2 days after infection with CAR-expressing adenoviruses. Protein was
extracted from epithelia by incubation for 1 h at 4°C with lysis buffer (1% Triton
X-100; 10 mM Tris-HCl, pH 7.4; 150 mM NaCl), supplemented with protease
inhibitors (10 mg each of leupeptin, aprotinin, and pepstatin A per ml). The

lysates were diluted in Laemmli sample buffer, and equal amounts were sub-
jected to Western blotting. Flag-tagged CAR proteins on nitrocellulose mem-
branes were detected by incubation with a 1:500 dilution of horseradish perox-
idase-conjugated anti-Flag M2 monoclonal antibody (Sigma Chemical Co.) in 10
mM TBS (Tris-HCl, pH 7.4; 150 mM NaCl; 10 mM EDTA) containing 5%
nonfat milk, and visualized after chemiluminescence by exposure for 1 to 5 min
to X-Omat film (Eastman Kodak, Rochester, N.Y.).

Cell surface distribution of Flag-tagged CAR constructs. Apical localization of
Flag-tagged CAR was evaluated by immunocytochemistry in epithelia 2 days
after gene transfer with CAR-expressing adenovirus. Epithelia were coinfected
with Ad2/GFP at the time of adenovirus-mediated CAR gene transfer to allow
visualization of epithelial cells. Epithelia were fixed with 4% paraformaldehyde
for 15 min at 23°C. Unless otherwise noted, SuperBlock (Pierce, Rockford, Ill.)
was used to wash between incubations and also to dilute reagents. After cells
were washed twice for 10 min each time, mouse anti-Flag monoclonal antibody
(1:600; Sigma Chemical Co.) was placed on the apical surface of epithelia for 1 h
at 37°C. Then, cells were rinsed twice for 5 min each and incubated with donkey
anti-mouse immunoglobulin G conjugated with Texas Red fluorophore (1:500;
Jackson ImmunoResearch Laboratories, Inc., West Grove, Pa.) for 1 h at 37°C.
The epithelia were rinsed twice with phosphate-buffered saline (PBS) for 5 min
each then mounted onto glass slides using Vectashield (Vector Laboratories Inc.,
Burlingame, Calif.). Apical staining was evaluated by laser scanning confocal
microscopy (model MRC-1024 microscope; Bio-Rad, Hercules, Calif.) at 60X
magnification; images are shown as stacked XZ series.

Binding of iodinated mouse 125I-anti-Flag antibody, prepared with IODO-
GEN reagent (Pierce), to airway epithelia was performed for quantitative anal-
ysis of the cell surface distribution of the Flag-tagged CAR constructs. Two days
after infection, epithelia were washed with binding buffer (EMEM containing
1% bovine serum albumin and 10 mM HEPES, pH 7.3) and incubated for 2 h at
4°C with 2 mg of 125I-anti-Flag antibody per ml (2 3 105 to 4 3 106 dpm/mg).
Antibody was added either to the apical or the basolateral surface of airway
epithelia. After three washes with binding buffer for 10 min at 4°C, cell-associ-
ated 125I label was solubilized for 30 min at 23°C in 10% sodium dodecyl sulfate,
followed by quantification in a gamma counter. Nonspecific binding of anti-Flag
antibody was measured in parallel filters by adding a 100-fold excess (200 mg/ml)
of unlabeled antibody along with 125I-labeled antibody. Specific binding was
calculated by subtracting nonspecific binding from total binding. In all cases,
nonspecific binding amounted to 20 to 30% of the total signal.

Binding of fluorescent adenovirus. CAR constructs were expressed in airway
epithelia as described above. Two days after gene transfer with CAR-expressing
adenovirus, Cy3-labeled Ad5/bGal (MOI, 50) in 100 ml of EMEM was added to
the apical surface of epithelia maintained at 4°C. Adenovirus was covalently
labeled with the carbocyanine dye Cy3 (Amersham Pharmacia Biotech, Piscat-
away, N.J.) (19). The labeling procedure decreased the infectious unit/particle
ratio by 5 to 35% (33). After a 30-min incubation the virus was removed, and
epithelia were rinsed twice with EMEM. Cultures were fixed with 4% parafor-
maldehyde at 23°C for 10 min and then rinsed three times with PBS. The cells
were stained with a 1:500 dilution of DAPI (49,69-dianidino-2-phenylindole) in
PBS (Molecular Probes, Eugene, Oreg.) for 20 min at 23°C, rinsed, and then
mounted on glass slides with Vectashield (Vector Laboratories Inc.). Binding of
adenovirus to the epithelia was assessed by fluorescence microscopy (19, 33).

Gene transfer assays. CAR-expressing NIH 3T3 cells were evaluated by de-
tecting GFP expression 1 day after gene transfer with Ad2/GFP. Cells were
dissociated with 0.05% trypsin and 0.53 mM EDTA, and fluorescence from
50,000 individual cells was analyzed using fluorescence-activated cell analysis
(FACScan, Lysys II software; Becton Dickinson, San Jose, Calif.). The percent-
age of cells positive for GFP was assessed by determining the percentage of high-
ly fluorescent cells in each group and subtracting the fluorescence of control cells.

To evaluate adenovirus-mediated gene transfer through the apical surface of
human airway epithelia expressing CAR constructs, either Ad2/GFP, Ad2/bGal,
or Ad2/CFTR 16 (MOI, 10) was delivered to the apical surface in 100 ml of
EMEM and incubated for 30 min at 37°C. Epithelia were then rinsed twice with
EMEM and assayed for gene transfer 2 days later. To assess GFP expression in
airway epithelia, Ad2/GFP-infected epithelia were studied 2 days postinfection
by fluorescence microscopy (34).

For analysis of b-Gal expression, total b-Gal activity was measured by a
commercially available method (Galacto-Light; Tropix, Inc., Bedford, Mass.).
Briefly, 2 days postinfection, epithelia were rinsed with PBS and incubated with
lysis buffer (25 mM Tris-phosphate, pH 7.8; 2 mM dithiothreitol; 2 mM 1,2-
diaminocyclohexane-N,N,N9,N9-tetraacetic acid; 10% glycerol; and 1% Triton
X-100) for 15 min. Light emission was quantified in a luminometer (Analytical
Luminescence Laboratory, San Diego, Calif.).

To assess CFTR gene transfer, epithelia were mounted in modified Ussing
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chambers (Jim’s Instruments, Iowa City, Iowa) as previously described (43).
Epithelia were bathed on the submucosal surface with a Ringer’s solution con-
taining 135 mM NaCl, 2.4 mM KH2PO4, 1.2 mM CaCl2, 1.2 mM MgCl2, 10 mM
HEPES, and 10 mM dextrose (pH 7.4). The mucosal solution was identical with
the exception that NaCl was replaced with 135 mM sodium gluconate. Amiloride
(10 mM) was added to the mucosal solution to inhibit Na1 channels and trans-
epithelial Na1 transport. The cyclic AMP (cAMP) agonists, 10 mM forskolin and
100 mM isobutylmethylxanthine, were added to the mucosal and submucosal
solutions to stimulate transepithelial Cl2 current through CFTR Cl2 channels.
To assess total Cl2 current, 100 mM bumetanide was added to the submucosal
solution, and the change in current was measured.

Cell surface modifications. Epithelia were biochemically treated to remove the
glycocalyx from the apical surface. Two days after infection with CAR-expressing
adenovirus, epithelia were rinsed with EMEM. Epithelia were then incubated
with either 200 mU of bacterial sialidase NA Type III from Vibrio cholerae per
ml, 10 mU of O-glycosidase from Streptococcus pneumoniae per ml, or 50 U of
the peptide N-glycosidase F from Flavobacterium meningosepticum (Sigma
Chemical Co.) per ml diluted in EMEM for 1 h at 37°C (2). Assay conditions for
each enzyme were optimized by first testing a range of concentrations and
determining the maximum concentration of enzyme that did not change the
transepithelial resistance. To confirm removal of the glucocalyx, epithelia were
fixed with 4% paraformaldehyde for 15 min at 23°C and then incubated with 0.1
mg of fluorescein isothiocyanate (FITC)-labeled wheat germ agglutinin (WGA)
(Vector Laboratories Inc.) for 30 min at 23°C. WGA binding was quantitated by
measuring average fluorescence intensity from histogram plots of confocal im-
ages (Confocal Assistant software). To assess gene transfer, enzyme-treated
epithelia were washed with EMEM, infected with Ad2/bGal, and evaluated 2
days later for adenovirus-mediated gene transfer.

To evaluate the requirement for the GPI anchor on GPI-CAR, airway epi-
thelia were treated with phosphatidylinositol-specific phospholipase C (PI-PLC)
(from Bacillus cereus; Molecular Probes) for 2 h at 37°C followed by three washes
with EMEM prior to infection.

RESULTS

GPI-CAR, Tailless, and wt-CAR mediate adenovirus gene
transfer to 3T3 cells with similar efficiencies. Adenovirus vec-
tors were generated to express three different Flag-tagged
CAR constructs: (i) full-length CAR (amino acids [aa] 1 to
365), (ii) CAR lacking the cytoplasmic domain (aa 1 to 260),
and (iii) CAR with the cytoplasmic and transmembrane do-
mains replaced by a GPI anchor signal sequence (aa 1 to 235).
Earlier studies showed that similar constructs were capable of
mediating adenovirus infection in cells lacking CAR; however,
it is unknown whether they have similar efficiencies. To address
this issue, we transduced NIH 3T3 cells with various amounts
of CAR-expressing adenovirus to vary the amount of CAR
receptor. Then, we applied increasing concentrations of Ad2/
GFP and assessed the percentage of GFP-positive cells as a
measure of gene transfer. In addition, we studied varying
amounts of CAR because we were limited by not knowing how
levels of recombinant CAR compare to endogenous CAR. In
cells infected with a high MOI (MOI, 50) of Ad-CAR vectors,
we observed a dose-dependent increase in adenovirus-medi-
ated GFP gene transfer regardless of which CAR molecule
was expressed (Fig. 1A). Moreover, the three CAR molecules
seemed to function with similar efficiencies. Because differ-
ences in receptor efficiency may be more evident at lower levels
of receptor (30), we also examined the dose-response of Ad2/
GFP infection in cells expressing lower levels of CAR (Fig. 1B

FIG. 1. Effect of CAR expression on adenovirus-mediated gene transfer to NIH 3T3 cells. Cells were infected with varying MOIs of Ad-CaPi
coprecipitates encoding wt-CAR ({). Tailless-CAR (E), GPI-CAR (‚), or CFTR (h) as a control. One day later cells were infected with varying
MOIs of Ad2/GFP. Data are the percentage of GFP-positive cells for cells infected with the Ad/CAR vectors at MOIs of 50 (A), 20 (B), 6 (C),
and 1 (D).
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to D). As we reduced the amount of CAR expression by ap-
plying a lower MOI of the CAR-expressing virus, gene transfer
with Ad2/GFP fell. However, we found similar reductions with
all three CAR molecules. These observations are consistent with
previous reports that all three CAR receptors can facilitate
adenovirus-mediated gene transfer (18, 30, 37). In addition,
these data suggest that their relative efficiencies are similar.

Expression of modified CAR molecules in human airway epi-
thelia. Given that these three receptors function with similar
efficiencies in a cell line, we studied their expression, localiza-
tion, and function in primary cultures of well-differentiated
airway epithelia. We delivered the CAR-expressing adenovirus
vectors to the basolateral membrane by transiently disrupting
the tight junctions, as previously reported (35). Western blot
analysis showed specific expression of each Flag-tagged CAR
construct at approximately similar amounts (Fig. 2). Naive
epithelia and epithelia expressing b-Gal did not show a specific
band at the predicted molecular weight range for any of the
CAR constructs, confirming that the anti-Flag antibody specif-
ically detects the CAR constructs in human airway epithelia.

GPI-CAR, Tailless, and wt-CAR show distinct patterns of
cell surface distribution in differentiated airway epithelia. We
analyzed apical expression of CAR proteins by applying anti-
Flag antibody to the apical surface followed by immunocyto-
chemistry. Neither the control nor epithelia expressing wt-CAR
presented Flag-tagged CAR on the apical membrane (Fig.
3A). In contrast, epithelia expressing GPI-CAR showed sub-
stantial CAR on the apical membrane. Epithelia expressing
Tailless-CAR showed a small amount of apical staining. These
observations suggest the GPI modification targets CAR to the
apical membrane, consistent with observations for GPI-an-
chored proteins in other epithelial cell types (20). In addition,
the presence of Tailless-CAR on the apical surface suggests
the cytoplasmic domain plays an essential role in exclusive
basolateral localization of CAR in airway epithelia.

To obtain a more quantitative assessment of the polarized
distribution of Flag-tagged CAR, we used a radioimmunoassay
to measure specific binding of anti-Flag antibody to CAR-
expressing airway epithelia. There was no specific binding of
125I-anti-Flag antibody to the apical surface of airway epithelia
expressing wt-CAR (Fig. 3B). This result is consistent with the
lack of endogenous CAR at the apical surface (25, 35). Con-
sistent with the immunocytochemical localization, there was a
large amount of apical binding in epithelia expressing GPI-
CAR and a small amount in epithelia expressing Tailless-CAR.
In contrast, at the basolateral membrane we observed specific
binding of 125I-anti-Flag antibody in epithelia expressing wt-
CAR and Tailless-CAR, but not GPI-CAR (Fig. 3C). Hence,
airway epithelia specifically sequester wt-CAR in the basolat-
eral membrane and GPI-CAR in the apical membrane. Tail-
less-CAR was distributed to both membrane domains.

Expression of GPI-CAR in airway epithelia enhances apical
binding of adenovirus. We also studied binding of Cy3-labeled
adenovirus to the apical membrane of CAR-expressing airway
epithelia. Consistent with previous observations, adenovirus
did not bind to control epithelia expressing b-Gal (Fig. 4) (35).
Moreover, there was little or no apical binding of adenovirus to
epithelia expressing recombinant wt-CAR. This is consistent
with basolateral localization of the protein (Fig. 3). However,
adenovirus bound to the apical surface of epithelia expressing
GPI-CAR and, to a lesser extent, the epithelia expressing Tail-
less-CAR. These data indicate that adenovirus can bind to the
extracellular domain of CAR when it is present on the apical
surface of differentiated epithelia.

Apical localization of CAR is sufficient for adenovirus-me-
diated gene transfer from the apical surface. To determine if
apical localization of CAR is sufficient for adenovirus infec-
tion, we investigated adenovirus-mediated gene transfer from
the apical surface of epithelia expressing wt-CAR, Tailless-
CAR, or GPI-CAR. Using Ad2/GFP we found minimal gene
transfer in epithelia expressing wt-CAR and Tailless-CAR (Fig.
5A). However, GPI-CAR expression substantially increased
gene transfer. These results indicate that expression of GPI-
CAR in airway epithelia is sufficient for adenovirus-mediated
gene transfer from the apical surface.

To obtain a more quantitative assessment of gene transfer,
we measured b-Gal expression after apical application of Ad2/
bGal. We observed a marginal increase in b-Gal activity in
epithelia expressing either wt-CAR or Tailless-CAR as com-
pared to control (Fig. 5B). In contrast, we found a marked
increase in gene transfer from the apical surface of airway
epithelia expressing GPI-CAR. Pretreatment of GPI-CAR ex-
pressing epithelia with PI-PLC inhibited gene transfer with
Ad2/bGal, suggesting that gene transfer through GPI-CAR
requires the GPI modification (Fig. 5C). We also measured
gene transfer from the basolateral surface. All epithelia, in-
cluding the controls, were readily infected with adenovirus,
consistent with basolateral localization of the endogenous re-
ceptor (Fig. 5D) (25, 35). There was a slight although not
statistically significant increase in gene transfer from the baso-
lateral surface in epithelia overexpressing Tailless- and wt-
CAR. Moreover, the absolute level of transgene expression
after apical addition of vector to GPI-CAR expressing epithe-
lia was similar to the transgene expression obtained after add-

FIG. 2. Expression of adenovirus-encoded CAR constructs in pri-
mary cultures of human airway epithelia. Differentiated human airway
epithelia were mock infected (Naive), infected with Ad2/GFP (Con-
trol), or infected with adenovirus vectors encoding wt-CAR, Tailless-
CAR, or GPI-CAR. Two days after infection, cellular lysates were
assessed for expression of Flag-tagged CAR proteins by Western blot
analysis using anti-Flag M2-HRP monoclonal antibody. Arrows indi-
cate the observed migration profiles of full-length CAR, Tailless-CAR,
and GPI-CAR; migration of the three bands was consistent with the
predicted molecular masses. The band at approximately 70 kDa was
nonspecific as it was also observed in naive and mock-infected cells.
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ing vector to the basolateral surface of control epithelia ex-
pressing only endogenous CAR (Fig. 5B and 5D).

Removing apical glycocalyx does not potentiate adenovirus
infection in airway epithelia. A previous study reported that
expression of GPI-CAR was not sufficient for adenovirus-me-
diated gene transfer from the apical surface of a canine renal
epithelial cell line (MDCK); rather, treatment with neuramin-
idase was also required (24). That study suggested that the
glycocalyx, specifically sialic acid, was a barrier preventing api-

cal gene transfer. Our finding that GPI-CAR efficiently rescues
apical gene transfer suggests that the glycocalyx is not an ab-
solute barrier in differentiated human airway epithelia. How-
ever, these data do not rule out the possibility that the glyco-
calyx constitutes a major but not absolute barrier to gene
transfer. To test this possibility, we treated CAR-expressing
epithelia with neuraminidase to remove sialic acid or with
glycosidases to remove either N- or O-linked carbohydrates.
The ability of the enzymes to remove carbohydrate from the

FIG. 3. Cell surface distribution of modified CAR proteins expressed in human airway epithelia. (A) Apical localization of CAR molecules was
evaluated in airway epithelia with immunocytochemistry. GFP-positive cells are shown in green, and apical Flag antibody binding is shown in red.
Polarized surface distribution of CAR molecules was quantitated with a radioimmunoassay on the apical surface (B), or the basolateral surface
(C). Data are means 1 standard errors of the means (error bars) (n 5 6). p, P , 0.01 compared to control.

VOL. 75, 2001 CAR IN AIRWAY EPITHELIA 7707



apical surface was confirmed by a decrease in FITC-WGA
binding to the apical membrane (Fig. 6A); WGA binds to sialic
acid (32). Since disrupting the tight junctions allows adenovirus
access to endogenous CAR on the basolateral membrane, we
measured transepithelial resistance as an indication of epithe-
lial integrity (35). None of the enzyme treatments altered
transepithelial resistance (data not shown). Furthermore, the
enzyme treatments of epithelia expressing wt-CAR or Tailless-
CAR had no effect on gene transfer (Fig. 6B). Hence, enzyme
treatments did not damage epithelial integrity and allow gene
transfer through the basolateral membrane. In agreement with
aforementioned results (Fig. 5), Fig. 6B shows that GPI-CAR
facilitated adenovirus-mediated gene transfer from the apical
surface. Importantly, removal of the glycocalyx with neuramin-
idase or glycosidases did not significantly enhance gene trans-
fer compared to that seen with mock-treated epithelia.

GPI-CAR is sufficient for adenovirus-mediated gene trans-
fer of CFTR from the apical surface of CF epithelia. Airway
epithelia are a target for gene transfer in CF. Therefore, we
asked whether there are gene transfer barriers in CF epithelia
not found in normal epithelia and whether gene transfer via
the apical membrane can correct the Cl2 transport defect. We

measured transepithelial Cl2 current in CAR-expressing CF
epithelia following application of Ad2/CFTR. The Cl2 current
following CFTR gene transfer to wt-CAR- and Tailless-CAR-
expressing epithelia was no different from that seen with the
control (Fig. 7). In contrast, epithelia expressing GPI-CAR
showed substantial correction of the Cl2 current, approaching
levels seen in normal epithelia (28 6 1 mA z cm2). These results
indicate that expression of GPI-CAR was sufficient to support
adenovirus-mediated gene transfer from the apical surface of
CF epithelia. Importantly, gene transfer occurred in cells which
are capable of CFTR-dependent Cl2 transport.

DISCUSSION

These results show that placing a specific binding site for
adenovirus vectors on the apical surface of airway epithelia
facilitates gene transfer. In addition, the data show that similar
treatment of CF epithelia also facilitated gene transfer and
correction of the CF Cl2 transport defect. This study has the
advantage that it used well-differentiated human airway epi-
thelia that retain many of the properties of the in vivo airways,
including the resistance to adenovirus-mediated gene transfer.

FIG. 4. Effect of CAR expression on adenovirus binding to the apical surface of CAR-expressing human airway epithelia. Data are en face
projections of Cy3-labeled adenovirus (red) bound to the apical surface of control and CAR-expressing airway epithelia. DAPI-stained nuclei are blue.
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Nevertheless, although the in vitro model often predicts in vivo
behavior, our study is limited in that there could be other
barriers to gene transfer in vivo.

The apical membrane of airway epithelia contain few avb3

or avb5 integrins; nonetheless, GPI-CAR rescued both adeno-
virus binding and gene transfer from the apical membrane.
Thus, these data indicate that the penton base-integrin inter-
action is not required for gene transfer. This conclusion is
consistent with data obtained from in vivo studies in other
systems (14). GPI-anchored proteins localize to lipid rafts (31),
which may be involved in endocytic sorting (22). In addition,
GPI-anchored proteins can be found in lipid raft domains
in close proximity to caveolae or inside the caveolae (1, 28).
Hence, the activity of GPI-CAR might be augmented by its
location in areas of the apical membrane with active internal-
ization (endocytosis or potocytosis), thereby masking the need
for integrins. In either event, these results bring into question
the need for coreceptors which can potentiate internalization,
at least when the receptor is abundant or localized in an area
of active membrane turnover. Therefore, targeting strategies
to airway epithelia may not be hindered by the lack of core-
ceptors.

Previous work reported that the glycocalyx (specifically sialic
acid) prevented gene transfer from the apical surface of
MDCK cells (24). However, our data indicate that removing
the glycocalyx did not potentiate gene transfer to airway epi-
thelia. There are several possible explanations for these differ-
ent observations. First, the difference may be due to structural
differences between the MDCK cell lines and primary cultures
of differentiated airway epithelia. Second, the two systems used
to express CAR could have produced different levels of the
receptor. Third, the glycocalyx could be a barrier in airway
epithelia, and although the data show that apical carbohydrate
was removed, we may not have removed sufficient glycocalyx to
observe a difference in gene transfer. However, when we tested
more prolonged enzyme treatments, transepithelial resistance
fell, which would have allowed the vector to access basolateral
receptors. Thus, although we cannot exclude the possibility
that the glycocalyx interferes to some extent, this interference
may be of secondary importance compared to the presence or
absence of the receptor.

In conclusion, expressing CAR on the apical surface by GPI
modification rescues adenovirus binding and gene transfer
from the apical surface of airway epithelia. These data suggest

FIG. 5. Effect of CAR expression on adenovirus-mediated gene transfer to airway epithelia. Two days after CAR gene transfer, airway epithelia
were infected with Ad2/GFP from the apical surface (A), Ad2/bGal from the apical surface (B), Ad2/bGal from the apical surface following
PI-PLC treatment (C), or Ad2/bGal from the basolateral surface (D) (each at an MOI of 10) for 30 min. Epithelia were studied 48 h later. b-Gal
data are means 1 standard errors of the means (error bars) (n 5 6). p, P , 0.01 compared to control. Lu, light units.
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that targeting binding sites on the apical surface will enhance
gene transfer. This conclusion is consistent with other ap-
proaches to enhancing gene transfer. For example, increasing
nonspecific apical binding of adenovirus by incorporation in
CaPi coprecipitates or complexes including cationic lipids fa-
cilitated gene transfer (6, 7). Moreover, targeting adenovirus
to another GPI-linked protein, the urokinase plasminogen ac-
tivator receptor, or to P2Y receptors enhanced gene transfer
(5, 17). Thus, perhaps numerous different methods of increas-
ing binding may be sufficient to improve gene transfer. How-
ever, we predict that targeting a high-affinity receptor which is
capable of internalization will result in the most efficient gene
transfer to the airway epithelia.
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