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Successfully targeting the airway epithelium is essential for gene therapy of some pulmonary diseases.
However, the airway epithelium is resistant to virus-mediated gene transfer with commonly used vectors.
Vectors that interact with endogenously expressed receptors on the apical surface significantly increase gene
transfer efficiency. However, other endogenous components involved in host immunity may hinder virus-
mediated gene transfer. We tested the effect of bronchoalveolar lavage liquid (BAL) from patients with cystic
fibrosis (CF), BAL from subjects without CF (non-CF BAL), Pseudomonas aeruginosa-derived proteins, and an
array of inflammatory proteins on gene transfer mediated by adeno-associated virus type 5 (AAV5) and
adenovirus targeted to an apically expressed glycosylphosphatidylinositol-modified coxsackie-adenovirus re-
ceptor. We found that neither CF BAL nor its components had a significant effect on gene transfer to human
airway epithelium by these vectors. Non-CF BAL significantly impaired adenovirus-mediated gene transfer.
Removal of immunoglobulins in non-CF BAL restored gene transfer efficiency. As virus vectors are improved
and mechanisms of humoral immunity are elucidated, barriers to successful gene therapy found in the complex
environment of the human lung can be circumvented.

Targeting the airway epithelium is essential for gene therapy
of some pulmonary diseases, including cystic fibrosis (CF),
alpha-1 antitrypsin (�1AT) deficiency, and lung cancer (11, 47,
48). However, airway epithelium is resistant to virus-mediated
gene transfer with commonly used vectors, such as adenovirus
types 2 and 5 and adeno-associated virus serotype 2 (AAV2)
(3, 19, 33, 53). Low levels of gene transfer efficiency with these
vectors may be due in part to the basolateral localization of
viral receptors (16, 43, 47).

A method to increase apically applied adenovirus infection
efficiency involves targeting the adenovirus to a receptor that is
endogenously displayed on the apical surface of the airway
epithelium (49). In this approach, adenovirus vector particles
are modified with a ligand to target an endogenous, apically
displayed receptor. Receptor targets of this method include
the apically displayed G protein receptor family, the P2Y re-
ceptor 74 (49), and the urokinase plasminogen activator recep-
tor (15). Also, modifications of the airway epithelium to en-
hance transfection have been examined. Chelating agents such
as EGTA can increase gene transfer in vivo by disrupting tight
junctions and allowing adenovirus vector particles access to the
basolateral coxsackie-adenovirus receptor (CAR) (8). Airway
epithelia that display apical recombinant CAR have been de-
veloped and demonstrate enhanced apical adenovirus infec-
tion (44). However, methods which fundamentally alter airway
epithelium function may not be clinically useful.

Other virus vectors, such as AAV, are being investigated. Six
primate isolates of AAV, a member of the parvovirus family,
have been identified. Recombinant AAV2 was the first to be

cloned into a plasmid and to be used in gene therapy studies
(35, 51). Like adenovirus, AAV2 has a limited ability to infect
respiratory epithelium due to the basolateral location of its
receptor (16). More recently, another serotype, AAV5, has
been demonstrated to infect human and murine airway epithe-
lium more efficiently (55). In contrast to AAV2, AAV5 infec-
tion is mediated through an apically displayed receptor (45).

While virus vectors that target apically displayed receptors
may improve gene transfer efficiency by overcoming one hurdle
to infection, other endogenous airway components associated
with host immunity in vivo need to be evaluated. Airway sur-
face liquid has been shown to have antimicrobial and antiviral
properties. Lysozyme, found at concentrations of 20 to 100
�g/ml, is one of the most abundant proteins in airway surface
liquid (39). The antiprotease secretory leucoprotease inhibitor
is found at concentrations of 10 to 80 �g/ml in nasal secretions
(29). Immunoglobulins in airway surface liquid play an impor-
tant role in limiting adenovirus infection of the airway epithe-
lium in animal models (25, 52) and in humans (18). In our
studies, we use bronchoalveolar lavage fluid (BAL) from pa-
tients with CF and BAL from subjects without CF to simulate
the protein composition of the human airway surface liquid.

The airway surface liquid in CF patients may significantly
affect virus vector efficiency due to high levels of neutrophil
proteases and other proteins associated with inflammation (27,
36). In addition, many CF patients are also colonized with
Pseudomonas aeruginosa species (50). Virulence factors se-
creted by P. aeruginosa, such as pyocyanin, have been shown to
alter respiratory epithelium cell function (5, 12, 13, 24). These
virulence factors may affect virus vector gene transfer to the
CF airway epithelium. In addition, recent studies have dem-
onstrated that CF BAL and CF sputum reduce adenovirus-
and AAV2-mediated gene transfer (32, 37, 41). Although an
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adenovirus or an AAV targeted to an apically displayed recep-
tor may improve gene transfer to the airway epithelium, pro-
teins present in airway surface liquid, specifically in CF airway
surface liquid, may provide additional barriers.

The aim of this study was to examine the effect of compo-
nent proteins found in CF airway surface liquid through stud-
ies with CF BAL and non-CF BAL and their effects on gene
transfer by adenovirus type 5 in an airway epithelium model
displaying apical CAR. We also examined the effect of CF
BAL on the AAV5 vector, which infects the airway epithelium
via an endogenous apical receptor mechanism.

MATERIALS AND METHODS

Cells and culture. Airway epithelium cells were obtained from the trachea and
bronchi of lungs removed for organ donation. Cells were isolated by enzyme
digestion as previously described (26, 56). Freshly isolated cells were seeded at a
density of 5 � 105 cells/cm2 onto collagen-coated, 0.6-cm2-area Millicell poly-
carbonate filters (Millipore Corp., Bedford, Mass.). The cells were maintained at
37°C in a humidified atmosphere of 5% CO2 and air. At 24 h after plating, the
mucosal medium was removed, and the cells were grown at the air-liquid inter-
face (26, 56). The culture medium consisted of a 1:1 mix of Dulbecco’s modified
Eagle’s medium and Ham’s F12 with 5% Ultroser G (Biosepra SA, Cergy-Saint-
Christophe, France), 100 U of penicillin per ml, 100 �g of streptomycin per ml,
1% nonessential amino acids, and 0.12 U of insulin per ml. Airway epithelium
reached confluence and had a transepithelial electrical resistance indicating the
development of tight junctions with an intact barrier. Epithelia were allowed to
differentiate by culturing for at least 14 days after seeding. The presence of a
ciliated surface was tested by scanning electron microscopy (56).

Bronchoalveolar lavage. Three normal volunteers who were lifetime nonsmok-
ers (for non-CF BAL samples) with no history of acute or chronic illness and four
CF patients who were clinically stable but known to be colonized with P. aerugi-
nosa (for CF BAL samples) underwent bronchoscopy and bronchoalveolar la-
vage according to standard protocols (17). For the lavage procedure, five 20-ml
aliquots of sterile, warmed saline were used. The lavage fluid was stored imme-
diately on ice, filtered through two layers of gauze, and then centrifuged at 1,500
� g for 10 min. The supernatant was removed and stored at �70°C until use. This
study was approved by the Committee for Investigations Involving Human Sub-
jects at the University of Iowa.

Pseudomonas aeruginosa pyocyanin and elastase production. Pyocyanin was
isolated from a broth culture of P. aeruginosa PAO1 as previously described (9)
and used at a final concentration of 50 �M. The final stock of pyocyanin had no
detectable levels of P. aeruginosa lipopolysaccharide, as determined by the Limu-
lus amoebocyte high performance assay (E-Toxate assay; Sigma, St. Louis, Mo.).
Elastase derived from P. aeruginosa was a kind gift from Charles Cox, Depart-
ment of Microbiology, University of Iowa. P. aeruginosa elastase was used at a
final concentration of 500 �g/ml.

Recombinant adenovirus. Airway epithelium was initially treated with EGTA
to disrupt the epithelial tight junctions and to allow viral access to the basolateral
side (43). Ten multiplicities of infection (MOI) of a recombinant adenovirus
expressing glycosylphosphatidylinositol-modified CAR (GPI-CAR) was used
(46). CAR constructs were modified with the Flag epitope tag, consisting of
amino acids DYKDDDDK inserted downstream of the NH2-terminal hydropho-
bic leader signal sequence, as described previously (40). The GPI modification
allows the receptor for adenovirus to be displayed at the apical surface of the
epithelium. A recombinant adenovirus vector expressing green fluorescent pro-
tein (GFP) was a gift from Sam Wadsworth, Genzyme, Framingham, Mass.

Recombinant AAV. Recombinant AAV5 was produced by a triple-plasmid
transfection procedure described previously (1). AAV5/�-gal was prepared by
triple-plasmid cotransfection of COS cells in a calcium phosphate cotransfection
system (Gibco-BRL, Rockville, Md.). For every 5- to 150-mm plate, 6.1 �g of
vector plasmid (p5LacZ), 6.1 �g of helper plasmid (p5RepCap), and 12.8 �g of
pAd12 were precipitated with calcium phosphate. Cells were harvested and
pelleted 72 h posttransfection. p5RepCap contains the cDNA for AAV5 Rep
with the mouse mammary tumor virus promoter and the cDNA for CAP with the
internal p40 promoter. The p5LacZ plasmid contains the inverted terminal
repeats from the AAV5 serotype flanking a reporter �-galactosidase gene driven
by a Rous sarcoma virus promoter.

For every 10 plates, the pellet was resuspended in 5 ml of tissue dissociation
buffer (140 mM NaCl, 5 mM KCl, 0.7 mM K2HPO4, 25 mM Tris-HCl, pH 7.4)
and stored at �70°C. The cell pellet was thawed at 37°C, and benzonase (Sigma

Chemical Co.) was added to a final concentration of 20 U/ml. Sodium deoxy-
cholate was then added to a final concentration of 0.5%, and the suspension was
incubated for 1 h. The suspension was homogenized thoroughly (20 strokes in a
Wheaton B homogenizer). Next, CsCl was added to a final density of 1.4 g/cm3,
and the homogenate was centrifuged at 38,000 rpm for 65 h at 20°C. Gradient
fractions with a refractive index of 1.371 to 1.373 were pooled, centrifuged again,
and fractionated as described above. Recombinant AAV5 viruses were counted
by Southern blot and transmission electron microscopy. The virus titers for
recombinant preparations ranged between 1012 and 1013/ml. The ratio of infec-
tious units to particles of AAV5 in COS cells ranged from 1:1,000 to 1:1,500.

Analysis of �-galactosidase expression. For analysis of �-galactosidase expres-
sion, total �-galactosidase activity was measured with a commercially available
method (Galacto-Light; Tropix, Inc., Bedford, Mass.). Briefly, 2 days postinfec-
tion, epithelium was washed with phosphate-buffered saline (PBS) and incubated
with lysis buffer (25 mM Tris-phosphate [pH 7.8], 2 mM dithiothreitol, 2 mM 1,
2-diaminocyclohexane-N,N,N�,N�-tetraacetic acid, 10% glycerol, and 1% Triton
X-100) for 15 min. Light emission was quantified as light units (L.U.) in a
luminometer (Analytical Luminescence Laboratory, San Diego, Calif.).

Analysis of Ad/GFP expression and cell surface distribution of Flag-tagged
GPI-CAR. Apical localization of Flag-tagged GPI-CAR was evaluated by immu-
nocytochemistry. Human airway epithelium was initially infected with adenovirus
type 5 expressing GPI-CAR (Ad5/GPI-CAR) with EGTA (44). Two days later,
these airway epithelia were apically infected with adenovirus expressing GFP
(Ad/GFP) in the presence of either CF or non-CF BAL. Forty-eight hours later,
epithelia were fixed with 4% paraformaldehyde for 15 min at 23°C. Cells were
then washed twice in SuperBlock (Pierce, Rockford, Ill.), and mouse anti-Flag
monoclonal antibody (1:600; Sigma, St. Louis, Mo.) was added to the epithelia
for 1 h at 37°C. Cells were then washed twice with SuperBlock and subsequently
incubated with donkey anti-mouse immunoglobulin G (IgG) conjugated with
Texas Red fluorophore (1:600; Sigma, St. Louis, Mo.) for 1 h at 37°C. Epithelia
were then washed twice with PBS for 5 min each and mounted on glass slides
with Vectashield (Vector Laboratories Inc., Burlingame, Calif.). Apical staining
and GFP expression were evaluated by laser confocal microscopy (MRC-1024;
Bio-Rad, Hercules, Calif.) at �60 magnification.

Effect of component proteins of BAL on adenovirus gene transfer to GPI-
CAR-displaying human airway epithelium. We tested the effect of individual
components of airway surface liquid on adenovirus-mediated gene transfer.
Concentrations of lysozyme (20 to 100 �g/ml) (38, 39), secretory leucoprotease
inhibitor (10 to 80 �g/ml) (27, 28, 30, 42), neutrophil elastase (0.49 to 8.2 �M)
(14, 28), and �1AT (150 to 300 �g/ml) (6, 10) in excess of those found in vivo
were used. Human airway epithelia were infected with recombinant adenovirus
expressing GPI-CAR, as described above.

Two days after transfection, when GPI-CAR expression was maximal (44), the
epithelia were treated on the apical surface as follows: 50 �l of cell medium
containing �1AT (1 mg/ml) (Sigma, St. Louis, Mo.), recombinant secretory
leucoprotease inhibitor (1 mg/ml) (R&D Systems, Inc., Minneapolis, Minn.),
lysozyme (1 mg/ml) (Calbiochem, San Diego, Calif.), or neutrophil elastase (3
�M) (Sigma, St. Louis, Mo.) or 50 �l of cell medium alone (control) for 30 min
at 37°C. Then, 10 MOI of adenovirus type 5 expressing �-galactosidase (Ad5/�-
gal) was added to the apical surface for 1 h at 37°C. Epithelia were examined for
total �-galactosidase activity 2 days later. The data are expressed as means �
standard error of the mean (SEM), n 	 12.

Since �1AT and secretory leucoprotease inhibitor can be present in CF airway
surface liquid in complex with neutrophil elastase (27), we examined the effect of
a solution containing either �1AT-neutrophil elastase complex or secretory leu-
coprotease inhibitor-neutrophil elastase complex on adenovirus gene transfer.
Fifty microliters of a solution containing �1AT (1 mg/ml) and neutrophil elastase
(3 �M) or secretory leucoprotease inhibitor (1 mg/ml) and neutrophil elastase
(1.5 �g/ml) was added to the apical surface prior to addition of 10 MOI of
Ad5/�-gal. �-Galactosidase activity was then measured 2 days later, as described
above. The data are expressed as means � SEM, n 	 18. Similarly, the P.
aeruginosa proteins elastase (maximum, 500 �g/ml) and pyocyanin (maximum, 50
�M) were added to the apical surface prior to adding 10 MOI of Ad5/�-gal, with
subsequent measurement of �-galactosidase activity 2 days later, as described
above. The data are expressed as means � SEM, n 	 6.

Effect of BAL on adenovirus gene transfer to GPI-CAR-displaying human
airway epithelium. We tested the effect of BAL on adenovirus gene transfer to
human airway epithelium displaying GPI-CAR. The GPI-CAR-displaying hu-
man airway epithelia were incubated with 50 �l of non-CF BAL, CF BAL, or cell
medium (control) for 30 min at 37°C. This was followed by apical application of
10 MOI of Ad5/�-gal. �-Galactosidase activity was evaluated 2 days later. The
data are expressed as means � SEM, n 	 40, for three normal and four CF
donors. In comparison, HeLa cells grown to 80% confluence were incubated with
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100 �l of either non-CF BAL or cell medium (control) for 30 min at 37°C and
then infected with 10 MOI of Ad5/�-gal for 1 h at 37°C. �-Galactosidase activity
was evaluated 2 days later. The data are expressed as means � SEM, n 	 48, for
three CF and three non-CF subjects.

To remove antiadenovirus antibody present in normal BAL, the BAL was
treated with staphylococcal protein A-coated beads for 4 h at 4°C to allow IgG
binding. After removal of IgG in complex with the beads, the BAL was added to
the apical surface of GPI-CAR-displaying airway epithelium for 30 min at 37°C,
as described above. Ten MOI of Ad5/�-gal was then added to the apical surface.
�-Galactosidase activity was evaluated 2 days later. The data are expressed as
means � SEM, n 	 6. To test the effect of BAL on AAV5 gene transfer, we
added 500 particles per cell of recombinant AAV5/�-gal in the presence or
absence of CF and non-CF BAL to the surface of airway epithelium. The cells
were then incubated at 37°C for 14 days. After this time, �-galactosidase activity
was measured, as described above. The data are expressed as means � SEM, n
	 18, for three subjects.

RESULTS

Component proteins of CF BAL have no effect on receptor-
mediated adenovirus gene transfer to airway epithelium. To
determine whether endogenous components of CF BAL may
be a barrier to gene therapy, we examined the effect of several
different factors, including component proteins of innate im-
munity, neutrophil proteases, and bacterial virulence factors.

We specifically studied the effect of lysozyme, secretory leuco-
protease inhibitor, neutrophil elastase, and the antiprotease
�1AT. Concentrations in excess of those found in vivo were
used. Adenovirus-mediated gene transfer was not affected by
any of these proteins (Fig. 1A and B).

Secretory leucoprotease inhibitor and �1AT are found in
high concentrations in CF BAL and CF sputum, form protein
complexes, and may have antimicrobial activity (27, 37). We
tested their effect on gene transfer. As shown in Fig. 1B,
neutrophil elastase plus secretory leucoprotease inhibitor did
not alter adenovirus-mediated gene transfer to the airways. We
found a small, statistically insignificant decrease in gene trans-
fer with neutrophil elastase plus �1AT. Also, most CF patients
are colonized with P. aeruginosa, which expresses virulence
factors known to adversely affect respiratory epithelium.
Therefore, we tested the effect of two common virulence fac-
tors, pyocyanin and P. aeruginosa elastase, on adenovirus gene
transfer. Both of these compounds resulted in a less than 50%
(P 	 0.07) decline in gene transfer (Fig. 1C). Hence, compo-
nents of CF BAL have little impact on adenovirus-mediated
gene transfer to the airway epithelium in this model.

Non-CF BAL decreases receptor-mediated adenovirus gene
transfer to airway epithelium; CF BAL has no effect on gene
transfer. In addition to the components tested above, CF BAL
may contain other substances that affect adenovirus-mediated
gene transfer to the airway epithelium. Thus, we compared the
effect of CF BAL, collected from four CF patients, and non-CF
BAL, collected from three healthy volunteers. In the absence
of BAL, adenovirus-mediated gene transfer to GPI-CAR-dis-
playing epithelium was very efficient. The non-CF BAL, pre-
treated epithelium significantly inhibited gene transfer, rang-

FIG. 1. Effect of component proteins of CF airway surface liquid
on adenovirus-mediated gene transfer to human airway epithelium
displaying GPI-CAR on its apical surface. Differentiated human air-
way epithelia were infected with 10 MOI of Ad5/GPI-CAR. Two days
after infection, epithelia were incubated for 30 min with components of
CF airway surface liquid prior to adding 10 MOI of Ad5/�-gal to the
apical surface for 1 h. (A) Lysozyme (1 mg/ml), �1AT (1 mg/ml),
secretory leucoprotease inhibitor (SLPI) (1 mg/ml), and neutrophil
elastase (NE) (3 �M) were tested. The data are expressed as means �
SEM, n 	 12. (B) Combinations of neutrophil elastase (3 �M) plus
secretory leucoprotease inhibitor (1 mg/ml) and neutrophil elastase (3
�M) plus �1AT (1 mg/ml) were tested. The data are expressed as
means � SEM, n 	 18. (C) Pyocyanin (50 �M) and elastase (500
�g/ml). Epithelia were examined for total �-galactosidase activity 2
days later. The data are expressed as mean 108 light units per milligram
of protein � SEM, n 	 6.

FIG. 2. Effect of BAL on Ad5/�-gal gene transfer to human airway
epithelium displaying GPI-CAR on its apical surface. BAL obtained
from stable CF patients (A) and from normal subjects (B) (50 �l) was
applied to the apical surface of human airway epithelium displaying
GPI-CAR for 30 min at 37°C. The control sample received 50 �l of
medium alone. To this solution, 10 MOI of Ad5/�-gal was added for
1 h at 37°C. Epithelia were then evaluated 2 days later for �-galacto-
sidase activity. �-Galactosidase activity is expressed as means � SEM,
n 	 40, for four CF patients (C01 to C04) and n 	 48 for three non-CF
subjects (N01 to N03). *, P 
 0.01.
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ing from 54% to 78%. In contrast, CF-BAL had no effect on
adenovirus-mediated gene transfer (Fig. 2). These data suggest
that non-CF BAL but not CF BAL contains factors that may
limit adenovirus-mediated gene transfer.

Neutralizing antibodies in non-CF BAL are responsible for
the decrease in gene transfer. The neutralizing effect of
non-CF BAL could be explained by an effect on either the
GPI-CAR receptor (44) or the virus. To test this, we expressed
GPI-CAR on approximately 10% of the cells of airway epithe-
lium and then infected the epithelium with a recombinant
adenovirus that expresses GFP in the presence of non-CF BAL

or CF BAL. The epithelia were immunostained for GPI-CAR
localization.

In the control epithelium, almost all epithelial cells display-
ing GPI-CAR also showed GFP expression, indicating that
most cells displaying GPI-CAR were transfected successfully
(Fig. 3A). Similarly, in the epithelium pretreated with CF
BAL, almost all of the GPI-CAR-expressing cells were also
successfully infected with Ad2/GFP (Fig. 3B). In contrast, the
airway epithelium pretreated with non-CF BAL showed GPI-
CAR expression similar to that in the control group, but GFP
expression was significantly reduced (Fig. 3C). Although we

FIG. 3. Immunostaining of human airway epithelium displaying GPI-CAR infected with Ad2/GFP. Airway epithelium displaying GPI-CAR on
the apical surface was infected with 10 MOI of Ad2/GFP in the presence of medium alone, CF BAL, and non-CF BAL. Two days later, epithelia
were fixed with 4% paraformaldehyde, and a mouse anti-Flag monoclonal antibody was added to the apical surface of the epithelium for 1 h at
37°C. Subsequently, these epithelia were incubated with donkey anti-mouse IgG conjugated with Texas Red fluorophore. Apical staining for
GPI-CAR and GFP expression was evaluated by laser confocal microscopy (MRC-1024; Bio-Rad) at �60 magnification. Merged images of
GPI-CAR (red) and GFP (green) are shown. Cells that express both GPI-CAR and GFP appear yellow.
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cannot exclude the possibility that non-CF BAL interferes with
CAR internalization, these data suggest that non-CF BAL is
affecting adenovirus-mediated gene transfer by acting on the
virus instead of the epithelial receptor. To ensure that the
effect of non-CF BAL was not specific for the GPI-CAR re-
ceptor, we tested the effect of non-CF BAL on adenovirus
infection of HeLa cells, which express wild-type CAR. The
BAL reproducibly inhibited adenovirus infection (Fig. 4A).

Reduction in gene transfer caused by non-CF BAL may be
due to humoral immunity towards adenovirus found generally
in the human population. To test this, we used staphylococcal
protein A-coated beads to precipitate immunoglobulins from
the BAL fluid and to test the effect of this fluid on adenovirus
infection. Immunoprecipitated BAL lost most of its activity
against adenovirus infection of human airway epithelium (Fig.
4B). These data suggest that even though adenovirus-mediated
gene transfer by apically targeted vectors may enhance gene
transfer, immunoglobulins in non-CF BAL result in decreased
gene transfer efficiency. In contrast, immunoglobulins in CF
BAL may be inactivated by an overabundance of proteases.
Therefore, CF BAL does not affect adenovirus gene therapy in
this model.

Neither non-CF nor CF BAL decreases AAV5-mediated gene
transfer to airway epithelium. We tested the effects of human
BAL on gene transfer with a virus vector, AAV5, which elicits
a characteristically low human humoral response. We have

recently shown that recombinant AAV5 efficiently binds and
infects human airway epithelium (45). The receptor for AAV5,
2,3-sialic acid, is abundantly displayed on the apical surface of
human airway epithelium. Also, human humoral response to
AAV5 is generally low (22). We tested both normal and CF
BAL on gene transfer by AAV5. Neither CF nor non-CF BAL
had any effect on AAV5-mediated gene transfer (Fig. 5).
These studies indicate that, in the absence of a humoral re-
sponse, a vector targeted to a high-affinity receptor on the
apical surface of the airway epithelium can mediate gene trans-
fer despite bacterial infections and inflammation.

DISCUSSION

There are potential barriers to using virus vectors for gene
transfer to the human airway epithelium in vivo. An obstacle to
adenovirus vectors is the basolateral location of the CAR re-
ceptor, which limits apical entry of the vector. The presence of
CAR on the apical surface circumvents this obstacle in vitro.

Another potential barrier to gene transfer is the complex
environment of the human lung. We used treatment with hu-
man BAL (CF BAL and non-CF BAL) to mimic in vivo con-
ditions in our in vitro model. As we have demonstrated in this
study, non-CF BAL causes a significant reduction in adenovi-
rus gene transfer to apically expressed GPI-CAR in the human
airway epithelium model. However, CF BAL or its component
proteins do not appear to have any significant effect on gene
transfer to this airway epithelium. Furthermore, treatment of
normal BAL with staphylococcal protein A, which removes
IgG and possibly some IgA present (25), does not significantly
inhibit adenovirus gene transfer. Any residual inhibitory activ-
ity is probably due to some remaining IgA.

FIG. 4. (A) Effect of BAL on Ad5/�-gal gene transfer to HeLa
cells. HeLa cells were grown to 80% confluence, and 100 �l of BAL
obtained from normal subjects was applied to the cells. The control
sample received 100 �l of HeLa medium alone. To this solution, 10
MOI of Ad5/�-gal was added for 1 h at 37°C. HeLa cells were then
evaluated 2 days later for �-galactosidase activity. �-Galactosidase
activity is expressed as means � SEM, n 	 48, for three subjects. *, P

 0.01. (B) Effect of treating normal BAL with staphylococcal protein
A beads on adenovirus-mediated gene transfer. Normal BAL was
treated with staphylococcal protein A beads for 4 h at 4°C. After
removal of beads, BAL was added to the apical surface of GPI-CAR-
displaying airway epithelium for 30 min at 37°C. GPI-CAR-displaying
airway epithelium had equivalent amounts of either untreated or pro-
tein A-treated non-CF BAL added to the apical surface for 30 min.
Ten MOI of Ad5/�-gal was then added to the apical surface for 1 h.
Epithelia were then evaluated 2 days later for �-galactosidase activity.
�-Galactosidase activity is expressed as means � SEM, n 	 6. *, P 

0.01.

FIG. 5. Effect of non-CF BAL (A) and CF BAL (B) on AAV5 gene
transfer to human airway epithelium. Human airway epithelia were
incubated with 50 �l of CF BAL, non-CF BAL, or vehicle alone (PBS)
for 30 min at 37°C prior to the addition of 500 particles of recombinant
AAV5/�-gal per cell to the apical surface. Cells were incubated with
virus for 4 h at 37°C. After the incubation period, the virus suspension
was removed, and the apical surface was washed twice in PBS. The
cells were then incubated at 37°C for 14 days. After this time, �-ga-
lactosidase activity was measured as described above. The data are
expressed as means � SEM, n 	 15, for three CF and three non-CF
donors.
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These results support the work of previous investigations by
Kaplan et al. (25) and Bastian and Bewig (4), both of whom
demonstrated the ability of non-CF BAL to block adenovirus
gene transfer, an effect mediated by antiadenoviral IgG and
IgA antibodies. However, the identity of the antiadenovirus
neutralizing antibodies present in BAL was not the focus of
this work. We and others have found discrepancies between
the serum antiadenovirus titers, serum neutralizing antibodies,
specific adenovirus protein antibodies, and the ability to me-
diate gene transfer to the airways in vivo with recombinant
adenoviruses (20, 54).

Interestingly, CF BAL and its component proteins had no
significant effect on adenovirus gene transfer in this model. It
is well recognized that most CF patients are colonized with P.
aeruginosa and that P. aeruginosa produces elastase in CF pa-
tients’ lungs (50). All CF patients used in this study were
colonized with P. aeruginosa. P. aeruginosa elastase has been
shown in in vitro studies to have protease activity against IgG
and IgA as well as a variety of cytokines. Therefore, P. aerugi-
nosa elastase could affect the activity of the antiadenoviral
antibodies present in airway surface liquid. Neutrophil-derived
proteases could also be responsible for affecting the activity of
immunoglobulins (2, 21, 23, 31).

Neither CF nor non-CF BAL had any significant effect on
AAV5 gene transfer to human airway epithelium. This may
reflect a prevalence of antiadenoviral antibodies with higher
activity than anti-AAV5 antibodies. Rosenecker et al. (34)
demonstrated an overall prevalence of IgG against adenovirus
in 95.5% of CF patients and 82% of non-CF control subjects.
Chirmule et al. (7) demonstrated a prevalence of IgG against
adenovirus in 95% of subjects (CF and non-CF), and yet only
55% of these subjects had antibodies with significant effect
against adenovirus. The same study demonstrated antibodies
to AAV-2 present in 96% of subjects, but only 32% had activity
against AAV2.

In contrast to our findings, Virella-Lowell et al. (41) dem-
onstrated that AAV2 gene transfer to a CF bronchial epithe-
lium cell line is inhibited by CF BAL but not by non-CF BAL
(41). The differences in our results may be due to the use of
different vectors and different in vitro models. We use an
AAV5 vector, which infects via an apically displayed receptor,
in contrast to AAV2, which infects basolaterally. Also, we used
a fully differentiated human airway epithelium model cultured
on an insert which can present the basolateral or apical surface
for our studies instead of a cell line that has apparent limita-
tions. Finally, to date there is no evidence of cross-reactivity of
antibodies against AAV2 and AAV5, indicating that antibod-
ies against AAV2 do not block successful AAV5-mediated
gene transfer (22).

In summary, we have demonstrated that non-CF BAL re-
duces adenovirus type 5 gene transfer to apically displayed
GPI-CAR. However, successful gene transfer is predominantly
restored by treating the BAL with staphylococcal protein A
beads to remove IgG, suggesting a role for IgG in reducing
adenovirus gene transfer. In contrast, CF BAL and component
proteins of CF BAL had little effect on adenovirus gene trans-
fer via the targeted GPI-CAR receptor. Finally, AAV5 gene
transfer was not affected by either non-CF BAL or CF BAL.

As virus vectors are improved and mechanisms of humoral
immunity are elucidated, barriers to successful gene therapy

found in the complex environment of the human lung can be
circumvented.
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