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Abstract

 

Although recombinant adenoviruses are attractive vectors

for gene transfer to airway epithelia, they have proven to be

relatively inefficient. To investigate the mechanisms of ade-

novirus-mediated gene transfer to airway epithelia, we ex-

amined the role of adenovirus fiber and penton base, the

two proteins involved in attachment to and entry of virus

into the cell. We used human airway epithelia grown under

conditions that allow differentiation and development of a

ciliated apical surface that closely resembles the in vivo con-

dition. We found that addition of fiber protein inhibited vi-

rus binding and vector-mediated gene transfer to immature

airway epithelia, as well as to primary cultures of rat hepa-

tocytes and HeLa cells. However, fiber protein had no effect

on vector binding and gene transfer to ciliated airway epi-

thelia. We obtained similar results with addition of penton

base protein: the protein inhibited gene transfer to imma-

ture epithelia, whereas there was no effect with ciliated epi-

thelia. Moreover, infection was not attenuated with an ade-

novirus containing a mutation in penton base that prevents

the interaction with cell surface integrins. These data sug-

gest that the receptors required for efficient infection by ad-

enovirus are either not present or not available on the apical

surface of ciliated human airway epithelia. The results ex-

plain the reason for inefficient gene transfer and suggest

approaches for improvement. (

 

J. Clin. Invest. 

 

1997. 100:

1144–1149.)
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Introduction

 

Several considerations have suggested that recombinant ade-
noviruses would be attractive vectors for gene transfer to air-
way epithelia (1, 2). One of the foremost considerations was
the fact that respiratory tract infections with type C adenovirus
are common, representing about 3–5% of all respiratory infec-
tions in children. Second, almost all adults have antibodies to
type C adenovirus (3). In addition, transmission of wild-type

adenovirus occurs by aerosolization, suggesting that delivery
to airway should be feasible. Human alveolar epithelia, more
specifically Type II cells, have been found by in situ hybridiza-
tion to be infected with wild-type adenovirus (4). Moreover,
evidence of viral replication in the bronchial epithelia of cot-
ton rats and human autopsy specimens has been shown (5, 6).
However, despite initial optimism, the efficiency of gene trans-
fer to human airway epithelia in vivo has been limited (7–11).

Evaluation of the efficiency of gene transfer to human air-
way epithelia clearly depends upon the model system used and
the experimental methods that are employed. Previous work
has shown that when human airway epithelial cells are cul-
tured on permeable filter supports at the air–liquid interface,
they generate an epithelium with many properties of native
airway epithelia (12). We found that when airway epithelia
were allowed to mature in culture they became relatively resis-
tant to infection by adenovirus vectors (13). This difficulty in
gene transfer has also been reported in rabbit and human ex-
plants (14), in a human xenograft model (15), and in the upper
airways of animals (13, 14). In contrast, it is relatively easy to
infect airway cells grown on culture dishes (our unpublished
observation).

The first steps in adenovirus infection are thought to in-
volve primarily two proteins in the capsid: fiber and penton
base (3, 16). The fiber protein is important for binding to a
high affinity fiber receptor. In KB, A459, and HeLa cells, this
receptor is thought to be present in the range of 3,000–6,000
receptors per cell (17–19). However, the receptor for fiber has
not been identified and it is thought to be different for various
serotypes of adenovirus (19). As a result, it has been difficult
to assess whether resistance to infection by various cells is
caused by the lack of fiber receptor. However, mouse fibro-
blasts, which are resistant to adenovirus infection, do not bind
radioactive fiber protein suggesting that the lack of a receptor
is responsible for resistance to infection (20). Binding of pen-
ton base to cell surface integrins may also play a role in ade-
novirus infection (21). In HeLa and 293 cells, penton base
binds 

 

an

 

 integrins which mediates virus internalization (16, 21–
23). Penton base has also been linked to the ability of adenovi-
rus to escape the endosomal compartment and perhaps to
carry the viral DNA to the nucleus (16, 24, 25). Attempts to
correlate the presence of 

 

an

 

 integrins with the efficiency of ad-
enovirus-mediated gene transfer have yielded varying results
(26, 27). In a preliminary study, we found that primary cultures
of rat hepatocytes were very efficiently transfected but did not
express 

 

anb

 

5 integrins (28). Human airway epithelia express

 

anb

 

5 integrins on the basal cells and on the basolateral surface
of columnar cells, but the significance for adenoviral infection
is uncertain (15).

At first it seems surprising that adenovirus vectors do not
have greater efficiency at infecting airway epithelia because
airway cells are thought to be a target for wild-type adenovirus
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(29). The poor efficiency of infection raises the question of
how type C adenovirus infects airway epithelia. The goal of
this study was to use a model relevant to human airway epithe-
lia and address questions about the role of fiber and penton
base in adenovirus infection.

 

Methods

 

Airway epithelial and primary rat hepatocytes.

 

Airway epithelial cells
were obtained from surgical polypectomies of non-cystic fibrosis pa-
tients or from trachea and bronchi of lungs removed for organ dona-
tion. Cells were isolated by enzyme digestion as described previously
(30). Freshly isolated cells were seeded at a density of 5 

 

3

 

 10

 

5

 

 cells/
cm

 

2

 

 onto collagen-coated permeable membranes (0.6 cm

 

2

 

, Millipore-
Inserts). The cells were maintained at 37

 

8

 

C in a humidified atmo-
sphere of 5% CO

 

2

 

 and air. 24 h after plating, the mucosal media was
removed and the cells were allowed to grow at the air–liquid interface
(12, 31). The culture medium was a mixture of 49% DME, 49%
Ham’s F12, and 2% Ultraser G (Sepracor Inc., Marlborough, MA).
Penicillin (100 U/ml) and streptomycin (100 

 

m

 

g/ml) were added to the
media.

Primary cultures of rat hepatocytes were isolated as described by
Berry and Friend (32). The isolated cells were placed in culture me-
dium consisting of Eagle’s MEM 75% and Waymouth’s 25% supple-
mented with 10% FCS, 2 mM 

 

L

 

-glutamine, 4 

 

m

 

g/ml dexamethasone
(Sigma Chemical Co., St. Louis, MO), 10 ng/ml triiodothyronine
(Sigma Chemical Co.), 50 ng/ml EGF (Sigma Chemical Co.) and ITS
Universal Culture Supplement (Collaborative Biomedical Products,
Bedford, MA) and seeded onto collagen-coated 24-well plates at 4 

 

3

 

10

 

5

 

 cells/cm

 

2

 

.

 

Virus preparation.

 

The construction and preparation of Ad2/

 

b

 

Gal-2 has been described previously (33). In Ad2/

 

b

 

Gal-2, the viral
cytomegalovirus promoter drives expression of 

 

b

 

-galactosidase. We
also used wild-type 2 adenovirus (Ad2wt)

 

1

 

 and wild-type 2 adenovi-
rus in which the RGD motif of penton base was mutated to RAE
(Ad2RAE) (23). For some studies adenovirus was labeled by produc-
tion in 293 cells in methionine-free medium containing 1 mCi/100 

 

m

 

l
of [

 

35

 

S]methionine (Amersham Life Science, Arlington Heights, IL).
Fiber protein and penton base protein were prepared as described
previously (23).

 

Viral infection and binding assays.

 

Epithelia were allowed to reach
confluence and develop a transepithelial electrical resistance (R

 

t

 

), in-
dicating the development of tight junctions and an intact barrier. All
epithelia had values of R

 

t

 

 

 

.

 

 500 

 

V

 

·cm

 

2

 

. 3–14 d after seeding, dilu-
tions of the recombinant viruses (in PBS) ranging from 0 to 50 moi
were added to the apical surface. After the indicated incubation time,
the viral suspension was removed and the monolayers were rinsed
twice with PBS. After infection, the monolayers were incubated at
37

 

8

 

C for an additional 30–72 h. Transepithelial resistance was mea-
sured with an ohmmeter (EVOM™; World Precision Instruments,
Inc., Sarasota, FL) before infection, and R

 

t

 

 was not altered by appli-
cation of virus.

To assess binding on airway epithelia, the monolayers were incu-
bated for 30 min at 4

 

8

 

C with the [

 

35

 

S]methionine-labeled adenovi-
ruses. Only at 2,500 particles per cell were we able to quantitate bind-
ing above background. Cell-associated [

 

35

 

S]adenovirus was evaluated
in sextuplicates by liquid scintillation counting (LKB Wallac, Gaith-
ersburg, MD). As a control to assess binding, a cell suspension (10

 

6

 

cells per milliliter) of freshly isolated rat hepatocytes or HeLa cells
were incubated with dilutions of [

 

35

 

S]methionine-labeled adenovi-
ruses ranging from 25 to 2,500 particles per cell, for 30 min at 4

 

8

 

C in a

rotating mixer. The virus was removed and followed by two thorough
rinses with Eagle’s MEM.

 

Measurement of 

 

b

 

-galactosidase activity.

 

We measured total 

 

b

 

-galac-
tosidase activity using a commercially available method (Galacto-
Light™; Tropix Inc., Bedford, MA). Briefly, after rinsing with PBS,
cells were removed from filters by incubation with a 120-

 

m

 

l lysis
buffer (25 mM Tris-phosphate, pH 7.8; 2 mM DTT; 2 mM 1,2-diami-
nocyclohexane-N,N,N

 

9

 

,N

 

9

 

-tetraacetic acid; 10% glycerol; and 1%
Triton X-100) for 15 min. Light emission was quantified in a lumi-
nometer (Analytical Luminescence Laboratory, San Diego, CA).

 

Determination of wild-type Ad-2 infection.

 

We estimated the num-
ber of cells infected with Ad2wt and Ad2RAE by antihexon staining.
HeLa cells and airway epithelia cultured on permeable filter supports
were studied 30 h after infection. They were fixed with acetone/meth-
anol and stained with a polyclonal FITC–labeled antihexon antibody
(Chemicon International, Inc., Temecula, CA). Hexon positive cells
were counted by fluorescence microscopy of the monolayers. This
method allows detection of infected cells by staining for the most
abundant adenovirus protein, hexon, and has better sensitivity than
use of reporter genes such as 

 

b

 

-galactosidase.

 

Results

 

Role of fiber receptor in Ad2 infection of ciliated airway epithe-

lia.

 

We investigated the mechanism of adenovirus infection of
the airways by using primary cultures of human airway epithe-
lia grown on permeable filter supports. We previously showed
that by 3 d after seeding, the epithelial cells appeared confluent,
the cells varied in size, and most appeared to have short mi-
crovilli (13). In addition, the cells formed tight junctions gener-
ating a transepithelial electrical resistance. However, by 10–14 d
after seeding the epithelia had matured so that most of the
cells were covered with cilia. Using this model system, we pre-
viously showed that mature human airway epithelia were resis-
tant to infection by adenovirus and that the resistance could be
partially overcome by increasing the incubation time (13).

To evaluate the relative contribution of the fiber receptor
to infection, we applied Ad2/

 

b

 

Gal-2 to either immature (3 d af-
ter seeding) or mature (14 d after seeding) airway epithelia.
The epithelia were incubated with 50 moi Ad2/

 

b

 

Gal-2 for ei-
ther 30 min or 12 h. With a 30 min incubation, the total enzyme
activity for immature airway was 2.84

 

6

 

0.09 

 

3

 

 10

 

6

 

 light units
(L.U.)/10

 

6

 

 cells compared with 7.8

 

6

 

0.43 

 

3

 

 10

 

5

 

 L.U./10

 

6

 

 cells
for mature epithelia. With a 12 h incubation, the total enzyme
activity for immature airway was 6.36

 

6

 

0.06 

 

3

 

 10

 

6

 

 L.U./10

 

6

 

cells compared with 3.53

 

6

 

0.1 

 

3

 

 10

 

6

 

 L.U./10

 

6

 

 cells for mature
epithelia. To specifically evaluate the contribution of the fi-
ber receptor, epithelia were also treated with 70 

 

m

 

g/ml of
fiber protein. Fig. 1 shows that with immature airway epithe-
lia, fiber protein significantly blocked adenovirus-mediated
gene transfer and expression regardless of the incubation time.
In contrast, in mature ciliated airway epithelia fiber had no sig-
nificant effect after infection for either 30 min or 12 h. As a
control, Fig. 1 shows that fiber inhibited 

 

.

 

 85% of the infec-
tion of HeLa cells and primary cultures of rat hepatocytes.

To evaluate further the interaction between fiber protein
and fiber receptor, we measured binding of [

 

35

 

S]methionine-
labeled Ad2/

 

b

 

Gal-2. In airway epithelia we applied 2,500 ade-
novirus particles per cell. Fig. 2 

 

A

 

 shows that with immature
airway epithelia, adenovirus binding was blocked by addition
of excess fiber protein. In contrast, fiber protein had no affect
on binding to mature airway epithelia. For comparison and as
a control, we measured binding of [

 

35

 

S]methionine-labeled ad-

 

1. 

 

Abbreviations used in this paper:

 

 Ad2RAE, wild-type 2 adenovirus
in which the RGD motif of penton base is mutated to RAE; Ad2wt,
wild-type 2 adenovirus; R

 

t

 

, transepithelial electrical resistance.
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enovirus to primary cultures of rat hepatocytes. Fig. 2 

 

B

 

 shows
that adenovirus bound to hepatocytes to a much greater extent
(sixfold) than to the immature airway epithelia and 29-fold
greater than to mature airway epithelia. Moreover, addition of
fiber markedly decreased adenovirus binding in hepatocytes.

We considered the possibility that the reduced fiber-depen-
dent binding to airway epithelia was a result of an abnormality
related to the recombinant adenovirus. Therefore, we labeled
Ad2/

 

b

 

Gal-2 and Ad2wt and compared binding of the two dif-
ferent viruses to HeLa cells. Fig. 3 shows that both viruses
bound to a similar extent and that in both cases addition of fi-
ber protein blocked virus binding.

These data indicate that mature ciliated airway epithelia do
not bind adenovirus-2 through the high affinity fiber receptor.
This contrasts with findings in HeLa cells or in primary cul-
tures of rat hepatocytes.

 

Role of penton base receptor in adenovirus-2 infection of cil-

iated airway epithelia.

 

We evaluated the relative contribution
of the adenovirus penton base on infection of ciliated airway
epithelia by applying 50 moi of Ad2/

 

b

 

Gal-2 in either 50 

 

m

 

l of
PBS or PBS containing 1 

 

m

 

g/ml of penton base protein. For
these studies we used either immature (3 d after seeding) or
mature (14 d after seeding) epithelia and applied virus for ei-
ther 30 min or 12 h. Fig. 4 shows that with immature airway ep-
ithelia infected for 30 min, penton base blocked infection by
nearly 50%. However, penton base failed to block infection
when the immature epithelia were incubated with the virus for
12 h. Moreover, there was no effect of adding penton base on
infection of mature airway epithelia. In addition, we were not
able to compete adenovirus-mediated gene transfer to airway

epithelia by addition of 4 mg/ml of an RGD peptide that com-
petes with adenovirus penton base for binding to the integrin
receptor. As a control for nonadenovirus specific gene trans-
fer, we applied an antihexon antibody. In all conditions, the
antihexon antibody blocked gene transfer to 

 

,

 

 1% control
(

 

n

 

 

 

5

 

 12, not shown).
As an additional way of evaluating the interaction of pen-

ton base with integrin receptors on the cell surface, we used an
adenovirus in which the penton base RGD sequence had been
mutated to RAE. This mutation inhibits the penton base–

 

anb

 

5
interaction (23). We infected mature human airway epithelia

Figure 1. Effect of fiber 
protein on adenovirus-
mediated transgene
expression by human 
airway epithelia mono-
layers. Immature (A) 
and mature (B) airway 
epithelia were exposed 
to 50 moi Ad2/bGal-2 
for either 30 min or 12 h 
(n 5 12–28). The vector 
was then removed and 
the epithelia were cul-
tured for two additional 
days before analysis. C 
shows data from HeLa 
cells and primary cul-
tures of rat hepatocytes 
(n 5 6). Data are the 
percentage of b-galac-
tosidase activity under 
control conditions 
(open bars) and in the 
presence of fiber pro-
tein (shaded bars). Data 
are mean6SEM; in 
some cases the error 
bars are obscured by 
the bars. Asterisk indi-
cates P , 0.01.

Figure 2. Effect of excess fiber protein on binding of [35S]methionine-
labeled adenovirus. A shows the percent of Ad2/bGal-2 binding by 
immature (3 d) and mature (14 d) airway epithelia at a ratio of 2,500 
adenovirus particles per cell. Open bars show control conditions and 
shaded bars show binding in the presence of fiber. B shows the per-
cent of Ad2/bGal-2 binding by primary cultures of rat hepatocytes at 
different ratios of viral particles per cell. Data are mean6SEM, n 5 6. 
Asterisk indicates P , 0.01.

Figure 3. Binding of recombinant and wild-type adenovirus to HeLa 
cells. Data are percentage of [35S]methionine-labeled wild-type Ad2 
and Ad2/bGal-2 at a ratio of 250 adenovirus particles per cell. Open bars 
indicate control conditions and shaded bars binding in the presence 
of fiber. Data are mean6SEM, n 5 6. Asterisk indicates P , 0.01.
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with either Ad2wt or Ad2RAE. Figs. 5 and 6 show that both
viruses infected a similar number of airway epithelial cells. As
a control, Fig. 6 shows that Ad2-RAE was less effective than
Ad2wt at infecting HeLa cells.

 

Discussion

 

Our results suggest that neither adenovirus fiber nor penton
base play an important role in infection of mature airway epi-
thelia. This contrasts with the importance of these proteins in
adenovirus infection of many cell culture models used to study
mechanisms of adenovirus infection. Our observations also im-
pact several previous reports. First, the data confirm results
from our previous studies showing that mature ciliated airway
epithelia can be infected by an adenovirus vector, but pro-
longed incubation times are required. Second, these data ex-
plain, at least in part, the poor efficiency of adenovirus-medi-
ated gene transfer to the airway in human studies (7, 9, 11).
Third, the results may explain our finding of efficient gene
transfer to human nasal epithelia in vivo when the epithelium
was unintentionally injured by an applicator (11). They also
explain the finding that intentional injury of airway epithelia
studied in vitro increased the efficiency of gene transfer (34).
In those in vivo and in vitro studies, mechanical injury may
have removed ciliated cells which exposes basal cells and stim-
ulated proliferation of nonciliated immature cells. Those cells
might more readily take up the virus because they express the
relevant receptors.

Our data suggest that limited binding of adenovirus to the
apical surface of mature airway epithelia is an important bar-
rier for adenovirus infection. The data suggest that the apical
surface may not have the fiber receptors required for efficient

Figure 4. Effect of pen-
ton base protein on ad-
enovirus-mediated 
transgene expression 
by human airway epi-
thelia. 3 (A) and 14
(B) d after seeding, epi-
thelia were exposed to 
50 moi Ad2/bGal-2 for 
either 30 min or 12 h. 
Vector was then re-
moved and the epithelia 
were cultured for two 
additional days before 
analysis. Data are per-
centage of b-galactosi-
dase activity under con-
trol conditions (open 

bars) or in the presence 
of penton base (shaded 

bars). Data are mean6 

SEM, n 5 12. Asterisk 
indicates P , 0.01.

Figure 5. Infection of primary cultures of mature human airway epithelia by wild-type adenovirus 2 or the RAE penton base mutant. Epithelia 
were studied 14 d after they were seeded when they were confluent and differentiated. Ad2wt or Ad2RAE (50 moi) were applied to apical sur-
face of epithelia (z 5 3 105 cells per epithelium) for 12 h. Vector was then removed and the epithelium was rinsed twice. 30 h later epithelia were 
fixed and stained with FITC-labeled antihexon antibody. Figure shows fluorescent micrograph from epithelia infected with Ad2wt (B) or 
Ad2RAE (D). A and C show DAPI-stained nuclei from epithelia in B and D, respectively.
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infection. Because the fiber receptor protein(s) has not yet
been identified, we cannot rule out the possibility that the fiber
receptor is present but is not accessible because of a physical
barrier. It seems unlikely that the cilia, per se, are a physical
barrier to infection, because we previously showed that the ep-
ithelia developed resistance to infection even before a signifi-
cant number of cells developed cilia. However, other physical
barriers such as mucus, glycolipids, and glycoproteins might be
involved. It seemed possible that the infection that we ob-
served after prolonged incubation could result from penetra-
tion of a physical barrier by the virus. However, the inability of
excess fiber protein to inhibit adenovirus infection after pro-
longed incubation makes this possibility less likely.

The results also suggest that interactions between the ade-
novirus penton base and anb5 integrins are not essential for in-
fection of human airway epithelia. We found that adenovirus-
mediated gene transfer to immature airway epithelia was only
partially blocked by excess penton base during short incuba-
tion times, but when the incubation time was prolonged there
was no effect. Moreover, mature airway epithelia were in-
fected as well by an adenovirus that lacks the RGD fibronectin
receptor ligand motif as by a wild-type virus. However, our
conclusions about the lack of importance of interactions be-
tween penton base and integrins in airway epithelia do not rule
out the possibility that penton base plays some role in internal-
ization, escape from the endosomal compartment, or delivery
of adenovirus DNA to the nucleus. Our data suggest that the
lack of anb5 integrin observed in ciliated airway epithelia, as
compared to basal cells or undifferentiated airway cells, may
correlate with resistance to infection (15), but is not likely to
be causative. Moreover, we have previously shown that cells
that do not express anb5 integrins such as primary cultures of
rat hepatocytes can be easily infected by adenovirus (28). Fi-
nally, distal airways are also involved in cystic fibrosis. It seems
possible that binding and uptake could be more efficient in
small airways, as the epithelia changes into a more cuboidal
type with less ciliated cells (35). Further work is needed to test
adenovirus infection of distal airway.

The results of this study suggest that several considerations
should be explored in developing adenovirus-mediated gene
transfer to airway epithelia. It may be possible to remove phys-

ical barriers to increase the contact of adenovirus with the cell
membrane. However, our data suggest that such a maneuver
alone would probably not be sufficient. In principle, it may be
possible to either change the cell or the virus. It might also be
possible to induce the cells to express a relevant receptor and/
or to promote internalization of virus which does bind. It is
also possible that a different serotype of adenovirus or an ade-
novirus vector containing new epitopes that target it to a dif-
ferent receptor might show increased binding to the apical sur-
face of airway epithelia in a manner analogous to what has
been done with retroviruses (36). Genetic modifications in the
adenovirus fiber and/or penton base, could add sequences that
improve binding to cells. Wickham et al. (37) modified the fi-
ber protein to add a heparin-binding domain (multiple lysines
added to the C terminus of fiber). This change increased bind-
ing to cells through heparin-containing cellular receptors. Cell
specific targeting of adenoviral vectors has been achieved by
Douglas et al. (38). By conjugating folate to the Fab fragment
of a neutralizing antifiber antibody, they were able to ablate
the tropism of the virus, and redirect it towards cells express-
ing folate receptors. The results from these studies suggest that
strategies that increase binding to ciliated cell-specific mem-
brane receptors, would increase efficiency of adenovirus-medi-
ated gene transfer. Because the airway epithelia can be targeted
specifically by delivery of an aerosol, strategies that involve
ubiquitous cellular receptors as a target, or receptors that re-
quire stimulation by drugs, could presumably be used without
sacrificing specificity.

Added in revision. Since the submission of this paper, a re-
ceptor for adenovirus fiber has been identified in HeLa cells
(39). The receptor belongs to the immunoglobulin gene super-
family and also functions as a Coxsackie B virus receptor. It will
be interesting to examine the relationship between the pres-
ence or absence of this receptor and infection by adenovirus.
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