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Although the Burkholderia cepacia complex consists of several genomovars, one highly transmissible strain
of B. cepacia has been isolated from the sputa of cystic fibrosis (CF) patients throughout the United Kingdom
and Canada. This strain expresses surface cable (Cbl) pili and is thought to be the major strain associated with
the fatal “cepacia syndrome.” In the present report we characterize the specific 55-kDa buccal epithelial cell
(BEC) protein that binds cable pilus-positive B. cepacia. N-terminal sequences of CNBr-generated internal
peptides identified the protein as cytokeratin 13 (CK13). Western blots of BEC extracts probed with a specific
monoclonal antibody to CK13 confirmed the identification. Mixed epidermal cytokeratins (which contain
CK13), cytokeratin extract from BEC (which consists essentially of CK13 and CK4), and a polyclonal antibody
to mixed cytokeratins inhibited B. cepacia binding to CK13 blots and to normal human bronchial epithelial
(NHBE) cells. Preabsorption of the antikeratin antibody with the BEC cytokeratin fraction reversed the
inhibitory effect of the antibody. A cytokeratin mixture lacking CK13 was ineffective as an inhibitor of binding.
Colocalization of CK13 and B. cepacia by confocal microscopy demonstrated that intact nonpermeabilized
NHBE cells express small amounts of surface CK13 and bind Cbl-positive B. cepacia in the same location.
Binding to intact NHBE cells was dependent on bacterial concentration and was saturable, whereas a Cbl-
negative isolate exhibited negligible binding. These findings raise the possibility that surface-accessible CK13
in respiratory epithelia may be a biologically relevant target for the binding of cable piliated B. cepacia.

Burkholderia cepacia is an opportunistic lung pathogen in
cystic fibrosis (CF) patients, with prevalence varying from cen-
ter to center (0 to 40%) (17, 22, 31). Although B. cepacia
infects a relatively small proportion of CF patients (3% world-
wide), it is associated with heightened morbidity and mortality
(12, 22). However, the clinical outcome of individual infected
patients is unpredictable. About one-third of patients show a
rapid decline in their clinical condition and succumb to pneu-
monia, septicemia, and death (the “cepacia syndrome”) within
weeks to months of acquisition. This pattern is not observed
with the other major CF pathogens, S. aureus, H. influenzae,
and P. aeruginosa (11, 12), which are more likely to produce
signs of chronic low-grade infection and a slower, more gradual
decline in lung function. A 1995 study from the Glasgow CF
center indicated that pediatric patients infected with B. cepacia
had a significantly increased mortality compared to patients
infected with P. aeruginosa alone (48). A survey from U.S. CF
centers suggested that the risk factor was two times higher for
patients infected with both P. aeruginosa and B. cepacia com-
pared to patients who are infected with only P. aeruginosa (33).
The lower survival rate appears to be linked to the fact that
B. cepacia are resistant to a wide range of antimicrobial agents
(3).

Adult patients are generally much more susceptible to B.
cepacia than pediatric-age CF patients. In the adult CF popu-
lation of Ontario, Canada, for example, approximately 46%
are colonized by B. cepacia (17), compared to approximately
7% of patients under the age of 16 years (M. Corey, personal
communication). Chronic lung damage due to previous lung

infections and/or inflammation is thought to be a major pre-
disposing factor for B. cepacia colonization. Some putative B.
cepacia virulence factors have been characterized, including a
hemolysin (16), proteases (25), lipases (23), siderophores (4),
lipopolysaccharide (15, 50), melanin-like pigment (51), and pili
(36, 37), but proof of their role in the pathogenesis of CF lung
disease has not been demonstrated. There is a pressing need,
therefore, to elucidate the pathogenic mechanisms of B. cepa-
cia infection and to develop an effective therapy.

By phenotypic and DNA-based typing methods, B. cepacia
has been shown to cluster clonally in geographically separated
CF centers, where epidemic-like spread occurs by person-to-
person transmission (12, 24). One highly transmissible clonal
lineage is very common in Canadian and United Kingdom CF
centers and has been designated the ET (Edinburgh-Toronto)
strain. Typing studies indicate that it belongs to randomly
amplified polymorphic DNA (RAPD) type 2 and genomovar
III (12, 24, 46). The ET strain has been shown to be associated
with patients who developed the cepacia syndrome (20, 35).
Isolates of this clone carry a DNA fragment known as the B.
cepacia epidemic strain marker BCESM (24) and also the cblA
gene that encodes the major subunit for surface cable (Cbl) pili
(38, 43).

Isolates expressing the Cbl pilus phenotype are capable of
binding to secretory mucins (35), and the adhesin responsible
is a pilus-associated protein of 22 kDa (36). B. cepacia also
bind to buccal epithelial cells (BEC) (37). Scatchard plot anal-
yses and double reciprocal plots were used to establish that
isolates possessing Cbl pili bound in a dose-dependent satura-
ble fashion to a specific BEC protein receptor. Using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
of BEC homogenates and bacterial overlay experiments, we
showed that the bacteria bound to the lower band of a 55-kDa
doublet (37).
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In the present study we provide biochemical identification of
the 55-kDa receptor by its amino acid profile, N-terminal se-
quences of internal peptides, immunoreactivity, and binding
inhibition assays. Concerns about its accessibility for B. cepacia
binding led to a study of the distribution and function of the
receptor in airway epithelial cells. Our findings may have sig-
nificance for the initial stages of infection of CF lungs by
Cbl-positive B. cepacia.

MATERIALS AND METHODS

Bacteria and growth conditions. B. cepacia isolate BC7 (Cbl pilus positive) and
BC45 (Cbl pilus negative) were isolated from sputa of Toronto CF patients and
have been described in previous publications (35, 37, 44). By DNA ribotyping
and biochemical analyses, these two isolates were determined to belong to the
same hypertransmissible genomovar III, RAPD type 2 strain (the ET strain) of
the B. cepacia complex (38, 43). PCR amplification (U. S. Sajjan et al., unpub-
lished observations) confirmed that both these isolates contain the DNA “epi-
demic” strain marker BCESM (24). Although they both also contain the cblA
gene for the major pilin subunit of cable pili, isolate BC45 does not express cable
pili on the surface of the bacteria (36–38). In preparation for binding assays, BC
isolates were subcultured on brain heart infusion agar for 48 h at 37°C, single
colonies were inoculated into 10 ml of tryptic soy broth in the presence or
absence of 0.1 mCi of [35S]methionine (specific activity, .1,000 Ci/mmol) (Am-
ersham Canada, Ltd., Oakville, Ontario, Canada) and grown for 24 h on an
orbital shaker at 37°C. Bacteria were collected by centrifugation and washed
three times with 10 ml of phosphate-buffered saline (PBS). The final pellet was
suspended in PBS containing 1% bovine serum albumin (BSA) to give 0.1 3 109

to 1 3 109 CFU/ml for bacterial overlay assays. For some binding experiments,
bacteria were labeled with fluorescein isothiocyanate (FITC) as described by
Falk et al. (7) and suspended at 107 CFU/ml.

Epithelial cell preparations. Primary cultures of normal human bronchial
epithelial (NHBE) cells and bronchial epithelial growth medium (BEGM) were
purchased from Clonetics Corp. Walkersville, Md. NHBE cells grown in BEGM
at passage 3 were used in these studies. A-431 (human epidermoid carcinoma),
A-549 (human lung carcinoma), HEp-2 (human epidermoid carcinoma of lar-
ynx), and NCI-H520 (human lung squamous cell carcinoma) cell lines were
purchased from the American Type Tissue Culture Collection, Rockville, Md.
A-431 cells were grown at 37°C and 5% CO2 in high-glucose Dulbecco’s modified
Eagle’s medium without sodium bicarbonate, supplemented with 10% fetal bo-
vine serum (FBS). A-549 cells were grown in Ham’s F-12K medium supple-
mented with 10% FBS. HEp-2 cells were grown in minimal essential medium,
supplemented with 10% FBS, and NCI-H520 cells were grown in RPMI 1640
supplemented with 10% FBS. All culture media and FBS were purchased from
Canadian Life Technologies (Burlington, Ontario, Canada). Binding experi-
ments were carried out on cells that had reached 90 to 95% confluence.

BEC were obtained from 10 to 15 healthy volunteers by swabbing buccal
surfaces gently with a sterile wooden spatula. Cells were washed three times with
PBS (10 ml each time), resuspended to give 106 cells/ml and used immediately.

Isolation of the BEC receptor for cable pili. BEC were extracted in Tris-HCl
reducing buffer by heating at 100°C for 10 min and centrifuged, and the super-
natant was stored at 220°C until use. Extracts were subjected to SDS-PAGE,
transferred, and electrophoretically to Immobilon-P (Millipore), and the lower
band of the (previously described [37]) doublet at 55 kDa was cut out and
subjected to amino acid analysis by using a picotag high-performance liquid
chromatography system (Pierce Chemical Co., Rockford, Ill.). For N-terminal
amino acid sequences, immobilized proteins were analyzed by the Edman deg-
radation procedure using a Porton gas phase microsequencer model 2090. To
obtain internal peptides of the 55-kDa band, the immobilized protein (;50 mg)
was subjected in situ to CNBr cleavage by using the Probe-design peptide sep-
aration system of Promega (Madison, Wis.). Peptide fragments were separated
by high-resolution polyacrylamide gels consisting of a 16.5% separating gel, a
10% spacer gel, and a 4% stacking gel. Peptides were transferred to Problott
membranes (Promega), stained with Coomassie blue, and subjected to N-termi-
nal sequence analysis. Sequence similarities to other proteins were checked by
using The Wisconsin Sequence Analysis Package by GCG, Inc., Madison, Wis.

Preparation of cytosol plus membrane-rich (CM) and cytoskeleton-rich (CS)
fractions. The method of Franke et al. (8) was used with some modifications.
Briefly, epithelial cells (106 cells) were incubated for 20 min at room temperature
in 2 ml of PBS containing 1% Triton X-100, 5 mM EDTA, and 1.5 M KCl; the
mixture was then centrifuged, and the supernatant (membrane and cytosolic
proteins) was collected. The pellet was reextracted, and the combined superna-
tants were concentrated to 0.5 ml by ultrafiltration (millipore) using a 10K cutoff
membrane. This fraction was designated the CM fraction. The pellet was washed
twice with PBS, once with water, suspended in 0.5 ml of Tris-HCl reducing buffer,
heated for 10 min in a boiling water bath, cooled to room temperature, and
recentrifuged. The supernatant was designated the CS fraction (cytoskeleton
rich). The CS fraction was dialyzed against water, and the precipitated cytoskel-
eton proteins were solubilized in 0.5 ml of keratin solubilization buffer.

The concentration of cytokeratin 13 (CK13) in the CS fraction of BEC was

determined after SDS-PAGE by comparing the intensity of the Coomassie blue-
stained lower band at 55 kDa (which reacts with a specific monoclonal antibody
(MAb) for CK13 (see later) and serves as a receptor for B. cepacia) with BSA
standards subjected to the same procedure. Color intensities were quantitated by
densitometry of digitized images using the NIH Image Analysis software. By
reference to BSA, the CK13 content was 8.35 to 10.1 mg/106 BEC (CS fraction).
This amount constitutes 8.5 to 10% of the total protein of 106 BEC, as deter-
mined by the bincinchoninic acid (BCA) assay (Pierce, Rockford, Ill.) of two
independent cell preparations.

Antibodies. A rabbit polyclonal antibody to B. cepacia has been described
earlier (44). MAbs to CK13 and CK4 were purchased from Boehringer Mann-
heim (Toronto, Canada), and a polyclonal antiserum to mixed epidermal cyto-
keratins was purchased from Calbiochem-Novabiochem Corp., La Jolla, Calif. A
polyclonal antibody to chicken microtubulin (which recognizes human a- and
b-tubulin) was purchased from Sigma Biochemicals, St. Louis, Mo.

Bacterial binding. Three separate assays of B. cepacia binding were per-
formed.

(i) Bacterial overlay assays on nitrocellulose blots. Binding of B. cepacia to
proteins in epithelial cell extracts was determined as described earlier (37).
Briefly, CM or CS fractions isolated from 0.5 3 104 to 4 3 104 BEC (or other
cells) were subjected to SDS-PAGE (12% Novex Gels; Novex, San Diego, Cal-
if.), separated proteins were transferred electrophoretically to nitrocellulose, and
the membrane was blocked with 1% gelatin, washed, and overlaid with 35S-
labeled B. cepacia (0.1 3 109 to 1 3 109 CFU/ml) for 90 min. Nonbound bacteria
were removed by washing five times with 20 ml of PBS, and bound bacteria were
detected by autoradiography. In determining the inhibition of binding, either the
blots or the bacteria (specified later) were preincubated with potential inhibitors
for 1 h at 37°C, and the assay was then carried out as described above.

(ii) Bacterial binding to NHBE cells. NHBE cells at passage 3 were seeded in
96-well plates and grown to 80 to 90% confluence. The wells were blocked with
3% BSA in BEGM for 1 h at 37°C, washed with PBS, and then incubated with
isolate BC7 ranging in concentration from 105 to 108 CFU/ml for 1 h at 37°C. The
wells were washed five times with PBS to remove nonbound bacteria, and the
cells were fixed with 70% methanol containing 1% H2O2 for 15 min at 4°C. Wells
were rinsed with PBS, blocked with 3% BSA in PBS for 1 h at room temperature,
and incubated with 1:5,000-diluted polyclonal antibody to B. cepacia for 1 h at
37°C. After five washes with PBS to remove nonbound antibody, the wells were
incubated with antirabbit goat immunoglobulin G (IgG) coupled to horseradish
peroxidase (Bio-Rad) for 30 min. The wells were washed again, and the bound
antibody was detected colorimetrically by using TNB substrate (Pierce) accord-
ing to the manufacturer’s instructions. Nonspecific color development in wells
containing no added bacteria and bacteria bound to 3% BSA-coated wells were
subtracted from test sample results before the number of bacteria bound spe-
cifically to NHBE cells was calculated.

For inhibition experiments, cytokeratins extracted from BEC (the CS fraction)
or commercially obtained mixed epidermal cytokeratins (Sigma Biochemicals)
were preincubated with bacteria for 1 h at 37°C, and bacterial binding to NHBE
cells was carried out as usual. When the antibody to mixed epidermal cytoker-
atins was used as a potential inhibitor, the antibody was incubated with unfixed
nonpermeabilized NHBE cells for 1 h at 37°C; the cells were then washed with
PBS to remove nonbound antibody, incubated with 1:1,000-diluted antirabbit
goat IgG (Jackson Immunoresearch, Inc., West Grove, Pa.) for 1 h to block the
anti-mixed epidermal cytokeratin antibody, and then the bacterial binding assay
was carried out as described above. Nonimmune serum instead of the antikeratin
antibody was used in controls.

(iii) Bacterial binding to cells assayed by fluorescence microscopy. NHBE
cells were grown in Lab-Tek chamber slides (Nunc, Inc., Naperville, Ill.) to
approximately 90% confluency. The spent medium was removed, and the cells
were washed with PBS, blocked with BSA, and then incubated for 1 h with
FITC-labeled B. cepacia (107 CFU/ml). The cells were washed five times with
PBS to remove nonbound bacteria, fixed in 3% buffered formalin for 10 min at
room temperature, and counterstained with Mayer’s hematoxylin (Sigma Bio-
chemicals). Fluorescent bacteria were visualized at 492 nm with a confocal
microscope (TCS 4D equipped with an argon-krypton laser scanner; Leica,
Heidelburg, Germany). Optical sectioning (ca. 0.3-mm thickness) of cells was
carried out in the x-y plane to determine the location of bound bacteria.

To determine the effect of inhibitors, bacteria or cells were preincubated with
potential inhibitors for 1 h at 37°C and washed three times to remove excess
inhibitor, and the experiment was continued as described above. Potential in-
hibitors used in this study included the CS fraction isolated from BEC, mixed
epidermal, and plantar stratum corneum cytokeratins (Sigma), the MAb to
CK13, and the polyclonal antibody to mixed epidermal cytokeratins. To deplete
the polyclonal antibody of anti-CK13 antibodies, it was absorbed with the insol-
uble CS fraction from BEC (107 BEC). After an overnight incubation at 4°C, the
mixture was centrifuged and tested to ensure that the resulting supernatant
showed no immunoreactivity with the 55-kDa CK13 protein of BEC. Nonim-
mune serum was also treated in a similar way to serve as a control in inhibition
experiments. The anti-CK13 depleted antibody was then compared with un-
treated (intact) antibody preparations in bacterial binding inhibitor studies. Bac-
terial binding to cells was quantitated by counting the number of bacteria bound
to cells in 10 representative fields, with each field containing 25 to 72 cells.
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Detection of cytokeratins in blots and/or cells. CM fractions (membrane and
cytosolic proteins) and CS (cytoskeleton rich) fractions from epithelial cells were
subjected to SDS-PAGE on 12% Novex gels, transferred to nitrocellulose,
blocked with 3% BSA in Tris-buffered saline (TBS) for 2 h at room temperature,
and incubated overnight at 4°C with MAbs to CK4 or CK13 or with the poly-
clonal antibody to mixed epidermal keratins. The blots were washed with TTBS
and incubated with a secondary antibody (antimouse IgG or antirabbit IgG as
appropriate) conjugated to alkaline phosphatase, and the immunoreactivity was
detected after the addition of the substrate NBT-BCIP (Boehringer Mannheim,
Burlington, Ontario, Canada). Semiquantitative comparisons were made by mea-
suring the density of CK13 bands in various cell extracts.

Cellular CK13 was also detected by immunofluorescent localization. NHBE
cells were grown on slides, blocked with 5% goat serum in TBS for 1 h at R.T.,
washed, and incubated for 1 h with the MAb to CK13 (0.8 mg of Fab fragments/
ml). (In some experiments cells were first permeabilized by fixing in 100%
methanol at 220°C for 5 min and then washed with PBS prior to blocking with
goat serum). Nonbound antibody was removed by washing five times with 20 ml
of TBS, and the cells were then incubated with antimouse IgG conjugated to the
fluorophores CY3 or LRSC. The slides were washed again, counterstained with
Mayer’s hematoxylin, and examined by confocal microscopy. Control samples
were treated identically, but normal mouse IgG was used instead of the antibody
to CK13.

RESULTS

Biochemical identification of the BEC receptor for Cbl-pos-
itive B. cepacia. The major B. cepacia isolate used in this study
was BC7, which expresses cable pili and binds to the lower
band of a 55-kDa doublet in BEC (37).

The lower band was subjected to amino acid analysis and
N-terminal amino acid sequencing. The N terminus was
blocked, but the amino acid profile was strikingly similar to
that of type I cytokeratins, particularly CK13 (39), with enrich-
ment in glutamic acid and glycine (.27 mol%), and approxi-
mately 35 mol% contributed by aspartic acid, serine, alanine,
and leucine combined (data not presented). The band was
subjected to in situ cyanogen bromide digestion and yielded
nine peptides (,7.1 to 32 kDa), of which four (16 kDa, 10 kDa,
and two others of ,7.1 kDa) were in sufficient quantity to
provide reliable N-terminal sequences (Fig. 1). Sequences 1
and 3 ranged from 70 to 100% similarity with all type I and
type II cytokeratins, while sequences 2 and 4 were 93 and 90
similar, respectively, to CK13 of human squamous epithelia of
the upper digestive tract (39). A part of peptide 2 sequence
DAEEWFHA is specific to CK13 and is not found in any other
type I cytokeratins. Amino acids that are dissimilar to those of
the published CK13 sequence are shown in boldface.

BEC were separated into a cytosol plus membrane-rich frac-
tion (CM) and a cytoskeleton-rich fraction (CS). The CM

fraction gave many Coomassie blue-stained bands after SDS-
PAGE (not presented), while the CS fraction gave only a
doublet centered at about 55 kDa (Fig. 2, lane 2). Western blot
analyses with a polyclonal antibody to mixed epidermal cyto-
keratins were negative for the CM fraction (not presented) but
reacted with components of the CS fraction in the range of 44
to 67 kDa (lane 3). A MAb specific for CK13 reacted with a
band at approximately 55 kDa (lane 4), while an MAb specific
for CK4 reacted with a more retarded band (lane 5). These two
MAbs were chosen because CK4 and CK13 are known to be
virtually the only cytokeratin pair present in the upper layers of
oral epithelia (8), including buccal epithelial cells (27). West-
ern blots of the CS and CM fractions were overlaid with 35S-
labeled isolate BC7, and bacterial binding was observed only in
the CS fraction, specifically to the 55-kDa band having the
same mobility as CK13 (lane 6).

FIG. 1. N-terminal amino acid sequences of four CNBr fragments obtained from the 55-kDa B. cepacia receptor of BEC, and their alignment (underlined) with
the published sequence of human CK13 (39). Dissimilar residues are shown in boldface.

FIG. 2. Immunoreactivity of the cytoskeleton-rich (CS) fraction of BEC and
binding of B. cepacia. The CS fraction extracted from 104 BEC was separated by
SDS-PAGE and Western blotted onto nitrocellulose. Lane 1, molecular mass
standards in kilodaltons; lane 2, Coomassie blue staining; lane 3, reactivity with
a polyclonal antibody (1:500 dilution) to mixed epidermal cytokeratins; lanes 4
and 5, reactivity with MAbs (0.04 mg of Fab fragments/ml) to CK13 and CK4,
respectively; lane 6, overlay with 35S-labeled isolate BC7 (108 CFU/ml) for 1.5 h
at 37°C and detection by autoradiography.
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Inhibition of 35S-labeled B. cepacia binding to the BEC re-
ceptor. Inhibition studies were carried out using the same
bacterial overlay procedure (Fig. 3). 35S-labeled BC7 (10 ml of
108 CFU/ml) were preincubated with 200 mg (by weight) of
commercial mixed epidermal keratins solubilized in 40 ml of
keratin solubilization buffer, and the mixture was then incu-
bated with BEC blots of the CS fraction. Control incubations
contained either no mixed epidermal keratins (lane 1) or only
the keratin solubilization buffer (lane 2). As shown in lane 3,
there was 83% inhibition of bacterial binding to CK13 by
samples containing 200 mg of mixed epidermal cytokeratins.
The CS fraction of BEC (containing 0.3 or 1.6 mg of CK13) was
also inhibitory (45 and 77.2%, respectively) (lanes 7 and 8
relative to lane 6), as was a commercial polyclonal antibody to
human epidermal cytokeratins (89.6%) (lane 5 versus lane 4).
In separate Western blot overlay analyses, we confirmed that
the polyclonal antibody to mixed epidermal cytokeratins did
not react with B. cepacia proteins (not presented). This ruled
out the possibility that the antibody blocked the adherence of
B. cepacia to the BEC 55-kDa receptor by reacting with bac-
terial proteins rather than with the receptor protein. Plantar
stratum corneum keratins, which are devoid of CK13 (41), did
not cause inhibition of bacterial binding (data not presented).

Specific immunoassays for CK13 indicated that CK13 com-
prised 1.02% by weight (2 mg/200 mg [total weight]) of the
mixed epidermal cytokeratin suspension, and 8.35 mg/106 BEC
(CS fraction), which amounts to 8.5% of the total protein in
106 BEC. Thus, the actual amounts of CK13 present in the
inhibition mixtures for lanes 3, 7, and 8 of Fig. 3 were calcu-
lated to be 2.0 (36 nM), 0.3 (5.4 nM), and 1.6 mg (29 nM),
respectively.

The MAb for CK13 did not inhibit bacterial binding to CK13
(not presented), indicating that the antibody did not block the
target epitope for the bacterial adhesin.

B. cepacia binding to epithelial cells correlates with cellular
CK13 content. CK13 content and B. cepacia binding were
measured in several different epithelial cells. The cytokeratin
content of NHBE cells has not been reported. A-431 cells are
from an epidermoid cell carcinoma of the vulva and have been
reported to express CK13 (30). HEp-2 cells (epidermoid car-
cinoma of the larynx), A-549 (carcinoma of lung), and NCI-
H520 (squamous carcinoma of lung) cells have been reported
to express no or very low amounts of CK13 (1, 2, 26). Cells
were cultured to 90 to 95% confluency, CM and CS fractions
were prepared from each cell type and separated by SDS-
PAGE, and proteins were transferred to nitrocellulose. As
expected, none of the CM fractions showed CK13 immunore-
activity or served as a receptor for the bacteria (not presented).
Among the CS fractions (Fig. 4), those from BEC, NHBE, and
A-431 cells (lanes 2, 3, and 4 of panel A) contained immuno-
reactive CK13 bands at about 55 kDa, although the intensity of
the CK13 signal in the CS fraction from 0.5 3 104 BEC (lane
2) was much greater than that from 1.1 3 105 NHBE cells (lane
3) or 5.6 3 104 A-431 cells (lane 4). Relative to the CK13
content of BEC (8.35 mg/106 cells), the CK13 content mea-
sured by immunoassay in NHBE cells was 0.48 mg/106 cells and
in A-431 cells was 0.3 mg/106 cells. In NHBE cells, two or three
immunoreactive bands were frequently observed (lane 3), but
the major band was at 55 kDa. In bacterial overlays (panel B),
we noted the highest binding of B. cepacia to the CK13 band of
BEC (lane 2) and less binding to the CK13 bands of NHBE
(lane 3) and A-431 (lane 4) cells. Very slight bacterial binding
to the other cells was occasionally noted at the same position
(lanes 5 to 7), in keeping with a low or undetectable CK13
content. Thus, a general correlation was noted between cellu-
lar CK13 content and binding of bacteria among the cells
tested.

FIG. 3. Inhibition of isolate BC7 binding to the 55-kDa receptor of BEC. The cytoskeleton-rich (CS) fraction of BEC was separated by SDS-PAGE and blotted
onto nitrocellulose. 35S-labeled isolate BC7 (10 ml of 108 CFU/ml) was added to the blots, and binding was detected by autoradiography. Lane 1, no inhibitor added;
lanes 2 and 3, preincubation of bacteria with keratin solubilization buffer alone (lane 2) or with buffer plus mixed epidermal cytokeratins (200 mg) (lane 3); lanes 4 and
5, preincubation of blots with nonimmune serum (lane 4) or antiserum (1:40 dilution) to mixed epidermal cytokeratins (lane 5); lanes 6 to 8, preincubation of bacteria
with keratin solubilization buffer (lane 6) or with buffer plus the BEC CS fraction containing 0.3 mg (lane 7) or 1.6 mg (lane 8) of CK13. Density (pixels) was measured
on digitized images using NIH Image software. Inhibition of binding was calculated as a percentage of controls (set to 0% inhibition in each set of comparisons).

FIG. 4. CS fractions from different cell types. Immunoreactivity with MAb to CK13 and BC7 binding. CS fractions from BEC and other epithelial cells were
subjected to SDS-PAGE, and proteins were transferred to nitrocellulose membranes. One blot (A) was incubated with the MAb to CK13 (0.04 mg of Fab fragments/ml),
and a separate identical blot (B) was incubated with 35S-BC7 (7 3 108 CFU/ml). CK13 was detected by using a second antibody conjugated to alkaline phosphatase.
Bound bacteria were detected by autoradiography. Lane 1, prestained molecular mass standards (in kilodaltons); lanes 2 to 7 represent CS fractions from BEC (0.5 3
104), NHBE (1.1 3 105), A-431 (0.56 3 105), A-549 (5 3 105), NCI-H520 (5 3 105), and HEp-2 (5 3 105) cells, respectively.
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Accessibility of CK13 in intact respiratory cells. In an effort
to establish that CK13 of intact airway cells can function as a
surface receptor for cable-piliated B. cepacia, we carried out a
number of experiments, including binding of B. cepacia to
intact NHBE cells, inhibition of binding by cytokeratin-specific
agents, and colocalization of CK13 and bound bacteria on
NHBE cells.

As shown in Fig. 5, isolate BC7 (Cbl positive) bound to
NHBE cells in a concentration-dependent fashion, reaching a
plateau at 2.5 3 106 CFU/well. Isolate BC45 (Cbl negative)
showed negligible binding. These findings demonstrate the
specificity for binding by the pilus-associated adhesin and in-
dicate the saturability of the receptor on NHBE cells. Inhibi-
tion experiments were then carried out with BC7 used at a
concentration that gives half-maximal binding (107 CFU/ml)
(Table 1). Potential inhibitors were preincubated with BC7 or,
in the case of the antibody to mixed epidermal cytokeratins, it
was preincubated with NHBE cells, and then bacterial binding
assays were carried out. Dose-dependent inhibition was ob-
served for the CS fraction of BEC, mixed epidermal cytoker-
atins, and the anti-mixed epidermal cytokeratin antibody (Ta-
ble 1). Plantar stratum corneum cytokeratins, which lack CK13
but contain cytokeratins 1, 2, and 9 (41), were noninhibitory.
Higher concentrations of the inhibitors could not be tested for
technical reasons, mainly because the increased volumes of
keratin solubilization buffer needed to maintain solubility of
the cytokeratins interfered in the assay. Unfortunately, purified
CK13 is not available to allow more direct quantitation of its
inhibitory activity. However, the results shown in Table 1 in-
dicate that about 50 to 60% inhibition of binding was caused by
mixtures containing approximately 0.2 to 0.84 mg of CK13 per
ml, which is equivalent to 3.6 to 15 nM CK13. These findings
are consistent with the interpretation that CK13 could be a
receptor.

To assess surface distribution of CK13 and bound bacteria
on intact cells, colocalization experiments were carried out on
unfixed nonpermeabilized cells using confocal microscopy.
Monolayers (80 to 90% confluent) of NHBE cells grown in

Lab-Tek chamber slides were incubated with the MAb to
CK13 for 30 min at 37°C, washed three times, and then incu-
bated with FITC-labeled B. cepacia. After washing to remove
nonbound bacteria, the slides were then incubated with anti-
mouse IgG conjugated to the fluorophore LRSC to label
bound CK13 antibody. We observed by light microscopy that
some cells were lost during the various washing steps, which
was expected because the cells were not fixed (to avoid per-
meabilization). The cells that remained were examined by con-
focal microscopy to determine the correspondence between
CK13 distribution and bound bacteria (Fig. 6). Both CK13
(panel a) and bacteria (panel b) were noted around the pe-
riphery of cells in an almost identical distribution. Optical
sectioning revealed no bacteria or CK13 signals in the interior
of any of the cells (not presented). To ensure that the NHBE
cells were really intact, they were incubated with an antibody to
tubulin, a confirmed cytoplasmic protein (34). No staining was
visible, but staining became prominent after the cells had been
permeabilized by 100% cold methanol (not presented). CK13
also became much more prominent inside the cells after per-
meabilization (not presented). These experiments established
that at least some CK13 produced by intact NHBE cells is
present on cell surfaces. To confirm that surface CK13 was
responsible for B. cepacia binding, fluorescence-labeled bound
bacteria were visualized before and after added inhibitors.
Binding was quantitated by counting the number of bacteria
bound per cell in 10 representative microscopic fields. Each
field contained from 25 to 72 NHBE cells. Mixed epidermal
cytokeratins and CS fractions from BEC inhibited B. cepacia

FIG. 5. Binding of B. cepacia to NHBE cells. NHBE cells were grown in
96-well plates until they were 80 to 90% confluent. The wells were blocked with
3% BSA for 1 h at 37°C, washed with PBS, and then incubated with 0.1 ml of B.
cepacia (105 to 108 CFU/ml) for 1 h. The wells were washed five times with PBS
to remove nonbound bacteria, and the bound bacteria were quantitated by
enzyme-linked immunosorbent assay by using an antibody specific for B. cepacia.
F, Cbl-positive isolate BC7; E, Cbl-negative isolate BC45. The mean 6 the
standard error of the mean of quadruplicate assays for each bacterial concen-
tration is given.

TABLE 1. Inhibition of BC7 binding to NHBE cells by BEC and
epidermal cytokeratins and polyclonal antibody to

epidermal cytokeratinsa

Inhibitor(s) CK13 content
(mg/ml)

% Inhibition
(range)

None (control) 0.0

Mixed epidermal cytokeratins (mg/ml)
2.5 0.025 5.2 (2.2–8.7)
5.0 0.05 9.4 (6.3–13.1)
10.0 0.1 32.3 (28–40)
20.0 0.2 58.6 (51–67)

BEC CS fraction (cell number)
104 0.08 37 (32–42)
105 0.84 57 (49–63)
106 8.4 73 (72–75)

Planar stratum corneum cytokeratins
(20 mg/ml)

0.0 0.0

Polyclonal antibody to mixed epidermal
cytokeratins (dilution)

1:250 58 (54–61)
1:100 68 (65–69)
1:50 72 (69–73)

a NHBE cells were grown in 96-well plates until they were 80 to 90% conflu-
ent. Wells were blocked with 3% BSA for 1 h at 37°C, washed with PBS, and then
incubated for 1 h at 37°C with BC7 (107 CFU/ml) preincubated with potential
inhibitors (or PBS to provide background binding data). When the antibody to
mixed epidermal cytokeratins was used as an inhibitor, NHBE cells were first
incubated with the antibody for 1 h and then washed to remove excess antibody
prior to the addition of bacteria. Wells were washed five times with PBS to
remove nonbound bacteria and the bound bacteria quantitated by enzyme-linked
immunosorbent assay by using an antibody specific to B. cepacia. Values repre-
sent the average of triplicate experiments, and the numbers in parentheses are
the total ranges of values obtained.
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binding to NHBE cells by 96 to 97% (Fig. 7c and d and Table
2). The antiserum to mixed epidermal keratins was similarly
inhibitory (95%) (panel f), an effect that was largely reversed
by preabsorption of the antiserum against the BEC CS fraction
to remove anti-CK13 antibodies (panel h). These findings help
to support the interpretation that CK13 is available and can
function as a surface receptor for Cbl-positive B. cepacia ad-
herence to intact NHBE cells.

DISCUSSION

The present study indicates that cable-piliated B. cepacia, of
which isolate BC7 is a typical example, bind to a 55-kDa epi-
thelial protein having the size, internal peptide sequences, and
immunoreactive properties characteristic of CK13. No other
binding receptors for Cbl-positive B. cepacia were found in the
combined membrane and cytoplasmic fractions of epithelial
cells. Bacterial binding to the isolated CK13 and to CK13-
containing epithelial cells (BEC, A431, and NHBE cells) was
inhibited by the cytokeratin-enriched cytoskeleton (CS) frac-
tion of BEC, by mixed epidermal cytokeratins (which contain
small amounts of CK13), and by a polyclonal antibody to mixed
epidermal cytokeratins. Preabsorption of the antibody with the
CS fraction of BEC (which contains mainly CK13 and CK4)
reversed the inhibitory effect of the antibody. Mixtures con-
taining as little as 3.6 to 15 nM CK13 caused 50 to 60%
inhibition of Cbl-positive B. cepacia binding to intact NHBE
cells. This is a sufficiently low range to be appropriate for a
receptor molecule. Binding was not inhibited by cytokeratins
of plantar stratum corneum, which are devoid of CK13 (41).
Although the MAb to CK13 did not inhibit bacterial binding,
this result cannot be taken as a lack of evidence for CK13 as
the bacterial target receptor. MAbs generally recognize only a
single epitope (10), and there is no compelling reason to expect
that this epitope should also be the recognition site for Cbl-
positive B. cepacia.

To date, few cellular receptors for any bacteria have been
characterized, and cytokeratins as a potential class of mole-
cules have been largely overlooked. This is not surprising,
given that cytokeratins have been assumed to be exclusively

intracellular in location. They form a complex intracellular
scaffold of intermediate filaments connecting cell organelles to
the nucleus and plasma membrane, and in epithelial cells they
extend into desmosomes by interacting with desmosomal com-
ponents (18). CK13 is commonly used as a marker of nonke-
ratinized squamous epithelium (45), where it is found in su-
perficial, intermediate, and suprabasal cells. It is known to be
prominent in the oral mucosa and esophagus (13, 26, 27, 45)
and is also present in the nonkeratinized stratified squamous
epithelia of the nose and trachea (26, 29). BEC as a model of
respiratory epithelial cells are useful but have the limitation
that they are “damaged,” since they are permeable to trypan
blue and are unable to replicate in culture (28). Thus, inter-
nally located CK13 in BEC may be sufficiently “exposed” for B.
cepacia to adhere. This may not be the case for intact epithelial
cells in more distal airways, a consideration which led us to test
for the distribution of the cytokeratin and its action to bind B.
cepacia in primary cultures of normal human bronchial epithe-
lial (NHBE) cells. Our findings suggest that a small amount of
CK13 is indeed exposed at the surface of nonpermeabilized
NHBE cells and can function to bind B. cepacia. It is likely that
CK13 availability at cell surfaces is normally low but is in-
creased by the chronic inflammation typical of CF lungs, since
it is known that an increase in CK13 expression occurs in
transitional respiratory epithelium undergoing squamous
metaplasia and/or repair following epithelial injury (21, 32, 42).
Previous infection with P. aeruginosa may serve to upregulate
CK13 and make CF patients particularly vulnerable to infec-
tion by Cbl-positive B. cepacia.

Our findings are not the first to suggest that cytokeratins are
accessible at epithelial surfaces. Godfroid et al. (9), Diaz et al.
(5), and Hembrough et al. (14) showed that CK8 and CK18 are
present on the surface of cultured human and mouse keratin-
ocytes. Cytokeratins (type not specified) were also identified
on injured corneal epithelial cells, where they functioned as
receptors for pili isolated from P. aeruginosa PAK strain (49).
It is possible therefore that cytokeratins are more common at
cell surfaces than is usually assumed and may have hitherto
undiscovered roles in recognition processes.

Isolate BC45 is identical to isolate BC7, as judged by DNA-

FIG. 6. Colocalization of bound B. cepacia and CK13 on NHBE cells. NHBE cells were incubated with the mouse MAb to CK13 and FITC-labeled B. cepacia BC7
as described in Materials and Methods, washed, and then incubated with antimouse antibody conjugated with the fluorophore LRSC. Cells were counterstained with
Mayer’s hematoxylin. Panels a and b represent CK13 localization and B. cepacia binding, respectively. Magnification bar, 10 mm.
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based typing methods (43), but it does not bind to CK13. In an
earlier study (38) electron microscopy revealed that 14 of 15
genetically identical Toronto B. cepacia isolates expressed
cable pili on the bacterial surface. The single exception was
isolate BC45, which appears to be a naturally occurring “iso-
genic” mutant. This isolate binds preferentially to galactolipids
rather than to CK13 of BEC (37, 44). It is possible that other
Cbl-negative pathogenic isolates of the B. cepacia complex also
use galactolipid receptors for initial attachment to CF host
cells, although rigorous testing with other genomovars has not
been carried out. B. cepacia strains are also known to infect
patients with chronic granulomatous disease (CGD) (19). One
CGD isolate, designated JTC, was available to us from the B.
cepacia research panel held at the University of British Co-
lumbia. JTC belongs to the Cbl-negative genomovar II group
(46), and we would therefore not expect CK13 to serve as a
target receptor in host cells.

Recently, a case report (20) documented B. cepacia lung
infection in a previously healthy non-CF mother of two CF
children. The infecting strain was typed as genomovar III, cblA
positive. This raises the possibility that Cbl-positive B. cepacia
could pose a threat to healthy family members who are repeat-
edly exposed to this strain. Given the propensity of BC7 to bind
to CK13, it is also possible that normal host BEC and other

upper airway transitional or squamous cells can serve as a
reservoir for B. cepacia, with more distal spread during repeat
exposure to the organism, perhaps as a consequence of epi-
sodes of mild airway infections by viruses or other pathogens.

TABLE 2. Inhibition of BC7 binding to NHBE cellsa

Inhibitor(s)
Binding

(bacteria/
10 cells)

None (control).................................................................................... 54 6 5.1
Mixed epidermal cytokeratins (20 mg/ml) ......................................3.3 6 0.53
BEC CS fraction (8.3 mg/ml) ........................................................... 4 6 0.43
Nonimmune serum (1:50 dilution) .................................................. 50 6 4.5
Antibody to mixed epidermal cytokeratins (1:50 dilution) ..........5.3 6 0.48
Nonimmune serum absorbed on BEC CS fraction ....................... 53 6 2.9
Antibody to mixed epidermal cytokeratins absorbed on

BEC CS fraction ............................................................................ 16 6 2.31

a FITC-labeled isolate BC7 (107 CFU/ml) was incubated with NHBE cells
grown in Lab-Tek chamber slides for 1 h in the presence or absence of potential
inhibitors. The cells were washed and counterstained with hematoxylin, and
bacteria were detected by fluorescence microscopy. Bound bacteria per cell were
counted for all cells in 10 representative microscopic fields (each field containing
at least 25 NHBE cells) and then averaged. Values represent the mean number
of bacteria bound 6 the standard error of the mean.

FIG. 7. Inhibition of BC7 binding to NHBE cells by BEC CS fraction, mixed epidermal cytokeratins, and polyclonal antibody to mixed epidermal cytokeratins.
FITC-labeled BC7 (107 CFU/ml) were incubated with NHBE cells for 1 h and washed, and bound bacteria were detected by confocal microscopy. (a) No inhibitor
added. (b to d) Preincubation of bacteria with keratin solubilization buffer (control) (b), buffer plus mixed epidermal cytokeratins (20 mg/ml) (c), and buffer plus BEC
CS fraction (containing approximately 8.3 mg of CK13 per ml) (d). (e to h) Preincubation of cells with nonimmune serum control (e), antiserum to mixed epidermal
cytokeratins (f), nonimmune serum preadsorbed on BEC CS fraction (g), and antibody to mixed epidermal cytokeratins preabsorbed on BEC CS fraction (h).
Magnification bar, 10 mm.
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Fortunately, no other similar cases have been reported, and we
assume that infection of healthy individuals by Cbl-positive B.
cepacia will continue to be a very rare occurrence.

The cellular consequences, if any, of cytokeratin-bacterial
interactions are unknown, but are worthy of future investiga-
tion, since the extensive cytokeratin network within cells makes
it possible that surface perturbation could initiate intracellular
changes. A few examples of this have been observed, including
the deleterious effects of adenovirus and human papillomavi-
rus binding to vimentin and cytokeratins in HeLa cells and
human keratinocytes, respectively (6, 47). Both cause rear-
rangements and disruption of intermediate filaments. Vimen-
tin is also disrupted by the binding of P. aeruginosa exotoxin A
to CVB-1 cells (40). If similar disruptions occur with Cbl-
positive B. cepacia binding to epithelial CK13, the net effect
may be to impair cell function and facilitate translocation of
bacteria across the epithelial barrier. Investigations to explore
some of these possibilities are ongoing.
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