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This study was designed to investigate the molecular mechanisms of Staphylococcus aureus adherence to
human airway epithelium. Using a humanized bronchial xenograft model in the nude mouse and primary
cultures of human airway epithelial cells (HAEC), we showed that S. aureus adhered mainly to undifferentiated
HAEC whereas weak adherence (11- to 20-fold lower) to differentiated HAEC was observed (P < 0.01). A
fibronectin (FN)-binding protein (FnBP)-deficient strain of S. aureus had a fivefold-lower adherence level to
undifferentiated HAEC than did the parental strain (P < 0.005), suggesting that S. aureus FN-binding capacity
is involved in the adherence to HAEC. We also showed that 97% of 32 S. aureus clinical strains, isolated from
the airway secretions of cystic fibrosis patients (n � 18) and patients with nosocomial pneumonia (n � 14),
possessed the two fnb genes. The strains from pneumonia patients had a significantly (P < 0.05) higher
FN-binding capacity than did the strains from CF patients. This result was confirmed by the expression of
FnBPs, investigated by Western ligand affinity blotting. Our results suggest a major role of FnBPs in the
colonization of the airways by S. aureus and point to the importance of the adhesin regulatory pathways in the
staphylococcal infectious process.

Staphylococcus aureus is a major human pathogen involved
in nosocomial respiratory tract infections and is one of the first
pathogens to colonize the respiratory tract of cystic fibrosis
(CF) patients. Due to an increasing number of infections
caused by methicillin-resistant S. aureus (MRSA) strains, ther-
apy has become problematic (43). Moreover, the recent emer-
gence of MRSA strains with intermediate sensitivity to vanco-
mycin (4, 42) has increased the need for a better understanding
of the staphylococcal pathogenesis. Microbial adherence to
cells and matrix components is considered to promote coloni-
zation and infection (2) and, as such, could represent an at-
tractive target for the development of new antimicrobial ther-
apeutic and preventive approaches.

A well-characterized family of staphylococcal surface ad-
hesins, called MSCRAMMs (for “microbial surface compo-
nents recognizing adhesive matrix molecules”) are known to
mediate adherence of the bacteria to host extracellular matrix
components, such as collagen, fibrinogen, and fibronectin
(FN). S. aureus FN-binding activity is mediated by two closely
related FN-binding proteins (FnBPs) (9, 10) encoded by two
adjacent genes, fnbA and fnbB (16). The structural genes cod-
ing for FnBPs are partially redundant, since both of them need
to be inactivated to suppress bacterial interaction with FN (13).
Numerous in vitro and in vivo studies have underlined the role
of FN and FnBPs in the staphylococcal infectious process. In a
rat model of endocarditis, Kuypers and Proctor (19) showed
that a low-FN-binding mutant of S. aureus had a markedly

reduced adherence to traumatized heart valves. Schennings et
al. (35) induced protection against S. aureus-mediated endo-
carditis by immunizing animals against the FN-binding do-
mains of FnBPs. Rozalska and Wadström (32) showed that
bacteria are more rapidly eliminated by S. aureus-infected mice
when they are opsonized with antibodies directed against
FnBPA. FnBPs also mediate adherence of S. aureus to endo-
thelial cells, epithelial cells, and fibroblasts and the subsequent
internalization of the bacteria (28, 38), thus contributing to the
invasion of deeper tissues. These studies point to the impor-
tance of bacterial adherence to cells and extracellular matrix
molecules as an essential first step in the pathogenesis of in-
fectious diseases and suggest that FnBPs could represent po-
tential targets for the development of vaccines against S. au-
reus.

In contrast, S. aureus adherence to airway epithelium has
been poorly documented. Studies of chronically infected lung
tissues from CF patients have shown that S. aureus does not
adhere to pseudostratified CF airway epithelium (24, 41). We
have previously reported that S. aureus is able to adhere to CF
airway epithelium in remodeled or injured areas, at lobar as
well as at segmental levels (24). Moreover, the adherence of
CF isolates to bronchial epithelial cell lines has been described
to be significantly higher than that of non-CF isolates, and CF
and non-CF S. aureus strains bound equally to CF and non-CF
cells (36). S. aureus interacts with the carbohydrate sequence
GalNAc�1-4Gal (18), found in the asialylated ganglioside
asialo-GM1, one of the transmembrane glycolipid receptor
present and overexpressed at the surface of CF cells (33) and
poorly differentiated respiratory epithelial cells (6, 7). How-
ever, S. aureus surface proteins that promote adherence to
remodeled human airway epithelium, as well as the corre-
sponding cellular receptors, have yet to be identified.
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The present study was designed to investigate the role of
several S. aureus surface proteins in the adherence to human
airway epithelium. For that purpose, we used reference strains
as well as protein A (SpA)-, FnBPs-, and clumping factor
(ClfA)-deficient strains, and 18 CF clinical strains and 14
non-CF strains obtained from hospitalized patients suffering
from nosocomial pneumonia. Adherence of these strains was
investigated by using FN-coated wells, in vitro in contact with
airway epithelial cells and in vivo in a humanized bronchial
model of S. aureus infection, and was correlated with the pres-
ence or absence of S. aureus fnb genes and the expression of
FnBPs, as determined by PCR and Western ligand affinity
blotting, respectively.

MATERIALS AND METHODS

Bacterial strains. The S. aureus strains and their sources are listed in Table 1.
8325-4, DU5875 (SpA�), DU5883 (FnBP�), DU5883(pFNBA4) (FnBPA�),
and DU5880 (ClfA�) strains were generous gifts from T. J. Foster, Department
of Microbiology, Trinity College, Dublin, Ireland. Clinical strains isolated from
the airways of intensive-care unit (ICU) patients with nosocomial pneumonia (P
strains) and CF patients (M strains) are also listed (see Tables 2 and 3). P strains
(n � 14) were isolated from the respiratory tracts of 14 ICU patients (mean age,
44.2 � 20.4 years; range, 17 to 70 years) with nosocomial pneumonia. The
pneumonia, following cerebral contusions, myocardial necrosis, or esophagec-
tomy, was the cause of death for four patients. For six patients, S. aureus was the
only pathogen isolated (strains P01, P02, P03, P07, P10, and P12). All the P
strains were susceptible to methicillin. M strains (n � 18) of S. aureus were
isolated from the airway secretions of 16 CF patients (mean age, 15.4 � 9.2 years;
range, 4 to 37 years) during acute infectious episodes. The M01 and M06 strains
and the M05 and M09 strains were isolated from the airways of the same CF
patients in different acute infectious episodes. One strain, M15, was methicillin
resistant. Ten CF patients were homozygous for the �F508 mutation. Six CF
patients were coinfected with S. aureus (strains M01/M06, M02, M07, M10, M11,
and M13) and Pseudomonas aeruginosa. In one patient, S. aureus (strain M05)
was isolated as a unique pathogen.

Bacterial isolates were stored at �20°C in Trypticase soy broth (Institut Pas-
teur) containing 20% (vol/vol) glycerol. Bacteria were cultured overnight in
Trypticase soy broth at 37°C to obtain stationary-phase bacteria or were 50-fold
diluted and grown for a further 3 h at 37°C for logarithmic-phase bacteria. They
were then harvested by centrifugation and resuspended in RPMI 1640 culture
medium (Seromed; Biochrom KG, Berlin, Germany) containing 20 mM HEPES;
Sigma Chemical Co., St Louis, Mo. The bacterial suspension was adjusted to a
final concentration of 108 CFU/ml. Bacterial self-aggregation was limited by
extruding ex tempo the bacterial suspension through a fine needle.

Human airway tissues. Fresh human airway tissues, collected from non-CF
nasal polyps or nasal mucosa (turbinates), were immediately transferred to the
laboratory in RPMI 1640 medium culture supplemented with 20 mM HEPES
and antibiotics (200 U of penicillin per ml and 200 �g of streptomycin per ml
[Sigma]).

In vitro S. aureus interaction with HAEC primary cultures. Fresh airway
tissues were cut into small explants (2 mm2), seeded onto a type I collagen matrix
in 24-well plates in a defined culture medium, i.e., RPMI 1640 supplemented
with insulin (1 �g/ml; Sigma Chemical Co.), apo-transferrin (1 �g/ml; Serva,
Heidelberg, Germany), epidermal growth factor (10 ng/ml; Serva), hydrocorti-
sone (0.5 �g/ml; Sigma), retinoic acid (10 ng/ml; Sigma), penicillin (100 U/ml),

and streptomycin (100 �g/ml), and grown at 37°C under 5% CO2 (5). After 3 to
4 days of culture, explants were surrounded by an outgrowth resulting from both
cell migration and proliferation. Well-differentiated (ciliated) as well as nondif-
ferentiated (flattened) human airway epithelial cells (HAEC) could be identified
in the center and at the periphery respectively, of the explant-outgrowth cell
culture.

On day 3 or 4, antibiotics were removed from primary HAEC cultures by
repetitive rinsing with RPMI 1640 culture medium. A 200-�l aliquot of bacterial
suspension was added to each HAEC culture and incubated for 1 h at 37°C. To
remove nonadherent bacteria, cultures were rinsed three times with 0.5 ml of 0.1
M phosphate-buffered saline (PBS) (pH 7.2) and prepared for scanning electron
microscopy.

In vivo S. aureus interaction with HAEC in the humanized tracheal xenograft
model. Humanized tracheal xenografts, two per mouse, were prepared as previ-
ously described (8). Briefly, tracheas of male Wistar rats (obtained from Charles
River France, Saint-Aubin-lès-Elbeuf and weighing 220 to 250 g) were frozen at
�80°C and thawed three times to remove the rat surface epithelium. Rat tra-
cheas were aseptically tied at their distal end to sterile polyethylene tubing. The
tracheas were then stored at �80°C until used for inoculation with dissociated
HAEC.

Dissociated HAEC from nasal polyps were obtained by enzymatic dissociation
(5). The cell viability, as assessed using the trypan blue exclusion procedure, was
higher than 90%. Cells were resuspended in the defined culture medium at a
density of 107 cells/ml, and 0.75 � 106 cells were inoculated into each rat trachea.
Tracheas were then subcutaneously implanted in the flanks of female recipient
nude mice (see Fig. 2A) anesthetized by an intraperitoneal injection of pento-
barbital (40 mg/kg). The mice (8 weeks old) were housed under pathogen-free
conditions and used for experimentation. Xenografts were flushed weekly to
clear the lumen of cell debris.

After various times of xenograft implantation (3 to 30 days), the mice were
anesthetized by intraperitoneal injection of pentobarbital (40 mg/kg). Xenografts
were repetitively flushed with RPMI 1640 culture medium to remove antibiotics
and then filled with the bacterial suspension. After 1 h of incubation, the xeno-
grafts were rinsed with 1.5 ml of RPMI 1640 culture medium to remove nonad-
herent bacteria. To remove tracheal xenografts, the mice were sacrificed by
injection of an overdose of pentobarbital. Each tracheal xenograft was then
prepared for scanning electron microscopy (SEM).

Observation by SEM. Samples were fixed with 2.5% glutaraldehyde in 0.1 M
PBS for 2 h at 4°C, rinsed three times in PBS, postfixed with 2% osmium
tetroxide, dehydrated through graded ethanol concentrations, critical-point-
dried with CO2, affixed to stubs, coated with 15-nm-diameter gold-palladium,
and observed by using a Philips XL30 scanning electron microscope operating at
10 kV.

Quantification of bacterial adherence to HAEC. Quantification of staphylo-
coccal adherence to HAEC was performed using a computer-assisted scanning
electron microscope, as previously described (11). The software has been
adapted for S. aureus quantification. Briefly, optical series were obtained by
confocal microscopy with a Z-step of 0.4 �m on S. aureus aggregates labeled as
previously reported (24) and by three-dimensional reconstructions of these ag-
gregates. A filling rate of S. aureus aggregates was determined, allowing the
quantification of a number of S. aureus cells within an aggregate observed by
SEM. A total of 35 fields screening the periphery of the outgrowth (nondiffer-
entiated epithelial cells) and 35 fields of the explant-neighboring region of the
outgrowth (containing ciliated differentiated and nonciliated differentiated epi-
thelial cells) were analyzed at a constant magnification of 2,700 per explant. Each
value represents the mean of several different explants, as explained in the
section on statistical analysis. Bacteria, isolated and in aggregates, were num-
bered and reported as the total number of adherent bacteria per square micro-

TABLE 1. Reference and isogenic mutant strains of S. aureus used in this study

Strain Relevant genotype Relevant phenotypes or properties Source or reference

Cowan III Human pleural liquid isolate ATCC 12600
8325-4 fnbA� fnbB� FnBPA� FnBPB�, NCTC 8325 cured of prophages,

plasmid free
26

DU5875 spa::Tcr Spa�, isogenic mutant of 8325-4 27
DU5883 fnbA::Tcr fnbB::Emr FnBPA� FnBPB�, isogenic mutant of 8325-4 13
DU5883(pFNBA4) fnbA::Tcr fnbB::Emr (pFNBA4::fnbA� Cmr) Mutant strain of 8325-4 defective in FnBPs, complemented

with multicopy plasmid expressing fnbA�
13

DU5880 clfA1::Tn 917 (Emr) Mutant strain of 8325-4 defective in
fibrinogen-binding protein ClfA
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meter of airway epithelial surface. For isogenic mutants and clinical strains,
adherence data were presented as a percentage of the strain 8325-4 adherence
value.

Adherence of S. aureus to fibronectin-coated microtiter wells. We coated
96-well microtiter plates with 100 �l of human cellular FN (Sigma) or PBS
supplemented with 1% bovine serum albumin (BSA) (Sigma) to estimate non-
specific binding. A dose-dependent FN-binding assay was performed with coat-
ing levels ranging from 0.5 to 50 �g/ml for reference strains and for three clinical
strains of S. aureus in stationary phase. Identical experiments were performed for
reference strains in the logarithmic growth phase [8325-4, DU5875, DU5883, and
DU5883(pFNBA4)].

Further experiments were performed with 50 �g of FN per ml for all the S.
aureus strains. The purity and integrity of FN were assessed by loading and
running at 150 V on sodium dodecyl sulfate–8% polyacrylamide gels. After
overnight incubation with FN at 4°C under constant agitation, the wells were
washed three times with PBS–1% BSA for 20 min. Then 100-�l volumes of the
different bacterial suspensions (109 CFU/ml in PBS) were deposited in duplicate
for 30 min at 37°C under mild agitation and washed three times with PBS to
remove nonadherent bacteria. Bacteria were fixed with 2.5% glutaraldehyde in
0.1 M PBS for 2 h at 4°C, stained with 0.1% crystal violet for 30 min at room
temperature, and rinsed in water. The stain was then extracted from bacteria by
using 0.2% Triton X-100 (Sigma) at room temperature for 30 min and read with
a spectrophotometer (MR5000; Dynatec, Guernsey, Channel Islands) at 570 nm.
A blank value corresponding to BSA-coated wells was automatically subtracted,
and each assay point was performed in duplicate. Values of FN binding of the
DU5883 strain (defective in FnBPs) were taken as reference values. These
experiments were repeated at least twice; since similar results were obtained in
independent experiments, only one representative experiment is shown in the
graphs.

Pulsed-field gel electrophoresis (PFGE) analysis of S. aureus strains. Genomic
DNA extraction and SmaI restriction were performed as described by Matushek
et al. (20). DNA fragments were separated by pulsed-field gel electrophoresis
PFGE in a Gene Navigator system (Pharmacia) for 18 h at 200 V with the
switching times ramped from 5 to 30 s. The SmaI genomic digestion of S. aureus
NCTC 8325 was used as a molecular size marker (40). The similarity of macro-
restriction patterns was determined by visual comparison. Patterns differing from
more than three fragments were considered to be distinct clones, and those
differing by 1–3 fragments were considered as subclonal variants (40).

S. aureus DNA extraction. Three colonies were suspended in 50 �l of lyso-
staphin (Sigma; 100 �g/ml in H2O) and incubated at 37°C for 10 min. Then 50
�l of proteinase K solution (100 �g/ml) (Merck, Darmstadt, Germany) and 150
�l of 0.1 M Tris-HCl (pH 7.5) were added, and incubation proceeded for a
further 10 min at 37°C. The samples were then heated for 5 min at 100°C. The
DNA concentration was measured by spectrophotometry (absorbance at 260
nm) and adjusted to 0.135 �g/�l.

fnbA and fnbB PCR. Four primers specific for fnbA and four primers specific
for fnbB were designed using the gene sequences published by Signds et al. (37)
for fnbA (GenBank accession number J04151) and by Jönsson et al. (16) for fnbB
(GenBank accession number X62992). The primers were synthesized by MWG-
Biotech (Courtaboeuf, France).

For the detection of fnbA, primer 1 (5	-AAATGATATTGAAGATAAGGT
TGATG-3	) and primer 2 (5	-GTCTAGATTCTTCAAAGTCAATTGGA-3	)
were used to amplify a 985-bp fragment of the A domain of fnbA. Primer 3
(5	-GATACAAACCCAGGTGGTGG-3	) and primer 4 (5	-TGTGCTTGACC
ATGCTCTTC-3	) were used to amplify a highly conserved region of 191 bp in
the fibronectin-binding domain D3 of fnbA.

For the detection of fnbB, primer 5 (5	-AATCTATTTATTGATCCTACAA
CAG-3	) and primer 6 (5	-CGTATATTCTTTCGTATCTTCAATT-3	) were
used to amplify a 1,007-bp fragment of the A domain of fnbB. Primer 7 (5	-G
GAGCGGCCTCAGTATTCTT-3	) and primer 8 (5	-AGTTGATGTCGCGCT
GTATG-3	) were used to amplify a 201-bp fragment including part of the signal
peptide sequence and A domain of fnbB.

PCR was performed in a DNA thermal cycler (GeneAmp PCR System 9700;
PE Applied Biosystems). The following cycling parameters were used: 94°C for
30 s, 52°C (primers 1, 2, 5, and 6) or 55°C (primers 3, 4, 7, and 8) for 30 s, and
72°C for 30 s, for 30 cycles. The identity of the PCR products (obtained with
primers 1, 2, 5, and 6) was confirmed by digestion with XbaI and NheI for the
fnbA and fnbB genes, respectively.

Extraction and expression of FnBPs. Cell extracts were prepared on both
stationary- and logarithmic-phase cultures. After pelleting, the cells were resus-
pended in PBS–1.1 M sucrose supplemented with 50 �g of lysostaphin (Sigma)
per ml and incubated for 10 min at 37°C (39). After centrifugation (10,000 � g

for 30 min), the protein extracts were ultrafiltered (10-kDa cutoff) to remove
sucrose.

Equivalent amounts of total extracted proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis with 8% acrylamide resolving
gels. After being transferred to nitrocellulose membranes (Schleicher & Schuell,
Dassel, Germany), FnBPs were probed with 30 �g of human FN solution per ml
for 2 h at 4°C and then incubated with a mouse monoclonal anti-FN antibody
(Chemicon, Temecula, Calif.). Bound antibody was detected with goat anti-
mouse antibody conjugated with horseradish peroxidase (Jackson Immunore-
search). Detection was enhanced by chemiluminescence (Pierce, Rockford, Ill.).

Statistical analysis. Adherence of Cowan III and 8325-4 strains to undiffer-
entiated and differentiated respiratory epithelial cells was quantified using six
different cultures from the same patient. Adherence of Cowan III, 8325-4, iso-
genic mutants of 8325-4, and clinical strains P14, P15, M01, and M16 to undif-
ferentiated HAEC was quantified using nine cell cultures from three different
patients (three cultures per patient). Data are expressed as mean � standard
error. A nonparametric Kruskal-Wallis test was used to analyze the interpatient
variability. Values of adherence were compared by the nonparametric Mann-
Whitney test. A P value of 
0.05 was considered significant.

RESULTS

PFGE analysis of S. aureus strains. PFGE confirmed the
clonality of mutant strains derived from the parental strain
8325-4 (data not shown). PFGE profiles of the P and M clinical
strains of S. aureus are shown in Tables 2 and Table 3, respec-
tively. PFGE profiles of P strains showed 11 different clones
among the 15 strains. P01 and P02, P03 and P07, and P09 and
P10 strains, although they had been isolated from different
patients, exhibited the same PFGE profiles and could be close-
ly related. Fifteen different clones and three pairs of subclonal
variants (M01 and M05, M02 and M16, and M08 and M09)
were identified in the 18 strains isolated from the airways of CF
patients. Interestingly, the M01 and M06 pairs and the M05
and M09 pairs of strains, which had been isolated from the
airways of the same patient, exhibited more than three differ-
ent bands in their PFGE patterns and did not appear to be
clonally related.

Quantification of in vitro S. aureus adherence to HAEC.
Adherence to differentiated and undifferentiated airway epi-
thelium was investigated using the primary explant out-
growth culture model (Fig. 1A). For both Cowan III and
8325-4 reference strains, bacterial adherence to nonciliated
(0.49 � 10�2 � 0.08 � 10�2 and 0.39 � 10�2 � 0.09 � 10�2

bacterium/�m2, respectively) and to ciliated (0.45 � 10�2 �
0.07 �10�2 and 0.33 � 10�2 � 0.06 � 10�2 bacterium/�m2,
respectively) differentiated HAEC was weak. In contrast, ad-
herence to undifferentiated HAEC was significantly increased,
11-fold for the Cowan III strain (5.35 � 10�2 � 1.02 bacteria/
�m2; P 
 0.01) and more than 20-fold for the 8325-4 strain
(8.07 � 10�2 � 1.04 bacteria/�m2; P 
 0.01), compared to
adherence to differentiated ciliated HAEC. No significant dif-
ference between the Cowan III and 8325-4 strains was ob-
served.

The contribution of some staphylococcal adhesins involved
in the adherence to undifferentiated HAEC was further inves-
tigated in vitro by using isogenic mutants of 8325-4 (Fig. 1B).
The adherence of strain 8325-4 was set at 100%, and values of
the adherence of other strains were expressed relative to that
of 8325-4. Adherence of SpA� and ClfA� isogenic mutant
strains to undifferentiated HAEC (102.6% � 6.9% and 107.4%
� 6.7%, respectively) was not significantly different from that
of strain 8325-4 (Fig. 1B). In contrast, adherence of the FnBP�
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mutant was significantly reduced (19.9% � 3%; P 
 0.005),
suggesting that FnBPs are the major adhesins responsible for
S. aureus adherence to undifferentiated HAEC. Further evi-
dence for the role of FnBPs in S. aureus adherence to HAEC
was provided by the 8325-4 FnBP-deficient strain comple-
mented with a multicopy plasmid encoding FnBPA (FnBPA�

strain). Adherence of the FnBPA� strain was significantly
higher (172.9% � 12.2%) than that of the FnBP-deficient
strain (P 
 0.01) and the 8325-4 parental strain (P 
 0.005)
(Fig. 1B).

In vivo S. aureus adherence to HAEC. Using a humanized
tracheal xenograft model in the nude mouse (Fig. 2A), we
investigated the adherence of the Cowan III strain to HAEC in
relation to the degree of differentiation and maturation of the
airway epithelium (Fig. 2B to E). In 3-day-old tracheas, a
strong interaction between Cowan III and poorly differentiated
(and migrating) HAEC was observed (Fig. 2B, arrows), as we
previously showed in vitro. In 1-week-old tracheas, bacteria
were found to adhere only to flattened cells (Fig. 2C, arrows).
As the differentiation of the epithelium increased, S. aureus
adherence to HAEC decreased. S. aureus was trapped by the
mucus (Fig. 2D), and no bacteria were observed at the surface
of ciliated HAEC (Fig. 2E) in 15- and 30-day-old tracheas.

To confirm in vivo the implication of the FnBPs in the
adherence of S. aureus to undifferentiated HAEC, we further
investigated the adherence of 8325-4, DU5883 FnBP�, and
DU5883(pFNBA4) FnBPA� strains of S. aureus to poorly
differentiated HAEC in 3-day-old xenografts. Adherence of
the 8325-4 strain to HAEC (Fig. 2F) was similar to that of the
Cowan III strain (Fig. 2B). Bacteria were observed only at the
surface of undifferentiated HAEC, and bacterial adherence

decreased as the differentiation of the human airway epithe-
lium increased (data not shown). Adherence of the FnBP�

strain was weak; very few bacteria were observed at the surface
of undifferentiated HAEC (Fig. 2G) whereas numerous bac-
teria still adhered to the denuded rat trachea. In contrast,
numerous FnBPA� bacteria adhered to undifferentiated
HAEC (Fig. 2H).

FN-binding capacity of P and M clinical strains. Because in
vitro and in vivo studies highlight the major role of staphylo-
coccal FnBPs in adherence to host tissue, we further investi-
gated the FN-binding capacity of reference strains, isogenic
mutants, and 32 clinical strains isolated during 14 nosocomial
pneumonia episodes and 18 acute infectious episodes in CF.

Reference strains and three clinical strains were investigated
for their abilities to bind to FN in microplates coated with 0.5,
5, 25, or 50 �g of human cellular FN per ml. All these strains
exhibited a dose-dependent increase of their FN-binding ac-
tivity, which reached a plateau value at 50 �g/ml (data not
shown). Complementary FN-binding assays with 8325-4, DU5875
(SpA�), DU5883 (FnBP�), and DU5883(pFNBA4) (FnBPA�)
strains were also performed to compare FN binding in the loga-
rithmic phase to that in the stationary phase, and we did not
observe any significant difference according to the growth phase
(data not shown). Therefore, further experiments with clinical
strains were conducted using stationary-phase cultures and a coat-
ing of 50 �g of FN per ml, representing the plateau value.

Interestingly, the P and M strains were characterized by
different FN-binding capacities. Adherence of S. aureus clinical
strains isolated from the airway secretions of patients suffering
from nosocomial pneumonia or CF is shown in Fig. 3. The
FN-binding capacity was significantly higher for P strains than

TABLE 2. Characteristics of S. aureus clinical strains isolated from the airways of patients with nosocomial pneumonia

a TA, tracheal aspiration; BB, bronchial brush; BAL, broncholalveolar lavage; EXP, expectoration.
b ICU, intensive-care unit; EU, emergency unit; ARDS, acute respiratory distress syndrome; nd, not determined.
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for M strains (31.95% � 3.02% and 14.36% � 2.13%, respec-
tively; P 
 0.05). Among clinical strains, two P and two M
strains were selected for their FN-binding capacity. These in-
clude the P14 (binding to 50 �g of FN per ml, 48.38%) and P15
(binding, 14.8%) strains for the pneumonia group and the M01
(binding, 33.9%) and M16 (binding, 5.4%) strains for the CF
group, which have the highest and the lowest values of adher-
ence on FN, respectively.

Identification of fnbA and fnbB in clinical strains of S. au-
reus. PCR detection of fnbA and fnbB was performed on the six
reference and isogenic mutant strains of S. aureus and on the
32 clinical strains. Cowan III, 8325-4, SpA-deficient, and ClfA-
deficient strains were positive for both genes, giving the ex-
pected size of PCR products for both pairs of primers for the
fnbA and fnbB genes (data not shown). Using primer pairs 1–2
and 5–6, the PCR detection of fnbA and fnbB was negative in
the DU5883 FnBP-deficient strain (data not shown), in con-
trast to a positive reaction for the isogenic parental strain
8325-4, since both the design of the primers (chosen surround-
ing the restriction site where interposon conferring resistance
was inserted in both genes) and the PCR conditions were

adapted for that purpose. The PCR detection was positive for
the fnbA gene in the DU5883 strain complemented with a
plasmid expressing FnBPA and negative for the fnbB gene
(data not shown). PCR products obtained with primers 1 plus 2
and 5 plus 6 were digested with XbaI and NheI for the fnbA and
fnbB genes, respectively. Two bands of approximately 480 and 500
bp for fnbA and 485 and 520 bp for fnbB were generated, con-
firming the identity of the PCR products (data not shown).

All 14 strains isolated from patients with nosocomial pneu-
monia possessed both the fnbA and fnbB genes (Table 2), and
the adherence of P strains to fibronectin was not related to the
presence of the fnb genes.

Among the 18 strains isolated from CF patients, M11 was
the only strain found to lack the fnbA gene in assays with both
primer pairs 1 plus 2 and 3 plus 4 (Table 3), although all the M
strains possessed the fnbB gene. The level of adherence of the
M11 strain (8.1% [50 �g of FN/ml]) was similar to the adher-
ence of M13 and M18 strains (8.6 and 8.4%, respectively),
although these two strains possessed both fnb genes. As re-
ported for the P strains, the adherence of M strains was not
only related to the presence of fnb genes. We could detect both

TABLE 3. Characteristics of S. aureus clinical strains isolated from the expectorations of CF patients

a nd, not determined.
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fnb genes in strains with either poor adherence (e.g., M16,
M17, and M18) or good adherence (e.g., M01 and M02) to
FN.

Expression of FnBPs. Lysostaphin extracts of several clinical
strains (P14, P15, M01, and M16) and of reference strains such
as 8325-4 and its isogenic mutant lacking both fnbA and fnbB
genes in stationary- and logarithmic-phase cultures were sub-
jected to Western ligand affinity blotting.

As previously shown (3, 39), FnBPs appeared as two major
bands of approximately 200 kDa. Several other bands corre-
sponding to truncated forms of FnBPs and to protein A could
also be observed (data not shown). In stationary-phase cul-
tures, no detectable amount of FnBPs was seen. De novo
synthesis of FnBPs took place during early growth (1 h), and
the observed quantities of FnBPs decreased dramatically be-

tween 2 and 4 h of growth, whatever the clinical or reference
strains (data not shown), except for the double fnbA-fnbB
mutant, for which absolutely no signal corresponding to FnBPs
was detected. When the expression profiles of FnBPs were
compared during the early growth phase (1 h), it seemed ob-
vious that total FnBPs (FnBPA plus FnBPB) revealed by FN
affinity and the relative amounts of FnBPA and FnBPB pro-
teins varied between strains (Fig. 3B). Total FnBPs were found
to be higher in strains P14, P15, and M01 than in strain 8325-4.
The levels of FnBPs in strain M16 were very low compared to
that in strain 8325-4. Whereas the band with the highest mo-
lecular weight, corresponding to FnBPA, was the most inten-
sive band in P1 and P15, this band became less intensive in
M01 and was not detectable in M16. Because we were not able
to extract FnBPs from cultures in the stationary growth phase

FIG. 1. S. aureus adherence to HAEC in primary culture. (A) Adherence of strains Cowan III and 8325-4 to undifferentiated, nonciliated
differentiated, and ciliated HAEC airway epithelial cells. �, P 
 0.01 (mean bacterial adherence to nonciliated and ciliated differentiated HAEC
versus undifferentiated HAEC). (B) Adherence of Cowan III, 8325-4, isogenic mutants of 8325-4, and clinical strains (P14, P15, M01, and M16)
of S. aureus to undifferentiated HAEC. Values of adherence are expressed relative to the 100% adherence value of strain 8325-4 to HAEC. The
adherence of P14 was not quantifiable (�0.5 bacteria/�m2). �, P 
 0.01; ��, P 
 0.005 (mean adherence to HAEC of mutant and clinical strains
versus strain 8325-4).
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FIG. 2. S. aureus adherence to HAEC in the humanized tracheal xenograft model. (A) Schematic drawing of the humanized xenograft model
in the nude mouse. The rat tracheas (RT), two per mouse, are seeded with HAEC and subcutaneously implanted in the flanks of a nude mouse.
The tracheas are connected to polyethylene tubing and can be externally filled with culture medium or bacterial suspension. (B to E) Adherence
of Cowan III during the regeneration and maturation process of the human airway epithelium after 3 days (B), 5 days (C), 15 days (D), and 30
days (E) of xenograft implantation in the nude mouse. (F to H) Adherence of strain 8325-4 (F) and FnBPs-deficient (G) and FnBPA-
overexpressing (H) strains of S. aureus to HAEC after 3 days of xenograft implantation in the nude mouse. RT, rat trachea; M, mucus.



but we could identify these FnBPs in the very early growth
phase, we verified that during assays of FN affinity in micro-
plates, bacteria were able to multiply. These experiments
showed that in fresh medium, in particular in PBS in which
bacteria were resuspended in microplates, bacteria were able
to divide at least once, even at high inoculum (data not shown).

Adherence of S. aureus clinical strains to HAEC. Clinical
strains remarkable for their FN-binding capacity in micro-
plates, i.e., P14, P15, M01, and M16, were further studied for
their adherence to HAEC in vitro and in vivo. In in vitro
HAEC cultures, adherence of strain P14 could not be quanti-
fied (�0.5 bacteria/�m2), since too many bacteria had adhered
to HAEC (Fig. 1B). Adherence of strain P15 (215.6% � 2.7%)
was significantly higher than that of strain 8325-4. In contrast,
the levels of adherence of M01 and M16 (93.5% � 7.9% and
81.2% � 5.9%, respectively) were not significantly different
from that of 8325-4 strain. These in vitro results were con-
firmed in vivo in the humanized bronchial xenograft model
after 3 days of engraftment in the nude mouse (data not
shown). P14 and P15 strains strongly adhered to undifferenti-
ated HAEC. Adherence of M01 and M16 strains to undiffer-

entiated HAEC was comparable to that of 8325-4 and Cowan
III and lower than that of P14 and P15. For all of these strains,
adherence to HAEC decreased during differentiation of the
human airway epithelium, and no bacteria was observed at the
contact of HAEC in fully mature epithelium (data not shown),
as previously observed for the Cowan III strain (Fig. 2).

DISCUSSION

In the present study, we investigated the role of staphylo-
coccal adhesins in the adherence of S. aureus to HAEC. We
showed that S. aureus adheres mainly to poorly differentiated
HAEC, in vitro as well as in vivo, and that FnBPs are the major
staphylococcal adhesins responsible for this adherence.

Very few studies have tried to elucidate the initial mecha-
nisms of colonization, i.e., bacterial adherence, of the airway
epithelium by S. aureus. It has been shown that S. aureus
specifically interacts with the mucus present in the obstructed
airways of CF patients and, at a lower level, with the surface of
CF and non-CF nasal epithelial cells grown in primary culture
(41). Schwab et al. (36) showed that CF and non-CF S. aureus

FIG. 3. S. aureus adherence to FN and FnBP expression. (A) Adherence of reference and clinical strains was tested in microplates coated with
50 �g of FN per ml. Values of adherence are expressed in comparison to the FnBP-deficient strain. �, P 
 0.05 (mean adherence of the 14
pneumonia strains versus the 18 CF strains). (B) Levels of expression of FnBPs (arrows) in strain 8325-4 strain, its isogenic mutant lacking fnbA
and fnbB, two CF strains (M01 and M16), and two P strains (P15 and P14) were examined by Western ligand affinity blotting.
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isolates weakly adhere to ciliated epithelial cells (one to three
bacteria per cell). Our results also confirm the weakness of S.
aureus adherence to ciliated respiratory epithelial cells. How-
ever, few, if any, studies have taken into account the undiffer-
entiated and repairing state of the surface airway epithelium.
We previously showed that both intact and remodeled epithe-
lial areas can be equally encountered in the airways of S.
aureus-infected CF patients (24). Our in vitro (primary HAEC
cultures) and in vivo (humanized bronchial xenografts in the
nude mouse) experiments undoubtedly demonstrate that un-
differentiated HAEC are the major sites for adherence of
reference and clinical S. aureus strains to human airway epi-
thelium.

The use of isogenic mutants of 8325-4 strain for different
potential adhesins highlights the major role of FnBPs in S.
aureus adherence to HAEC, whereas SpA and ClfA did not
play any role in this phenomenon. FN and its cellular receptor,
the �5�1-integrin, have been demonstrated to be apically ex-
posed and overexpressed by undifferentiated HAEC engaged
in the repair process (14, 31). Several authors have showed that
FN acts as a bridging molecule between �5�1-integrins and
staphylococcal FnBPs, thus mediating adherence of S. aureus
to epithelial cells, endothelial cells, and fibroblasts and their
subsequent internalization (1, 38). Moreover, FnBPs on their
own are sufficient for adherence and invasion of host cells (39).

Because FnBPs of S. aureus play a key role in bacterial
binding to HAEC, we then investigated the FN-binding capac-
ity of 32 clinical strains isolated during nosocomial pneumonia
(n � 14) (P strains) and acute bronchial infectious episodes in
CF patients (n � 18) (M strains). Few of these strains were
clonally related: PFGE showed 26 different clones. The great
variability of the FN-binding capacity of the pneumonia and
CF isolates could therefore be attributed to the heterogeneity
of the strains. In spite of that, the P strains were significantly
more adherent than the M strains, to FN as well as to HAEC
in vitro and in vivo. Our results are in disagreement with those
of Schwab et al. (36), who reported that adherence to bron-
chial epithelial, nasal, and buccal cells was higher for CF iso-
lates than for non-CF isolates of S. aureus. This discrepancy
may be due to differences in the bacterial adherence assay used
by the authors, with cells and bacteria in suspension, and to
differences concerning S. aureus strains isolated from non-CF
patients, but the origin of the strains was not indicated in their
study.

Among the CF isolates, strains M01 and M05 were clonally
related and exhibited closely similar FN-binding capacities
(33.9% and 31.6% respectively [50 �g of FN/ml]), although
they were isolated from the airways of two different patients.
The same observations were made for strains M08 and M09,
whose PFGE profiles and FN-binding capacities were also very
similar (10.4% and 9.7%, respectively). These results led us to
conclude that the FN-binding phenotype of S. aureus CF
strains can be conserved, independently of the CF genotype
and of the evolution of the CF pathology. This is confirmed by
the M01 and M06 and the M05 and M09 strain pairs. Although
they were isolated from the airways of the same patient, these
strains exhibited different PFGE profiles and different FN-
binding capacities (33.9% and 12.4%, and 31.6% and 9.7%,
respectively). However, in contrast, the clonally related M02
and M16 strains were isolated in different patients and had

different FN-binding capacities (26.6% and 5.4%, respective-
ly), suggesting either a lack of ability of PFGE to differentiate
these strains or a different regulation of factors promoting
bacterial adherence to FN in different environments.

The presence of fnbA and fnbB genes was investigated by
amplifying two regions of each fnb gene in the 32 clinical
strains of S. aureus. Of 32 clinical strains, 31 were positive for
both fnb genes. Only one strain, M11, lacked the fnbA gene,
although most of the strains were different clones isolated in
different patients. Thus, the presence of at least one of the two
fnb genes seems to be an important factor for the virulence of
the bacteria. Even if almost 97% of CF and non-CF clinical
strains possess one of the two fnb genes, the FN-binding ca-
pacity was very different from one clinical strain to another. In
a previous study, Montarano et al. (25) showed a strong cor-
relation between a high FN adherence and the presence of the
fnb genes in S. aureus and S. epidermidis strains isolated from
infected prostheses. In contrast, the studies of Peacock et al.
(29) and Rice et al. (30) clearly showed that FN affinity is not
related to the number of fnb genes, to fnb locus polymorphism,
or to the number of D motifs (FN-binding domains) of FnBPs
but, rather is a function of the transcriptional activity of the agr
locus and the protease activity. Although the production of
FnBPs is negatively regulated, by the global regulator agr,
during the late and post-exponential phase of growth, Goerke
et al. (12) showed that the agr system of CF isolates was
inactive in vivo. This could lead to defective agr-dependent
down-regulation of surface proteins synthesis. Moreover, they
also reported spontaneous mutations of the agr locus, thus
demonstrating that the agr activity seems to be nonessential for
the strains infecting CF airways. Mutations in regulatory genes
such as agr and sar would then induce differences of the FN-
binding properties of mutant strains, as already shown by Wolz
et al. (44).

In this study, bacteria were used in either the logarithmic or
stationary phase of growth. Surprisingly, we found no differ-
ence of the FN-binding capacity in relation to the bacterial
growth phase, whereas we could observe a variation of FnBP
expression. The fact that the FN-binding capacity did not vary
according to the growth phase has been previously described
by Holmes et al. (15) using the surface plasmon resonance
technique. Although FnBPs were extracted very rapidly at
given points of the bacterial growth, the FN-binding capacity in
microplates was observed over a period ranging from 30 min to
1 h, a period during which we verified that bacteria were still
able to multiply. De novo synthesis of FnBPs by cells at a high
inoculum could then occur, since transcription of FnBPs has
been reported to be limited to the first cell division by Mo-
hamed et al. (23). Previous reports indicated that the main
cause of the decreased adherence of S. aureus to FN during the
late and postexponential phases of growth is the increased
secretion of serine protease SspA (V8 protease), which is re-
sponsible for the degradation of FnBPs at the surface of S.
aureus, rather than the decreased transcription of the fnb genes
(17, 22). However, the study by Peacock et al. (29) clearly
showed that the weak adherence of S. aureus clinical strains to
FN (the bacteria were used in stationary phase of growth) was
not due to a digestion of FnBPs by proteases. Moreover, the
binding of the bacteria to FN is not proportional to the amount
of FnBPs present on their surface (34).
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P and M clinical strains of S. aureus showed different pat-
terns of FnBP expression, consistent with the results obtained
in microplates with entire bacteria. When considering M or P
strains, we observed a different expression or FN affinity of
FnBPs between strains M01 and M16 and strains P14 and P15,
respectively, which is in accordance with results obtained in
microplates with entire bacteria. However, Western ligand af-
finity blotting results showed a similar signal between M01 and
P15 strains although they had different FN-binding capacities,
suggesting that other factors are essential for entire-cell FN
affinity, such as the presence and/or activity of proteases. Fur-
thermore, differences between FN adherence of entire bacteria
and profiles of FnBP expression could be attributed to differ-
ences in the FN affinity of FnBPs from one strain to another.
Indeed, Rice et al. (30) showed that the fnb locus is very
polymorphic, especially in MRSA clinical isolates. They
pointed out that some MRSA strains may possess an additional
D motif, with a reduced ability to bind FN. The expression
profiles of FnBPs, as shown in Fig. 3B, could then reflect a
difference of FnBP expression combined with a difference of
affinity for FN, from one strain to another. All these results
suggest that the differences of FN-binding capacities observed
in S. aureus clinical strains involve complex relations between
different affinities for FN and different regulatory pathways for
both the FnBPs and the proteases in charge of their degrada-
tion.

In the present study, we have demonstrated that poorly
differentiated HAEC are major sites for S. aureus adherence to
airway epithelium. This has been achieved using in vitro and in
vivo experiments for reference strains but also for clinical
strains of S. aureus isolated from the airways of patients with
nosocomial pneumonia and with CF. The use of isogenic mu-
tant strains for different potential adhesins highlights the major
role of FnBPs in S. aureus adherence to airway epithelium.
Nevertheless, the diversity of the FN-binding capacity ob-
served in S. aureus clinical strains may reflect a combination of
different affinities for FN and different regulatory pathways for
both the FnBPs and the proteases in charge of their degrada-
tion.
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