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A correlation has been demonstrated between the in vitro adherence of Pseu-
domonas aeruginosa to upper respiratory tract epithelium and colonization of
the respiratory tract by this organism. Twenty patients with cystic fibrosis (CF)
and 20 age-matched controls were examined in this study. All of the CF patients
but none of the controls were colonized with P. aeruginosa at the time of study.
P. aeruginosa adherence to isolated epithelial cells, as determined by an in vitro
assay, was 19.1 + 1.1 bacteria per buccal epithelial cell in the CF patients and 2.3
+ 0.3 bacteria per cell in the controls (P < 0.01). P. aeruginosa strains of the
mucoid colony type adhered in significantly lower numbers to buccal epithelial
cells than did strains of the rough colony type (1.8 + 0.1 versus 24.8 + 0.9, P <
0.001). This difference might explain the common observation that the initial
pseudomonas colonization of the respiratory tract of CF patients is due to
organisms of the rough colony type. We have further demonstrated that increased
P. aeruginosa adherence in vitro varies directly with the loss of a protease-
sensitive glycoprotein, fibronectin, from the cell surface, as well as increased levels
of salivary proteases in CF patients. When examined by a direct radioimmune
binding assay, buccal cells from CF patients possessed only 17% of the total cell
surface fibronectin present on similar cells obtained from controls. Salivary
protease levels, as measured by '’ release from an '*I-labeled insoluble fibrin
matrix, were increased about threefold in CF patients versus controls. Thus,
colonization of the respiratory tract by P. aeruginosa in CF patients correlates
well with buccal cell adherence of this organism; increased adherence is associated
with decreased amounts of fibronectin on respiratory epithelial cell surfaces and

increased levels of salivary proteases.

Cystic fibrosis (CF) is the most common lethal
hereditary disease in Caucasians with an inci-
dence of 1 in 2,000 live births (2, 25). More than
50% of patients with CF die before reaching the
age of 21 (2). The biochemical or physiological
lesions of the disease are not fully understood.
Chronic obstructive pulmonary disease is the
most serious aspect of CF. Among factors which
contribute to chronic lung disease in CF patients
are impaired ciliary movement, inadequate re-
moval of bronchial mucous, and recurrent bac-
terial infections (2, 25).

Colonization of the upper respiratory tracts of
CF patients with Pseudomonas aeruginosa is
common and appears to be an important predis-
posing factor in the pathogenesis of pulmonary
infection by this organism (12, 13). In most CF
patients, the initial colonizing strains of P.
aeruginosa are rough types similar to those
isolated from other types of infections (1). With
time, however, mucoid forms of P. aeruginosa
predominate in the chronic pulmonary infec-
tions in CF patients, as first noted by Doggett
3).

The factors which regulate the bacterial flora
of the upper respiratory tract have been inten-
sively studied in the past few years (9). It has
been found that the microbial composition of a
region is proportional to the relative abilities of
the individual species to attach to the epithelial
cells of that region (8, 9, 17). Thus, selective
bacterial adherence to mucosal surfaces of the
respiratory tract seems to be a major determi-
nant of the indigenous bacterial flora. Organisms
which are unable to attach to surfaces are re-
moved by secretions and thus fail to maintain
colonization (18).

We have recently demonstrated that the abil-
ity of P. aeruginosa to persist in the respiratory
tract is correlated with the organism’s ability to
adhere to upper respiratory epithelium (15).
Normal individuals are infrequently colonized
with P. aeruginosa, but when they are this
organism adheres in low numbers to their buccal
epithelial cells. Conversely, P. aeruginosa ad-
heres in high numbers to the upper respiratory
epithelial cells of seriously ill patients who are
colonized with this organism. Although the exact
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alteration of the epithelial cell surface which
permits the adherence of P. aeruginosa has not
been defined, we have demonstrated that P.
aeruginosa adherence can be correlated with
the loss of a protease-sensitive glycoprotein, fi-
bronectin, from the epithelial cell surface (D. E.
Woods, D. C. Straus, W. G. Johanson, Jr., and
J. A. Bass, Abstr. Annu. Meet. Am. Soc. Micro-
biol. 1979, B27, p. 20).

The objectives of this study were to correlate
the in vitro adherence of P. aeruginosa to CF
buccal epithelial cells with respiratory tract col-
onization by this organism in CF patients. We
further wished to determine the correlation, if
any, between the in vitro adherence of P. aerugi-
nosa and levels of buccal cell surface fibronectin
and salivary proteases in CF patients. Addition-
ally, we sought to determine the relative abilities
of rough versus mucoid strains to adhere to
buccal epithelial cells.

MATERIALS AND METHODS

Individuals seen in the Cystic Fibrosis/Chronic Pul-
monary Clinic at Santa Rosa Children’s Hospital, San
Antonio, Tex., formed the group of 20 CF patients in
this study. Diagnosis of CF was based on accepted
criteria (26); the mean age of the group was 9.5 years;
the mean Schwachman (21) score, clinical evaluation,
was 63.8. Controls consisted of 20 age-matched non-
infected pediatric patients with no history of CF. After
obtaining the patient’s and/or patient’s parents’ in-
formed consent, swab specimens of the posterior phar-
ynx and expectorated sputum were obtained. Speci-
mens were cultured on appropriate media, and colo-
nies of P. aeruginosa were identified by standard
methods (16). Colonization was defined as the pres-
ence of any colonies of P. aeruginosa in either the
swab or the sputum culture. All strains were classified
serologically according to the procedure of Habs (10)
and maintained in 1-ml portions of 5% skim milk at
—70°C.

To prepare cultures for adherence testing, a 1-ml
portion was thawed and inoculated into 200 ml of M-
9 medium (20) containing 0.2% glucose. This was in-
cubated without shaking for 12 h at 37°C. One milli-
liter of a 1:100 dilution of this 12-h culture (ca. 10°
organisms) was transferred to 15 ml of fresh M-9
medium containing 0.2% glucose and 0.2 ml of uni-
formly labeled [**Cllysine (New England Nuclear
Corp.; specific activity, 50 uCi/ml) was added. This
suspension was incubated at 37°C for 3 h in a shaking
water bath at 500 rpm. At the end of the incubation
period, the bacteria were washed twice with phos-
phate-buffered saline containing 0.001 M MgCl, at pH
7.2 (PBS) and resuspended in PBS at a concentration
of 10° organisms per ml. The specific activity per
milliliter of bacteria labeled was determined by pipet-
ting 0.1-ml portions of the bacterial suspension into
liquid scintillation vials. Scintillation cocktail was
added, and the samples were counted for 1 min on a
Searle Mark III scintillation counter equipped with
computer conversion of counts per minute to disinte-
grations per minute.
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Buccal epithelial cells were collected by vigorous
swabbing of the buccal mucosa with a sterile cotton-
tipped swab. The cells were dislodged by swirling the
swab in 5 ml of PBS, washed three times by centrifu-
gation (10 min at 150 X g) to remove unattached
bacteria, and finally resuspended in PBS. The adher-
ence of P. aeruginosa to epithelial cells in vitro was
examined by mixing 1-ml samples of standardized
suspensions of ["*C]lysine-labeled bacteria (5 x 10%/
ml) and epithelial cells (5 X 10°/ml) together in a
shaking water bath (1,000 rpm) at 37°C for 2 h. The
epithelial cells were then washed free of unattached
bacteria by continuous washing over 10-um pore-size
filters (Gelman) for 2 min. The filter was then placed
in a scintillation vial and solubilized, and the scintil-
lation cocktail was added and counted for 1 min to
obtain the total disintegrations per minute per 10*
epithelial cells. From the specific activity measure-
ments of the bacterial suspension obtained previously,
the results were expressed finally as the total adherent
bacteria per epithelial cell.

In those experiments designed to assess the relative
abilities of a large series of rough versus mucoid strains
of P. aeruginosa to adhere to buccal epithelial cells,
epithelial cells from normal healthy individuals were
preincubated with 2.5 pg of trypsin per ml (Sigma
Chemical Co., St. Louis, Mo.) for 10 min in PBS at
37°C. Trypsin was removed by washing in cold PBS,
and the cells were resuspended in PBS. This procedure
has been shown to alter the surfaces of normal cells in
such a manner as to allow P. aeruginosa to adhere
(15).

Plasma fibronectin was purified by affinity chro-
matography on gelatin-Sepharose (Pharmacia Fine
Chemicals, Piscataway, N.J.) as described by Vuento
and Vaheri (23) with 2 ml of plasma per ml of beads.
Bound fibronectin was eluted with a linear gradient of
L-arginine (0 to 2 M; gradient volume, 200 ml) in 0.05
M tris(hydroxymethyl)aminomethane-hydrochloride
(pH 7.5). Fractions eluted at between 50 and 75% of
the gradient volume were pooled, dialyzed against 0.1
M ammonium bicarbonate, and lyophilized. The fibro-
nectin preparation yielded a single component of
220,000 molecular weight on reduced polyacrylamide
gel electrophoresis in sodium dodecyl sulfate. Anti-
fibronectin antiserum was prepared by immunization
of rabbits with 1-mg subcutaneous doses of purified
fibronectin in complete Freund adjuvant for 6 weeks
on a biweekly schedule. The anti-fibronectin was ab-
sorbed by passage through a gelatin-Sepharose col-
umn and a Sepharose column to which plasma de-
pleted of fibronectin was coupled. Fibronectin anti-
bodies were immunochemically purified on fibronec-
tin-Sepharose (5 mg of fibronectin per ml of beads).
After application of the antiserum and thorough wash-
ing, elution with 3.0 M potassium iodide in PBS
yielded one major component of 160,000 molecular
weight on nonreduced sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis. For determination of
relative levels of buccal cell surface fibronectin, the
purified antibodies to fibronectin were radiolabeled
with '*I by the method of Fraker and Speck (6). One
microgram of labeled antibody (specific activity, 10*
cpm/ug) was then incubated with 10* epithelial cells
in PBS at 37°C for 1 h. This level of antibody to
fibronectin sufficiently saturated the epithelial cells.
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The cells were then washed thoroughly with PBS and
placed in a scintillation vial, the counts per minute of
bound anti-fibronectin were determined with a gamma
counter, and the results are expressed as the counts
per minute of '*I-anti-fibronectin bound per 10* epi-
thelial cells.

Measurement of protease activity in secretions was
performed utilizing the '*I-labeled fibrin plate method
of Unkeless et al. (22). Fibrin plates were prepared by
distributing 0.1 ml of radioactive fibrinogen solution
(Amersham, Arlington Heights, Ill., 100 mg/ml) over
the surface of a 35-mm plastic petri dish with a
spreader. The plates were dried a minimum of 1 day
at 45°C and stored at this temperature until use.
Fibrinogen was converted to fibrin by overlayering the
plates with 2 ml of RPMI-1640 (Grand Island Biolog-
ical Co., Grand Island, N.Y.) containing 10% fetal
bovine serum and incubated at 37°C for 18 h. The
medium was then removed, and the plates were thor-
oughly washed with incubation buffer to remove all
traces of serum (three washes of 2 ml). One-milliliter
portions of nonstimulated saliva, sterilized by filtration
through 0.45-um filters, from colonized patients and
noncolonized controls, adjusted to 1 mg of protein per
ml in 0.1 M tris(hydroxymethyl)aminomethane-hy-
drochloride (pH 8.1), containing 10 pg of plasminogen,
were deposited onto separate *I-fibrin plates. All
determinations were performed in triplicate. After in-
cubation at 37°C for 20 h, the entire reaction mixture
from each plate was withdrawn and counted directly
in a gamma counter. Results were expressed as the
counts per minute of '*I released per milliliter of
secretions. This assay was chosen so as to allow the
detection of proteolytic activity due to a wide variety
of proteases, including plasminogen activators which
might otherwise go undetected (22).

RESULTS

Each of the CF patients were colonized with
both rough and mucoid variants of P. aerugi-
nosa. In contrast, no gram-negative bacilli were
recovered from any of the 20 controls. Results
of the in vitro assay of P. aeruginosa adherence
to buccal epithelial cells are shown in Table 1.
Both a rough variant of P. aeruginosa (DG1-S)
and a mucoid variant (DG1-M) adhered in low
numbers to cells obtained from healthy controls.
Similarly, low numbers of the mucoid variant
but significantly greater numbers of the rough
variant adhered to cells obtained from CF pa-
tients.

Adherence of rough and mucoid variants was
studied further by measuring the adherence ca-
pabilities of a large series of 51 paired strains
(Table 2). Adherence of organisms of the rough
colony type was 24.8 + 0.9 bacteria per epithelial
cell, whereas that of the mucoid type was 1.8 +
0.1 organisms per cell (P < 0.001). This differ-
ence in adherence between rough and mucoid
types could not be explained by differences in
serotype, as each rough and mucoid type consti-
tuting a pair was of the same serotype (Table 3).
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Also noted in Table 3 is the preponderance of
Habs type 6 among the CF strains examined, a
finding reported by others (4, 21).

Table 4 summarizes the results of the cell
surface fibronectin assays and salivary protease

activity in CF patients and controls. Cell surface :
fibronectin was significantly decreased in CF

patients (P < 0.01) and salivary protease activity

was significantly increased (P < 0.01) over that !

of the controls. The amount of fibronectin pres-
ent on CF buccal cells corresponded to ca. 17%

of the total cell surface fibronectin present on

similar cells from controls. Protease levels in the
secretions from CF patients amounted to an
approximate threefold increase over those of the
controls.

DISCUSSION

There is increasing evidence that bacterial
adherence to mucosal surfaces is an important

etiological factor in infections. Recent evidence
suggests that adherence is necessary for bacte-
rial colonization and is the initial event in many

bacterial diseases, including urinary tract infec- |

tions (4, 5), gonorrhea (24), gastroenteritis (7,
11), and pulmonary infections due to gram-neg-

ative bacilli (15). P. aeruginosa is isolated infre- '

quently from the respiratory tracts of healthy
individuals (14, 19). In contrast, CF patients are

frequently colonized by this organism. When |

studied in vitro, P. aeruginosa attached to buc-
cal cells from CF patients in far greater numbers

than to cells from controls, indicating that ad-
herence of P. aeruginosa to upper respiratory .

epithelium of CF patients may be an important
factor in respiratory tract colonization.

The adherence of P. aeruginosa to upper
respiratory epithelium most certainly involves

both host and bacterial factors. We have found

that adherence of P. aeruginosa to mammalian

cell surfaces requires the presence of pili (27). :

Decreased adherence of mucoid strains is not
likely due to the absence of pili since we and

TABLE 1. Adherence of P. aeruginosa to buccal
cells obtained from patients with CF

P. aeruginosa adherence®

Source of buccal cell Rough colony L?nc;? ysgl-
type (DG1S) (DGIM)
Controls (20) 2.3+ 0.3° 34117
CF patients (20) 191+1.1 6.1 £ 2.3°

% Number of P. aeruginosa per buccal cell; mean
+ the standard error of the mean.

b Significantly different from CF patients (P < 0.01) |

by Student’s ¢ test.
¢ Significantly different from rough colony type (P
< 0.01) by Student’s ¢ test.

¢
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TABLE 2. Adherence of rough versus mucoid P. aeruginosa to mammalian epithelial cells®
1:3';13: Adherence® h:t‘: ‘;?;d Adherence l::::lg: Adherence® L:; ":l?:ld Adherence
DNS 26.1 DNM 0.6 PM1S 17.8 PMIM 2.1
MGS 313 MGM 1.8 PM2S 195 PM2M 1.8
JWAI1S 21.3 JWAIM 2.0 PM3S 16.2 PM3M 1.1
JWA2S 28.1 JWA2M 2.1 J6S 19.1 J6M 2.6
JWA3S 27.6 JWA3SM 14 JCoS 24.4 JCOM 5.4
JWA4S 25.5 JWA4M 1.1 JWO0S 31.7 JWOM 2.3
JWASS 24.8 JWA5M 0.8 CW1S 19.8 CW1M 14
SLS 19.1 SLM 15 Cw2aSs 23.6 CwW2M 0.6
LWS 20.2 LWM 3.1 CW3Ss 20.4 CW3M 15
MRS 17.6 MRM 0.7 CW4S 27.6 CW4M 3.1
LSH 29.3 LHM 19 JCA1S 19.1 JCAIM 2.5
KC1S 27.8 KC1M 2.2 JCA2S 18.8 JCA2M 14
KC2S 26.4 KC2M 3.1 JCA2S 17.8 JCA3M 0.6
KC3S 29.1 KC3M 1.6 LSS 25.5 LSM 1.8
KC4S 27.7 KCiM 1.6 RBS 34.9 RBM 3.7
KC5S 28.3 KCiM 34 CNS 40.1 CNM 1.6
CG1S 164 CGIM 1.1 J1S 16.3 JIM 1.1
CG2S 15.9 CG2M 0.9 J28 21.5 J2M 0.3
CG3S 14.3 CG3M 1.5 J3S 22.2 J3M 14
CG4S 17.1 CG4M 14 J4S 15.4 JaM 1.2
DG1S 34.8 DGIM 2.3 J58 27.1 J5M 2.0
DG2S 36.9 DG2M 14 Jé6s 26.9 J6M 34
DG3S 334 DG3M 0.5 J78 34.3 J™ 1.6
DG4S 35.3 DG4M 2.6 J8s 15.7 J8M 0.8
DG5S 39.9 DG5M 2.7 J9S 21.8 JIM 0.7
DG6S 34.7 DG6M 34

2 Buccal epithelial cells previously treated for 10 min at 37°C with 2.5 ug of trypsin per ml.
5 Mean of three determinations, measured by radiolabeled adherence assay.

¢ Overall mean + standard error of the mean.

9 Significantly different from mucoid (P < 0.001) by Student’s ¢ test.

TABLE 3. Agglutination types for Habs antisera of
51 P. aeruginosa rough and mucoid paired® isolates
from 28 patients with CF

Habs serotype No. of strains % of strains
1 1 1.9
2
5 2 3.9
3 5 9.8
4 4 78
6 22 43.1
7
8 10 19.6
9 1 1.9

10 1 1.9
11 2 3.9
12 1 1.9
13

” 2 39

% All rough and mucoid pairs were of the same
serotype.

others (C. C. Brinton, University of Pittsburgh,
personal communication) have found that most
such strains are piliated. However, the mucoid
material surrounding the organism may interfere
with the interaction of pili with the mammalian
cell surface. The observation that rough variants

TABLE 4. Buccal cell surface fibronectin levels and
salivary protease activity in CF patients

Sourci:l;buccal Cel:ln::eri:::nﬁ- Protease activity®
Controls (20) 3,002 +£ 17.8 20,084 + 302.2
CF patients (20) 499.5 + 63.8° 65,417 + 3,179.1°

% Measured by radioimmunoassay. Values represent
the mean counts per minute of '*I-anti-fibronectin
bound to 10* buccal cells + the standard error of the
mean.

® Values represent the mean counts per minute of
'%] released from insoluble '*I-fibrin matrix exposed
to 1.0-ml secretions for 20 h at 37°C + the standard
error of the mean.

¢ Significantly different from the value for the con-
trols (P < 0.01) by Student’s ¢ test.

of P. aeruginosa adhere in increased numbers
to buccal cells from CF patients compared with
those of controls implies that there is some
alteration in the surface of the CF cells. Trypsin
treatment in vitro of normal buccal cells mark-
edly increases P. aeruginosa adherence and
causes release of fibronectin from the cell sur-
face. We found that fibronectin was reduced on
the surface of CF cells in vivo, suggesting that
these cells had been exposed to protease activity
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in the host. Since salivary protease levels in CF
patients are significantly elevated over those of
controls, it would be reasonable to assume that
increased protease levels in these secretions
which bathe the mucosal surfaces may be re-
sponsible for the decreased fibronectin levels.
Although the loss of fibronectin may not be the
only alteration which leads to increased P.
aeruginosa adherence, the correlation of fibro-
nectin loss with increased adherence and sali-
vary protease levels makes this hypothesis an
attractive one.

The finding that increased P. aeruginosa ad-
herence to CF buccal cells was restricted to the
rough colony type may explain the repeated
observation that these organisms are the initial
colonizers in CF patients. Huang and Doggett
(13) reviewed a total of 5,055 respiratory tract
cultures from 323 CF patients over a 10-year
period; these authors demonstrated that while
P. aeruginosa was acquired early in these pa-
tients, only 2 of 84 patients under 1 year of age
were colonized with mucoid P. aeruginosa. The
ability of the rough types to adhere to buccal
cell surfaces may well provide a selective advan-
tage over the mucoid types in the initial coloni-
zation of the CF respiratory tract.

The serotype distribution reported in this
study agrees with the results reported by others
(12, 28). The preponderance of one or two O
serotypes isolated from CF patients indicates
that there may be some association between O
serotype and P. aeruginosa colonization in CF
patients. It may be, however, that the investi-
gation of the association between adherence ca-
pability and colonization would be a fruitful one.
It is possible that the P. aeruginosa strains
which colonize CF patients possess a common
adherence'factor which allows them a selective
advantage in this situation.
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