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Chronic respiratory tract infections caused by Staphylococcus aureus are common in patients with cystic
fibrosis (CF). Recently, it was shown in a few CF patients that S. aureus isolates produce capsular
polysaccharides (CPs). However, it is not known whether this is a common feature and whether an immune
response to CPs in CF is detectable. Therefore, we examined 170 S. aureus isolates from CF patients and
healthy individuals for production of CP types 5 and 8 by using monoclonal antibodies. We found that
CP-producing staphylococcal isolates were randomly distributed among CF patients and healthy carriers.
Eighty-five percent of all isolates produced CPs, 77% of which were type 8. Examination of one sputum sample
by an immunofluorescence technique suggested that production of CPs is not an in vitro phenomenon. S. aureus
isolates from various sites of a single person often yielded more than one CP type. A random distribution of S.
aureus strains with CP type 5 or 8 from the skin and respiratory tracts of patients and from the skin of healthy
individuals was found. Antibody response to CP types 5 and 8, measured by enzyme-linked immunosorbent
assay, was not elevated in CF patients with chronic S. aureus lung infection in comparison with healthy
carriers. On the contrary, in CF patients the ratios of antibodies to CP 8 were significantly lower (P < 0.005;
a = 0.025). The ratios of antibodies to CP types did not change when monitored longitudinally over several
months. This study suggests that the production of CPs is a universal property of S. aureus and that infected

CF patients do not have elevated ratios of antibodies to these antigens.

Cystic fibrosis (CF) is the most common hereditary dis-
ease of Caucasians, with an incidence of one case in every
2,000 newborns in Europe (24, 33). More than 80% of the
patients suffer from chronic bacterial lung infections (24),
and besides Pseudomonas aeruginosa, Staphylococcus au-
reus is the predominant organism isolated from CF sputum
(14). Chronic P. aeruginosa infection usually correlates with
poor clinical status, whereas patients with chronic or inter-
mittent S. aureus infection alone reveal high clinical scores
and a mild disease state (16). It is unclear which factors
determine these differences in pathogenicity, since virulence
of both pathogens is multifactorial. Virulence of S. aureus
includes factors attached to the cell wall, such as protein A
(20), clumping factor (12), and fibronectin- or collagen-
binding proteins (28, 29), as well as several soluble extracel-
lular enzymes and toxins (3). Some S. aureus strains (M and
Smith) are highly encapsulated and require both complement
and specific anticapsular antibodies for efficient phagocyto-
sis (31). Nevertheless, S. aureus may survive within poly-
morphonuclear leukocytes and alveolar macrophages (5, 15).

In CF patients only little is known about the production of
capsular polysaccharides (CPs) by S. aureus (1), which may
act as an additional virulence factor. This is of special
interest, since in CF patients production of mucoid exopoly-
saccharides by P. aeruginosa is common. Additionally,
nothing is known about whether CF patients respond to S.
aureus CPs with specific antibodies. Recently, a significantly
altered immune response to P. aeruginosa lipopolysaccha-
rides in these patients was reported, which is thought to
contribute to bacterial virulence by impairing opsonophago-
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cytosis (23; R. B. Moss, Y. P. Hsu, N. J. Lewiston, and G.
deLange, Pediatr. Res. 21:A940, 1987).

Therefore, the object of this study was to investigate the
presence of CP-producing S. aureus isolates on the skin and
in the respiratory tracts of CF patients and to determine
whether CP type S or 8 is predominant and whether infected
CF patients have elevated immune responses to the CP type.
The purification of S. aureus CP types 5 (9) and 8 (10) and the
development of monoclonal antibodies (MAbS, MADS) to
these CPs (13) have facilitated investigations in this field.

MATERIALS AND METHODS

Patients. Thirty-seven CF patients (mean age, 10 years; 15
females and 22 males) and 29 healthy individuals (mean age,
10 years; 12 females and 17 males) were investigated for skin
colonization with S. aureus. Samples from the forehead,
forearm, back, shoulder, and thigh were collected with
contact agar plates for S. aureus isolation. Sputum was
collected from 101 patients with CF (age range, 3 to 30 years;
40 females and 61 males) suffering from chronic or intermit-
tent S. aureus lung infection. S. aureus infection was defined
as chronic when multiple sputum samples collected over at
least half a year yielded positive cultures. Serum samples
from 29 CF patients (mean age, 15 years; 7 females and 22
males) were investigated for antibody response to CP types
S and 8. Fourteen patients had chronic P. aeruginosa infec-
tion at the same time. Twenty healthy adult blood donors
whose staphylococcal carrier status was not known served
as controls. The CF patients attended the Cystic Fibrosis
Clinic G, Rigshospitalet, Copenhagen, Denmark, and the
Children’s Hospital, University of Tiibingen, Tiibingen,
Federal Republic of Germany. Diagnosis of CF was based on
accepted criteria (33), including a typical history of CF with
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marked elevated sweat chloride levels in repeated tests and
altered pulmonary function. Informed consent was obtained
from all patients or their parents.

Bacteria. S. aureus strains were isolated on mannitol agar
(Oxoid, Wesel, Federal Republic of Germany) and identified
by using routine methods (19). Strains were propagated on
1.5% Columbia agar (Oxoid) supplemented with 4% NaCl for
20 h in a 5% CO, atmosphere. Strains were kept in nutrient
broth supplemented with 15% glycerine at —70°C until use.
For CP typing, bacteria were harvested from Columbia agar
in 2 ml of phosphate-buffered saline (PBS), autoclaved at
121°C for 1 h, and centrifuged for 10 min at 10,000 X g. The
culture supernatants were stored at —20°C until CP typing.

Purification of S. aureus CP types 5 and 8. CPs were
purified as described previously from S. aureus Becker
(prototype 8) and Reynolds (prototype 5) (9, 10). Briefly,
strains were cultivated on Columbia agar, suspended in PBS
(pH 7.5), autoclaved, and centrifuged at 25,000 X g. The
culture supernatant was treated with DNase, RNase, and
protease. CP was purified on DEAE-Trisacryl M (Réactifs
IBF, Villeneuve-la-Garenne, France). Contaminating tei-
choic acid was removed by Sepharose CL-4B (Pharmacia,
Freiburg, Federal Republic of Germany) gel filtration. The
purified CP contained 1% protein, 0.5% nucleic acids, and
0.01% teichoic acid. Structure analysis revealed that CP
types S and 8 are distinct sugar polymers composed of about
90% N-acetylamino sugars (9).

Typing of S. aureus CPs and detection of serum antibodies
to CPs. For CP typing, a two-step inhibition enzyme-linked
immunosorbent assay (ELISA) was performed with CP-
specific MAbS and MADbS (13), as previously described (25).
Detection of serum antibodies to CP types was performed
with purified CP of S. aureus with a newly developed
CP-specific ELISA. Sera were diluted 1:2,000, 1:4,000, 1:
8,000, and 1:16,000 in PBS, and 100 pl of the dilutions was
placed into CP-coated microdilution wells. After 1 h at 37°C,
the trays were washed five times and incubated with 100 pl
of peroxidase-conjugated sheep anti-human immunoglob-
ulins (heavy and light chain specific; Diagnostics Pasteur,
Paris, France) for 45 min at 37°C. After being washed with
PBS, bound antibodies were visualized with 100 pl of 0.4%
1,2-phenylenediamine dihydrochloride (Dakopatts, Ham-
burg, Federal Republic of Germany) in 0.1 M sodium citrate,
pH 5.2, and 0.06% H,0,. The reaction was stopped after 10
min with 50 pl of 3 N HCI, and the trays were read at an
optical density of 492 nm (OD,s,) in a spectrophotometer
(Micro-ELISA reader; Dynatech Laboratories, Inc., Alex-
andria, Va.). Antibody titration curves were obtained by
plotting the OD,g, versus serum dilutions. Antibody quo-
tients were calculated by dividing the OD,,, of patient or
normal serum by the OD,q, of the positive control serum at
the same dilution. These antibody ratios were determined
when the serum dilution curves were linear and parallel
(=10%) to the control serum curve. The positive control,
present on each plate as an internal standard, was derived
from a blood donor hospitalized because of severe staphy-
lococcal infection. Antibody ratios are expressed in log,,.
The upper normal limit for antibodies was defined as the
mean value of the normal control group + 2 standard
deviations. Thus, none of the 20 healthy individuals was
positive. Consequently, quotients greater than 0.33 for CP 5
and 0.59 for CP 8 were judged to be positive.

Immunofluorescence. For direct detection of microencap-
sulated S. aureus in the sputum of a CF patient, samples of
sputum material which had been kept at —70°C were solu-
bilized by adding 10 volumes of sterile physiological saline in
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TABLE 1. CP types in human S. aureus isolates

No. (%) of S. aureus isolates from °:

(0} 4
type® . CF . Normal
ype All sites sputum CF skin skin
S 33 (19.4) 30 (21.3) 2 (14.3) 1(6.7)
8 112 (65.8) 91 (64.5) 10 (71.4) 11 (73.3)
NT¢ 25 14.7) 20 (14.2) 2(14.3) 3 (20.0)

“ CP types were determined by ELISA.

5 One hundred seventy strains were isolated from the sputum and skin of
101 patients with CF and from the skin of 8 healthy carriers. Included are
multiple strains isolated over a 1-year period from 21 CF patients, as well as
strains isolated from multiple skin sites of 13 CF patients and 8 normal
individuals.

¢ NT, Nontypeable.

a Vortex mixer. After centrifugation for 5 min at 1,000 X g,
the supernatant was again centrifuged for 5 min at 4,700 X g.
The pellet was distributed on immunofluorescence slides
(Biomérieux, Charbonniéres les Bains, France), heat fixed,
and incubated with fluorescein isothiocyanate (FITC)-
labeled MAbS and MAbL8 (immunoglobulin M; IgM). S.
aureus subcultured on agar plates served as the control.
After being washed, slides were mounted with PBS and
examined with a fluorescence light microscope (Zeiss,
Oberkochen, Federal Republic of Germany). Labeling of
MAbs was accomplished by the dialysis method. Briefly,
FITC (Serva, Heidelberg, Federal Republic of Germany)
solubilized in 0.025 M sodium-hydrogen-carbonate buffer
(pH 9.5) was incubated with MAbs at 4°C overnight. There-
after, the solution was centrifuged at 4,000 X g through a
Centricon 10 (Amicon Corp., Danvers, Mass.) tube until the
dialysate was free of FITC.

Statistical analysis. Data were analyzed with the U test by
the method of Wilcoxon, Mann, and Whitney.

RESULTS

S. aureus CP typing. Of 170 S. aureus strains isolated from
CF patients and normal individuals, 145 (85%) produced CP
(Table 1). Sixty-six percent of all isolates yielded CP type 8.
Random distribution of encapsulated S. aureus strains be-
tween patients and healthy carriers was found, and random
occurrence of CP types 5 and 8 was seen between both
groups. Therefore, production of exopolysaccharides is uni-
versal among S. aureus strains and not restricted to clinical
isolates but also found in skin isolates from normal individ-
uals and nonhospitalized CF patients. The percentage of S.
aureus skin isolates from CF patients (35%) was similar and
not significantly elevated compared with that of normal
individuals (28%). A single person may harbor more than
one S. aureus CP type at the same time on the skin or in the
respiratory tract; skin and sputum CP types differed in three
of eight cases, and one patient had S. aureus with CP types
5 and 8 on the forearm and forehead. Therefore, it is not
surprising that repeated isolation of S. aureus from a single
patient yielded different CP types in eight cases.

By using direct immunofluorescence, evidence was found
that production of CPs is not an in vitro phenomenon
secondary to subculturing. Examination of multiple prepa-
rations from the sputum of one CF patient revealed bright
staining with MAb8 but not with MADbS. A typical picture is
shown in Fig. 1. Subsequent isolation of S. aureus and
staining, as well as characterization by ELISA, confirmed
the presence of CP type 8 (Fig. 1C). These results also
demonstrated that MAbS and MADS bind specifically to the
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CPs and do not bind to protein A. The determination of the
number of S. aureus organisms in the immunofluorescence
stained preparation and in a Gram-stained preparation from
the same sputum yielded comparable counts.

Serum antibodies to S. aureus CP types 5 and 8 in CF
patients and healthy controls. A positive reaction in the
ELISA with a serum dilution of 1:2,000 to 1:8,000 in all 77
specimens of the 49 individuals suggested that immunologi-
cal response to CP is considerable in healthy individuals and
CF patients. There was no difference in antibody response to
CP 5 between CF patients and healthy controls (Fig. 2).
Furthermore, CF patients had significantly lower ratios of
antibodies to CP 8 than controls had (P < 0.005; a = 0.025).
Only 10% (2 of 20) of the chronically infected CF patients
had elevated ratios of antibodies to both antigens. The
longitudinal study of CP antibody ratios up to 14 months in
15 mostly chronically infected patients revealed that ratios
did not change during chronic infection (data not shown).

S. AUREUS IN CYSTIC FIBROSIS 2507

FIG. 1. S. aureus strains producing CPs stained with FITC-
conjugated MAbs to CP types. Shown are S. aureus CP 8 plus MAb8
(A) and S. aureus CP 8 plus MAbS5 (B), directly stained in a patient
sputum smear; and S. aureus CP 8 plus MAb8 (C), subcultured on
an agar plate. Magnification, x1,000.

Thus, there is no evidence that chronic lung infection with
CP-producing S. aureus strains leads to increased immune
response.

DISCUSSION

The persistence of S. aureus in the respiratory tracts of CF
patients is a well-known phenomenon (14). In a recent study
from Sweden, 66% of investigated CF patients were chron-
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FIG. 2. Serum antibody response of CF patients and healthy
individuals to S. aureus CP types 5 and 8, measured by ELISA. Bars
represent means * 1 standard deviation of CP antibody ratios. The
antibody ratio of a single patient was determined from at least
quadruplicate values. Twenty chronically and nine intermittently
infected CF patients and twenty healthy individuals were tested.
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ically infected with this pathogen (6). In the present study,
we have investigated the possibility that S. aureus strains in
CF produce CPs. The development of MAbs to CP types of
S. aureus has provided an excellent means to study this
factor, which may contribute to S. aureus virulence.

A high percentage of encapsulated S. aureus strains (85%)
was found in the present study, corroborating results with
other clinical isolates of S. aureus (1, 13, 27). Detection of
microencapsulated S. aureus in a sputum smear by an
immunofluorescence technique supports the notion of others
(2) that production of CP occurs during in vivo infection and
is not an in vitro phenomenon. An important finding of this
study is that production of CPs is not restricted to clinical
isolates. S. aureus isolates from healthy individuals as well
as nonhospitalized CF patients produced CPs. The capsule
was not detected until MAbs were developed, since it was
not demonstrable by traditional methods such as India ink
preparation or by the specific capsule reaction (32) because
of its small size. Until recently, encapsulated S. aureus has
been considered rare, and peptidoglycan, teichoic acid, and
protein A were regarded as the major S. aureus cell wall
components. An additional factor now has to be taken into
consideration as being part of the outer surface. It is most
likely that the microcapsule of S. aureus has no significant
influence on phagocytic uptake of the bacterium (8, 21).
However, it may participate in S. aureus adherence. Fur-
thermore, the chemical nature of the bacterial outer surface
may influence the host immune response.

In the majority of the CF patients with chronic S. aureus
lung infection, elevated levels of antibody to CP in compar-
ison with levels in healthy controls were not found. Several
factors may account for this phenomenon. Firstly, immuno-
logical response to polysaccharides may be limited, as was
shown for the type b vaccine of Haemophilus influenzae (22)
and the group C meningococcal polysaccharides (11).
Whether this is also true for S. aureus CP types remains to
be investigated. Secondly, specific antibodies to CP may be
bound to the antigen in circulating immune complexes,
leading to decreased serum antibody detection. Thirdly, the
outer surface of S. aureus, a cross-linked polymeric sugar,
classically requires an IgG2 response (4). Recently, signifi-
cantly decreased IgG2 titers in response to vaccination with
a bacterial polysaccharide were reported in CF patients
(Moss et al., Pediatr. Res. 21:A940, 1987). Similarly, the low
antibody response to CP 8 in the majority of patients may be
due to decreased IgG2. IgG subclass distribution among CP
types in infected CF patients and normal individuals awaits
further investigation. Finally, immune response to S. aureus
antigens in patients with severe staphylococcal disease is in
general not very different from that of normal persons of
comparable age (17, 18, 26, 30). Determinations of antibod-
ies to S. aureus antigens in CF patients are in accordance
with this view (7). This raises the possibility that repeated
infections since early infancy may maintain a sufficiently
large antigenic mass to result in immunological unrespon-
siveness (26).

In summary, this study suggests that CP is universally
expressed by S. aureus. Whether CP may be regarded as a
virulence factor of S. aureus which facilitates bacterial
colonization and supports the chronicity of infection remains
to be studied.
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