
Vol. 33, No. 3INFECTION AND ImMUNITY, Sept. 1981, p. 811-819
0019-9567/81/090811-09$02.00/0

Human Fibronectin Binding to Staphylococcal Surface Protein
and Its Relative Inefficiency in Promoting Phagocytosis by
Human Polymorphonuclear Leukocytes, Monocytes, and

Alveolar Macrophages
HENRI A. VERBRUGH,213* PHILLIP K. PETERSON,' DENNIS E. SMITH,'

BACH-YEN T. NGUYEN,' JOHN R. HOIDAL,' BRIAN J. WILKINSON,2 JAN VERHOEF,3
AND LEO T. FURCHT'

Departments ofMedicine, Pediatrics, and Laboratory Medicine and Pathology, University ofMinnesota,
Minneapolis, Minnesota 55455'; Department ofBiological Sciences, Illinois State University, Normal,

Illinois 617212; and Department ofMicrobiology, University of Utrecht, Utrecht 3511 GG, The Netherlands3

Received 27 March 1981/Accepted 11 June 1981

The interaction between human fibronectin and 17 strains of staphylococci was
studied in an attempt to elucidate the staphylococcal cell wall component(s)
involved in fibronectin binding and to determine the influence of fibronectin upon
phagocytosis by three types of phagocytic cells. Purified, radiolabeled fibronectin
bound to a similar degree to six laboratory strains and three fresh clinical isolates
ofStaphylococcus aureus; similar binding of fibronectin was found with S. aureus
strains deficient in cell wall teichoic acid or clumping factor and coagulase, as
well as with three strains of S. epidermidis. There was miniimal binding of
fibronectin to encapsulated S. aureus and to Escherichia coli. Fibronectin bound
to intact cells and to a crude cell wall preparation of S. aureus H, but not to
purified cell walls or peptidoglycan. Trypsinization of staphylococci prevented
subsequent fibronectin binding, but binding did not correlate well with the protein
A content in S. aureus cell walls. At physiological concentrations, fibronectin
binding to staphylococci did not promote phagocytosis of bacteria by human
polymorphonuclear leukocytes, monocytes, or alveolar macrophages. Also, deple-
tion of fibronectin from nornal human serum did not result in a measurable loss
of opsonic activity for staphylococci. It is concluded that fibronectin binding to
staphylococci involves a surface protein shared among strains of S. aureus and S.
epidermidis, and that in comparison to C3b and IgG, fibronectin plays a relatively
minor role as an opsonin for staphylococci.

Efficient recognition and ingestion of staphy-
lococci by human phagocytic cells is dependent
upon opsonic factors in serum and other body
fluids (14, 30, 33). Well-established staphylococ-
cal opsonins are a fragment of the third compo-
nent of complement (C3b) and immunoglobulin
G class immunoglobulins. The opsonins' most
important interaction is with the peptidoglycan
moiety of the staphylococcal cell wall (22, 29).
Recently, fibronectin, a major glycoprotein of
blood (300 + 100 ,ug per ml of plasma), has been
shown to bind to Staphylococcus aureus but not
to Mycobacterium butyricum or Escherichia
coli (12, 16; R. A. Proctor, E. Prendergast, and
D. F. Mosher, Clin. Res. 27:650A, 1979), and it
has been reported that fibronectin enhances the
chemiluminescence response and staphylocidal
activity of human polymorphonuclear leuko-
cytes (PMN) challenged with otherwise unop-
sonized staphylococci (Proctor et al., Clin. Res.

27:650A, 1979). Together, these effects were
taken to indicate that fibronectin acts as a staph-
ylococcal opsonin (Proctor et al., Clin. Res. 27:
650A, 1979). The binding site for fibronectin in
the cell wall of staphylococci remains unknown
to date. In this study, we have attempted to
further characterize the fibronectin binding site
within the mosaic of the staphylococcal cell wall
and have compared the opsonic activity of fibro-
nectin with that of immunoglobulin G and 03b
by using an assay that directly quantitates bac-
terial uptake by phagocytes.

MATERIALS AND METHODS
Bacterial strains and cultural conditions. Pre-

viously described laboratory strains of S. aureus were
Cowan I, EMS (a protein A-deficient mutant of Cowan
I provided by A. Forsgren, Malmo University, Malmo,
Sweden), 502A, H, HSmR (a spontaneous streptomy-
cin-resistant mutant of strain H), 52A5 (a teichoic
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acid-deficient mutant of HSmR provided by J. T.
Park, Tufts University, Boston, Mass.), Wood 46, and
the M (encapsulated) and M variant (unencapsulated)
strains, both provided by A. Melly, Vanderbilt Uni-
versity, Nashville, Tenn. (22, 29, 30, 32). One strain of
S. aureus that was coagulase and clumping factor
negative was kindly provided by C. P. van Boven
(University of Limburg, Maastricht, The Nether-
lands).

In addition, fresh blood isolates of S. aureus were
obtained from five patients with staphylococcal bac-
teremia. Two strains of S. epidermidis were likewise
cultured from bacteremic patients, and S. epidermidis
ATCC 14990 was from the American Type Culture
Collection (Rockville, Md.). E. coli ON2 (serotype
022:H16) is a serum-resistant strain kindly provided
by B. Bjorksten (University of Umea, Umea, Sweden).
All strains were maintained on blood agar plates at
40C. For each experiment, bacteria were freshly grown
in Mueller-Hinton broth in a 37°C shaking incubator
for 16 h, washed three times with phosphate-buffered
saline, pH 7.4, containing 0.30 mg of bovine serum
albumin per ml (Reheis Chemical Corp., Phoenix,
Ariz.) (PBS-BSA), and resuspended in PBS-BSA to
indicated concentrations. Initially, bacterial counts
were obtained microscopically in a Petroff-Hausser
chamber and used to calibrate a Coleman junior spec-
trophotometer (Coleman Instruments, Maywood, Ill.).
Spectrophotometric adjustments were used thereaf-
ter. For studies of staphylococcal opsonization and
phagocytosis, bacteria were radioactively labeled by
adding [3H]adenine (specific activity, 34 Ci/mmol;
ICN, Irving, Calif.) to Mueller-Hinton broth as previ-
ously described (21).

Isolation of cell wall fragments of S. aureus H.
Lyophilized preparations of crude cell walls, contain-
ing proteins as well as peptidoglycan and teichoic acid,
purified cell walls, consisting of teichoic acid cova-
lently linked to peptidoglycan, and purified peptido-
glycan were isolated from S. aureus H. The isolation
and analysis of these cell wall preparations have been
previously described in detail (22, 31).

Quantitation of cell wall protein A. The amount
of protein A present on the surface of intact S. aureus
strains was quantitated by indirect hemagglutination,
using a modification of previously described methods
(20). Briefly, a 1% suspension of sheep erythrocytes
(SRBC), sensitized with a subagglutinating dose of
immunoglobulin G antibody to sheep erythrocytes
(Cappel Laboratories, Cochranville, Pa.), was incu-
bated with serial twofold dilutions of the bacterial
suspension (109/ml). The hemagglutinating titer of
each strain was compared with the titer of a simulta-
neously run solution containing 5 ,ug of purified protein
A per ml (Pharmacia Fine Chemicals, Inc., Piscataway,
N.J.), and the protein A content of each strain was
expressed as picograms per 106 cocci. All strains were
tested in duplicate on 3 separate days.
Trypsin treatment of staphylococci. To remove

cell surface proteins, staphylococci (10'0/ml in PBS
without BSA) were incubated with indicated concen-
trations of trypsin (type IX, Sigma Chemical Co., St.
Louis, Mo.) for 30 min at 37°C. After incubation,
trypsin activity was neutralized by adding a twofold
excess of chicken egg white trypsin inhibitor (type III-

0; Sigma), and the bacteria were washed three times
with PBS-BSA. The final pellet was resuspended with
PBS-BSA to the original concentration.

Fibronectin purification and labeling. Fibro-
nectin was purified from whole human plasma by a
two-step chromatographic procedure. First, plasma
was chromatographed on a gelatin-agarose (Bio-Rad)
affinity column in PBS, with 1 mM ethylenediamine-
tetraacetic acid, pH 8 (5). Bound fibronectin was
eluted with 20 mM sodium acetate-1 M sodium bro-
mide, pH 5, and dialyzed against 10mM sodium phos-
phate-50 mM sodium chloride, pH 8.5. Affinity-puri-
fied fibronectin was next chromatographed on a dieth-
ylaminoethyl-cellulose (DE-52; Whatman, Clifton,
N.J.) ion-exchange column equilibrated with 10 mM
sodium phosphate-50 mM sodium chloride, pH 8.5,
and eluted with a linear gradient of sodium chloride to
0.7 M. Fibronectin was concentrated by precipitation
with 50% ammonium sulfate adjusted to 3 mg/ml in
PBS, pH 7.4, and dialyzed against the same. 3H-fibro-
nectin was prepared by reductive alkylation (24). Fi-
bronectin, 60 mg, in 10 ml of 50 mM sodium borate,
pH 9, was treated with 5 mCi of 3H-formaldehyde
(New England Nuclear Corp., Boston, Mass.) for 30
min at 4°C. The reaction was stopped by three suc-
cessive additions of 0.2 ml of 0.34 M NaBH4. The
solution was adjusted to 2 mg/ml with PBS, pH 8, and
dialyzed against the same at 4°C. Functionally active
3H-fibronectin was isolated by affinity chromatogra-
phy on gelatin-agarose as described above, concen-
trated by 50% ammonium sulfate precipitation, di-
alyzed against PBS, pH 8, and stored at -700C at 1
mg/ml until used in binding assays. The specific activ-
ity of 3H-fibronectin prepared under these conditions
was 1 mCi/,umol. The purity of fibronectin and 3H-
fibronectin was confirmed by two-dimensional immu-
noelectrophoresis, as described previously (6).
Serum sources and preparation offibronectin-

depleted serum. Serum from 10 healthy donors was
pooled and stored in 1-ml portions at -70°C. Serum
was also obtained from a recently described patient
with homozygous C3 deficiency (H. A. Verbrugh, J.
Roord, W. C. van Dijk, M. R. Daha, and J. Verhoef,
Program Abstr. Intersci. Conf. Antimicrob. Agents
Chemother. 20th, New Orleans, La., abstr. no 144,
1980). This serum contained normal levels of fibronec-
tin (182 jig/ml), but no detectable C3. Purified human
C3 was kindly provided by M. R. Daha (University of
Leiden, Leiden, The Netherlands). Fibronectin-de-
pleted serum was prepared by affnity chromatogra-
phy of whole serum on gelatin-agarose as described
above. Fibronectin-depleted serum was concentrated
back to the original volume by ultrafiltration in a
membrane filter equipped with a 10,000-molecular-
weight cut-off filter, dialyzed against Hanks balanced
salt solution (HBSS) at 40C, and frozen at -700C until
use. Control serum was treated in an identical fashion
except that the chromatography was done on agarose.
The fibronectin levels in normal pooled serum, fibro-
nectin-depleted serum, and control-treated serum
were 152, <15, and 160 ,ug/ml, respectively. Just before
use, sera were thawed and diluted to the desired
concentration in HBSS containing 0.30 mg ofBSA per
ml (HBSS-BSA).
Measurement of fibronectin binding to intact
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bacteria and cell wall fragments. Suspensions of
bacteria or cell wall components were washed once
with PBS-BSA containing 0.7 mM Ca2" and 0.5 mM
Mg2+ ions (5 min, 1,600 x g for intact cells; 10,000 x g
for cell wall fragments). Duplicate 400-p1 samples of
bacteria (containing 4 x 109 microorganisms) or cell
wall components (1 mg) were added to glass tubes (10
by 75 mm) and mixed with varying amounts of 3H-
fibronectin in a total volume of 0.56 ml. After 30 min
of incubation at room temperature, the particles were
washed two times with PBS-BSA, transferred to a
second glass tube, washed a third time, transferred to
scintillation vials, and dried (overnight at 60°C). Seven
milliliters of scintillation liquid (Liquiflour; New Eng-
land Nuclear) was then added, and the particle-asso-
ciated radioactivity was determined in a Beckman LS-
230 liquid scintillation counter (Beckman Instruments,
Inc., Chicago, Ill.). In some experiments, surface-
bound fibronectin was visualized by using fluorescein-
conjugated goat antibody [F(ab')2 fragment] against
human fibronectin (Cappel Laboratories) by previ-
ously described methods (19).

Preparation of phagocytes. The isolation of
PMN and monocytes (MN) from fresh heparinized
donor blood by dextran sedimentation and separation
over a Ficoll-Isopaque gradient as well as the subseg-
mental saline lavage of the lingula or middle lobe of
the right lung of normal donors to obtain alveolar
macrophages (AM) have been described previously
(10, 21). The PMN and AM suspensions were 290%
pure, whereas purity of MN suspensions varied from
25 to 45%. Viability of PMN, MN, and AM was >95%
as assessed by trypan blue exclusion.
Assessment of bacterial op8onization. Opsoni-

zation of bacteria was assessed by quantitating the
uptake of radiolabeled bacteria by human PMN, MN,
and AM. The assay used has been described in detail
previously (22, 29, 30). Briefly, 0.1 ml of bacteria (5 x
10/ml in HBSS-BSA) was incubated with 0.9 ml of
opsinin-containing solutions for 30 to 60 min at 37°C
in a shaking incubator. Then 100 p1l of the opsonized
bacterial suspension was mixed with 0.1 ml of either
PMN, MN, or AM (5 x 10' cells/ml in HBSS-BSA) in
polypropylene vials (Bio-vials; Beckman), and phago-
cytosis was allowed to proceed for 60 min at 37°C with
shaking. The final bacteria-to-phagocyte ratio was
about 10:1. Phagocytosis was interrupted by adding 3
ml of ice-cold PBS to the mixture. Non-phagocyte-
associated bacteria were removed by three cycles of
differential centrifugation (5 min, 160 x g), and the
phagocyte-associated radioactivity in the final pellet
was determined by liquid scintillation counting. Phag-
ocytosis was expressed as percentage ofuptake of total
added radioactivity, determined in a separate vial. The
percentage of uptake was taken as a measure of bac-
terial opsonization (29).

RESULTS
Fibronectin binding to S. aureus Cowan

L. Initial experiments with S. aureus Cowan I
were performed to establish the characteristics
of fibronectin binding to staphylococci. The
binding of radiolabeled fibronectin to this strain
was directly proportional to the amount of fibro-

nectin added to the incubation mixtures (Fig. 1).
A linear correlation (r = 0.99) was maintained
over a final fibronectin concentration range of
50 to 1,000 ,tg/ml. At lower concentrations, the
amount of fibronectin bound rapidly dropped to
undetectable levels. At physiological levels of
fibronectin, 300 ± 100 ,ug/ml (13), saturation of
the surface of S. aureus did not occur, and
binding of radiolabeled fibronectin was inhibit-
able by adding excess nonradiolabeled fibronec-
tin. From the experiments, it is estimated that
200 to 1,000 molecules of fibronectin became
fixed to the surface of a staphylococcal cell at
these fibronectin concentrations (using 450,000
as the molecular weight of intact dimeric plasma
fibronectin and 6.023 x 102 as Avogadro's num-
ber). Fibronectin fixation to the surface of S.
aureus Cowan I, incubated with purified fibro-
nectin or serum, was also confirmed by immu-
nofluorescent microscopy. The reproducibility
of the fibronectin binding assay was calculated
from six separate experiments, performed on
different days; the coefficient of variation was
11.0%. In all subsequent experiments, the fibro-
nectin binding capacity of other bacterial strains
was compared with that of simultaneously run
S. aureus Cowan I. The results are presented as
percentage of fibronectin bound relative to
Cowan I.
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FIG. 1. Dose-dependent binding of 3H-fibronectin

to S. aureus Cowan I. Four hundred microliters of S.
aureus (4 x 109 bacteria) was mixed with indicated
amounts of 3H-fibronectin, and the binding of fibro-
nectin to S. aureus Cowan I was determined. r =
correlation coefficient.

VOL. 33, 1981



814 VERBRUGH ET AL.

Fibronectin binding by other staphylo-
coccal strains. A total of 15 strains of staphy-
lococci were tested for their ability to bind hu-
man fibronectin (Fig. 2). Six strains of S. aureus

that had been maintained in the laboratory for
several years bound fibronectin relatively well;
their mean fibronectin binding compared with
S. aureus Cowan I was 82 ± 9%. Three fresh
clinical isolates of S. aureus bound fibronectin
to a degree that was comparable to that of the
laboratory strains (66 ± 6% binding). This find-
ing suggests that the ability of S. aureus to bind
human fibronectin is a relatively stable charac-
teristic that is not influenced by prolonged cul-
tivation in vitro. The presence of cell wall tei-
choic acid or of clumping factor or the ability to
produce extracellular coagulase was not required
for efficient binding of fibronectin to staphylo-
cocci, as is evidenced by the binding capacities
of strains completely devoid of these character-
istics. In contrast, encapsulation of S. aureus

almost abolished the ability of staphylococcus
to bind fibronectin. Binding of fibronectin to the
encapsulted M strain was only 12 ± 4%, com-

pared with 45 ± 2% for the unencapsulated M
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FIG. 2. Binding of 3H-fibronectin to strains of S.
aureus, S. epidermidis, and E. coli. Binding of fibro-
nectin is expressed as mean + standard error of the
mean percentage of the binding to simultaneously
run S. aureus Cowan I. Results were obtained with a

0.2-mg/ml final concentration of 3H-fibronectin.
Numbers in parentheses indicate number of strains
per number of separate tests.

variant strain. Three isolates of S. epidermidis
bound human fibronectin as well as the S. au-
reus strains (Fig. 2), indicating that fibronectin
binding sites of similar affinity are present in
both staphylococcal species. Minimal binding
(10 ± 2%) was observed with the one strain of E.
coli tested.
Fibronectin binding to S. aureus cell wall

components. To further delineate the receptor
site for human fibronectin in the wall of staph-
ylococci, binding of 3H-fibronectin to intact cells
and cell wall components of S. aureus H was

determined. Neither teichoic acid nor peptido-
glycan was involved in the binding of fibronectin
since, in contrast to crude cell walls from S.
aureus H, neither purified cell walls (teichoic
acid covalently linked to peptidoglycan) nor pep-
tidoglycan bound fibronectin (Table 1). Because
teichoic acid and peptidoglycan together repre-
sent about 90% of the cell wall of S. aureus H
(22), binding of fibronectin probably occurs to a

minor component (by weight) of the staphylo-
coccal cell wall that is present in isolated crude
cell walls but which is removed in subsequent
purification steps (22). The amounts of cell wall
materials in these tests were chosen on the basis
of the estimation by Chatterjee (4) that 10i
whole microorganisms yield approximately 25
ytg of cell walls.

Effect of trypsin on fibronectin binding.
Prior treatment of S. aureus Cowan I and S.
epidermidis ATCC 14990 with varying concen-
trations of trypsin reduced their ability to bind
fibronectin (Fig. 3). Half-maximal inhibition was
found with 2 mg of trypsin per ml for S. epider-
midis and with 20 mg/ml for S. aureus. In
addition, two clinical isolates of S. aureus
showed 55 and 65% inhibition of fibronectin
binding after treatment with 2 mg of trypsin per
ml (data not shown). These data indicate that
fibronectin binding to staphylococci involves a
protein-containing structure(s) of the bacterial
cell wall. This is also in keeping with the binding

TABLE 1. Binding of 3H-fibronectin to S. aureus H
intact cells, crude cell walls, purified cell walls, and

peptidoglycan

Test materiala % bindingb No. of
(mean + SEM) tests

Intact cells 46.0 + 2.0 4
Crude cell walls 174.5 + 12.9 2
Purified cell walls 15.4 ± 0.1 2
Peptidoglycan 14.1 ± 1.8 2

a Intact cells tested at 10'0 bacteria/ml; all cell wall
components tested at 2.5 mg/ml (see text).

b Percentage of fibronectin bound relative to simul-
taneously run S. aureus Cowan I. SEM, Standard
error of the mean.
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FIG. 3. Inhibitory effect of trypsin pretreatment of

S. aureus Cowan I and S. epidermidis ATCC 14990
on subsequent binding of H-fibronectin. Bacteria
(100/ml in PBS) were incubated with indicated con-

centrations of trypsin for 30 min and washed, and
their binding of fibronectin was determined. Inhibi-
tion is expressed as mean ± standard error of the
mean percentage compared with simultaneously run

control bacteria incubated without trypsin.

of fibronectin by the crude cell wall preparation
of S. aureus H which contains protein constitu-
ents (31).
Role of cell wall protein A in fibronectin

binding. Although fibronectin binding to
strains of S. epidermidis suggested that cell wall
protein A is not required for the interaction
between staphylococci and fibronectin, a role for
protein A in fibronectin binding to S. aureus
strains was not yet excluded. We therefore cor-

related the amount of protein A available on the
surface of intact S. aureus strains with their
capacity to bind human fibronectin. A relatively
poor correlation (r = 0.28, P > 0.1) was found
between the protein A content of S. aureus and
fibronectin binding (Fig. 4), indicating that pro-
tein A is not significantly involved in fibronectin
fixation by S. aureus.
Capacity offibronectin to promote staph-

ylococcal phagocytosis. The opsonic activity
offibronectin was determined in an assay system
that directly measures the uptake of radiola-
beled bacteria by phagocytic cells. Table 2 pro-
vides data that compare the capacities of puri-
fied fibronectin and normal human serum (10%)
to induce phagocytosis of S. aureus Cowan I and
five clinical isolates of S. aureus by PMN. Bac-
teria opsonized with 10% normal human serum

were readily taken up by the PMN; the mean

uptake for S. aureus Cowan I and the five clin-
ical isolates was 72.5 and 90.6%, respectively. In
contrast, purified human fibronectin in concen-

trations up to 700 ,ug/ml failed to induce signifi-
cant uptake of any of these strains. Phagocytosis
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FIG. 4. Correlation between ceU waU protein A
content of S. aureus strains and their capacity to
bind 3H-fibronectin. r = correlation coefficient.

TABLE 2. Opsonic activity ofpurified human
fibronectin for S. aureus Cowan I and five clinical

isolates of S. aureus

S. aureus % phagocyto- No. of
strain Osiueasisb by PMN tests

CowanI Normal serum 72.5 ± 2.1 6
(10%)

03-deficient serum 19.1 ± 1.5 3
(10%)

C3-deficient serum 81.0 1
(10%) + C3 (100
,Ag/ml)

Fibronectin (700 6.4 ± 0.3 7
pg/ml)

Fibronectin (700 8.0 ± 0.5 2
pg/ml) + hepa-
rin (10 U/ml)

HBSS-BSA 6.4 ± 0.4 6

Clinical Normal serum 90.6 ± 3.6 1
isolates (10%)
(n = 5) Fibronectin (700 3.0 ± 0.4 1

pLg/mi)
HBSS-BSA 5.0 ± 0.4 1

Number in parentheses indicates concentration ofopsonin
used.

b3 H-labeled bacteria were incubated with indicated opso-
nina for 30 to 60 min, and then mixed with PMN; percentage
of phagocytosis is percentage of uptake of total added radio-
activity after 60 min of incubation.
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was always less than 10% and did not differ from
that of control bacteria incubated with HBSS-
BSA alone. Addition of heparin, which has been
reported to enhance the uptake of gelatin-coated
latex particles by monolayers of macrophages
(9), did not improve the ability of fibronectin to
promote phagocytosis. The treatment of bacte-
ria with fibronectin, either before or after opson-
ization with 10% serum, did not affect the rapid
uptake of bacteria by PMN (data by shown).
The binding of fibronectin, thus, did not influ-
ence either the binding or function of serum
opsonins. The crucial role of complement in
serum opsonization was evidenced by the much
reduced opsonic capacity of serum devoid of
complement factor C3 but with normal levels of
fibronectin. The opsonic defect in the patient's
serum was corrected by the addition of purified
C3 (Table 2).
Because fibronectin may possibly express its

opsonic effect only when present in normal body
fluids, e.g., serum or plasma, we next compared
the opsonic activity of normal serum with that
of serum depleted of fibronectin. In these exper-
iments, S. epidernidis ATCC 14990 was used
and three types of phagocytes were studied. No
significant differences were found in the opsonic
titers of normal serum versus the same serum
depleted of its fibronectin, and similar results
were obtained with PMN, MN, andAM (Fig. 5).
Likewise, for S. aureus Cowan I, fibronectin-
depleted serum and control serum had similar
opsonic activities (data not shown).

INFECT. IMMUN.

DISCUSSION

Results of this investigation indicate that hu-
man fibronectin binding to staphylococci in-
volves a minor proteinaceous surface component
of the staphylococcal cell wall, but point to a
relative inefficiency of bound fibronectin, when
studied at physiological concentrations, in pro-
moting staphylococcal phagocytosis by human
phagocytic cells. Fibronectin is a large glycopro-
tein present in blood and other body fluids and
has been proposed to play an important role in
the clearance of particles from the bloodstream
(26). Decreased levels of fibronectin have been
found in patients with disseminated intravascu-
lar coagulation and with certain trauma such as
severe burns (17, 27). The decreased levels of
fibronectin are thought to increase the host's
susceptibility to invasion by microorganisms and
to contribute to organ failure in such patients.

Trypsin-sensitive binding of human fibronec-
tin to S. aureus has been reported previously
(12, 16; Proctor et al., 27:650A, 1979), but the
binding site in the cell wall of this bacterial
species was not further characterized. We stud-
ied binding of radiolabeled fibronectin in a total
of 15 strains of staphylococci, some of which
have well-characterized differences in cell sur-
face composition. Fourteen of these strains
showed significant fibronectin binding that was
directly dependent upon the amount offibronec-
tin added. At physiological levels of fibronectin
(300 ± 100 fig/ml [14]) between 200 and 1,000

co frj
0) EFN-def.

SermFN-control

~~60 U ~~~~~~Normal00
0

00

20

0.1 1.0 10 0.1 1.0 10 0.1 1.0 10
Serum Concentration (%

FIG. 5. Opsonic activity of fibronectin-depleted, control-treated, and non-treated human serum for uptake
of S. epidermidis ATCC 14990 by human PMN, MN, and AM. Staphylococci were incubated with indicated
opsonic solutions for 30 min before mixing with the phagocytes. Phagocytosis was determined after 60 min of
incubation at 37°C.
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molecules of fibronectin were calculated to be-
come attached to the surface of a staphylococ-
cus. Under these conditions, saturation of the
bacteria did not occur, and this observation is
consistent with the finding of Proctor et al. (R.
A. Proctor, D. F. Mosher, and G. Christman,
20th ICAAC, abstr. no. 643), who have reported
5 x 103 fibronectin binding sites per cell for S.
aureus ATCC 25923.

In the present study, binding occurred to a
similar degree to S. aureus and S. epidernidis
strains and was found not to be mediated by the
major cell wall components of S. aureus (pepti-
doglycan, teichoic acid, or protein A). Also, pur-
ified peptidoglycan and complexes ofpeptidogly-
can and teichoic acid, isolated from S. aureus H,
failed to bind fibronectin. Crude cell wall prep-
arations of this strain, however, which contain
protein constituents, bound considerable
amounts of fibronectin. The increased fibronec-
tin binding of crude cell walls compared with
intact cells suggests that in broken cells addi-
tional (inner) cell wall surfaces are exposed that
may contain fibronectin binding sites. Similarly,
an increased number of complement activation
sites in crude cell walls as opposed to intact cells
has been noted before (31).

Fibronectin binding to both S. aureus and S.
epidermidis was trypsin sensitive. Together with
the previously reported binding of fibronectin to
Micrococcus luteus (Proctor et al., Clin. Res. 27:
650A), these results indicate that the capacity to
fix fibronectin is shared by both members of the
family Micrococcaceae. The binding offibronec-
tin involves a minor protein-containing structure
of the staphylococcal cell wall. Little is known
about the minor proteins of the staphylococcal
cell wall, but at least 30 different antigenic sites,
mostly proteins, have been demonstrated in S.
aureus by serological techniques (18).

Interestingly, fibronectin did not bind to the
encapsulated M strain of S. aureus, suggesting
that the acidic amino sugar polymers of staph-
ylococcal capsules do not function as fibronectin
binding sites and that they form a barrier for
fibronectin binding to the cell wall protein be-
neath the capsule. The mechanism of this bar-
rier is presently unknown but may relate to the
relatively large size of the fibronectin dimers
(molecular weight 450,000 ± 25,000). The cap-
sule of this strain has previously been shown not
to exclude other soluble proteins such as lyso-
staphin (molecular weight 28,000) (11) and com-
plement factor C3 (molecular weight 180,000)
(19, 32).
In a recent communication, Proctor et al.

(Clin. Res. 27:650A, 1979) reported that fibro-
nectin increased the chemiluminescence re-

sponse of human PMN to other unopsonized S.
aureus ATCC 25923 and to M. luteus, but not
to E. coli. In addition, a significant loss of micro-
coccal colony-forming units occurred when fi-
bronectin was present in an in vitro bactericidal
assay. Together, these findings were taken to
indicate that fibronectin promoted the uptake of
the bacteria by PMN and that fibronectin there-
fore can act as an opsonin for micrococci. In this
study, fibronectin had no detectable opsonic ac-
tivity for seven strains of staphylococci and three
types of human phagocytic cells (PMN, MN,
and AM). Uptake of bacteria incubated in the
presence of purified fibronectin was minimal and
did not differ from that of bacteria incubated
with buffer alone. In contrast, 10% human serum
promoted brisk uptake of staphylococci. Numer-
ous previous studies have shown that the com-
plement system and immunoglobulin G are ma-
jor opsonic proteins in human serum. The im-
portant role of complement in serum opsonic
activity was demonstrated in this investigation
by the much reduced uptake of bacteria incu-
bated in serum from a patient with a complete
C3 deficiency, but with normal levels of fibro-
nectin. A similarly reduced opsonic activity can
be found by heat inactivation of serum comple-
ment for 30 min at 56°C (30); however, fibronec-
tin is not inactivated by such treatment (Proctor
et al., Chin. Res. 27:650A, 1979). Thus, fibronec-
tin would not be anticipated to be part of the
heat-labile serum opsonic system for staphylo-
cocci. The role of fibronectin as a serum opsonin
was further delineated in experiments with fi-
bronectin-depleted serum. No differences in op-
sonic titers appeared when normal and fibronec-
tin-depleted human sera were compared.
These results do not support the conclusion of

Proctor et al. (Clin. Res. 27:650A, 1979) that
human fibronectin is an important nonantibody,
noncomplement opsonin for staphylococci. Most
probably, these divergent results can be ex-
plained in part by differences in methodology
and techniques. The assay system used in this
study directly quantitates uptake ofradiolabeled
bacteria in suspension with phagocytic cells. Up-
take is recorded only when bacteria are firmly
attached to or ingested by the phagocytes and
are not removed by the differential centrifuga-
tion cycles. On the other hand, Proctor et al.
(Clin. Res. 27:650A, 1979) used the chemilumi-
nescence response of PMN and a fall in colony-
forming units in their mixtures. Both of these
latter assays have been used previously as indi-
rect indicators of particle uptake, and thus op-
sonization of bacteria (8, 23). However, both
PMN chemiluminescence and a fall in colony-
forming units do not necessarily depend on true
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particle ingestion. An oxidative metabolic re-
sponse of PMN with concomitant generation of
chemiluminescence can be elicited by soluble
stimuli such as phorbol myristate acetate, a va-
riety of ionophores, and the complement peptide
C5a (1, 7). Assays measuring a fall in colony-
forming units in phagocytic mixtures, on the
other hand, are very susceptible to cell-cell, par-
ticle-particle, and cell-particle clumping and
need correction for extracellular killing (28).
Similar difficulties exist in the interpretation of
results of the fibronectin-mediated uptake of
gelatin-coated particles by slices of liver or
monolayers of peritoneal macrophages (3, 9, 25).
Although fibronectin does not appear to be a

true opsonin, promoting both attachment and
ingestion, our evidence does not rule out that
fibronectin enhances adherence of micrococci to
certain phagocytic cells. It has recently been
demonstrated that fibronectin mediates binding,
but not ingestion, of gelatin-coated particles to
surface-bound human monocytes (2). Our results
suggest that the possible adherence of fibronec-
tin-coated staphylococci to human PMN, MN,
and AM is relatively weak and easily disrupted
by washing the cells. The results of Proctor et
al. (Clin. Res. 27:650A, 1979), on the other hand,
suggest that bacterial adherence would be suffi-
cient for activation of human PMN, resulting in
increased oxidative metabolic rates, degranula-
tion and, possibly, membrane-killing, i.e., extra-
cellular killing of bacteria. Further investiga-
tions are needed to test these hypotheses.
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