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Human plasma was shown to promote the attachment of an avirulent strain of
Streptococcus pyogenes to human polymorphonuclear leukocytes. Removal of
the fibronectin by absorption of the plasma with agarose-immobilized gelatin
abolished the attachment-promoting activity. The activity of the absorbed plasma
was restored with purified human serum fibronectin. The fibronectin was found to
promote the attachment of three M protein-negative, but not of three M protein-
positive, strains of streptococci. Radiolabeled fibronectin was shown to bind in
various degrees to all strains of S. pyogenes tested. Thus, in the absence of
streptococcal surface M protein, fibronectin promotes the association of group A
streptococci with human polymorphonuclear leukocytes.

Serum fibronectin acts as a nonimmune opso-
nin against a variety of foreign particles, includ-
ing denatured collagen (5), gelatin-coated colloi-
dal carbon (10), and gelatin-coated latex beads
(2). Whether fibronectin plays a role in the
opsonization and clearance of bacteria remains
to be established. Nevertheless, certain clinical
evidence suggests that serum fibronectin may
play a protective role against serious bacterial
infections in patients who have suffered exten-
sive burns, undergone major surgery, or suffered
other forms of serious trauma (11). It has been
shown, for example, that the administration of
serum cryoprecipitates which are rich in fibro-
nectin markedly reduced the incidence and dura-
tion of bacterial septicemia in victims of trauma.
In vitro studies have shown that purified serum
fibronectin binds to and agglutinates cells of
Staphylococcus aureus (8) but not Escherichia
coli, and preliminary studies suggest that fibro-
nectin promotes the ingestion of S. aureus cells
by phagocytic cells (R. A. Proctor, E. Pender-
grost, and D. F. Mosher, Clin. Res. 27:650A,
1979).

In the present study we investigated the abili-
ty of human serum fibronectin to promote the
association of group A streptococci (Streptococ-
cus pyogenes) with polymorphonuclear leuko-
cytes (PMNs) in vitro. We present data to show
that although fibronectin was able to bind to
both M protein-positive (M+) and M protein-
negative (M—) strains of S. pyogenes, it promot-
ed the association with PMNSs only of the M—
strains.

MATERIALS AND METHODS

Bacterial strains. Seven strains of group A strepto-
cocci were kindly provided by Rebecca Lancefield,
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The Rockefeller University, New York, and the type
lav and type 1V strains were kindly supplied by Roger
Cole, National Institutes of Health, Bethesda, Md.
Types 5, 19, and 24 group A streptococci as well as
Pseudomonas aeruginosa and Klebsiella pneumoniae
are clinical isolates stored as stock strains in our
laboratory. The Cowan I strain of S. aureus was
obtained originally from Paul Quie of the University of
Minnesota. All bacteria were grown in Todd-Hewitt
broth for 16 h (stationary phase) and washed twice in
ice-cold 0.02 M phosphate-0.15 M NaCl, pH 7.4
(PBS). The organisms used for the PMN binding
studies were suspended in PBS and adjusted to an
absorbancy of 0.7 at 530 nm (=10° bacteria per ml) in a
Coleman Junior II spectrophotometer. Bacterial
counts were performed with a Petroff-Hausser cham-
ber or by quantitative colony counts on blood agar
pour plates on all strains before and after treatment
with fibronectin. No decrease in the number or viabili-
ty of the organisms was noted.

Purification of fibronectin. All reagents used were of
analytical grade and were obtained from commercial
suppliers unless otherwise noted. Fibronectin was
isolated from pooled human plasma salvaged from
outdated blood which was obtained from the blood
bank of the city of Mempbhis hospitals. Benzamidine (5
mM) and sodium azide (0.02%) were added to the
plasma which was then centrifuged at 20,000 X g for 1
h to remove insoluble material. Fibronectin was puri-
fied by affinity chromatography on columns of gelatin
and arginine covalently linked to cyanogen bromide-
activated agarose beads (gelatin-agarose and arginine-
agarose) according to the method of Vuento and
Vaheri (13). To remove any agarose-binding proteins,
250 ml of plasma was filtered through a column (5 by
11 cm) of agarose 4B (Pharmacia Fine Chemicals,
Inc., Piscataway, N.J.) equilibrated with 0.05 M Tris
at pH 7.4 supplemented with 5 mM benzamidine and
0.02% sodium azide (Tris buffer). The eluted plasma
was then applied to a column (1.5 by 20 cm) of gelatin-
agarose which was washed first with 4 column vol-
umes of Tris buffer followed by 4 column volumes of 1
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M NaCl and then 2 column volumes of 0.2 M arginine
in the same buffer. Finally, absorbed fibronectin was
eluted with 1 M arginine, dialyzed extensively against
Tris buffer, centrifuged at 10,000 x g for 10 min, and
reapplied to a column (1.5 by 10 cm) of agarose-
arginine. After washing with 3 column volumes of Tris
buffer, the final product was eluted with 0.1 M NaCl in
Tris buffer. Purity of the fibronectin preparations was
monitored by electrophoresis in 5% polyacrylamide
gels containing 0.1% sodium dodecyl sulfate. Before
electrophoresis, the samples were boiled for 2 min in
1% sodium dodecyl sulfate-5% B-mercaptoethanol.
The purified preparation migrated as a closely spaced
Coomassie blue-staining doublet consistent with an
approximate molecular weight of 220,000 (8). No other
Coomassie blue-staining band was detected.

Preparation of blood PMNs. Heparinized (10 U/ml)
venous blood from healthy donors was sedimented
with 6% dextran (Sigma Chemical Co., St. Louis, Mo.)
for 30 min. The leukocyte-rich supernatant was lay-
ered over Ficoll-Hypaque (Pharmacia Fine Chemicals,
Inc.) and centrifuged for 25 min at 800 X g (1). The
pellet containing PMNs and erythrocytes was resus-
pended in an erythrocyte-lysing solution (0.15 M
NH/CI, 0.01 M KHCO;, 0.0001 M EDTA [pH 7.3])
and incubated for S min at 4°C. The PMNs were then
washed two times with cold PBS and finally resus-
pended in PBS to the desired concentration. The
purity of the PMN preparations was 91 = 4.6% as
determined by morphological and staining characteris-
tics. PMN monolayers were prepared by incubating 50
wul of the PMN suspension (10%ml) on glass cover slips
contained in a petri dish for 5 min at room tempera-
ture. Nonadherent cells were removed by washing the
cover slips three times with ice-cold PBS. The cells
were covered with 2 ml of ice-cold PBS and kept at 4°C
until ready for use. Monolayers were used within 10
min of preparation.

Immunocytochemical procedures. The antiserum
used to localize fibronectin was prepared in rabbits by
immunization with purified human plasma fibronectin.
New Zealand white rabbits were injected intracutane-
ously in multiple sites on the back of the neck with a
100-png dose of fibronectin emulsified in complete
Freund adjuvant. The rabbits were boosted 3 weeks
later with a 100-pg dose of fibronectin emulsified in
incomplete Freund adjuvant injected subcutaneously,
and the serum was obtained at 2-week intervals there-
after. Immunoelectrophoresis and double immunodif-
fusion assays in agar gels with the immune serum
against human plasma resulted in a single precipitin
line, indicating that the antibody was directed against a
single plasma protein.

Electron microscopy. Bacteria exposed to various con-
centrations of purified fibronectin under the conditions
described above for the PMN association test were fixed
at room temperature in 0.1% glutaraldehyde—4% para-
formaldehyde buffered with 0.1 M sodium cacodylate
(pH 7.3). After 1 h they were transferred to a solution
containing buffered paraformaldehyde only and incubat-
ed at 4°C for approximately 18 h and then washed
extensively with PBS containing 0.1 M glycine to block
free aldehyde groups remaining bound to the organisms.
The fixed bacteria were incubated with a 1:400 dilution
of antiserum or preimmune serum overnight at 4°C,
washed thoroughly with PBS, stained with a 1:1000
dilution of peroxidase-conjugated goat anti-rabbit
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immunoglobulin G (Cappel Laboratories, Cochranville,
Pa.) for 1 h at ambient temperature, and thoroughly
washed with PBS followed by 0.05 M Tris buffer (pH
7.2). The samples then were reacted with a freshly
prepared solution of 0.05% 3,3'-diaminobenzidine hy-
drochloride (Electron Microscopy Sciences, Ft. Wash-
ington, Pa.)-0.0025% H,O, for 10 to 12 min at 0°C,
washed with Tris buffer, postfixed in 2.5% glutaralde-
hyde for 30 min and in 2% OsOQ, for 1 h, dehydrated, and
embedded in Spurr plastic. Sections with and without
lead citrate stain were examined with an AEI transmis-
sion electron microscope.

PMN association tests. A 1-ml amount of the bacteri-
al suspension and 100 pl of PBS, with or without the
test substance, were added to each monolayer (total
volume, 1.1 ml); the monolayers were shaken at the
lowest speed on a Fisher Clinical Rotator (60 rpm) at
ambient temperature for 15 min. Unbound bacteria
were removed by washing the monolayer three times
with 2 ml of ice-cold PBS. The cells were fixed with
95% ethanol and stained for 6 min with Giemsa blood
stain (Harleco, Philadelphia, Pa.), and the number of
associated streptococci per PMN was counted. The
results are expressed either as the number of strepto-
cocci bound per 100 PMNSs or as a ratio of the number
of bacteria bound in the presence of fibronectin to the
number of bacteria bound in PBS alone. When binding
assays were performed with streptococci pretreated
with fibronectin, 20 pg of fibronectin was added to 1
ml of PBS containing streptococci adjusted to an
absorbancy of 0.2 at 530 nm. Concentrations of fibro-
nectin above 20 pg/ml caused significant agglutination
of the streptococci and were not studied. The sample
was incubated for 1 h at 37°C, washed twice with ice-
cold PBS, and finally resuspended in sufficient PBS to
give an absorbancy of 0.2 at 530 nm. One milliliter of
pretreated and washed streptococci was added to each
monolayer, and the association assay was performed
as described above. All experiments were repeated at
least three times, and representative results are report-
ed.

Binding studies. Purified fibronectin was labeled
with [*Hlformaldehyde (specific activity, 100 mCi/
mmol; New England Nuclear Corp., Boston, Mass.)
according to the procedure of Grinnel (4). Initial
studies indicated that labeled fibronectin could not be
distinguished from native fibronectin in the PMN
adherence assay. The organisms used for the binding
studies were washed and resuspended in ice-cold PBS
at a concentration of 10° bacteria per ml. A 0.5-ml
amount of the bacterial suspension was mixed with S
ng of [PHlformaldehyde-labeled fibronectin (=5000
cpm/pg) in a total volume of 1 ml and incubated for 1 h
at 37°C. All organisms were centrifuged at 12,000 X g
for 30 s in a microcentrifuge (Eppendorf) and washed
twice with PBS. The washed pellet was resuspended in
1 ml of distilled water, and the amount of bound
fibronectin was determined with a liquid scintillation
counter (Hewlett-Packard, Palo Alto, Calif.). Prelimi-
nary binding studies with types lav and 5 streptococci
indicated that the binding of fibronectin increased
linearly with increasing numbers of streptococci,
reached saturation with increasing concentrations of
fibronectin, reached maximal binding within 30 min at
37°C, and could be inhibited by inclusion of unlabeled
fibronectin in the assay. Quench controls consisted of
a known amount of [*H]formaldehyde-labeled fibro-
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TABLE 1. Fibronectin-mediated association of type 1lav streptococci with human PMNs

No. of streptococci

Streptococci suspended in: T"“:Lf;’)f,’“"" F'bzzgfbc tin adher;;‘l’; b?:r 100
Fresh plasma 2.5 20 >1,000
Control plasma“ 2.5 20 21
Fibronectin-depleted plasma 2.5 <1 2
Fibronectin-reconstituted plasma 2.5 20 14
PBS 0 0 2

< Protein was estimated by the method of Lowry.

® Fibronectin was estimated by unidimensional electrophoresis in antibody-containing gels.
€ Control plasma was obtained from outdated blood and passed over three columns of agarose.

nectin plus bacteria and water equivalent to the
amounts used in each experiment. The bacteria were
inspected and counted microscopically before and
after fibronectin treatment to exclude artifacts caused
by aggregation or loss of bacteria.

RESULTS

Effect of fibronectin on association of strepto-
cocci with PMNs. Depletion of fibronectin re-
duced the ability of plasma to promote the
attachment of type lav streptococci to PMNs to
levels observed when buffer alone was added to
the assay (Table 1). Reconstitution of the deplet-
ed plasma with purified human fibronectin re-
stored the ability of the depleted plasma to
promote binding of streptococci to 63% of the
level of control plasma, indicating that fibronec-
tin may play a role in promoting the adherence
of type lav streptococci to human PMNs. As
expected, fresh plasma was the most effective
promoter of PMN-streptococcus association
(Table 1).

Several strains of M— and M+ streptococci
were tested for their ability to bind to PMNs in
the presence of purified fibronectin or PBS. M—
strains (types lav, DS8X, and 1RP41) showed
increased binding to PMNs (X = 313%; range,
200 to 400%) in the presence of fibronectin
whereas M+ strains showed no increased bind-
ing compared with PBS controls (X = 87%;
range, 75 to 98%).

When type lav streptococci were pretreated
with fibronectin (20 wg/ml) in PBS for 1 h at 4°C

TABLE 2. Effect of pretreatment of streptococci
with fibronectin on association with PMNs

Streptococci per

Streptococcal type Treatment 100 PMN's
lav PBS 0.8
Fibronectin® 17.5
Fibronectin® 5.5

“ The concentration of fibronectin was 20 ug/ml.

and washed three times before incubation with
the PMN monolayer, nearly a 22-fold increase in
binding was observed (Table 2). Pretreatment of
the M protein-rich type 24 strain with fibronectin
produced only a slight (2.5) increase in associa-
tion.

Electron microscopy. When streptococci were
incubated with plasma or purified fibronectin,
the bound fibronectin was identified on the
surface of the organisms by immunocyto-
chemical techniques. The typical globular reac-
tion product of horseradish peroxidase was ob-
served on the surface of the organisms exposed
to immune rabbit serum (Fig. 1a). Figures 1a and
b are photomicrographs made from unstained
sections. Both type lav (not shown) and type 24
(shown in Fig. 1) showed similar patterns of
staining after incubation with fibronectin and
horseradish peroxidase-labeled antiserum.

The heavy staining observed on the cytoplas-
mic membrane (Fig. 1a) may be an artifact due
to diffusion of the reaction product and absorp-
tion to the membrane. Similar artifacts have
been reported by several other investigators (3).

Binding studies with radiolabeled fibronectin.
Because fibronectin was demonstrated by elec-
tron microscopy on the surface of both M+ and
M- streptococci, we performed binding assays
to determine whether the differences observed
in the PMN association assays were related to
differences in the amounts of fibronectin bound
by the various strains. Initial binding studies,
with 5 pg of [*H]formaldehyde-labeled fibronec-
tin and 10° type lav streptococci, indicated that
maximum binding occurred within 30 min at
room temperature. These assay conditions were
used to determine the relative amount of fibro-
nectin binding to each strain studied (Table 3).
All of the gram-positive organisms tested bound
radiolabeled fibronectin, whereas the two gram-
negative organisms did not.

An M- strain (1RP41) and an M+ strain (type
1V) bound the highest amounts of fibronectin;
type lav (M—) and type 24 (M+) bound the least
amounts of fibronectin in this assay. Thus, the
presence or absence of M protein on the surface
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FIG. 1. Electron micrographs of ultrathin sections of group A streptococci (type 24) treated with fibronectin
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and (a) rabbit anti-human fibronectin or (b) normal rabbit serum. Both were then treated with horseradish
peroxidase-labeled goat anti-rabbit immunoglobulin G. The sections were photographed without further staining
to emphasize the peroxidase reaction product deposited on (a).

of the bacteria did not appear to influence the
amount of fibronectin bound.

DISCUSSION

Our studies indicate that the removal of gela-
tin-binding proteins from plasma by exhaustive
absorption decreased the ability of the plasma to
promote the binding of streptococci to PMNs.
Moreover, most of the original activity of the
plasma could be restored by adding purified
fibronectin to the depleted plasma.

The results are in agreement with a recent
study which indicated that fibronectin is neces-

TABLE 3. Binding of radiolabeled fibronectin to

bacteria
H-labeled
fibronectin
Bacteria Strain bound (ng)
per 10°
bacteria®
S. pyogenes D58X 781 = 89
Type lav 63+ 5
1RP41 1,089 = 4.2
Type 1V 922 + 13
Type S (Manfredo) 461 = 61
Type 19 510 + 32
Type 24 (Vaughn) 169 * 35
S. aureus Cowan 1 1,079 = 5.8
P. aeruginosa Clinical isolate 10+ 3
K. pneumoniae Clinical isolate 7+ 2

2 The values are recorded as the mean of triplicate
assays * one standard deviation.

sary for the optimal serum-mediated phagocyto-
sis of S. aureus by human and rat neutrophils
(M. E. Lanser and T. M. Saba, Circ. Shock
8:209, 1981), although more recently, Verbrugh
et al. (12) concluded that fibronectin did not
promote phagocytosis of bacteria by human
neutrophils, monocytes, or macrophages. It
must be stressed, however, that Verbrugh et al.
(12) were careful to preserve complement activi-
ty and that the conditions of their assay were
designed to allow phagocytosis of the bacteria
by the three populations of phagocytic cells
studied. In our studies, plasma salvaged from
outdated blood and passed over three chroma-
tography columns at ambient temperature was
used. Indeed, when fresh plasma was added to
our test system, the association of bacteria with
the PMN monolayers increased severalfold and
may have easily hidden the differences in associ-
ation observed. It should be emphasized that we
do not mean to imply that fibronectin plays a
major role in the opsonization of group A strep-
tococci. However, since our data indicate that
fibronectin promotes the association of M—
streptococci with PMNs, it is possible that this
serum glycoprotein works in concert with other
serum components for the efficient opsonization
of invading gram-positive bacteria.

Perhaps the most interesting observation pre-
sented in this work is the demonstration that
fibronectin binds in significant amounts to some
strains of S. pyogenes that bear M protein on
their surface without effectively promoting their
attachment to PMNs. It is not surprising that
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organisms expressing M protein were unaffected
by purified fibronectin because these virulent
streptococci are characterized by their innate
ability to grow in whole human blood (7). In-
deed, the only effective opsonin known for these
bacteria is antibody against the M protein mole-
cule in conjunction with classical complement
components (7). It has been shown previously
(5a) that the C3 component of complement also
binds to the surface of M+ streptococci in the
absence of M antibodies in quantities that are
sufficient to opsonize M— strains without pro-
moting phagocytosis of the former. Thus, at
least two proteins which are opsonic for M—
streptococci bind avidly to M+ strains without
overcoming the antiphagocytic effects of the M
protein. The mechanism of the antiphagocytic
action of M protein remains unclear. It is appar-
ent, however, that its presence does not inter-
fere with the binding of fibronectin. The binding
studies presented here were designed only to
ascertain relative binding of fibronectin. Nothing
is known about either the affinity or the number
of binding sites for fibronectin on the strains
studied, nor is it known whether the binding
sites for purified fibronectin on M+ and M-
streptococci are the same. However, the data
clearly demonstrate that binding of fibronectin
to bacteria is not sufficient to increase phagocyt-
ic recognition of the bacteria. A similar disparity
recently has been reported in preliminary form
for another gram-positive organism, S. aureus
J. E. Doran, R. H. Raynor, A. C. Reese, and
H. T. Edmondson, Fed. Proc. 40:3063, 1981).
They reported that fibronectin promoted phago-
cytosis only of S. aureus strains lacking protein
A, yet the binding of fibronectin to the protein
A-bearing Cowan I strain of S. aureus has been
extensively characterized (9).

Our studies show that fibronectin does not
bind to gram-negative organisms which is in
agreement with preliminary studies of E. coli (6)
and P. aeruginosa (J. Sadoff, S. Futrosky, S.
Peyser, U. Haynes, and H. Colins, Abstr. Annu.
Meet. Am. Soc. Microbiol. 1981, B16, p.17).
These investigators, furthermore, were unable
to show a clear-cut relationship between fibro-
nectin levels and either phagocytosis of, or
infections produced by, P. aeruginosa in an
experimental rat model of burn injury. Thus, the
accumulated data suggest that serum fibronectin
may be important only in defense against certain
strains of gram-positive bacteria.

Fibronectin may play an important role in the
ecology of the indigenous flora of the upper
respiratory tract. Woods et al. have recently
shown that P. aeruginosa adhere in high num-
bers to oral epithelial cells from patients with
cystic fibrosis (14) and seriously ill patients in
intensive care units (15) and that this increased
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adherence is correlated with a greatly reduced
level of fibronectin on the epithelial cell sur-
faces. We have recently found that group A
streptococci adhere only to populations of oral
epithelial cells exhibiting fibronectin on their
surfaces and that this adherence can be blocked
by the addition of purified fibronectin (Simpson
and Beachey, manuscript in preparation), sug-
gesting that fibronectin may be an important
modulator of bacterial adherence and coloniza-
tion as well as a nonimmune modulator of the
phagocytic defenses of the host.
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