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Lipoteichoic acid isolated from Streptococcus faecalis or Streptococcus pyogenes caused direct activation of
the respiratory burst in human peripheral blood monocytes. This activity appears to be related to the ability
of lipoteichoic acid to bind to the monocyte membrane and trigger the polarization of receptors (capping).

One of the most important host defense mechanisms
against invading microbial pathogens is phagocytosis by
professional phagocytes and the subsequent killing of the
invading organisms by oxygen radicals (14, 19, 20). Although
other antimicrobial activities of phagocytic cells, such as
lysosomal enzymes (10) and cationic proteins (17, 26), have
been reported, the highly toxic oxygen radicals are thought
to play an important role in the inflammation and killing of
endocytosed bacteria by phagocytic cells (14, 19, 20). Thus,
bacterial products which stimulate oxidative burst in phago-
cytic cells may play an important role in the infectious
process. Lipoteichoic acid (LTA) has been shown to be such
a product (9, 25).
Most gram-positive bacteria contain LTA in their cyto-

plasmic membranes (2, 4, 16, 29, 30). LTA molecules are
high-molecular-weight amphiphiles consisting of a hydro-
phobic glycolipid moiety and a hydrophilic chain composed
of a glycerol phosphate polymer (15, 30). They are located
on the surfaces of gram-positive bacteria as well as secreted
to the extracellular milieu and are centrally involved in the
binding of these bacteria to a variety of mammalian cells (1,
3, 4, 21, 23, 29, 30). In addition to being the adhesion factor
for gram-positive bacteria (2), LTA may also play an impor-
tant role in the pathogenesis of infectious diseases caused by
these organisms (21). Several studies have demonstrated
that LTA isolated from various organisms stimulates phago-
cytic cells (9, 11, 25, 28). The mechanisms by which LTA
activates these cells have not been elucidated. In the present
study, we examined the cell membrane-binding properties of
LTA in relation to its ability to stimulate oxidative burst in
human monocytes.

Peripheral blood was obtained from healthy adult donors.
Mononuclear cells were separated on a Ficoll-Hypaque
gradient (5). Monocytes were obtained from a Percoll gradi-
ent (27) and suspended in pyrogen-free Hanks balanced salt
solution (HBSS). Polymorphonuclear leukocytes (PMN)
were obtained by the dextran sedimentation method (22).
The purity of each cell population was assessed by histo-
chemical staining and light microscopy, and each was more
than 95% homogeneous.
LTA from Streptococcus faecalis was purchased from

Sigma Chemical Co. (St. Louis, Mo.) and purified by phenol-
water extraction and anion-exchange chromatography on
DEAE-Sephacel (8). This preparation retained alanine ester
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substitution and was in the form of sodium salt. The molar
ratio of glycerol to phosphate was 1:1. LTA from Strepto-
coccus pyogenes was extracted and purified as described (7).
This LTA was essentially free of amino acids (except ala-
nine) and of sugars (except glucose, 2 mol/mol of LTA) and
had a glycerol/phosphate ratio of 1:1. LTA was freshly
diluted in pyrogen-free HBSS before each experiment.

Antibodies to S. pyogenes were raised in New Zealand
White rabbits as previously described (7). Deacylated LTA
(polyglycerol phosphate; d-LTA) was obtained from the
purified preparation of S. pyogenes LTA as described pre-
viously (23). The cell membrane binding by the LTA prep-
arations was determined by their ability to sensitize eryth-
rocytes as described previously (23) and was found to be 320
(i.e., a 1:32 dilution of 100 ,ug of LTA per ml gave positive
hemagglutination with a 1:100 dilution of anti-LTA antibod-
ies). The d-LTA was without any detectable sensitizing
activity but possessed a potent antigenic activity, as deter-
mined by the hemagglutination inhibition assay (23).
The binding of LTA and of d-LTA to the monocytes and

the PMN preparations was assessed by immunofluorescence
techniques as previously described (7). Highly purified prep-
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FIG. 1. Dose response curve for LTA action on cytochrome c

reduction in monocytes LTA purified from S. pyogenes (0) or S.
faecalis (0). The respiratory burst was measured for 1 h. Values are
the means ± standard error of the mean (bars) of eight experiments.
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FIG. 2. Time course of the effect of LTA on cytochrome c

reduction in monocytes. Effect of S. pyogenes (0) and S. faecalis
(a) LTA. Bars represent the standard error of the mean.

arations of either monocytes or PMN were incubated for
various times with 30 jig of LTA per ml and fixed with 1%
paraformaldehyde. Binding of LTA was visualized by incu-
bating the fixed monolayers first with a 1:50 dilution of
anti-LTA antibodies for 30 min at 37°C and then with
fluorescein isothiocyanate-conjugated goat anti-rabbit anti-
bodies. The binding was examined by fluorescence micros-
copy.

Superoxide anion generation was assayed by the superox-
ide dismutase-inhibitable reduction of cytochrome c as de-
scribed by Johnston et al. (12). Monocytes (106) in HBSS
containing 80 gxM ferricytochrome c (Sigma) were placed in
plastic tissue culture dishes (35 by 10 mm; Nunc, Roskilde,
Denmark). The reaction was initiated with the addition of
LTA, and the cells were incubated in a humidified incubator
with 5% CO2 in air at 37°C. The reaction mixture was
removed, placed in chilled microcentrifuge tubes, and cen-

trifuged. The optical density of the supernatants was mea-
sured spectrophotometrically at 550 nm, and the concentra-
tion of reduced cytochrome c was determined. Results are
expressed as nanomoles of 02 per hour per 106 cells with an
extinction coefficient of 21 x 10-3/M per cm. Cultures
containing 50 p,g of superoxide dismutase per ml served as
blanks. The differences in means were analyzed by Student's
t test. The plots were drawn as least-squares regression lines
and tested by analysis of variance.
LTA purified from group A streptococci (S. pyogenes) and

from group D streptococci (S. faecalis) stimulated superox-
ide generation by monocytes in a similar fashion (Fig. 1). In
contrast, d-LTA had no detectable activity (data not shown).
Thus, it appears that as in the case of other biological
activities of LTA, the stimulation of the oxidative burst in
monocytes requires ester-linked fatty acids. LTA had a
biphasic effect on the maximal cytochrome c reduction in
monocytes (range, 1 to 1,000 ng/ml). The most effective
concentration ofLTA from either S. faecalis or S. pyogenes
was 50 ng/ml, which stimulated cytochrome c reduction to
4.52 ± 0.2 and 4.1 + 0.4 nmol, respectively (mean +

standard error of the mean). The biphasic behavior induced
by LTA is not surprising, since a similar effect was also
shown for other stimuli such as formylmethionylleucylphe-
nylalanine, lipopolysaccharide, and tuftsin (13, 18). How-
ever, unlike lipopolysaccharide, LTA does not stimulate
PMN directly (9, 25; our unpublished results). This finding,
together with the lack of activity in the d-LTA preparations,
rules out the possibility that the observed effects are medi-
ated by trace contaminants of lipopolysaccharide in the
buffers.
The time course effect of LTA (50 ng/ml) on cytochrome c

reduction was also studied (Fig. 2). LTA caused an imme-
diate increase in the reduction of cytochrome c. Stimulation
of the oxidative burst reached a plateau after 60 min.

Binding of S. pyogenes LTA to monocytes was confirmed
by immunofluorescence techniques (Fig. 3). Unlike that in
PMN, the immunofluorescence label in monocytes was
polar, suggesting that LTA receptors in these cells can be
capped directly by LTA. Previous results by Courtney et al.

FIG. 3. Binding ofLTA to human monocytes and PMN. Monolayers of monocytes (right) and PMN (left) were exposed to LTA (30 jig/ml)
for 30 min at 37°C. The monolayers were fixed, washed, and reacted with anti-LTA antibody followed by fluorescein isothiocyanate goat
anti-rabbit antibody as described in the text. Note that LTA caused capping of receptors in monocytes (arrowheads), while binding of LTA
to PMN was uniformly distributed along the cell membrane. No fluorescence was seen in either monolayer when LTA was omitted (data not
shown).
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(7) demonstrated that LTA binds to PMN, but capping
occurred only in the presence of anti-LTA antibodies. Re-
cently, Ginsburg et al. (9) reported that LTA can stimulate
an oxidative burst in PMN only in the presence of anti-LTA
antibodies. In contrast, Ohshima et al. (25) observed direct
stimulation of chemiluminescence in human monocytes by
staphylococcal LTA. In our studies, we found that the
magnitude of cytochrome c reduction in monocytes that
were first incubated in the cold (4°C) with 50 ng of LTA per
ml, washed, and then suspended in HBSS was the same as
that in monocytes suspended in a 1:50 dilution of anti-LTA
antibodies in HBSS (data not shown). Taken together, these
observations are in line with reports that ligand-induced
receptor cross-linking is required for certain membrane-
initiated intracellular events (6).

In conclusion, it appears that compared with those on
PMN, LTA receptors on monocytes are either distinct or
presented in a way that allows LTA to stimulate oxidative
burst directly in these cells, probably by binding and cross-
linking the receptors.

It has been suggested that stimulation of LTA-sensitized
PMN or monocytes by anti-LTA antibodies, which are
present in most human sera, may occur during inflammation
caused by gram-positive bacteria in deep tissues (9). Our
findings suggest that direct stimulation ofmononuclear phago-
cytes by LTA may be of significance in gram-positive
infections at serum-poor sites such as the lung or renal
medulla (24).
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Veterans Administration and by Public Health Service research
grants GM-38530, AI-10085, and AI-13550 to M. Kotb and E. H.
Beachey from the National Institutes of Health.
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