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Previous studies have demonstrated that lipoteichoic acid (LTA) from Streptococcus pneumoniae binds to
erythrocytes and renders them susceptible to lysis by autologous complement. The present study was
performed to determine whether LTA from two other gram-positive bacterial species had the ability to render
mammalian ceils susceptible to lysis by autologous complement. Human erythrocytes were sensitized with LTA
from S. pneumoniae, Streptococcus pyogenes, or Lactobacillus fermentum. Under incubation in normal
autologous serum, lysis was observed with each of the LTA-sensitized erythrocyte preparations. When
erythrocytes from a C2-deficient patient were sensitized with the LTA preparations and then incubated in
autologous, C2-deficient serum, the erythrocytes sensitized with S. pyogenes or L. fermentum LTA demon-
strated relatively little lysis, whereas the erythrocytes sensitized with S. pneumoniae LTA yielded near-total
lysis. After reconstitution of the C2-deficient serum with purified human C2, lysis was observed with all three
LTA preparations. When erythrocytes from an agammaglobulinemic patient were sensitized with either the S.
pyogenes or the L. fermentum LTA, they were not lysed in the presence of autologous agammaglobulinemic
serum, whereas the erythrocytes sensitized with S. pneumoniae LTA were completely lysed. Serum obtained
from the agammaglobulinemic patient after reconstitution with intravenous pooled gamma globulin was able
to lyse autologous erythrocytes sensitized with each of the three LTA preparations. These results demonstrate
that the ability to render host cells susceptible to lysis by autologous complement is a general property of LTA.
Whether activation of the autologous complement occurs by the classical or alternative pathways and whether
it is antibody dependent depends on the nature of the bacterial LTA.

Many gram-positive bacterial species have been shown to
possess cell surface amphiphiles (27, 28). A variety of
gram-positive bacteria, including many Streptococcus,
Lactobacillus, Staphylococcus, and Bacillus species, con-
tain amphiphilic lipoteichoic acids (LTA) which consist of a
substituted or unsubstituted polyglycerophosphate chain co-
valently linked to a hydrophobic lipid moiety (see references
16, 27, and 28 for reviews). The Forssman antigen of
Streptococcus pneumoniae (4, 8), termed pneumococcal
LTA (4), is a complex amphiphile which contains ribitol
phosphate, choline, glucose, galactosamine, and fatty acids
(4, 6, 8).
LTA of gram-positive bacteria are considered to be

closely associated with the bacterial cytoplasmic membrane
via hydrophobic interactions. However, a variety of data
indicate that these molecules extend through the cell wall to
the bacterial surface (28). In addition, bacteria are known to
secrete these amphipathic molecules in both the fully acyl-
ated and unacylated forms (15, 22); these events are greatly
influenced by environmental factors (28), including enhance-
ment of release by exposure to antibiotics (1, 5). Once
released from bacteria, LTA can bind to a variety of mam-
malian cells (2, 19, 24), including erythrocytes (3), and retain
their antigenic activity (9, 16, 21, 27). In addition, cell-bound
LTA is capable of activating the complement system in
heterologous serum (7, 11, 21).
The studies cited above suggest that LTA and other

bacterial amphiphiles bound to host cells could interact with
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the complement system of the host to cause complement-
mediated damage during the course of a natural bacterial
infection. However, numerous studies have reported that
mammalian cells sensitized with antibody are relatively
resistant to complement-mediated lysis when the comple-
ment source is autologous or homologous serum (10, 20).
Despite the relative resistance of cells to lysis by autologous
complement, recent studies have shown that S. pneumoniae
LTA can render human erythrocytes susceptible to lysis by
autologous complement via activation of either the alterna-
tive or the classical pathway (12).
The unique and complex chemical structure of pneumo-

coccal LTA (4, 6) raises the question of whether its ability to
render mammalian cells susceptible to autologous comple-
ment damage is common to LTA from other bacterial
species. The present study examined the ability ofLTA from
two other gram-positive bacterial species, Streptococcus
pyogenes and Lactobacillus fermentum, to endow human
erythrocytes with the ability to activate autologous comple-
ment and cause complement-mediated lysis. Additional
studies were performed to determine whether complement
activation occurred via the classical or alternative pathway
and whether it was antibody dependent.

MATERIALS AND METHODS
Buffers. Veronal-buffered saline, pH 7.4, with an ionic

strength of 0.147 and containing 0.15 mM Ca2+ and 1.0 mM
Mg2+ (VBS2+) was prepared as described previously (18).
Veronal-buffered saline, pH 7.4, ionic strength 0.147, con-
taining 0.15 mM Ca2+, 1.0 mM Mg2+, and 0.1% gelatin
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(GVB2+), was also prepared. Veronal-buffered saline, pH
7.4, ionic strength 0.147, containing 0.01 M EDTA, was also
prepared with 0.1% gelatin (GVB/EDTA) and without gela-
tin (VBS/EDTA).

Sera. Sera were obtained from a normal volunteer, from a
patient with a genetically determined complete deficiency of
C2 (13), and from a patient with newly diagnosed agam-
maglobulinemia (immunoglobulin G [IgG], 22 mg/dl; IgA, 7
mg/dl; and IgM, 14 mgldl). The sera were stored in small
volumes at - 70°C until use. To evaluate the role of immu-
noglobulin in complement activation by LTA, serum sam-
ples were obtained from the agammaglobulinemic patient
before (IgG, 22 mg/dl) and after (951 mg/dl) the infusion of
intravenous IgG (Gamimmune; Cutter Biologicals, Emery-
ville, Calif.).
Complement components. Purified human C2 was pur-

chased from Cordis Laboratories, Miami, Fla.
Erythrocytes. Erythrocytes were obtained from the normal

volunteer, the C2-deficient patient, and the agam-
maglobulinemic patient as noted above. Whole blood was
drawn into sterile tubes containing sufficient EDTA to yield
a final concentration of 0.01 M and then stored at 4°C for no
longer than 4 days before use. All erythrocyte preparations
were washed three times in VBS/EDTA and twice in VBS2 +
and then standardized spectrophotometrically to 5.4 x 108
cells per ml in VBS2+ immediately before use.

S. pneumoniae LTA. Purified LTA was prepared from an
unencapsulated pneumococcal strain, R36A, as described
previously (4, 11). Briefly, log-phase organisms were har-
vested, washed, and allowed to undergo autolysis. The
resulting pellet was treated with trypsin and defatted sequen-
tially with 95% acetone, ethanol-ether (3:1), and chloroform-
methanol (1:1). The residue was extracted with H20, and the
extract was treated with DNase and RNase and then precip-
itated with absolute ethanol. The precipitate was extracted
with H20, precipitated with acetone, redissolved in H20 at a
concentration of 1.0 mg/ml, and stored at - 70°C.

L. fermentum LTA. Purified LTA isolated from L. fermen-
tum NCTC 6991, prepared as described previously (25, 26),
was the generous gift of A. J. Wicken, University of New
South Wales, Sydney, Australia. The LTA was reconsti-
tuted in H20 at a concentration of 1.0 mg/ml and stored at
- 700C.
Streptococcus pyogenes LTA. Purified LTA isolated from S.

pyogenes 1-RP41 was prepared as described previously (23).
Briefly, the streptococci were grown for 24 h in 60-liter
batches in Todd-Hewitt broth at 37°C. The cells were
collected by centrifugation, washed twice in saline, and then
extracted with cold phenol at pH 4.7. The aqueous phase,
after extensive dialysis against distilled water, was purified
by molecular sieve chromatography on Sepharose 6B by
using 0.2 M ammonium acetate as eluent and lyophilized.
Purity was determined by chemical analysis (23). The LTA
was reconstituted in H20 at a concentration of 1.0 mg/ml and
stored at - 70°C.
Monoclonal antibody to polyglycerol phosphate. A murine

monoclonal antibody of the IgG3 class, which recognizes the
polyglycerol phosphate immunodeterminants of LTA of
Streptococcus mutans Ingbritt 7B11, was prepared as de-
scribed previously (14).

In vitro complement activation. Erythrocytes at a concen-
tration of 5.4 x 108/ml in VBS2+ were incubated for 30 min
at 37°C with the desired concentrations of LTA (LTA-E) or
with VBS2+ (VBS-E). Treated erythrocytes were washed
three times in GVB2+. The LTA-E or VBS-E were then
incubated at a concentration of 5.4 x 107/ml in the desired

concentration of autologous serum for 30 min at 37°C. The
percent lysis was measured spectrophotometrically, and
specific lysis was calculated by subtracting the percent lysis
of unsensitized erythrocytes (VBS-E) from that of erythro-
cytes sensitized with LTA (LTA-E). Unsensitized erythro-
cytes preincubated with buffer (VBS-E) consistently demon-
strated less than 3% lysis over the range of serum concen-
trations used.

Agglutination of sensitized erythrocytes. Erythrocytes at a
concentration of 5.0 x 108/ml in VBS + were incubated with
each of the three LTA preparations (20 ,ug/ml) or with
VBS2+ for 30 min at 37°C. The cells were then washed three
times and resuspended in VBS21 to their initial concentra-
tion. Samples of 50 ,ul of LTA-E or VBS-E were then
incubated in a microtiter plate (Dynatech Laboratories, Inc.,
Alexandria, Va.), with 25 ,ul of the 7B11 monoclonal anti-
body diluted 1:10, 1:100, or 1:1,000 in GVB/EDTA or with 25
Al of buffer at 37°C. Wells were examined for gross and
microscopic hemagglutination after 1 h.

RESULTS

Binding of LTA to human erythrocytes. Previous studies
have shown that, under the conditions of the present exper-
iments, pneumococcal LTA binds to human erythrocytes
(11). To determine whether LTA isolated from L.fermentum
and S. pyogenes would also bind to human erythrocytes
under the conditions of the current experiments, we used the
monoclonal IgG antibody to polyglycerol phosphate (7B11)
to agglutinate erythrocytes preincubated with these two
LTA preparations. Erythrocytes which had been preincu-
bated with the L. fermentum or S. pyogenes LTA (20 pg/ml)
were agglutinated by the anti-polyglycerol phosphate anti-
body at a 1:10, 1:100, and 1:1,000 dilution. In contrast,
erythrocytes preincubated with 20 .g of pneumococcal LTA
per ml, which does not contain a polyglycerol phosphate
backbone, were not agglutinated by the anti-polyglycerol
phosphate antibody at any dilution. Control erythrocytes
which had not been preincubated with any LTA were not
agglutinated by the monoclonal antibody.

Lysis of LTA-sensitized erythrocytes by autologous serum.
Normal human erythrocytes were preincubated with LTA
isolated from L. fermentum, S. pyogenes, or S. pneumoniae
(50 ,ug/ml) and then incubated with various concentrations of
normal autologous serum. Increasing lysis was seen for all
three species of LTA with increasing concentrations of
serum, with complete lysis occurring at serum concentra-
tions of 10% and higher (Fig. 1). Normal human erythrocytes
were also preincubated with various concentrations of the
same preparations of LTA and then incubated with 20%
autologous serum. A dose-dependent increase in lysis for all
LTA species was observed, with complete lysis occurring at
a concentration of 10 Ag of LTA per ml and higher (Fig. 2).
To demonstrate that the lysis was mediated by complement,
erythrocytes presensitized with each of the three LTA
preparations (20 pg/ml) were incubated with 20% autologous
serum which had been either heated at 56°C for 1 h or treated
with 0.01 M EDTA. Significant lysis was not observed in
either case.

Role of the alternative pathway in lysis of LTA-sensitized
erythrocytes by autologous complement. Erythrocytes from a
patient with a genetically determined complete deficiency of
C2 were preincubated with each of the three LTA prepara-
tions at a concentration of 50 p,g/ml and then exposed to
increasing concentrations of autologous C2-deficient serum.
Erythrocytes sensitized with LTA isolated from L.
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FIG. 1. Lysis of human erythrocytes sensitized with 50 ug of

LTA per ml from S. pneumoniae (0), S. pyogenes (U), or L.
fermentum (A). LTA-E were incubated for 30 min at 37°C with
increasing concentrations of normal autologous serum. No signifi-
cant lysis of control erythrocytes was observed.

fermentum and S. pyrogenes demonstrated significantly less
lysis than did erythrocytes sensitized with the S. pneumo-
niae LTA (Fig. 3). Erythrocytes from the C2-deficient pa-
tient were also preincubated with varying concentrations of
LTA and then incubated with 50% autologous serum. The
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FIG. 3. Lysis of erythrocytes (from a C2-deficient human) sen-

sitized with 50 ,g of LTA per ml from S. pneumoniae (0), S.
pyogenes (E), or L. fermentum (A). LTA-E were incubated for 30
min at 37°C with increasing concentrations of C2-deficient autolo-
gous human serum. No significant lysis of control erythrocytes was
observed.

LTA isolated from L. fermentum and S. pyogenes produced
relatively little lysis, even at doses as high as 100 ug/ml (Fig.
4), whereas a dose-dependent increase in lysis was demon-
strated with the pneumococcal LTA, reaching 94% lysis at
100 pg/ml. Erythrocytes sensitized with each of the three
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FIG. 2. Lysis of human erythrocytes sensitized with increasing

doses of LTA from S. pneumoniae (0), S. pyogenes (U), or L.
fermentum (A). LTA-E were incubated for 30 min at 37°C with 50%
autologous normal human serum. No significant lysis of control
erythrocytes was observed.
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FIG. 4. Lysis of erythrocytes (from a C2-deficient human) sen-

sitized with increasing doses of LTA from S. pneumoniae (0), S.
pyogenes (E), or L. fermentum (A). LTA-E were incubated for 30
min at 37°C with 50% C2-deficient autologous human serum. No
significant lysis of control erythrocytes was observed.

INFECT. IMMUN.



BACTERIAL LIPOTEICHOIC ACIDS AND COMPLEMENT

LTA preparations (100 pg/ml) and then incubated in 50%
C2-deficient serum which had been heated at 56°C for 1 h or
treated with 0.01 M EDTA demonstrated no significant lysis
(<4%).
The C2-deficient serum was then reconstituted with vari-

ous concentrations of purified human C2 and tested to
determine whether it was able to support the lysis of
LTA-sensitized erythrocytes. Erythrocytes were preincu-
bated with each of the three LTA preparations at 3 or 30
pg/ml, washed, and then incubated with 50o autologous
serum to which various concentrations of C2 had been
added. Lysis of sensitized erythrocytes was enhanced for all
three species of LTA by the addition of human C2 (Fig. 5).
Not shown in Fig. 5 are the results for pneumococcal LTA at
30 pg/ml, which yielded 100% lysis without C2 reconstitu-
tion, as expected.

Role of immunoglobulin in lysis of LTA-sensitized erythro-
cytes by autologous complement. Erythrocytes from a newly
diagnosed, untreated patient with agammaglobulinemia were
preincubated with each of the three different LTA prepara-
tions (50 pg/ml). The sensitized cells were then incubated
with increasing concentrations of autologous serum, both
pretreatment serum (IgG, 22 mg/dl) and serum obtained after
intravenous infusion of gamma globulin (IgG, 951 mg/dl).
The erythrocytes sensitized with either the L. fermentum
LTA or the S. pyogenes LTA demonstrated little if any lysis
in the immunoglobulin-deficient (pretreatment) serum, even
at concentrations as high as 50%. In contrast, the erythro-
cytes sensitized with pneumococcal LTA showed increasing
amounts of lysis with increasing concentrations of immuno-
globulin-deficient serum. In autologous serum reconstituted
with IgG, significant augmentation of lysis was observed for
all three species of LTA, with each of the LTA preparations
reaching complete lysis in 10% autologous serum (Fig. 6).

Agglutination studies with LTA-sensitized erythrocytes
were performed to determine the LTA antibody titers in the
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FIG. 5. Lysis of erythrocytes (from a C2-deficient human) sen-

sitized with LTA from S. pneumoniae (0), S. pyogenes (U), or L.
fermentum (A), at 3 (-) and 30 pg/ml (-- -) after reconstitution
of C2-deficient autologous human serum with increasing doses of
C2. No significant lysis of control erythrocytes was observed.
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FIG. 6. Lysis of erythrocytes (from an immunoglobulin-defi-

cient human) sensitized with LTA from S. pneumoniae (0, 0), S.
pyogenes (O, U), or L. fermentum (A, A). LTA-E were incubated
for 30 min at 37°C with increasing concentrations of immunoglob-
ulin-deficient autologous human serum (open symbols) or with
immunoglobulin reconstituted autologous human serum (filled sym-
bols). No significant lysis of control erythrocytes was observed.

agammaglobulinemic and IgG-reconstituted sera. No detect-
able titers (<1:2) to any of the three LTA preparations were
found in the pretreatment (IgG, 22 mg/dl) serum. After
reconstitution with pooled immunoglobulin (IgG, 951 mg/dl),
titers of 1:8 were obtained for each of the LTA preparations.

DISCUSSION

LTA from gram-positive bacteria are shed from the cell
membrane during culture (15, 17, 22) and presumably also
during the course of infections. Once shed by the bacteria,
the LTA can bind to erythrocytes (3) and other mammalian
cells (2, 19, 24). This binding can lead to the activation of the
classical or alternative pathways of complement in heterol-
ogous sera (7, 11, 12). Recently, it has been shown that
pneumococcal cell membrane LTA can render sensitized
host erythrocytes susceptible to lysis by autologous comple-
ment via activation of either the alternative or classical
pathway (12). The present study examined whether this
ability of S. pneumoniae LTA to sensitize host cells for lysis
by autologous complement was a general property of LTA.
We also studied whether the activation of complement
occurred via the classical or the alternative pathway and
what role natural antibody might play.
The LTA preparations from each of the three gram-

positive bacterial species were able to sensitize human
erythrocytes for lysis in autologous serum. Optimal concen-
trations of autologous sera and bacterial LTA preparations
were determined and used to provide maximally favorable
conditions for erythrocyte lysis. That complemnent activation
was required for autologous lysis was demonstrated by the
inhibition of lysis by pretreating the serum with EDTA or
heat. Two previous studies have examined the ability of
homologous, but not autologous, complement to lyse host
cells (10, 20). In one study, desialidated erythrocytes and
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nucleated tumor cells (10) were used as targets, whereas in
the other study, erythrocytes coated with lipopolysaccharide
and sensitized with antibody were used (20). In each case,

lysis by homologous complement was markedly reduced,
compared with lysis by heterologous complement. Presum-
ably, intrinsic control mechanisms exist in the host cell to
prevent or retard lysis by autologous complement. The
binding of a critical number of LTA molecules to the cell
surface seems to overcome this inhibition and promote
complement activation and lysis. The results of the present
study indicate that LTA is able to sensitize host cells for
lysis by autologous complement and that this is a general
property of LTA from gram-positive bacteria.

Experiments were also performed to determine the path-
way(s) by which complement activation occurred. A previ-
ous study found that pneumococcal LTA is able to sensitize
host cells for lysis by autologous complement via the alter-
native pathway, although lysis is facilitated in the presence

of the classical pathway (12). In the present study, erythro-
cytes obtained from a C2-deficient patient were sensitized
with each of the LTA preparations and incubated with
autologous sera. The results of the present study indicate
that LTA isolated from L. fermentum and S. pyogenes were

relatively poor activators of the alternative pathway com-

pared with pneumococcal LTA.
The present study also evaluated the role of immunoglob-

ulin in the ability of autologous complement to lyse erythro-
cytes sensitized with LTA isolated from S. pyogenes, L.
fermentum, and S. pneumoniae by using serum deficient in
immunoglobulin. Erythrocytes sensitized with pneumococ-

cal LTA were lysed in the agammaglobulinemic autologous
serum, whereas erythrocytes sensitized with the other two
LTA preparations were not lysed in the agammaglobulin-
emic serum. On reconstitution of the autologous agam-
maglobulinemic serum with IgG, lysis was achieved for all
three species of LTA. Although erythrocytes sensitized with
pneumococcal LTA could be lysed by autologous comple-
ment in the absence of immunoglobulin, lysis was still
enhanced by immunoglobulin reconstitution. The other LTA
preparations were dependent on physiologic concentrations
of antibody in the serum for complement-mediated lysis to
proceed.
The results of the present study indicate that the ability to

render host cells susceptible to damage or lysis by autolo-
gous complement is a general property of LTAs of diverse
chemical structure from a number of different gram-positive
bacteria. The present study also indicates that the primary
mechanism or pathway by which the LTA activates the
autologous complement may differ, depending on the bacte-
rial species from which the LTA is obtained. Whereas
pneumococcal LTA was able to activate the alternative
pathway and did not depend on significant levels of immu-
noglobulin, the LTAs from S. pyogenes and L. fermentum
depended on antibody and an intact classical pathway. The
reason for the difference in the ability to produce comple-
ment-mediated lysis via the alternative pathway is unknown
but may reside in the unique chemical nature of pneumococ-
cal LTA.

In a recent study, pneumococcal LTA was shown to

sensitize erythrocytes for destruction by autologous comple-
ment in vivo (12). LTA-sensitized rat erythrocytes, when
reinfused into normocomplementemic autologous donors,
undergo rapid intravascular hemolysis. Complement-
depleted rats sequester LTA-E in the reticuloendothelial
system, but do not exhibit detectable cell lysis. It is therefore
possible that gram-positive bacteria release LTA into the

local environment, where it binds to host cells and interacts
with autologous complement to result in host cell destruc-
tion.
The capacity of gram-positive bacterial LTA to promote

autologous complement activation and lysis or damage to
host cells could have important implications in the interac-
tion of microorganism and host during the course of natural
bacterial infections. The potential for complement-mediated
damage to host cells sensitized with LTA might explain
some of the tissue damage seen during and after bacterial
infections.
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