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Role of Lipopolysaccharide and Complement in Susceptibility of
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The role of lipopolysaccharide (LPS) in the susceptibility of Haemophilus ducreyi to human serum and the
mechanism of complement activation by serum-susceptible (Sers) strains were investigated. Serum treated with
2 mM Mg2+ and 20 mM ethylene glycol-bis(O-aminoethyl ether)-N,N,N',N'-tetraacetic acid was
nonbactericidal, but inulin-treated serum remained bactericidal. Absorption of serum with heat-killed whole
cells of an Sers strain removed its bactericidal activity against the absorbing strain and also against other Sers
strains. LPS obtained from Sers strains inhibited the bactericidal activity of serum against all Sers strains,
whereas LPS from serum-resistant (Serr) strains Ind an Serr isogenic strain did not. liowever, high
concentrations of LPS from the Serr strain inhibited the bactericidal activity of serum, an indication that part
of the structural site involved in serum susceptibility is retained in the LPS of this strain. The LPS of Sers
strains exhibited higher anticomplement activity than the LPS of Serr strains. These findings suggest that the
classical pathway of complement activation is involved in the serum killing of H. ducreyi and that LPS
composition may contribute to their susceptibility to complement-mediated serum bactericidal activity.

Complement-mediated lethal action of human serum and
phagocytosis and killing by human polymorphonuclear leu-
kocytes are important components of the host defense
against infection with gram-negative bacteria (3, 4, 24).
Resistance to the bactericidal activity of serum and
phagocytosis by human polymorphonuclear leukocytes is a
property of many bacterial strains causing severe infection
involving tissue penetration and damage (23, 28, 34, 40).
Several studies have implicated bacterial envelope compo-
nents such as outer membrane lipopolysaccharide (LPS) (10,
20-22, 32), capsular polysaccharide (9, 17, 36), and outer
membrane proteins (12, 14, 18, 39) in resistance of bacterial
strains to the bactericidal activity of serum.
Complement activation by gram-negative bacteria can

occur via the classical or the alternative pathway. The
classical pathway can be activated by the interaction of
antibody with bacterial surface antigens or directly by the
lipid A moiety of LPS (11, 19). The alternative pathway may
be activated by bacterial surface polysaccharides indepen-
dent of antibody (19).
A previous study (23) of the pathogenesis of Haemophilus

ducreyi infection indicated that virulent strains positive in
the rabbit intradermal test were resistant to complement-
mediated bactericidal action of human serum, whereas the
avirulent strains were susceptible. In the present study, we
have investigated the mechanism of complement activation
by H. ducreyi strains and the role of LPS composition in the
susceptibility of these strains to the bactericidal activity of
serum. Results suggest that the classical complement path-
way is involved in the serum killing of H. ducreyi strains,
and that the LPS composition of tIlese strains plays a critical
role in their susceptibility to human serum.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The H. ducreyi

strains used in this study include reference strains A77, A75,
and A76, all obtained from the Pasteur Institute in Paris;
strain 409 is an isolate obtained from Kenya, and strain 35000
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is a Winnipeg isolate. Serum resistant isogenic strain A77*
was obtained by passage of strain A77 in the presence of
increasing concentrations of serum, until a 70% survival rate
of organisms was reached. Serum-susceptible Haemophilus
influenzae NCTC 8143 was included in the study.

Strains were kept as frozen skimmed milk stock cultures
at -70°C. When needed, they were cultured on hemoglobin
agar composed of gonococcus medium base with CVA
enrichment (GIBCO Diagnostics, Madison, Wis.) and incu-
bated at 35°C under 5% CO2 and high humidity.

Virulence testing. The virulence of stock strains was tested
as previously described (13). The test involved intradermal
injection of 0.2 ml of a sheep brain heart infusion broth
suspension containing 109 CFU of H. ducreyi per ml into 2-
to 3-kg, 1-year-old female rabbits. Induration and necrosis
were determined daily from day 1 until day 11 postinocula-
tion. The criteria for virulence were as follows: by day 4,
induration exceeded 0.5 cm, and the lesion progressed to an
eschar by day 11. According to this test, strains 409, 35000,
and A77* were virulent, and strains A77, A75, and A76 were
avirulent.
Methods of LPS isolation. The LPS of H. ducreyi strains

was isolated from 18 g (wet weight) of stationary-phase
cultures by the phenol-water procedure of Westphal and
Jann (41). All LPS preparations were lyophilized and stored
at -20°C.
Serum bactericidal assay. Serum bactericidal assays were

performed as previously described (23) with pooled serum
from five healthy young adults with no history of chancroid.
A 16-h culture of H. ducreyi was suspended in 1% proteose
peptone (Difco Laboratories, Detroit, Mich.) in physiologi-
cal saline (PPS), pH 7.2, to a concentration of 5 x 108
CFU/ml. At time zero, 0.1 ml of the bacterial suspension (5
x 107 CFU) was added to a tube containing 0.4 ml of PPS
and 0.5 ml of undiluted serum. Control tubes contained
heat-inactivated serum. Tubes were incubated at 35°C and
rotated on a rotator at 10 rpm. Samples were taken at various
time intervals and serially diluted in PPS, and 0.3 ml of the
appropriate 10-fold dilutions was plated onto hemoglobin
agar in six 0.05-ml drops for the determination of viable
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FIG. 1. Kinetics of killing of H. duwrevi A77 by 50% human
serum. Symbols: serum control (0), serum heated at 56°C for 30 min
(0), serum plus 20 mM EDTA (0). serum plus 20 mM EGTA and 2
mM MgCl, (A), serum plus inulin (2 mg/ml) (A). and serum heated
at 50°C for 20 min (U).

counts. Strains with -50% survival in 50% serum after 2 h of
incubation were considered resistant. Intermediate resist-
ance was 10 to 49% survival, and strains with <10% survival
were considered susceptible.
Treatment of serum. Classical pathway activity in serum

was selectively inhibited by chelation with 20 mM EGTA
[ethylene glycol-bis(3-aminoethyl ether)-N,N,N',N'-
tetraacetic acid] plus 2 mM MgCl2 as previously described
(6). Serum was treated with inulin (2 mg/ml) by the method
of Gotze and Muller-Eberhard (11) or heated at 50°C for 20
min to inactivate factor B, which is required for the alterna-
tive pathway activity in serum (5). Both pathways were
inhibited by treatment of serum with 20 mM EDTA. EGTA,
EDTA, and inulin, at the above concentrations, had no effect
on the survival of H. dicreyi in PPS during 2 h of incubation.

Absorption of serum with heat-treated whole cells of H.
ducreyi or H. influienzae was performed as follows: Serum (1
ml) was mixed with a heavy suspension of heat-killed whole
cells in PPS (1 ml), tumbled slowly end over end on a rotator
at 4°C for 5 h, and then centrifuged to remove the bacteria.
The supernatant was either used immediately in serum
bactericidal assays or stored at -70°C in small portions.

Inhibition of serum bactericidal activity by LPS. H. diucreyi
LPS was suspended in PPS (pH 7.2) to a final concentration
of 4 mg/ml and sonicated at 4°C until the solution cleared.
LPS solution in the concentration range of 0.05 to 1 mg/ml
was added to 0.5 ml of serum in a tube. The volume was
adjusted to 0.9 ml with PPS, and the solution was incubated
at 37°C with shaking for 30 min. Then 0.1 ml of bacterial
suspension (5 x 107 CFU) in PPS was added to the tube and
incubated at 37°C for an additional 60 min before dilution
plating.
Measurement of the anticomplement activity of H. ducreyi

LPS. The anticomplement activity of LPS was measured as
previously described (33), with slight modifications. Serum
(0.1 ml) was mixed with LPS (0.005 to 0.1 mg) suspended in
PPS or with PPS alone to a final volume of 0.2 ml and
incubated with shaking at 370C for 30 min. Antibody-
sensitized sheep erythrocytes in 0.2 ml of PPS were added to
a fourfold dilution of treated human serum and incubated for
an additional 30 min in a 37°C water bath. Ice-cold saline (3
ml) was added to the mixture, the cells were pelleted by
centrifugation, and the absorbance of the supernatant was
measured at 412 nm. The positive control was sensitized

erythrocytes plus serum without added LPS, and the nega-
tive control was LPS plus erythrocytes without added
serum.

RESULTS
Mechanism of complement activation by H. ducreyi strains.

The mechanism of complement activation by serum-
susceptible (Ser') strains was examined. Serum treated with
Mg2+-EGTA, which selectively inhibits the classical com-
plement pathway, and serum treated with EDTA, which
inhibits both the classical and the alternative pathway, were
nonbactericidal to Sers H. ducreyi A77 (Fig. 1). The strain
also survived well in serum heated at 56°C for 30 min to
inactivate complement. However, it was rapidly killed in
untreated serum and in serum pretreated with inulin or
serum heated at 50°C for 20 min (which depleted it of
alternative pathway activity). Similar results were obtained
with the other Ser' strains, A76 and A75 (data not shown).
This suggests that the serum killing of H. ducreyi strains is
mediated by the classical pathway of complement activation.

Absorption of serum with heat-killed H. ducreyi A77
removed bactericidal activity against Sers strains A77, A75,
and A76 (Fig. 2; data shown for strain A77). Similar results
were obtained with strain A75 as the absorbing isolate.
Absorption of serum with the $err strain 409 or the Serr
isogenic strain A77* resulted in partial reduction in the
bactericidal activity against strain A77, suggesting that these
strains differ in the heat-stable cell components involved in
serum bactericidal reactions. Absorption of serum with Sers
H. influenlzae NCTC 8143 also inhibited serum killing of H.
ducreyi (data not shown). Absorbed sera had .70% comple-
ment activity in relation to unabsorbed samples.

Inhibition of serum bactericidal activity by H. ducreyi LPS.
Strain A77 LPS at various concentrations completely inhib-
ited the bactericidal activity of serum against Sers strain
A77. The percent survival of strain A77 cells in serum after
60 min of incubation at 35°C was 0, 57, 112, 110, and 108% at
LPS concentrations of 0, 0.05, 0.1, 0.2, and 1.0 mg/ml,
respectively.
Table 1 shows the percent survival of H. ducreyi strains in

normal serum treated with 0.1 mg of LPS per ml from Serr
and Sers strains. Sers strains A76, A75, and A77 did not
survive in control serum during the 60-min incubation time,
whereas these strains survived well in serum preincubated
with LPS obtained from any of the three Ser' strains. LPS
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FIG. 2. Bactericidal activity of 50% human serum on H. ducreyi

A77 after absorption with heat-killed whole cells of strains A75 (0),
A77 (A). A77* (A), 409 (0), and PPS (O).
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from Serr strains 409 and 35000 and Serr isogenic strain A77*
did not inhibit serum bactericidal activity against the Sers
strains (<5% survival, 60 min). The viability of Serr strains
improved in serum treated with homologous and heterolog-
ous LPS (data shown for Serr strain A77*). High concentra-
tions of LPS (1 mg/ml) of Serr strains 35000 and 409 did not
inhibit the bactericidal activity of human serum against Sers
strains A77, A75, and A76. However, LPS from Serr
isogenic strain A77* at this high concentration inhibited the
bactericidal activity of serum (data not shown).
Anticomplement activity of H. ducreyi LPS. The anticom-

plement. activity of H. ducreyi LPS was measured to deter-
mine whether its inhibitory effect on serum bactericidal
activity was due to its ability to activate and deplete com-
plement. Figure 3 shows.the inhibitory effect of the LPS of
Serr and Sers strains on coinplement-mediated hemolysis of
sensitized sheep erythrocytes. The anticomplement activity
of the LPS of Sers strains A76, A75, and A77 was dose
dependent. There was complete inhibition of complement-
mediated hemolysis of erythrocytes when serum was prein-
cubated with LPS (1 mg/ml) from Sers strains. The LPS of
SerF strains, on the other hand, had low anticomplement
activity eveil at this concentration. However, LPS of Serr
isogenic strain A77*, unlike other Serr strains, exhibited high
anticomplement activity when high concentrations of LPS
(0.5 to 1 mg/ml) were used to treat the serum. The LPS of
strain A77* at these concentrations inhibited serum bacteri-
cidal activity (data not shown). Thus, there is a correlation
between anticomplement activity of LPS and its inhibitory
effect on serum bactericidal activity.

DISCUSSION
The bactericidal effects of immune or nonimmune serum

are mediated by activated cotiiponents of the classical or
alternative complement pathway (11, 25, 38). Activation of
either can lead to membrane damage culminating in cell
death (38). Our study of the mechanism of complefnent
activation by H. ducreyi strains indicates that the classical
pathway is involved in serum killing of Sers strains. Selective
inhibition of the classical comple'ment pathway activation by
treatment of serum with Mg2+-EGTA abolished serum bac-
tericidal activity. Serum treated with inulin, which depletes
it of the alternative complement pathway, was bactericidal.
Thus, the alternative pathway of complement activation is
probably not involved in the serum killing of Sers H. ducreyi
strains. Other gram-negative bacteria such as H. influenzae
(26), Salmonella spp. (15), and Escherichia coli (39) are
known to activate both complement pathways, but Neisseria

TABLE 1. Inhibition of serum bactericidal activity against H.
ducreyi strains by homologous and heterologous LPShl

% Survival" of strains after 60 min of incubation in:

Serum plus LPS from strains:
Strain Control Ser

Sers ~~~~~Serr
serum

A76 A75 A77 A77*' 409 35000

A76 0 136 140 132 0.1 0.1 0.3
A75 0 115 108 116 1.7 0.7 0.5
A77 0 128 107 132 3.7 1.1 0.5
A77* 70 112 108 104 122 132 108

The concentration of LPS was 0.1 mg/ml.
Means of three experiments.
A Serr isogenic strain obtained from Ser, strain A77.
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FIG. 3. Inhibition of the complement-mediated hemolysis of
sensitised sheep erythrocytes after 30 min of incubation of human
serum with purified LPS from H. ducreyi strains 409 (U), 35000 (0),
A77* (A), A77 (O), A75 (A), and A76 (0).

gonorrhoeae (33) and Pseudomonas aeruginosa (30) activate
mainly the classical pathway.
Serum absorption experiments with heat-killed H. dlucreyi

cells suggest that heat-stable components of the bacterial cell
surface are involved in the serum killing. Absorption of
serum with whole cells of an Ser' strain removed the
bactericidal effect of serum against the absorbing strain and
other Ser' strains, whereas absorption of serum with Serr
strains resulted in partial removal of the bactericidal effect.
These results suggest that Serr and Ser' strains differ in
heat-stable cellular components involved in serum suscepti-
bility. There is a possibility that antibody present in human
serum is involved in the killing of these strains, since the sera
used in the assays had -70% complement activity after
absorption with whole cells at 4°C. This must, however, be
nonspecific or natural antibody directed against the heat-
stable components of the organism, since the serum was
obtained from persons with no history of chancroid and
since absorption with Ser' H. influenzae also abrogated
killing of H. ducreyi. Natural antibodies directed against the
surface antigens of a number of gram-negative bacteria have
been demonstrated in nonimmune serum (7, 31, 32, 35).
Their production is believed to be initiated by normal flora in
the human intestinal tract (16).

Sensitivity of a number of gram-negative bacteria to the
bactericidal activity of normal or immune sera has been
attributed to their LPS composition (20, 27, 29, 30, 33, 37).
We found that LPS from Sers strains inhibited serum bacte-
ricidal activity against Ser' strains, whereas LPS from Serr
strains was not inhibitory even at high concentrations. These
data suggest that the LPS composition of H. ducreyi strains
tnay be a determinant factor of their serum susceptibility.
Purified LPS from Ser' strains in E. coli (2) and N. gonor-
rhoeae (10, 33) has also been shown to inhibit serum
bactericidal activity in vitro as a result of anticomplement
activity of the LPS (33) or by binding to the bacterial cells,
such that they are protected from complement-mediated
bactericidal reaction (1, 2). The ability of H. ducreyi LPS to
inhibit serum bactericidal activity against Ser' strains corre-
lated with the anticomplement activity of the LPS. Thus, the
inhibitory effect of the LPS of Ser' H. ducreyi strains on the
bactericidal activity of serum may be due to their ability to
activate and deplete serum complement. The inhibitory
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effect of the LPS of Serr isogenic strain A77* at high
concentrations (0.5 to 1 mglml) on serum bactericidal activ-
ity may indicate that part of the LPS structural site involved
in serum sensitivity is retained in the LPS of this isogenic
strain.
Anticomplementary activity of the LPS of Salmonella

spp. and E. coli smooth and rough mutant strains has been
attributed to the lipid A moiety of LPS (8). However, the
polysaccharide portion of the LPS molecule has a modifying
influence on its potential anticomplement activity, which
decreases with an increase in the length of the polysaccha-
ride moiety (19). Differences in the anticomplement activity
of the LPS of H. ducreyi strains may be due to variations in
the chemical structure of the LPS of these strains.

In conclusion, the data presented in this report suggest
that the classical pathway of complement activation is in-
volved in serum killing of H. ducreyi strains and that the LPS
composition of these strains may play an important role in
the serum bactericidal reaction.
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