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Antibiotics with different mechanisms of action may vary with respect to their effects on the release and
immunostimulatory activities of cell wall fragments from gram-positive bacteria. Therefore, after Staphylococ-
cus aureus was cultured for 4 h in the absence of antibiotics (control) and in the presence of b-lactam
antibiotics (imipenem, flucloxacillin, or cefamandole) and protein synthesis-inhibiting antibiotics (erythromy-
cin, clindamycin, or gentamicin), the lipoteichoic acid (LTA) and peptidoglycan (PG) levels in the bacterial
supernatants were measured. b-Lactam antibiotics greatly enhanced the release of LTA and PG (4- to 9-fold
and 60- to 85-fold, respectively), whereas protein synthesis inhibitors did not affect PG release and even
inhibited the release of LTA compared to the amount of LTA released in control cultures. The capacity of
b-lactam supernatants to stimulate the production of tumor necrosis factor alpha and interleukin-10 in human
whole blood was significantly higher than that of protein synthesis inhibitor or control supernatants; the
amounts of these cytokines released were directly proportional to the concentrations of PG and LTA in the
supernatants. Enzymatic degradation of PG in the supernatants indicated that PG was mainly responsible for
the observed biological reactivity.

Recent research on septic shock has increased the awareness
that this syndrome is caused by a host response to bacterial cell
wall components. In the case of gram-negative bacteria, lipo-
polysaccharide (LPS)—a part of the outer membrane—has
been identified as the major immunostimulatory component.
LPS is released during bacterial growth as well as after lysis of
the bacterial cells, for instance, by the actions of antibiotics,
although antibiotics may differ in their capacity to cause lysis
(5, 6, 13, 32). Analogous to the LPS in gram-negative bacteria,
two cell wall components of the gram-positive microorganism
Staphylococcus aureus, i.e., peptidoglycan (PG) and lipotei-
choic acid (LTA), are able to induce the production of proin-
flammatory cytokines by monocytes in vitro (8, 15, 17, 21, 26).
When these components were injected intravenously into an-
imals, several of the characteristic features of septic shock,
such as leukocytopenia, thrombocytopenia, renal failure, and
hypotension, were observed (4, 24).

LTA and PG are released spontaneously into the culture
medium during growth of gram-positive bacteria (19, 23).
Moreover, incubation with antibiotics was found to enhance
the release of LTA and PG (2, 12, 22, 30, 35). In many of these
studies, however, the release of bacterial cell wall components
was measured indirectly and their biological reactivities often
were not examined.

The aim of the present study was to investigate whether
antibiotics with different mechanisms of action vary with re-
spect to the release of bacterial cell wall components. There-
fore, two assays for direct quantification of LTA and PG were
developed, and subsequently, the amounts of these compo-
nents released from S. aureus during incubation with three

b-lactam antibiotics (imipenem, flucloxacillin, or cefamandole)
and three protein synthesis-inhibiting antibiotics (erythromy-
cin, clindamycin, or gentamicin) were measured. In addition,
the immunostimulatory activities of the bacterial supernatants
were determined by measuring cytokine production in human
whole blood.

MATERIALS AND METHODS

Bacteria. S. aureus ATCC 25923 was cultured aerobically in nutrient broth
(NB) at 37°C. Stock solutions were prepared in NB supplemented with 10%
glycerol and were frozen in small aliquots at 220°C.

Antibiotics. Three representatives of b-lactam antibiotic subclasses were used
in this study, i.e., imipenem (a carbapenem), flucloxacillin (a penicillin), and
cefamandole (a cephalosporin). These antibiotics were purchased from Merck
Sharp & Dohme B. V. (Haarlem, The Netherlands), SmithKline Beecham
(Herdfordshire, United Kingdom), and Eli Lilly (Nieuwegein, The Netherlands),
respectively. In addition, three different protein synthesis inhibitors were studied,
i.e., erythromycin, clindamycin, and gentamicin. These antibiotics were pur-
chased from Abbott B. V. (Amstelveen, The Netherlands), Pharmacia-Upjohn
(Puurs, Belgium), and Sigma-Aldrich Chemie B. V. (Zwijndrecht, The Nether-
lands), respectively. The MICs for S. aureus ATCC 25923 were 0.016 mg/ml for
imipenem, 0.125 mg/ml for clindamycin, cefamandole, and gentamicin, and 0.25
mg/ml for flucloxacillin and erythromycin, as determined by standard microdilu-
tion techniques (1). In the experiments, antibiotics were added to the bacterial
cultures to final concentrations of 1, 2.5, 5, 10, and 203 the MIC.

Radioactive labeling of the cell wall of S. aureus. Bacteria were cultured
overnight in NB in the presence of 2 mCi of [3H]N-acetylglucosamine (Amer-
sham Life Science, Buckinghamshire, United Kingdom) per ml in order to label
the cell wall. Unincorporated label was removed by washing the bacteria four
times (10 min at 6,000 3 g) in warm (37°C) medium. In total, 71.1% 6 4.3%
(mean 6 standard error of the mean [SEM]; n 5 18) of the label added to the
culture was incorporated. Localization of the incorporated label in S. aureus via
ultrasonification and centrifugation indicated that the cell wall fraction contained
92.9% of the incorporated label, whereas only 7.1% of the label was present in
the cytosol fraction, confirming that [3H]N-acetylglucosamine is incorporated
preferentially into the cell wall of S. aureus (34). Others have shown that ap-
proximately 56% of this label is found in the PG fraction; the remainder is
covalently bound to teichoic acid molecules (34).

Bacterial killing assay. In two parallel experiments S. aureus ATCC 25923 was
cultured overnight in the presence or absence of [3H]N-acetylglucosamine. After
washing of both cultures, an inoculum of 8.68 3 106 6 1.95 3 106 bacteria per
ml (with a log10 of 6.89 6 0.11) was prepared in NB. To obtain logarithmic
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growth the bacteria were cultured for 2 h at 37°C. The antibiotics were then
added, and aliquots of both cultures were collected after 1, 2, and 4 h. The
number of viable bacteria was determined microbiologically by plating serial
10-fold dilutions of the unlabeled samples on blood agar plates. The amount of
viable bacteria was expressed as the numbers of CFU per milliliter. The remain-
der of the unlabeled sample was filtered (pore size, 0.45 mm), and the superna-
tants were stored at 220°C for measurement of LTA and PG release.

The radioactive samples were used to determine the release of cross-linked
cell wall material caused by the antibiotics. For this purpose, the samples were
divided into two aliquots of equal volumes; one aliquot was used to measure the
total amount of label in the sample, and the second aliquot was filtered and the
amount of radioactivity in the supernatant was determined as a measure of the
release of cell wall fragments into the incubation medium. The release of label
into the supernatants was expressed as a fraction of the total amount of radio-
activity in the sample.

Finally, to determine the biological reactivities of the bacterial fragments, it
was necessary to grow the bacteria in a tissue culture medium which does not
stimulate the production of cytokines in whole blood, in contrast to the NB
medium. Thus, similar experiments were performed with unlabeled bacteria
cultured in M199 medium (Gibco BRL Life Technologies, Grand Island, N.Y.)
which was enriched with 1% D-(1)-glucose and 2 mM glutamine, a medium that
supports logarithmic bacterial growth.

LTA ELISA. An LTA enzyme-linked immunosorbent assay (ELISA) was de-
veloped with a mouse immunoglobulin G3 (IgG3) monoclonal antibody directed
against the glycerol phosphate moiety of the LTA molecule (B. J. Appelmelk).
The specificity and immunoreactivity of this monoclonal antibody have been
reported elsewhere (9). A standard curve was made for purified LTA of S. aureus
(Sigma-Aldrich Chemie) at concentrations of 0 to 500 ng per ml of NB. The
standard samples and different dilutions of the bacterial supernatants in NB were
incubated overnight at room temperature on a 96-well Nunc Polysorb Immuno-
plate (Nunc A/S, Roskilde, Denmark). After washing, the plate was blocked for
1 h with phosphate-buffered saline containing 0.5% bovine serum albumin and
0.05% Tween 20 to prevent aspecific binding. For detection, 1.2 mg of mouse
IgG3 anti-LTA per ml was added for 1 h at 37°C. The plate was washed and
incubated with 2 mg of Goat-a-Mouse IgG (Fcg-specific)-peroxidase conjugate
(Jackson Immunoresearch Laboratories Inc., West Grove, Pa.) per ml. A color
reaction was obtained with a substrate of 1 mg of 3,39,5,59-tetramethylbenzidine
per ml in 0.1 M sodium acetate buffer (pH 6.0) containing 0.006% H2O2. The
reaction was stopped after 5 min by the addition of 4 N H2SO4, and the optical
density at 450 nm was measured. The LTA concentration in the bacterial super-
natants was calculated by using the LTA standard curve. The detection limit of
the LTA ELISA was 30 ng/ml. The LTA ELISA did not cross-react with other
bacterial cell wall components, such as insoluble PG isolated from the cell wall
of S. aureus (50 mg/ml; a kind gift of A. C. Fluit, Department of Medical
Microbiology, University Hospital, Utrecht, The Netherlands) and LPS of Esch-
erichia coli O111:B4 (100 ng/ml). Furthermore, the LTA ELISA was not influ-
enced by any of the antibiotics used in this study.

PG measurement. The amount of PG in the bacterial supernatants was deter-
mined by means of a silkworm larva plasma (SLP) test (Wako Pure Chemical
Industries Ltd., Osaka, Japan), as described previously (28). Plasma from the
silkworm Bombyx mori contains multiple serine proteases which can be activated
by bacterial PG or (133)-b-D-glucan, a cell wall component of yeast and fungi.
This activation starts a cascade of reactions, leading eventually to the formation
of melanin, a substance that can be measured optically. In short, serial 10-fold
dilutions of the bacterial supernatants were prepared in distilled water. As a
standard, PG of Micrococcus luteus (Wako) was used in a range of 0 to 10 ng/ml
(in twofold dilutions) in distilled water. The different dilutions were transferred
to a 96-well plate, the SLP reagent was reconstituted in dilution buffer, and an
equal volume was added to the dilutions in the wells. After 30 minutes of
incubation at 30°C the optical density was measured at 690 nm. The amount of
PG in the samples was calculated by using the standard curve; the sensitivity of
the test was 0.3 ng/ml. In addition, insoluble PG of S. aureus (gift of A. C. Fluit)
was assessed to compare the effectiveness of the SLP test for the measurement
of PG from this microorganism. The results showed that PG of S. aureus is also
detectable with the SLP kit and that the sensitivity is comparable to that for
detection of PG of M. luteus. No cross-reactivity with LTA from S. aureus
(Sigma-Aldrich Chemie) was observed.

Enzymatic degradation of PG. To determine which cell wall component is
responsible for the immunostimulatory activity, the PG molecules in the bacterial
supernatants were degraded with enzymes, a method which has been shown to
reduce PG-induced cytokine production in vitro (10, 26). For this purpose, the
bacterial supernatants were treated for 3 h at 37°C with a mixture of the enzymes
lysostaphin (20 U/ml; Sigma) and N-acetylmuramyl-L-alanine amidase (NAMLAA;
0.4 mg/ml) (a kind gift of M. P. Hazenberg, Department of Immunology, Eras-
mus University, Rotterdam, The Netherlands). After enzymatic degradation the
biological reactivities of the bacterial supernatants were tested in whole blood.
Control experiments indicated that cleavage of PG in the supernatants was
complete because the enzymes totally eradicated the biological reactivity of
insoluble PG from S. aureus at a concentration similar to that found in our
supernatants.

Whole-blood stimulation and cytokine measurements. Heparinized whole
blood from healthy donors was diluted four times in warm M199 medium and

added to a 24-well cell culture plate (Costar Corporation, Cambridge, Mass.).
The different supernatants of S. aureus in enriched M199 medium, either com-
plete or degraded enzymatically, were added to obtain a final 10-fold dilution.
The blood was incubated at 37°C for 24 h; after centrifugation (10 min at 500 3
g) the supernatants were collected and stored at 270°C. The production of
human tumor necrosis factor alpha (TNF-a) and interleukin-10 (IL-10) in whole
blood was measured by specific sandwich ELISAs (BPRC, Rijswijk, The Neth-
erlands, and CLB, Amsterdam, The Netherlands, respectively) according to the
instructions of the manufacturers, as described earlier (31). The antibiotics or
enzymes, at the concentrations used in this study, did not influence the LPS-
induced cytokine production in whole blood or the cytokine ELISAs.

Exotoxin ELISAs. The bacterial supernatants were screened for the presence
of staphylococcal enterotoxins A, B, and C and toxic shock syndrome toxin type
1 by means of specific ELISAs (a kind gift of J. B. Dufrenne, National Institute
of Public Health and Environmental Protection, Bilthoven, The Netherlands), as
described elsewhere (18).

Statistical analysis. The release of LTA and PG in NB and in enriched M199
medium, the release of radioactively labeled S. aureus cell wall material, and the
induction of cytokines were analyzed by means of the Mann-Whitney U test. The
Pearson correlation coefficient was used to analyze the correlation between the
release of bacterial components and the induction of cytokines in whole blood.
Data from three to four different experiments were expressed as means 6 SEMs;
P values of #0.05 were considered significant.

RESULTS

Killing or growth inhibition of S. aureus by antibiotics. Dur-
ing logarithmic growth of S. aureus in NB in the absence of an
antibiotic, the log number of viable bacteria increased from
7.18 6 0.04 at the start of the experiment to 7.42 6 0.03 at 1 h,
7.73 6 0.05 at 2 h, and 8.28 6 0.02 after 4 h of culture.
Incubation of the bacteria with gentamicin, imipenem, or flu-
cloxacillin resulted in a concentration-dependent decrease in
the number of viable microorganisms. At 203 the MIC the
maximum decreases in the log10 numbers of bacteria relative to
the outgrowth in the control culture at 4 h were 3.19 6 0.62,
2.84 6 0.89, and 1.74 6 0.27 log for gentamicin, imipenem, and
flucloxacillin, respectively. After incubation of S. aureus with
erythromycin or clindamycin bacterial growth stopped rapidly;
a bacteriostatic effect was observed during the 4-h culture
period for the range of concentrations of from 1 to 203 the
MIC.

In enriched M199 medium the growth of S. aureus ATCC
25923 was similar to that in NB. The log number of viable
bacteria in the control cultures increased from 7.08 6 0.06 to
8.55 6 0.14 over the 4-h period of the experiment. Moreover,
the effects of the antibiotics studied on bacterial growth were
similar to the effects observed in NB.

Release of LTA. During logarithmic growth of S. aureus in
NB, the amount of LTA that was released spontaneously into
the supernatant increased from 0.17 6 0.01 mg/ml at the start
of the experiment to 0.21 6 0.02 mg/ml at 1 h, 0.54 6 0.09
mg/ml at 2 h, and 1.18 6 0.10 mg/ml after 4 h of culture. The
three b-lactam antibiotics markedly enhanced the release of
LTA compared to the level of release of LTA by the control
culture (Fig. 1). Added at a concentration of 13 the MIC,
imipenem, flucloxacillin, and cefamandole significantly in-
creased the amount of LTA released (2.6-, 6.0-, and 3.0-fold,
respectively). At an antibiotic concentration of 203 the MIC,
the amount of LTA released increased 3.6-fold for cultures
treated with imipenem, 9.1-fold for cultures treated with flu-
cloxacillin, and 5.3-fold for cultures treated with cefamandole.

In contrast, incubation for 4 h with erythromycin, clindamy-
cin, or gentamicin at a concentration as low as 13 the MIC
significantly decreased the amount of LTA released to approx-
imately half the amount that was released in the absence of an
antibiotic (Fig. 1); similar results were obtained when a con-
centration of 203 the MIC was used.

In enriched M199 medium the pattern of the spontaneous
release of LTA and the release caused by antibiotics was very
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similar to that found for NB. After 4 h the amount of LTA
released from control cultures was 2.1 6 0.48 mg/ml. Incuba-
tion with imipenem, flucloxacillin, and cefamandole (at 203
the MIC) enhanced the amount of LTA released 2- to 2.5-fold,
whereas incubation with erythromycin, clindamycin, and gen-
tamicin reduced the amount released to approximately half
this amount (data not shown).

Release of PG. During logarithmic growth in NB, the
amount of PG released from the control cultures was 0.59 6
0.13 mg/ml after 4 h (Fig. 2). After the addition of the b-lactam
antibiotics this release was significantly enhanced to 36.0 6 6.3
mg/ml for cultures treated with imipenem, 37.5 6 11.5 mg/ml
for cultures treated with flucloxacillin, and 51.4 6 4.3 mg/ml for
cultures treated with cefamandole. In contrast, incubation with
erythromycin, clindamycin, or gentamicin at a concentration of
203 the MIC did not significantly change the amount of PG
released into the culture medium.

In enriched M199 medium the pattern of PG release was
again similar to that found for NB. In control cultures the
amount of PG released was 2.1 6 1.1 mg/ml after 4 h. Incuba-
tion with imipenem, flucloxacillin, and cefamandole (at 203
the MICs) enhanced the amount released 10- to 13-fold,
whereas incubation with erythromycin, clindamycin, and gen-
tamicin did not cause a change in this level (data not shown).

Release of radioactively labeled cell wall material by anti-
biotics. To determine whether the PG released into the super-
natants after incubation of the bacteria with antibiotics is de-
rived from the cross-linked cell wall, S. aureus was labeled
overnight with [3H]N-acetylglucosamine. The spontaneous re-
lease of labeled cell wall material during logarithmic growth of
S. aureus increased from 8.9% 6 0.4% at the start of the
experiment (after preincubation for 2 h to obtain logarithmic
growth) to 21.5% 6 2.0% at 1 h, 37.5% 6 2.2% at 2 h, and
61.3% 6 2.1% at 4 h. When S. aureus was incubated with the

FIG. 1. Release of LTA from S. aureus ATCC 25923 in the absence (■) or presence of different antibiotics at a concentration of 13 the MIC (h) or 203 the MIC
(�). Four hours after the addition of medium or antibiotics, the bacterial supernatants were collected by centrifugation and filtration of the cultures, and the release
of LTA was measured by means of a specific ELISA. Antibiotics studied were the b-lactam antibiotics imipenem (imi), flucloxacillin (fluclox), and cefamandole (cefa)
(A) and the protein synthesis inhibitors erythromycin (ery), clindamycin (clinda), and gentamicin (genta) (B). Note the 10-fold difference in the y axes. Data are
expressed as means 6 SEMs for three separate experiments, and the asterisks indicate a significant difference (P # 0.05) between the amount of LTA released during
incubation with antibiotic and that found to be released by the control (contr) culture.

FIG. 2. Release of PG from S. aureus in the absence (■) or presence of different antibiotics (b-lactam antibiotics [A] and protein synthesis inhibitors [B]) at a
concentration of 203 the MIC (�; for abbreviations see the legend to Fig. 1). The bacterial supernatants were collected 4 h after the addition of medium or antibiotics,
and the amount of PG was measured by means of an SLP test. Note the 10-fold difference in the y axes. Data are expressed as means 6 SEMs for three separate
experiments. The asterisks indicate significant differences (p, P # 0.05; pp, P # 0.005) in the amount of PG released between cultures incubated with an antibiotic and
the control culture.
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b-lactam antibiotics imipenem, flucloxacillin, or cefamandole
concentration-dependent (data not shown) and time-depen-
dent inhibitions of the release of labeled cell wall material were
observed (Fig. 3), indicating that the PG released by exposure
of the bacteria to antibiotics may not be derived from radio-
actively labeled cross-linked cell wall material. The inhibitory
effects of the b-lactams were slightly more pronounced and
occurred earlier than those found for the protein synthesis
inhibitors. Inhibition had already started 1 h after the addition
of the antibiotic and was significant at 2 h (P # 0.01) and 4 h
(P # 0.001) of incubation with any of the three antibiotics.

Incubation of the bacteria with protein synthesis-inhibiting
antibiotics also caused concentration-dependent (data not
shown) and time-dependent inhibitions of the release of la-
beled cell wall material (Fig. 3). No significant differences in
the inhibition of the release of labeled cell wall were seen
between the b-lactam antibiotics and the protein synthesis
inhibitors.

Biological reactivities of the supernatants of S. aureus. The
cytokine-inducing capacities of the different antibiotic super-
natants were tested in a whole-blood stimulation assay. At
24 h, the basal production of TNF-a in unstimulated whole
blood amounted to 0.03 6 0.01 ng/ml. Incubation with super-
natants of control cultures induced the secretion of 1.89 6 0.27
ng of TNF-a per ml (Fig. 4). When whole blood was incubated
with b-lactam supernatants of S. aureus the level of production
of TNF-a was significantly higher than those found for super-
natants of control cultures and protein synthesis inhibitors.
The levels of TNF-a production did not differ significantly for
the separate b-lactam supernatants. For the anti-inflammatory
cytokine IL-10 a pattern similar to that found for TNF-a was
observed (data not shown). Incubation with supernatants of
control cultures induced the secretion of 0.72 6 0.19 ng of
IL-10 per ml. Incubation with b-lactam supernatants increased
the level of IL-10 production approximately twofold, whereas
supernatants of protein synthesis inhibitors slightly reduced
the level of IL-10 production compared to the levels induced

by control supernatants. The amounts of LTA and PG in the
bacterial supernatants were significantly associated with the
amounts of TNF-a (r 5 0.691 and 0.726; P values for both are
#0.01) and IL-10 (r 5 0.597 and 0.852; P values for both are
#0.025). This stimulatory effect could not be due to contami-
nation of the supernatants with LPS because the concentration
of LPS was below the detection range of the Limulus amoe-
bocyte lysate assay (i.e., 2 pg/ml) and the addition of polymyxin
B to the bacterial supernatants did not affect their stimulatory
activities (data not shown). Furthermore, cytokine secretion
due to the production of bacterial exotoxins (7) was excluded
by determining the amounts of staphylococcal enterotoxins A,
B, and C and toxic shock syndrome toxin type 1 in the bacterial
supernatants by specific ELISAs. In addition, experiments with
LPS-stimulated whole blood showed that none of the antibi-
otics influenced cytokine production in this assay.

Enzymatic degradation of PG in the bacterial supernatants.
To determine which of the bacterial cell wall components ex-
erted the observed immunostimulatory activity, the PG mole-
cules in the bacterial supernatants were degraded enzymati-
cally with lysostaphin and NAMLAA. The first enzyme cleaves
the bond between N-acetyl-muramic acid and N-acetylglu-
cosamine molecules, i.e., the carbohydrate molecules that form
the PG backbone (Fig. 5). NAMLAA cleaves the amide bond
between N-acetyl-muramic acid and L-alanine in the peptide
side chain of PG, thus removing the peptide cross bridges
between the PG strands (11). The enzymatic treatment re-
duced the TNFa-inducing capacity of the b-lactam superna-
tants by approximately 79% (range, 74.6 to 87.1%), whereas
for protein synthesis inhibitors no residual TNF-a production
was observed (Fig. 4). This indicates that the biological reac-
tivity in whole blood exerted by supernatants of S. aureus is
primarily effected by intact PG molecules.

DISCUSSION
The main finding of the present study is that b-lactam anti-

biotics differ strikingly from protein synthesis-inhibiting anti-

FIG. 3. Release of [3H]N-acetylglucosamine from the cell wall of S. aureus
during incubation in the absence (E) or presence of different antibiotics at a
concentration of 203 the MIC (for abbreviations see the legend to Fig. 1). At
various time points samples were collected from the bacterial cultures and the
release of labeled cell wall was measured by scintillation counting. The release is
depicted as a percentage of the total amount of label present in each sample.
Data are expressed as means 6 SEMs for three experiments. E, control; ■,
imipenem; Œ, flucloxacillin; F, cefamandole; h, erythromycin; ‚, clindamycin; p,
gentamicin.

FIG. 4. Production of TNF-a in human whole blood that was stimulated with
supernatants of S. aureus cultured in enriched M199 medium. Bacterial super-
natants were collected after 4 h of incubation with or without the indicated
antibiotic. These supernatants were either untreated (

�
�) or pretreated for 3 h at

37°C with two PG-degrading enzymes (h) (see Fig. 5), and 24 h after the
addition of these supernatants to whole blood, the cytokine concentrations were
measured by means of a specific sandwich ELISA. Data are expressed as the
means 6 SEMs for four experiments; an asterisk indicates a significant difference
(P # 0.05) in cytokine levels between whole blood incubated with antibiotic-
induced supernatants and control supernatant. See the legend to Fig. 1 for
definitions of abbreviations.
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biotics in the amount of immunostimulatory cell wall compo-
nents that they cause to be released from S. aureus. b-Lactam
antibiotics greatly enhanced the release of PG and LTA,
whereas the protein synthesis inhibitors did not affect PG re-
lease and even inhibited the release of LTA compared to the
release of LTA from control cultures. Furthermore, the capac-
ities of the b-lactam supernatants to stimulate the production
of TNF-a and IL-10 in human whole blood were significantly
higher than those of supernatants of protein synthesis inhibi-
tors or control supernatants, and the amounts of these cyto-
kines released were directly proportional to the concentrations
of LTA and PG in the supernatants. Experiments in which PG
in the supernatants was enzymatically degraded suggested that
intact PG molecules were especially responsible for the ob-
served biological reactivities of the bacterial supernatants.

In this study two groups of antibiotics with different mech-
anisms of action, i.e., b-lactam antibiotics, which inhibit cell
wall synthesis via binding to penicillin-binding proteins, and
protein synthesis-inhibiting antibiotics, which exert their effect
via reversible or irreversible binding to the bacterial ribosome,
were compared. In each of the two groups, the effects of the
three different antibiotics on the release of LTA and PG from
S. aureus were similar, despite variations in target specificity
and bacterial killing.

An important issue to consider is whether the release of cell
wall components is related to the antibacterial activities of the
separate antibiotics. In our experimental setup it is unclear
whether the cell wall components are released from viable or
killed bacteria. The finding that bacterial killing induced by
b-lactam antibiotics coincided with the release of large
amounts of cell wall components could suggest that LTA and
PG are predominantly released from killed bacteria. However,
gentamicin had potent bactericidal activity, yet it induced the
release of only small amounts of LTA and PG. This suggests
that the release of cell wall components is influenced substan-
tially by the specific mechanism of action of the antibiotic that
leads to bacterial killing.

The exact cause of the release of LTA after incubation of
microorganisms with antibiotics is still unknown. With respect
to the b-lactam antibiotics it has been hypothesized that bind-
ing of the antibiotic to penicillin-binding proteins and subse-
quent inhibition of de novo synthesis of the cell wall lead to
accumulation of cell wall precursors in the cell, which in turn
could reduce the stability of LTA in the cell membrane (27).
Because LTA molecules bind and inhibit the autolytic enzymes

present in the cell wall of the gram-positive bacteria (25), an
enhanced release of LTA from the bacterial cell membrane
could reduce the inhibition of autolytic enzymes, resulting in
penicillin-induced lysis of the bacteria. How protein synthesis
inhibitors cause the observed inhibition of the release of LTA
is unknown, but at least a diminished synthesis of autolysins
does not appear to be responsible (27).

As far as the mechanism of PG release is concerned, we have
shown that b-lactam antibiotics greatly enhanced the release of
PG, whereas at the same time these antibiotics inhibited the
release of incorporated labeled cell wall material, which was
shown to consist of approximately 60% PG (34). This apparent
discrepancy can be explained by the fact that in our experi-
mental design PG molecules synthesized after removal of the
free label will not contain incorporated label and therefore will
not be measured, indicating that the large amount of PG re-
leased by exposure of the bacteria to b-lactam antibiotics, as
measured in the SLP assay, may not be derived from cross-
linked radioactively labeled cell wall material but instead con-
sists of newly synthesized PG molecules. This finding is in
accordance with those of other studies which have shown that
benzylpenicillin caused the release of a low-molecular-weight
soluble form of PG that was not incorporated into the cell wall
(2, 35).

When investigating the immunostimulatory capacities, the
biochemical structures of bacterial cell wall components are
important factors to be considered because they appear to
determine their biological reactivities. Various biochemical al-
terations, such as deacylation (3), sonication, enzymatic deg-
radation (26), and purification (14), can reduce the cytokine-
inducing capacities of these cell wall components. More
importantly, antibiotics can influence the form in which the
LTA (19) and PG (2, 35) molecules are released, which in turn
could affect their biological reactivities. For instance, when
human monocytes were incubated with purified penicillin-in-
duced, low-molecular-weight soluble PG of S. aureus, little
TNF-a was secreted into the incubation medium, which is in
sharp contrast to the high levels of cytokine production in-
duced by insoluble, high-molecular-weight PG isolated from S.
aureus cell walls in the absence of penicillin (21). The latter
finding raises doubts about studies in which purified bacterial
components isolated from the cell wall are used to investigate
their immunostimulatory capacities in vitro, because this is
probably not the relevant biochemical form in which these
components are released during normal growth and while un-
der the influence of antibiotics. Therefore, in the present study
the immunostimulatory capacities of the released bacterial
components were examined without purification or biochemi-
cal alterations. We investigated cytokine induction in human
whole blood, a model that has already been studied in detail
(31, 33). The cytokine pattern found in our study after stimu-
lation of whole blood with antibiotic supernatants corre-
sponded closely with that produced by isolated monocytes in-
cubated with different S. epidermidis supernatants (16).

As to the question of which bacterial component was re-
sponsible for the observed biological reactivity in whole blood,
experiments with enzymatic degradation showed that the
TNF-a production was primarily due to the presence of intact
PG molecules in the bacterial supernatants. The fact that LTA
has been shown to stimulate cytokine production in vitro (8,
15) and the fact that the LTA concentration in our superna-
tants closely correlates with the residual biological reactivity
after enzymatic degradation seem to point in the direction
indicating that LTA is another stimulator of proinflammatory
cytokine secretion. Our findings, however, do not rule out the

FIG. 5. Schematic representation of the minimal repetitive unit of pepti-
doglycan with the cleavage sites for the enzymes lysostaphin and NAMLAA.
Lysostaphin cuts between N-acetyl-muramic acid (NAM) and N-acetylglu-
cosamine (NAG) molecules, whereas NAMLAA cleaves the amide bond be-
tween N-acetyl-muramic acid and L-alanine.
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existence of other stimulatory cell wall components, e.g., tei-
choic acid (29).

In conclusion, we have shown that b-lactam antibiotics
greatly enhanced the release of LTA and PG from S. aureus
compared to the amounts released by control cultures and that
this release correlated with increases in the levels of in vitro
secretion of the proinflammatory cytokine TNF-a and its coun-
terpart IL-10 in human whole blood. The protein synthesis-
inhibiting antibiotics decreased the level of secretion of LTA
but did not affect the amount of PG that was released. Subse-
quently, incubation of whole blood with these antibiotic super-
natants led to the secretion of smaller amounts of cytokines.

It is uncertain whether the release of bacterial cell wall
fragments during antibiotic treatment of patients plays an im-
portant role in the systemic reaction to infection. After the
start of antibiotic treatment for infections caused by gram-
negative bacteria, an increase in plasma or urine endotoxin
levels in some patients has been described (5, 20), but the
interpretation in relation to morbidity is uncertain. In the case
of infections caused by gram-positive bacteria, neither the re-
lease of bacterial components nor their effect on the clinical
outcome has yet been studied. When such studies confirm our
in vitro findings, possibly, a beneficial effect of the rapid killing
of bacteria by the b-lactam antibiotic should be weighed
against an enhanced release of immunostimulatory bacterial
components.
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