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Lipoteichoic Acid and Peptidoglycan from Staphylococcus aureus
Synergistically Induce Neutrophil Influx into the Lungs of Mice
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Staphylococcus aureus is an important pathogen in nosocomial pneumonia. Lipoteichoic acid (LTA) and
peptidoglycan (PepG) are part of the staphylococcal cell wall. Here we show that LTA and PepG act in synergy
to cause polymorphonuclear cell recruitment in the pulmonary compartment during S. aureus pneumonia.

Staphylococcus aureus is a common pathogen in hospital-
acquired pneumonia (2). Peptidoglycan (PepG) and lipotei-
choic acid (LTA) are components of the cell wall of gram-
positive bacteria, including S. aureus. PepG is a large polymer
that contains long sugar chains and is predominantly respon-
sible for the protective and shape-maintaining properties of
bacterial cell walls. LTAs are phosphate-containing polymers
that mediate the attachment of certain bacteria to host cells.
Both membrane components can stimulate the generation of
proinflammatory cytokines and activate leukocytes in vitro (22,
25, 29, 31).

Recently, it was demonstrated that the intranasal adminis-
tration of LTA or PepG from S. aureus to mice resulted in
acute pulmonary inflammation characterized by an influx of
polymorphonuclear cells (PMNs) into the alveolar compart-
ment and local production of proinflammatory cytokines and
chemokines (14). Interestingly, lung inflammation elicited by
LTA or PepG appeared to be regulated by different mecha-
nisms, considering that interleukin-6 (IL-6)-deficient mice dis-
played enhanced PMN recruitment after local instillation of
LTA but a reduced PMN influx after exposure to PepG (14).
Intravenous administration of LTA and PepG to rats has been
found to induce synergistic systemic inflammation compared
with the infusion of either bacterial product alone (6, 12).
Together, this prompted us to examine the combined effects of
LTA and PepG in the mouse lung.

BALB/c mice (Harlan Sprague Dawley Inc., Horst, The
Netherlands; 8 weeks of age) were intranasally inoculated with
saline (controls), S. aureus LTA (50 �g; Sigma, St. Louis, Mo.),
S. aureus PepG (50 �g), or LTA and PepG (both 50 �g; final
volume, 50 �l in normal saline) according to methods de-
scribed previously (14). PepG was prepared from S. aureus
according to the method of Peterson et al. (16) as described
earlier (25). The amount of lipopolysaccharide (LPS) present
in LTA and PepG was determined with the chromogenic
Limulus amebocyte lysate assay (Chromogenix, Mölndal, Swe-

den) and was 4.15 pg of LPS/mg of LTA and below the detec-
tion limit (2.5 pg/ml), respectively. Hence, 100 �g of LTA (the
highest dose used in our experiments) contained �1 pg of LPS.
This LPS dose is not capable of eliciting an inflammatory
reaction in the lung (data not shown). Each experimental
group consisted of five mice. After 4 h, mice were anesthetized
by intraperitoneal injection of fluanison and fentanyl citrate
(Hypnorm; Janssen Pharmaceutica, Beerse, Belgium) and mi-
dazolam (Roche, Mijdecht, The Netherlands) and sacrificed by
being bled from the vena cava inferior. Lungs were lavaged
with two aliquots of 0.5 ml of saline via a catheter inserted into
the trachea. The 4-h time point was chosen since it is repre-
sentative for studying inflammatory responses to bacterial
products in the lung (11, 14, 33). Total leukocyte counts were
determined by using a hemocytometer. Numbers of alveolar
macrophages (AMs), PMNs, and lymphocytes were calculated
from these totals, by using cytospins from bronchoalveolar
lavage (BAL) cells stained with Diff-Quick (Baxter, McGaw
Park, Ill.). The BAL fluid (BALF) was centrifuged for 10 min
at 750 � g and stored at �20°C. Cytokines and chemokines
were measured in duplicate in BALF by specific enzyme-linked
immunosorbent assays according to the manufacturer’s in-
structions (R&D Systems, Minneapolis, Minn.). The detection
limits of these enzyme-linked immunosorbent assays were 31
pg/ml for tumor necrosis factor alpha (TNF-�), 8 pg/ml for
keratinocyte chemoattractant (KC), and 46 pg/ml for macro-
phage inflammatory protein 2 (MIP-2). For histopathological
investigations, lungs were removed and fixed in 4% parafor-
maldehyde in phosphate-buffered saline. After being embed-
ded in paraffin, 4-�m-thick sections were stained with hema-
toxylin-eosin. The Animal Care and Use Committee of the
University of Amsterdam, Amsterdam, The Netherlands, ap-
proved all experiments. All values are expressed as means �
standard errors of the means (SEM). Differences between
groups were analyzed by the Mann-Whitney U test. To exam-
ine a possible synergistic effect of the individual bacterial com-
ponents, P values were calculated by linear regression analysis.
A P value of �0.05 was considered statistically significant.

Inoculation with either LTA or PepG induced a profound
increase in total leukocyte numbers in BALF, which was pre-
dominantly due to a rise in PMN numbers (P � 0.05 versus
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saline; Table 1). PepG, but not LTA, induced a modest in-
crease in AMs in BALF (P � 0.05 versus saline). Interestingly,
the combined administration of LTA and PepG resulted in a
synergistic effect on PMN influx (P � 0.05 versus the effect of
LTA and PepG together). Additionally, mice treated with LTA
or PepG showed an increase in TNF-�, MIP-2, and KC pro-
duction in BALF compared to BALF of saline-treated animals
(Fig. 1). Although the concentrations of TNF-�, MIP-2, and
KC in BALF were highest after simultaneous administration of
LTA and PepG, the effect of LTA and PepG was not syner-
gistic. Histopathological examination of lung tissue of mice
administered LTA showed a dense granulocytic inflammatory
infiltrate (Fig. 2A). After administration of PepG numerous
well-defined collections of PMNs (abscesses) together with a
slight interstitial inflammatory infiltrate were found (Fig. 2B).
The combined administration of LTA and PepG resulted in an
increased accumulation of leukocytes in small clusters (Fig.
2C).

Previous studies have documented synergistic abilities of
intravenously administered LTA and PepG to induce septic
shock and multiorgan failure in rats (6, 12). We here demon-
strate that intrapulmonary delivery of LTA and PepG from S.
aureus elicits recruitment of PMNs to mouse lungs in a syner-
gistic way, whereas the induction of TNF-�, MIP-2, and KC by
the combined administration of LTA and PepG is additive at
best.

CXC chemokines with an ELR (Glu-Leu-Arg) motif near
the N-terminal end play a pivotal role in the recruitment of
PMNs to sites of infection and inflammation (15). MIP-2 and
KC are the most prominent ELR-positive CXC chemokines in

FIG. 1. Effect of intranasal administration of LTA (50 �g), PepG (50 �g), or a combination of these components on the release of TNF-�,
MIP-2, and KC in BALF. Data are means and SEM of five mice. �, P � 0.05 compared to saline.

FIG. 2. Representative histologic sections of lungs from mice in-
tranasally inoculated with 50 �g of LTA (A), 50 �g of PepG (B), or a
combination of them (C) 4 h after inoculation. Original magnification,
�50.

TABLE 1. Effect of the administration of LTA and PepG
separately or combined � on cell subsets in BALFa

Inoculation
No. of cells (104)/mL

Leukocytes AMs PMNs Lymphocytes

Saline 3.0 � 1.0 2.9 � 1.0 0.04 � 0.04 0.07 � 0.07
LTA 24.0 � 2.8* 2.2 � 0.3 21.1 � 1.3* 0.7 � 0.2
PepG 15.3 � 1.3 8.4 � 1.2* 8.1 � 1.4* 0.7 � 0.3
LTA � PepG 51.8 � 5.1† 10.1 � 1.8 39.0 � 4.4† 1.4 � 0.4

a Mice were intransally inoculated with LTA (50 �g), PepG (50 �g), or a
combination of these components and sacrificed after 4 h, after which the
leukocyte influx in BALF was analyzed. Data are means and SEM of five mice.
*, P � 0.05 compared to saline; †, P � 0.05 compared to the effect of the
individual components together.
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the mouse. Both chemokines have been found to contribute to
the influx of PMNs to the alveolar compartment in various
models of lung infection and inflammation (8, 18, 20, 26).
Recently, our laboratory reported that administration of re-
combinant MIP-2 and KC to the cisterna magna of rats elicited
leukocyte influx into cerebrospinal fluid in a synergistic way
(34). It is therefore conceivable that the modestly elevated
levels of MIP-2 and KC in BALF of mice treated with both
LTA and PepG played a role in the synergistic effect of the two
staphylococcal cell wall components on PMN recruitment. In
addition, the locally elevated concentrations of TNF-� may
have contributed to this response (27, 28).

It remains to be established why LTA and PepG did not
synergistically induce TNF-� and CXC chemokines in mouse
lungs in vivo. In human whole blood in vitro, LTA and PepG
do induce the release of TNF-� in a synergistic way (our own
unpublished data). Nonetheless, the clear synergism regarding
PMN recruitment between LTA and PepG could mean that
different receptors and signaling pathways are simultaneously
activated by the two agents. Indeed, the signal transduction
pathways that are used by PepG and LTA likely are at least in
part different. Toll-like receptor 2 (TLR2) has been reported
to be the signaling receptor for PepG from S. aureus (24, 30).
Although TLR2 has also been implicated as a signal transducer
for LTA from Bacillus subtilis, Streptococcus pyogenes, and
Streptococcus sanguis (19), TLR4 has been found to be re-
quired for signal transduction by S. aureus LTA (7, 23, 24). The
concept that synergism is caused by the use of different recep-
tors is supported by several observations. Indeed, bacterial
DNA, which signals via TLR9 (9), synergistically acts with LPS,
which signals via TLR4, for induction of inflammatory cytokine
production (5, 21). In addition, bacterial lipopeptides and li-
poprotein, or mycoplasmal lipopeptides, all signaling via TLR2
(1, 4, 10), induced cytokine production in synergy with LPS (13,
17). Moreover, intravenously injected PepG synergized with
LPS to cause systemic inflammation and organ injury in rats in
vivo (32). Hence, the data from the present study support the
concept that LTA and PepG act in synergy to cause pulmonary
inflammation in the early phase of pneumonia caused by S.
aureus. This synergy either may function as a safety mechanism
for the host by triggering an adequate innate immune response
(3) or on the other hand may cause tissue injury and lethal
shock as observed during fulminant sepsis.

We thank Joost Daalhuisen and Ingvild Kop for expert technical
assistance.
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