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We examined the influence of the gram-positive cell wall products peptidoglycan (PepG) and lipoteichoic
acid (LTA), compared to lipopolysaccharide (LPS), on the monocyte expression of receptors involved in
antigen presentation (HLA-DR, B7.1, and B7.2), cell adhesion (intercellular adhesion molecule-1 [ICAM-1]
and lymphocyte function associated antigen-3 [LFA-3]), phagocytosis (FcgRI), and cell activation (CD14). We
also evaluated possible influences of the immunosuppressive drugs cyclosporine A, tacrolimus, and sirolimus
on the expression of these receptors. Pretreatment of whole blood for 4 h with the immunosuppressive drugs
did not influence the expression of the surface receptors in normal or stimulated blood. Stimulation with both
PepG and LTA caused significant up-regulation of the surface expression of ICAM-1 and HLA-DR on whole
blood monocytes, similar to that obtained with LPS, whereas B7.1, B7.2, LFA-3, and FcgRI were not modu-
lated. PepG and LTA also caused increased expression of CD14, whereas LPS down-regulated this molecule.
In contrast, we did not detect any significant influence of any of the bacterial products on the plasma
concentration of soluble CD14. We hypothesized that the increased expression of surface CD14 in blood
stimulated with PepG would prime for cellular activation by LPS. Indeed, we show that PepG and the partial
PepG structure muramyl dipeptide acted in synergy with LPS to cause the release of tumor necrosis factor-a.
The results suggest that PepG and LPS provoke partly different responses on monocyte phenotype and that
CD14 may play different roles in the innate response to gram-positive and gram-negative bacteria.

Cells of monocytic lineage play a critical role in innate im-
munity. Monocytes are involved in receptor-mediated patho-
gen recognition (48), chemotaxis, phagocytosis, antigen pre-
sentation, and mediator release (2). The conduct of these tasks
is initiated through engagement of receptors expressed on the
surface membrane. CD14 is a key receptor expressed on the
surface of monocytes, and it is required for the induction of an
inflammatory response triggered by low concentrations of li-
popolysaccharide (LPS) (7, 26). The importance of membrane-
bound CD14 in conferring sensitive responses to LPS has been
well documented both in vitro and in vivo (21, 27, 48).

More recently, the CD14 molecule has also been recognized
as a receptor for the gram-positive (G1) bacterial cell wall
products peptidoglycan (PepG) and lipoteichoic acid (LTA)
(6, 19, 20, 47). Accounting for up to 50% of severe sepsis or
septic shock cases in modern intensive care units, G1 bacterial
sepsis has been recognized as an important clinical condition
(10, 20). Like LPS, PepG and LTA have been shown to initiate
innate immune responses (6, 19, 20); however, the role of
CD14 in G1 bacterial sepsis is unclear (22).

Recently, the family of Toll-like receptors (TLRs) has been
described as important in mediating innate immune responses,
and these receptors may have the capability to distinguish
between different classes of pathogens (25, 41). TLR2 and

TLR4 recognize different bacterial cell wall components, and
TLR2 has been shown to play a major role in G1 bacterial
recognition (34, 41, 49).

Despite clear differences in chemical structure, LPS, PepG,
and LTA have striking similarities in biological activities (39).
They signal partly through the same receptors and induce
similar cytokine response. However, the potential influence of
PepG and LTA on the expression of surface receptors involved
in monocytic immune responses has not been well characterized.

Cell adhesion is a prerequisite for efficient host defense.
Intercellular adhesion molecule-1 (ICAM-1 [CD54]) mediates
leukocyte-leukocyte and leukocyte-endothelial-cell interac-
tions by binding to the b2-integrins lymphocyte function asso-
ciated antigen-1 (LFA-1) and macrophage antigen complex-1
(12). Furthermore, ICAM-1 serves as a costimulatory molecule
for T-cell-receptor activation (9, 40).

It is now increasingly evident that T-cell activation is a com-
plex multistep process involving several accessory molecules
expressed on the surface of antigen-presenting cells. The B7
receptors B7.1 (CD80) and B7.2 (CD86), expressed on several
monocyte-derived antigen-presenting cells (8, 14), interact
with CD28 or cytotoxic lymphocyte-associated molecule-4 to
deliver a key costimulatory signal in T-cell activation (35).

The interaction between LFA-3 (CD58) and its ligand CD2
has been shown to enhance the immune response, initiated by
the presentation of antigens in complex with the major histo-
compatibility class molecules (31, 38).

The phagocytic capabilities of monocytes and macrophages
are essential for the host clearance of pathogens as well as for
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effective uptake and presentation of antigens. FcgRI (CD64) is
a high-affinity receptor for immunoglobulin G (IgG) which
plays a central role in antibody-dependant cytotoxicity and
clearance of immune complexes (42).

The capacity to enhance or suppress the expression of such
receptors can be a powerful immunomodulatory tool. Manda-
tory for successful organ transplantation, immunosuppressive
drugs have potentially serious side effects, including increased
risk of infections. We have recently demonstrated that cyclo-
sporine A (CsA) and tacrolimus inhibit the release of tumor
necrosis factor-a (TNF-a) production induced by LPS in hu-
man whole blood, whereas sirolimus strongly attenuates the
production of interleukin-10 induced by both LPS and PepG
(24). Whether these immunosuppressive drugs influence the
expression of surface receptors on human monocytes is unknown.

In the study reported here, we have investigated the influ-
ence of the G1 bacterial cell wall products PepG and LTA on
monocyte expression of receptors involved in antigen presen-
tation (HLA-DR, B7.1, and B7.2), cell adhesion (ICAM-1 and
LFA-3), phagocytosis (FcgRI), and cell activation (CD14), in
comparison with LPS. We also evaluated possible influences of
the immunosuppressive drugs CsA, tacrolimus, and sirolimus
on the expression of these surface receptors. Of particular
importance we report a differential influence of PepG and LPS
on the expression of CD14 on monocytes. In order to deter-
mine whether the PepG-induced rise in CD14 expression re-
ported in the present study was due to reduced shedding of this
receptor, we measured the levels of soluble CD14 in blood
treated with PepG and/or LPS. Finally, we determined whether
the ability of PepG to enhance the expression of CD14 would
prime for cell activation by LPS, as measured by the release of
tumor necrosis factor-a.

MATERIALS AND METHODS

Reagents. Escherichia coli O26:B6 LPS (Difco Laboratories, Detroit, Mich.)
was suspended in pyrogen-free sterile saline, and LPS was added directly to the
blood samples in microcentrifuge tubes to a final concentration of 10 ng/ml. LTA
from Staphylococcus aureus was purchased from Sigma Aldrich (L2515; St. Louis,
Mo.). It was prepared using a phenol extraction protocol (15). According to the
manufacturer, the protein content was less than 0.5%.

Purification of PepG. PepG was isolated from S. aureus or Bacillus subtilis as
previously described (16). Covalently attached proteins were removed by treat-
ment with 2 mg of pronase per ml for 1 h at 60°C (3). Anionic polymers were
removed from the PepG by the treatment of purified cell walls (10 mg [dry
weight]/ml) with hydrofluoric acid (48% [vol/vol]) for 24 h at 4°C. The insoluble
PepG was then washed by centrifugation (14,000 3 g, 5 min) and resuspension,
once in 100 ml of Tris-HCl (pH 8.0) and five times in distilled water, until the pH
was neutral. The PepG was then recovered by centrifugation as described above
and resuspended in saline (0.9% [wt/vol]) prior to sterilization by autoclaving and
storage at 220°C. Extracts of PepG were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis with no evidence of any protein whatsoever in
the results. PepG was also enzymatically digested, and it gave the expected
reversed-phase high-pressure liquid chromatography muropeptide profile with
no spurious products. Moreover, LPS contamination of PepG could not be
verified by the Limulus amoebocyte lysate test (detection limit, 10 ng/liter).

The PepG was dispersed by sonication (3,000 Hz, 3 3 10 s) on ice prior to the
experiments. Nonsonicated PepG consisted of large visible aggregates of insol-
uble PepG material. Muramyl dipeptide (Sigma Aldrich) is a synthetic PepG
subunit that consists of N-acetyl muramic acid linked to two amino acids (L-
alanine and D-isoglutamine).

Drugs. CsA (Sandimmune, 50 mg/ml; Novartis, Basel, Switzerland) used in
this study was diluted in sterile 0.9% NaCl. Tacrolimus (Fujisawa GmbH, Mu-
nich, Germany) was dissolved in ethanol to 10 mg/ml, and then Tween 80 (Sigma
Aldrich) was added to a 1:5 volume of ethanol solution. Further dilutions were
obtained with 0.9% NaCl. Sirolimus powder (Wyeth-Ayerst Research, Princeton,

N.J.) was dissolved in ethanol to a 2 mM stock solution which was stored at
270°C. Further dilutions were obtained with 0.9% NaCl.

Whole blood experiments. A whole-blood model was used as previously de-
scribed (45), with minor modifications. Briefly, venous blood from healthy vol-
unteers was anticoagulated with Na-citrate. Whole blood was aliquoted into
1.6-ml microcentrifuge tubes (Sorenson BioScience Inc., Salt Lake City, Utah).
Blood samples were stimulated for 6 h with 10 ng of LPS, 10 mg of sonicated
PepG (from S. aureus or B. subtilis), 10 mg of nonsonicated PepG (from S.
aureus), 1 mg of muramyl dipeptide (MDP) or 100 mg of LTA (from S. aureus)
per ml of blood. The respective doses were chosen according to the optimal
cytokine responses in human whole blood, as previously reported (44). In exper-
iments aimed at studying the expression kinetics of receptors or soluble CD14,
blood was incubated in Monovette syringes (Sarstedt) in the absence or presence
of 10 ng of LPS or 10 mg of PepG per ml of blood, and samples were removed
for analyses at 1, 3, 6, 12, and 24 h. In some experiments, whole blood was
preincubated for 4 h with 250 ng of CsA, 10 ng of tacrolimus, or 10 ng of
sirolimus per ml of blood prior to stimulation with 10 ng of LPS or 10 mg of PepG
per ml of blood.

Antibody labeling and flow cytometry. Subsequent to stimulation, whole-blood
samples were immediately aliquoted at 100 ml into Falcon polystyrene tubes
(Becton Dickinson, Lincoln Park, N.J.) and incubated with 10 ml of fluorescein
isothiocyanate (FITC)- or phycoerythrin (PE)-conjugated monoclonal antibod-
ies in darkness for 30 min at room temperature. Prior to washing and fixation, red
blood cells were lysed using fluorescence-activated cell sorter lysing solution
(Becton Dickinson, San Jose, Calif.). The samples were washed three times with
CellWash (Becton Dickinson, Erembodegem, Belgium) before fixation with 1%
formaldehyde (CellFIX; Becton Dickinson, Erembodegem). Expression of anti-
gens was analyzed by flow cytometry using 10 ml of anti-CD14 (clone 18D11;
Diatec AS, Oslo, Norway), anti-CD54 (clone HA58), anti-CD58 (clone 1C3),
anti-CD64 (clone 10.1), anti-CD80 (clone L307.4), anti-CD86 (clone 2331 FUN-
1), and anti-HLA-DR (clone G46-6) (all from Pharmingen, San Diego, Calif.), as
well as isotype-negative control anti-IgG1 (clone 1B9) and anti-IgG2 (clone 5A7)
(both Diatec AS). All samples were analyzed on the FACScan from Becton
Dickinson (Immunocytometry Systems, San Jose, Calif.) using the CellQuest
software.

In each experiment the monocyte population was identified as CD14-positive
cells with characteristic locations in the scatter diagram (Fig. 1). Fluorescence
intensity (FI) was measured in the monocyte population after appropriate gating
on the combination of forward scatter and sideways scatter, and mean (geomet-
ric) FI was recorded for each measurement. Thirty thousand cells were counted
per sample.

ELISA assays. Plasma concentrations of TNF-a were determined with a solid-
phase sandwich enzyme-linked immunosorbent assay (ELISA) kit (PeliKine
Compact; CLB Labs, Amsterdam, The Netherlands) according to the manufac-
turer’s instructions. The detection limit of the TNF-a ELISA was 1 pg/ml. The

FIG. 1. Scatter characteristics of whole-blood leukocytes by flow
cytometry. Subsequent to lysing of red blood cells, whole-blood leu-
kocytes group into three main populations based on their scatter char-
acteristics. Illustrated is a representative picture of leukocytes in un-
stimulated whole blood, where the monocyte population is encircled.
This population stained heavily with anti-CD14 antibodies (data not
shown). SSC-H, sideways scatter; FSC-H, forward scatter.
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plates were read at 450 nm in an ELISA reader (Thermomax microplate reader;
Molecular Devices, Menlo Park, Calif.).

Measurements of sCD14 were done using a sandwich ELISA with CD14-
specific monoclonal antibodies (clones 3C10 and 5C5) as previously described
(28). The detection limit of the assay was 0.8 ng/ml, and the interassay and
intra-assay variations were less than 10%.

Statistical evaluation. Data are presented as means 6 the standard error of
the mean (SEM). Analysis of variance with Tukey post hoc assessment was used
to evaluate the statistical significance of the results. Differences with P values of
,0.05 were considered significant.

RESULTS

The scatter characteristics of whole-blood leukocytes are
depicted in Fig. 1. The monocytes are identified as a distinct
population between the lymphocytes and the granulocytes,
staining strongly positive for CD14. Upon stimulation with
LPS, PepG, or LTA, the scatter characteristics changed
slightly, because a fraction of the monocytes became larger as
indicated by an increase in the forward scatter.

In unstimulated blood incubated for 6 h, monocytes showed
a basal expression of CD14, ICAM-1, LFA-3, FcgRI, and
HLA-DR (Table 1) but not of B7.1 or B7.2.

Influence of LPS and immunosuppressive drugs on mono-
cyte surface receptor expression. Stimulation with LPS (10
ng/ml) for 6 h significantly increased the monocyte surface
expression of ICAM-1 and HLA-DR (Table 1) (P , 0.05). The
specific mean FI of ICAM-1 nearly doubled, while the FI of
HLA-DR increased approximately 60%. In contrast, the sur-
face expression of CD14 was decreased by 25% (P , 0.05)
subsequent to LPS stimulation (Fig. 2 and Table 1). We could
not observe any influence of LPS on the expression of LFA-3
and FcgRI (Table 1), and we did not find LPS to induce the
expression of B7.1 or B7.2 (data not shown).

Pretreatment of whole blood with CsA (250 ng/ml), tacroli-
mus (10 ng/ml), or sirolimus (10 ng/ml) for 4 h influenced
neither the basal expression of the surface receptors in ques-
tion nor the expression characteristics subsequent to LPS stim-
ulation (Table 1).

Influence of PepG and LTA on monocyte surface inflamma-
tory receptor expression. As seen in Table 2, PepG (10 mg/ml)
from both S. aureus and B. subtilis significantly up-regulated
the surface expression of ICAM-1 and HLA-DR, as efficiently
as did LPS (P , 0.05). In contrast to LPS, PepG significantly
up-regulated the surface expression of CD14 (Fig. 2 and Table
2). The FI of CD14 increased approximately 90% upon stim-
ulation with PepG from both bacteria. However, neither the
PepG from S. aureus nor that from B. subtilis had any influence

on the expression of LFA-3 or FcgRI (Table 2), nor did either
PepG induce the expression of B7.1 or B7.2 (data not shown).

To study the regulation of CD14 and ICAM-1 over time,
whole blood was stimulated with LPS (10 ng/ml) or PepG (10
mg/ml) for 1, 3, 6, 12, and 24 h. As presented in Fig. 3, the
time-dependent expression of CD14 subsequent to stimulation
with LPS or PepG showed an inverse biphasic pattern. LPS
induced an early increase (16%) in CD14 expression at 1 h,
followed by a decrease to subbasal levels at 6 and 12 h (24%
[P , 0.05] and 18%, respectively) of incubation. After 24 h
with LPS incubation, the CD14 expression again rose above
basal levels. In contrast, stimulation with PepG induced a de-
crease (23% [P , 0.05]) in the CD14 expression at 1 h, fol-
lowed by an increase to suprabasal levels after 3 h of incubation
and throughout the experimental period (30% at 6 h [P , 0.05]).

In comparison, the expression of ICAM-1 increased after 3 h
of incubation with both LPS and PepG. The mean FI increased
by 78, 104, and 152% when stimulated with PepG for 6, 12, and
24 h, respectively (P , 0.05 at all timepoints) (Fig. 3), whereas
the LPS-induced changes at the same time points were 25, 45,
and 50%, respectively (P , 0.05 at 12 and 24 h) (Fig. 3). Thus,
PepG seems to be more potent in inducing changes in ICAM-1
expression as compared to LPS.

Stimulation with LTA (100 mg/ml) for 6 h induced the same
changes as those observed with PepG. The mean FI signifi-
cantly increased by approximately 70% for CD14 (P , 0.05;
Fig. 2 and Table 2) and more than 100% for CD54 and
HLA-DR (P , 0.05) (Table 2).

As for LPS, pretreatment with the immunosuppressive drugs
did not influence the expression characteristics subsequent to
PepG or LTA stimulation (data not shown).

Influence of MDP and nonsonicated aggregated PepG from
S. aureus on the expression of surface CD14 and ICAM-1. We
have previously shown that the synthetic PepG subunit MDP
was unable to induce cytokine release in whole human blood,
and the release of TNF-a was largely abrogated when the
PepG was not dispersed (PepGn) (J. E. Wang and P. F. Jør-
gensen, unpublished data).

As reported here, we investigated whether MDP and PepGn
are able to induce changes in the expression of CD14 and
ICAM-1 in whole-blood monocytes. As illustrated in Fig. 4A,
stimulation with both MDP (1 mg/ml) and PepGn (10 mg/ml)
for 6 h significantly increased the expression of both CD14 (62
and 37%, respectively) and ICAM-1 (146 and 168%, respec-
tively).

Thus, we hypothesized that the rise in the LPS receptor

TABLE 1. Expression of surface inflammatory receptors on monocytes after stimulation of whole blood with LPS in the absence or presence
of CsA, tacrolimus, or sirolimus

Treatment
Mean specific fluorescence intensity (6 SEM)a

CD14 LFA-3 ICAM-1 FcgRI HLA-DR

Untreated 54.8 6 3.2 20.0 6 4.3 32.5 6 5.6 16.6 6 3.6 53.5 6 7.8
LPS 42.0 6 2.0b 21.6 6 3.8 59.5 67.8b 17.6 6 4.1 83.3 6 8.7b

LPS 1 CsA 41.0 6 2.3b 20.0 6 3.2 56.5 6 6.5b 19.0 6 3.7 86.2 6 11.3b

LPS 1 tacrolimus 41.6 6 2.3b 19.3 6 3.8 58.8 6 8.0b 18.6 6 2.9 84.2 6 9.6b

LPS 1 sirolimus 42.5 6 1.7b 16.6 6 5.6 54.8 6 7.9b 17.3 62.6 82.3 6 11.7

a Values are specific fluorescence intensity after appropriate gating for monocytes in whole blood treated with LPS (10 ng/ml), LPS and CsA (250 ng/ml), tacrolimus
(10 ng/ml), or sirolimus (10 ng/ml).

b Significantly different (P , 0.05) from the value for the untreated control group as calculated by analysis of variance with Tukey post hoc assessment.
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CD14 caused by PepG and MDP would prime monocytes for
stimulation with LPS. Indeed, coadministration of LPS with
PepG or MDP caused significantly increased values of TNF-a
as compared with the sum of the values obtained by each
stimulant alone (Fig. 4B). This phenomenon was seen with

different doses of each stimulant in combination (data not
shown).

Influence of LPS, PepG, and LTA on sCD14. sCD14 was
found in plasma from unstimulated whole blood in all donors.
Stimulation with PepG (10 mg/ml from both S. aureus and B.
subtilis), MDP (1 mg/ml), or LPS (10 ng/ml) did not signifi-
cantly alter the plasma levels of sCD14 (Fig. 5A). The plasma
levels of sCD14 were found to be stable through a 24-h stim-
ulation assay (Fig. 5B). Moreover, pretreatment of whole
blood with sirolimus (10 ng/ml) for 4 h did not alter the plasma
level of sCD14 in unstimulated or stimulated whole blood
(data not shown).

DISCUSSION

In this paper we report that LPS, PepG, and LTA differen-
tially influenced the expression of inflammatory surface recep-
tors on human monocytes in whole blood. We have shown that
PepG and LTA enhanced the expression of ICAM-1 and
HLA-DR to a degree that was similar to that obtained by LPS.
LPS up-regulates the expression of ICAM-1 and HLA-DR on
human monocytes (29, 30, 33, 37). Our results confirm the
findings of Heinzelmann et al. (23) that LPS and MDP in-
crease the monocyte surface expression of HLA-DR and
ICAM-1 in human whole blood. To the best of our knowledge,
this is the first report to demonstrate that PepG and LTA
up-regulate these surface molecules on human monocytes.
Previous reports have documented up-regulation of ICAM-1
on endothelial cells stimulated with PepG (5, 18, 43). No re-
ports are available demonstrating a stimulatory action of PepG
or LTA on the expression of HLA-DR on human monocytes.
Our results suggest that the G1 bacterial cell wall products
induce important phenotypic changes on whole-blood mono-
cytes. The strong up-regulation of both ICAM-1 and HLA-DR
on monocytes may enhance essential interactions with other
leukocytes, the effective presentation of antigenic peptides,
and the induction of T-cell responses.

The up-regulation of ICAM-1 on macrophages by endotoxin
was recently shown to involve activation of the transcription
factor NF-kB (32). This ubiquitous transcription factor is also
induced in macrophage-like cell lines when stimulated with
both PepG and LTA (19, 34). The regulation of major histo-
compatibility complex class II genes involves several transcrip-
tion factors (46); however, the relative importance of NF-kB is
not clear. The immunosuppressive agents CsA and tacrolimus
inhibit the activation of NF-kB (17). Sirolimus, a potent im-
munosuppressive and antiproliferative agent currently studied
in clinical trials, has a primary effect on responses to cytokines
rather than on the production of them (1, 36). Pretreatment of
whole blood with either of these drugs did not interfere with
the expression of surface receptors under normal or stimulated
conditions. Thus, the up-regulation of ICAM-1 and HLA-DR
in response to bacterial cell wall products possibly involves
signaling pathways not influenced by these immunosuppressive
drugs. Alternatively, the up-regulation is secondary to release
of the molecules from preformed cytoplasmic vesicles. Exper-
iments with the kinetics of ICAM-1 expression demonstrated
an up-regulation starting at 3 h after stimulation with both
PepG and LPS. The expression increased steadily up to 24 h
with PepG but peaked at 12 h with LPS and leveled out there-

FIG. 2. CD14 expression on monocytes 6 h after stimulation of
whole blood with LPS (A), PepG (B), or LTA (C). Whole blood was
stimulated with 10 ng of LPS, 10 mg of PepG, or 100 mg of LTA per ml
of blood and incubated at 37°C for 6 h. One hundred microliters of
blood was then spiked with FITC-conjugated anti-CD14 (clone 18D11)
or isotype-negative control anti-IgG1 (clone 1B9) antibodies. Subse-
quent to lysing of red blood cells, washing, and fixation, the samples
were analyzed by flow cytometry on the FACScan using CellQuest
software. Results illustrated represent one of six experiments with each
stimulant.

518 JØRGENSEN ET AL. CLIN. DIAGN. LAB. IMMUNOL.



after. The time delay of 3 h before increased expression is most
consistent with regulation at the RNA level (37).

Contrary to results with LPS, we found that PepG and LTA
up-regulated the expression of membrane-bound CD14
(mCD14) on whole-blood monocytes. CD14, a key receptor on
the surface of monocytes, is required for the induction of an
inflammatory response triggered by low concentrations of en-

dotoxin (7, 11, 26). There is now also clear evidence that
mCD14 acts as a receptor for both PepG and LTA (6, 19, 20,
47). Furthermore, the ability to up-regulate mCD14 was dem-
onstrated also for MDP. In our model, MDP was unable to

FIG. 3. Time-dependent expression of CD14 (A) and ICAM-1 (B)
on monocytes during stimulation of whole blood with LPS or PepG.
Whole blood was stimulated with 10 ng of LPS or 10 mg of PepG per
ml of blood and incubated at 37°C for 24 h. After the indicated periods
of time, 100 ml of blood was incubated with FITC-conjugated anti-
CD14 (clone 18D11) or PE-conjugated anti-CD54 (clone HA58) as
well as isotype control anti-IgG1 (clone 1B9) antibodies. Subsequent
to lysing of red blood cells, washing, and fixation, the samples were
analyzed by flow cytometry on the FACScan using CellQuest software.
Data represent means 6 SEMs of four donors. Asterisks indicates
significant difference from unstimulated blood (P , 0.05).

FIG. 4. Effects of MDP and PepGn, without and with LPS, on
expression by monocytes. (A) CD14 and ICAM-1 expression on mono-
cytes in whole blood stiulated with MDP or PepGn. Whole blood was
stimulated with 1 mg of MDP or 10 mg of PepGn per ml of blood and
incubated at 37°C for 6 h. One hundred microliters of blood was
subsequently incubated with FITC-conjugated anti-CD14 (clone
18D11) and PE-conjugated anti-CD54 (clone HA58) or isotype-nega-
tive control anti-IgG1 (clone 1B9) antibodies. Subsequent to lysing of
red blood cells, washing, and fixation, the samples were analyzed by
flow cytometry on the FACScan using CellQuest software. Data rep-
resent means 6 SEMs of four donors. Asterisks indicate significant
difference from unstimulated blood (P , 0.05). (B) Ability of PepG
and MDP to cooperate with LPS to induce TNF-a. Whole blood from
six donors was stimulated with 10 ng of LPS, 10 mg of PepG, or 1 mg
of MDP per ml of blood or with a combination of LPS and PepG or
LPS and MDP. Thereafter, the blood was incubated at 37°C for 6 h.
Plasma was analyzed for the presence of TNF-a by ELISA. Data are
means 6 SEMs of six donors. Asterisks indicate significantly different
values from those obtained with either stimulant alone (P , 0.05).

TABLE 2. Expression of surface inflammatory receptors on monocytes after stimulation of whole blood with PepG or LTA

Treatment
Mean specific fluorescence intensity (6 SEM)a

CD14 ICAM-1 LFA-3 FcgRI HLA-DR

Untreated 60.5 6 12.2 27.3 6 4.5 17.5 6 1.1 18.4 6 1.3 62.0 6 11.7
PepG (S. aureus) 114.6 6 20.2b 59.3 613.3b 15.8 6 0.6 19.5 6 1.7 105.7 6 15.6b

PepG (B. subtilis) 115.2 6 21.3b 69.7 6 17.4b 15.8 6 1.0 18.8 6 1.7 106.8 6 16.3b

LTA 103.2 6 14.1b 67.2 6 16.7b 16.2 6 1.1 17.0 6 1.8 127.3 6 26.6b

a Values are for specific fluorescence intensity after appropriate gating for monocytes in whole blood treated with PepG (10 mg/ml) or LTA (100 mg/ml).
b Significantly different (P , 0.05) from the value for the untreated control group as calculated by analysis of variance with Tukey post hoc assessment.
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induce the release of TNF-a when added alone; however,
MDP significantly amplified the LPS-induced release of this
proinflammatory cytokine when added concomitantly with
LPS. We, therefore, speculate that the PepG-mediated up-
regulation of mCD14 may contribute to the observed synergy
with LPS. It is interesting that the time courses of mCD14
expression in response to LPS and PepG were very different.
PepG induced an early decrease and later increase in this
expression, while the contrary was observed with LPS. The role
of CD14 in G1 bacterial sepsis has recently been questioned.
Haziot et al. (22) demonstrated that the lethality of S. aureus in
CD14-deficient mice was not different from that observed with
control mice. Furthermore, their observation that S. aureus
induced at least threefold higher serum concentrations of
TNF-a in CD14-deficient mice as compared with normal con-
trol mice suggests important differences in the role of CD14 in
the development of G1 versus gram-negative (G2) bacterial
sepsis. The hypothesis that G1 bacteria signal through other
receptors than CD14 is in line with our observations. Thus, the
PepG-induced increase in CD14 expression may reflect a scav-
enging function of this receptor in G1 infections. This would
explain the reported increased potency of G1 bacteria to in-
duce TNF-a in CD14 knockout mice (22).

The difference in influence by LPS and PepG on mCD14
expression suggests differences in signaling transduction path-
ways in monocytes. In support of this notion, Dziarski et al.
(13) reported that LPS and soluble PepG activate similar but
not identical mitogen-activated protein kinases in a mouse
macrophage cell line. Furthermore, the expression of CD69, an
early activation marker on lymphoid cells, was recently found
to be differently regulated by LPS and MDP (23), substantiat-
ing the assertion that important differences in cellular signaling
exist between LPS and PepG. The recent discovery of human
TLRs may provide an explanatory tool for these stimulatory
differences between G1 and G2 bacterial products. TLR2 was
recently shown to play a major role in G1 bacterial recogni-
tion, whereas TLR4 plays a critical role in LPS signaling (34,
41, 49); however, whether our findings can be explained by
signaling through these receptors remains to be determined.

Alternatively, the decrease in mCD14 expression subsequent
to LPS stimulation could be due to increased shedding of this
membrane molecule. Release from the cell surface has been
demonstrated as a mechanism of down-modulation of CD14
on human monocytes stimulated with LPS (4). We were, how-
ever, unable to demonstrate any changes in the plasma con-
centration of soluble CD14. The plasma concentration of this
molecule was, however, high in unstimulated blood, and we
cannot rule out minor changes in response to stimulation.

In contrast to other authors, we could not document any
regulation of the costimulatory molecules B7.1 and B7.2, the
adhesion molecule LFA-3, or the IgG receptor FcgRI. We do
not, however, exclude such an effect since we analyzed the
expression of these molecules only 6 h after stimulation. In this
respect, B7.2 was shown by Heinzelmann et al. (23) to be up-
regulated by both LPS and MDP by 1 h after stimulation, but
regulation of B7.2 was not different from the unstimulated
control after 6 and 18 h. LPS has, however, also been reported
to down-regulate the expression of B7.2 on human monocytes
(8). Schmittel et al. (33) analyzed freshly separated human mono-
cytes and found that B7.1 was not constitutively expressed but
became up-regulated after 48 h of stimulation with LPS.

In conclusion, our results indicate that G1 and G2 bacterial
cell wall products have different effects on the phenotype of
human whole-blood monocytes, which substantiates the hy-
pothesis that CD14 plays different roles in G1 and G2 bacte-
rial sepsis.
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