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Summary

Muramyl dipeptide (MDP) is the minimal active fragment of peptidoglycan
of the cell wall of Gram-positive bacteria, with potential beneficial effects as a
vaccine adjuvant. Peptidoglycans and MDP are recognized by the intracellular
receptor NOD2 (nucleotide-binding oligomerization domain 2), leading to
production of proinflammatory cytokines. In the present study, it is shown
that, despite stimulatory effects on isolated human mononuclear cells, MDP
does not stimulate production of tumour necrosis factor-q, interleukin-1p or
interleukin-6 in a whole-blood assay. However, MDP retains synergistic effects
on lipopolysaccharide-induced cytokines in whole blood. Screening tests of
NOD?2 function based on whole-blood stimulation should therefore employ
strategies based on the synergistic effects of MDP on Toll-like receptor-
induced cytokine production. Plasma was not responsible for the inhibition of
MDP in whole blood. The inhibition of MDP stimulation was dependent
upon cellular components, with erythrocyte-derived haemoglobin and neu-
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Introduction

Muramyl dipeptide (MDP) is the minimal biologically active
fragment of peptidoglycan of the cell wall of Gram-positive
bacteria [1]. MDP is recognized by leucocytes and other cells
of humans and animals, and this recognition leads to produc-
tion of proinflammatory cytokines such as interleukin (IL)-
1B, tumour necrosis factor (TNF)-a and IL-6 [1,2]. Recent
studies have demonstrated that the recognition receptor of
MDP is the nucleotide-binding oligomerization domain 2
(NOD2), an intracellular receptor of the NACHT-LRR (NLR)
family [3]. Mutations in the LRR recognition domain of
NOD?2 have been associated with Crohn’s disease [4,5], while
mutation in its NOD domain leads to Blau syndrome [6].
The NOD?2 engagement induces dendritic cell maturation
[7], and both peptidoglycans and MDP have long been
known to be potent vaccine adjuvants [8]. In addition,
testing the cytokine production capacity of cells from
patients with various diseases, especially in whole-blood
cytokine assays, is an increasingly used diagnostic tool [9].
Therefore, interest in the cytokine-stimulating capacity of
MDP is of great potential clinical importance. When stimu-
lated with MDP, differences in cytokine production may be
expected when either isolated peripheral blood mononuclear
cells (PBMC) or whole-blood assays are used. Little is known
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about these differences (if any), and the blood components
that are capable of modulating cytokine production induced
by NOD2 engagement by MDP.

The aim of the present study was to assess cytokine pro-
duction induced by MDP either in isolated PBMC or in
whole-blood assays. Because NOD?2 is an important ampli-
fication signal for Toll-like receptor (TLR)-induced cytokine
production [10,11], we have investigated the effects of MDP
alone and its amplification effects on TLR-4 signalling. The
effects of blood components (plasma, haemoglobin, neutro-
phils) on MDP-induced cytokines were also assessed.

Materials and methods

Reagents

Synthetic MDP was obtained from Calbiochem (San Diego,
CA, USA). Lipopolysaccharide (LPS) from Escherichia coli
strain O55:B5 was purchased from Sigma Chemical Co. (St
Louis, MO, USA) and repurified as described previously [12].

Volunteers

The study was approved by the Combined Colorado
Investigational Review Board, and each blood donor gave
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informed consent. Blood was harvested from the antecubital
vein of eight healthy male volunteers, aged between 17 and
61 years. None of the volunteers experienced a recent infec-
tion, and they had no inflammatory diseases. None of the
volunteers used cyclooxgenase inhibitors 2 weeks prior to the
study.

Whole-blood cultures

Heparinized blood was diluted 1:1, 1:5 or 1:10 in RPMI-
1640 and stimulated with the various stimuli for 24 h at 37°C
in a total volume of 1 ml in 24-well plates. The stimuli used
were LPS (1 ng/ml), MDP (10 pg/ml; this concentration was
chosen to reach a stimulatory effect but also to maintain
pathophysiologically relevant concentrations) or a combina-
tion of MDP and LPS. After 24 h stimulation, the superna-
tants were collected and stored at —80°C until cytokine
measurement. In separate experiments, the whole cellular
blood fraction was washed gently twice in sterile phosphate-
buffered saline (PBS) (10 min, 500 g). The plasma compo-
nent was reconstituted by culture medium and cells were
stimulated with the various stimuli as described above.

The PBMC isolation and stimulation

Blood was collected in heparinized tubes (sodium heparin:
final concentration 20 U/ml; Elkins-Sinn, Cherry Hill, NJ,
USA). Isolation of PBMC was performed as described else-
where [13], with minor modifications. The PBMC fraction
was obtained by density centrifugation of blood diluted 1:1
in pyrogen-free saline over Ficoll-Paque (Pharmacia Biotech,
Uppsala, Sweden). Cells were washed twice in saline and
suspended in culture medium (RPMI-1640) supplemented
with gentamicin 10 pg/ml, L-glutamine 10 mM and pyru-
vate 10 mM. The cells were counted in a Coulter counter
(Coulter Electronics, Hialeah, FL, USA) and the number was
adjusted to 5x 10° cells/ml. A total of 5% 10° MNC in a
100 pl volume was added to round-bottomed 96-well plates
(Greiner) and incubated with either 100 ul of culture
medium (negative control) or the various stimuli: LPS
(1 ng/ml), MDP (10 pg/ml) or a combination of MDP and
LPS.

In additional experiments, the role of the various blood
components on cytokine production induced in PBMC by
MDP were also investigated. The neutrophil fraction was
collected after centrifugation through Ficoll Hypaque. The
erythrocytes were lysed in lysis buffer for 15 min in the dark
at room temperature. Afterwards, neutrophils were centri-
fuged at 200 g for 5 min and washed in sterile PBS. They
were resuspended in RPMI-1640 at a final concentration of
5 x 10° cells/ml. Haemoglobin was obtained by adding sterile
distilled water (1:1) to the erythrocyte fraction obtained after
Ficoll-Paque centrifugation. After 15 min incubation, the
mixture was centrifuged at 1000 g for 10 min, and the super-
natant was collected as a source of free haemoglobin.

MDP stimulation of whole blood

A total of 5 x 10° PBMC was incubated in 96-well plates
with the stimulus in the absence or presence of non-lysed
erythrocytes, free haemoglobin or neutrophils. After stimu-
lation with MDP, LPS or MDP/LPS for 24 h at 37°C, the
supernatants were collected for cytokine measurements.

Cytokine measurements

The TNF, IL-1f and IL-6 concentrations were measured by
electrochemiluminescence, as described previously [14].

Statistical analysis

Data were expressed as means *+ standard errors of the mean
of experiments performed with cells isolated from eight
volunteers. Differences between data obtained with the
various stimuli in the same volunteers were analysed with
the paired Student’s t-test. Each time, stimulations were
compared with two different stimuli for the production of
cytokines.

Results

Stimulation of whole blood by MDP

Previous studies have shown that MDP stimulates cytokine
production in human isolated PBMC both alone and in
synergism with TLR ligands such as LPS [10,11]. When
whole blood was stimulated with MDP alone, no cytokine
production was observed (Fig. 1), although similar amounts
of MDP stimulated TNF or IL-1B production in isolated
PBMC (Fig. 2a and b). However, MDP amplified moderately
the release of IL-1P and TNF induced by LPS in whole blood
(Fig. la and b).

The effect of plasma fraction on MDP-induced
cytokine production

Various components of plasma have been demonstrated to
modulate cytokine production induced by TLR ligands. The
presence of plasma in the culture medium of PBMC ampli-
fied the MDP-induced IL-1P but not TNF (Fig. 2a). More-
over, plasma also potentiated the synergism between the
MDP/NOD2 and LPS/TLR-4 pathways (Fig. 2b and c).
This demonstrates that the plasma component is not
responsible for inhibiting the MDP-stimulatory action seen
in whole blood. This assumption is supported by experi-
ments performed in washed blood, in which the plasma
component was reconstituted by culture medium, and which
showed no stimulatory effects of MDP alone, similar to that
in whole-blood assays (Fig. 3). This suggests that cellular
components in the blood inhibit the effects of MDP.

The effect of cellular fractions on MDP-induced
cytokine production

Adding either free haemoglobin or neutrophils inhibited
cytokine production stimulated in PBMC by MDP alone
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Fig. 1. Stimulation of cytokine production in whole blood. Freshly
harvested whole blood was diluted 1:1, 1:5 or 1:10 in RPMI-1640 and
stimulated with muramyl dipeptide (MDP) (10 pg/ml),
lipopolysaccharide (LPS) (1 ng/ml) or a combination of MDP and
LPS for 24 h at 37°C. After 24 h stimulation the supernatants were
collected and stored at —80°C until cytokine measurements. Data are
presented as means * standard error of the mean of eight volunteers.
*P < 0-05 in comparison with 1:1 whole-blood dilution; #P < 0-05 in
comparison with stimulation with 1:4 whole-blood dilution.

(Fig. 4aandb), while adding intact erythrocytes had no effect.
In contrast to MDP, only neutrophils were able to inhibit
LPS-induced cytokine production significantly (P < 0-05,
Fig. 4c and d). The synergistic effect of MDP on LPS-induced
cytokine production was not influenced by either erythro-
cytes or free haemoglobin, while MDP/LPS cytokine produc-
tion was decreased strongly by neutrophils because of their
effects on both MDP and LPS (P < 0-05, Fig. 4c and d).

Discussion

The first aim of our study was to compare cytokine stimu-
lation induced by MDP in isolated PBMC and whole-blood
assays. The potential importance of MDP as a vaccine adju-

vant, as well as the role of its receptor NOD2 in Crohn’s
disease and Blau syndrome [4-6], has prompted justifiable
interest in its mechanisms of cell stimulation. While much
knowledge has been gained in the stimulation of isolated
mononuclear cells (either monocytes or macrophages) by
MDP, very little is known about the capacity of MDP to
stimulate cytokine production in whole blood. Surprisingly,
despite stimulation of cytokine production in PBMC assays,
as also known previously [1,15], MDP was unable to induce
cytokine production in whole blood. However, MDP was
still able to amplify the LPS-dependent cytokine release
moderately. This suggests that while blood components
potently neutralize MDP so that it is unable to stimulate
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Fig. 2. The effect of plasma on muramyl dipeptide (MDP)-induced
production of cytokines. Isolated peripheral blood mononuclear cells
were stimulated either with MDP alone (a—c) or with combinations of
MDP and lipopolysaccharide (b,c). Plasma was added in various
concentrations, as depicted. After 24 h stimulation the supernatants
were collected and stored at —80°C until cytokine measurements.

Data are presented as means = standard error of the mean of cells
harvested from eight volunteers. *P < 0-05 in comparison with
stimulation with 0% plasma; #P < 0-05 in comparison with
stimulation with 1% plasma.
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Fig. 3. The effect of plasma reconstitution with culture medium on
muramyl dipeptide (MDP) stimulation of whole blood. Whole-blood
fraction was washed gently twice in sterile phosphate-buffered saline
(10 min, 500 g). The plasma component was reconstituted by culture
medium (RPMI-1640) and cells were stimulated with MDP

(10 pg/ml), lipopolysaccharide (LPS) (1 ng/ml), or a combination

of MDP and LPS for 24 h at 37°C. After 24 h stimulation the
supernatants were collected and stored at —80°C until cytokine
measurements. Data are presented as means * standard error of the
mean of cells harvested from six volunteers. *P < 0-05 in comparison
with stimulation with 1:1 diluted washed blood; #P < 0-05 in
comparison with stimulation with 1:4 diluted washed blood.

cytokines on its own, the residual MDP activity is still able to
synergize with the LPS/TLR-4 pathway for induction of
cytokines. It is known that MDP is significantly less potent
than LPS for cytokine induction and thus possibly more
susceptible to inhibitory effects. Conversely, MDP (especially
in low concentrations) has strong synergistic effects on TLR-

MDP stimulation of whole blood

induced cytokine production [10,11], which explains the
synergism with LPS in whole blood. This finding implies that
a whole-blood assay designed to assess the MDP/NOD2
pathway should include MDP/LPS stimulation, not MDP
alone.

The stimulation of whole blood by bacterial stimuli, in
this case MDP, is important because it is closer to the natural
situation: bacterial components are released during infection
in blood and not in isolated cells. In addition, rapid screen-
ing of the function of certain stimulatory pathways can be
performed much more easily in whole-blood assays than in
isolated cell populations. One such assay is used in tubercu-
losis diagnosis [9], and this methodology has invaluable
importance in field studies in resource-poor settings [16].

The inefficient stimulation of blood by MDP raises the
question of which blood components inhibit the MDP
activity. Plasma components are known to modulate cytok-
ine release induced by TLR ligands such as LPS, with both
stimulatory and inhibitory effects: the LPS-binding protein
stimulates cytokine production by forming a shuttle
between LPS micellae and the TLR-4/CD14 complex [17],
while lipoproteins in the plasma bind and neutralize circu-
lating LPS [18]. When plasma was added to the medium
during stimulation of PBMC with MDP, a significant
increase in cytokine release was observed. Only IL-1f3 pro-
duction (but not TNF) induced by MDP alone seemed to
be inhibited at high plasma concentrations (10%) com-
pared with low concentrations (1%), but not compared
with stimulation in the absence of plasma. For the other
stimuli, including LPS or LPS + MDP, a stimulatory effect
of plasma was observed, and this known phenomenon is
due most probably to plasma factors such as LPS-binding
protein or soluble CD14. This implies that plasma facili-
tates cell stimulation by MDP, and that plasma components
are not responsible for the inhibitory effects on MDP in
whole blood. This conclusion was strengthened by the
absence of MDP-induced cytokine release when plasma was
removed and reconstituted with culture medium in the
whole-blood stimulation assay.
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The lack of inhibitory effects of plasma on MDP-induced
cytokines suggested that a cellular or cell-derived component
from the blood is responsible for the down-regulation of
MDP effects in whole blood. One of the obvious candidates
is the red blood cell. Although non-damaged erythrocytes do
not alter LPS/TLR-4 cytokine production [19], both oxida-
tively modified erythrocytes [19] and erythrocyte-derived
free haemoglobin [20,21] augment cytokine release from
human monocytes by bacterial stimuli such as LPS. Similar
to the absence of effects on TLR-2 or TLR-4, intact erythro-
cytes did not influence MDP- or MDP/LPS-induced cytok-
ine production. In contrast to earlier studies that have
suggested stimulatory effects of free haemoglobin on LPS-
induced cytokine production, in our experiments haemoglo-
bin moderately inhibited the induction of cytokines induced
by MDP (Fig.4), which can partly explain the effects
observed in whole-blood assays. The relatively high amounts
of free haemoglobin used are not to be found physiologically,
but are relevant for whole-blood stimulation assays and
certain pathological events where high levels of haemolysis
exist.

However, the most impressive effect on MDP stimulation
was observed when purified neutrophils were added to the
culture. When we added neutrophils to the MDP/monocyte
cultures, a significant decrease in cytokine production
was observed. Similarly, the MDP/LPS synergistic release
of cytokines was inhibited strongly by the presence of
neutrophils. Although neutrophils can be stimulated by bac-
terial components, they can also internalize and neutralize
them. An example of the latter effect is neutralization of LPS
activity by the neutrophil-derived bactericidal-permeability
increasing protein [22]. Thus, a significant decrease in cytok-
ine release was measured when adding neutrophils to LPS/
monocyte cultures. Interestingly, while MDP is the minimal
active motif of peptidoglycans that can stimulate cytokine
production in mononuclear cells, it does not stimulate either
cytokine production [23] or metabolic activation [24] in
neutrophils, while peptidoglycans are capable of eliciting
these effects.

In conclusion, in the present study we describe the lack of
stimulatory effects of MDP alone in a whole-blood assay.
Screening tests of NOD2 function based on whole-blood
stimulation should employ strategies based on the synergis-
tic effects of MDP on TLR-induced cytokine production.
The inhibition of MDP stimulation in whole blood is depen-
dent upon cellular components and not by plasma. Free
haemoglobin and neutrophils collaborate in the inhibition
of MDP effects in whole blood.
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