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Abstract
Background: Atopic dermatitis (AD) is a chronic inflammatory skin disease characterized by superficial
Staphylococcus aureus colonization and an increased number of mast cells in the lesional skin, the
immunopathologic features varying according to lesion duration.
Objective: The present study was conducted to clarify the effects of S. aureus cell wall components on
production of allergic mediators from murine mast cells.
Methods: Peptidoglycan (PEG) and/or muramyldipeptide (MDP) were/was used to stimulate murine mast cells,
and the resulting culture supernatants were assayed for Th1 and Th2 chemokines and histamine release.
Chemokine production was assessed using reverse transcription-polymerase chain reaction (RT-PCR) and enzymelinked immunosorbent assay (ELISA). Histamine release was measured using a competitive ELISA.
Results: PEG stimulation induced production of the Th1 chemokine, CXCL10, and the Th2 chemokine, CCL17
by mast cells. Although MDP did not induce production of these chemokines, it synergistically enhanced the PEGstimulated production of CCL17, but not CXCL10, from the mast cells. Histamine release was also enhanced in the
presence of MDP.
Conclusion: The present results suggest that, in AD patients, S. aureus colonization may exacerbate acute
allergic inflammation through up-regulation of CCL17 production and histamine release from PEG- and MDPstimulated mast cells.
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Introduction
Patients with atopic dermatitis (AD) show an increased number of
inflammatory cells such as mast cells, eosinophils and mononuclear
cells in the dermis, as well as superficial Staphylococcus aureus
colonization, the immunopathologic features of the disease varying
according to lesion duration [1]. S. aureus can be isolated from
96-100% of AD skin lesions, whereas only 0-10% of healthy individuals
shows skin colonization by this organism [2,3]. Previously, we have
shown that the detection rate of S. aureus on AD lesional skin is higher
than that on non-lesional skin, the former showing a significantly
higher S. aureus cell count than the latter [3]. However, the production
of super antigenic exotoxin by S. aureus, considered the most
important pathogenic factor in AD, does not differ between lesional
and non-lesional skin.
The cell walls of Gram-positive bacteria contain highly cross-linked
peptidoglycan (PEG) decorated to various degrees with teichoic acid
polymers, some of which are linked to plasma membrane
phospholipids to form lipoteichoic acid (LTA), another major cell wall
component [4,5]. Gram-positive bacteria lack lipopolysaccharide
(LPS), and LTA and/or PEG are considered to be their major
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inflammatory cell wall components. Accordingly, we have
hypothesized that the pathogenetic role of S. aureus LTA and/or PEG
may be more important than super antigenic exotoxins [6-8]. We have
previously demonstrated that PEG induces an increase in the number
of dermal mast cells in mice, similar to that in AD patients [8].
However, it has not been clarified whether PEG and its low-molecularweight fragment, muramyldipeptide (MDP; N-acetylmuramyl-Lalanyl-D-isoglutamine), the minimum bioactive structure of PEG,
influence the activation of mast cells. In the present study, therefore, we
investigated the effects of PEG and/or MDP on allergy-related
chemokine production and histamine release from murine mast cells.

Materials and Methods
PEG and MDP
S. aureus PEG was obtained from Fluka (Buchs SG, Switzerland). It
was reconstituted at 1 mg/mL in phosphate-buffered saline (PBS) at
pH 7.4, and sonicated for 1 h before use. MDP was purchased from
EMD Biosciences (La Jolla, CA, USA) and reconstituted at 1 mg/mL in
PBS at pH 7.4.
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Mice

Statistical analysis

Female specific-pathogen-free BALB/c mice were obtained from
Japan SLC (Hamamatsu, Japan) and used at 6 to 8 weeks of age. They
were housed in plastic cages in a clean, air-conditioned room at 24°C
and allowed access to a standard laboratory diet and water ad libitum.
All procedures performed on the mice conformed to the Guidelines of
the Animal Care and Use Committee of Meiji Pharmaceutical
University, Tokyo, Japan.

The data were expressed as means (± SD), and differences between
means were analyzed using two-tailed Student’s t test. Differences at
p<0.05 were considered to be statistically significant.

Preparation of mast cells and stimulation
Mast cells were induced by long-term (16-20 days) culture of mouse
spleen cells in RPMI 1640 medium containing L-glutamine (SigmaAldrich, St. Louis, MO, USA), 10% fetal bovine serum (SigmaAldrich), 25 mM Hepes (Sigma-Aldrich), 100 U/mL penicillin and 100
µg/mL streptomycin (Gibco RBL, Grand Island, NY, USA) (RPMI 10)
supplemented with 10 ng/mL TNF-α (R&D systems, Minneapolis,
MN, USA), as described by Hu et al. [9]. Purified mast cells were
separated from dead cells and small lymphocytes in the culture using
Histopaque-1077 (Sigma-Aldrich) and then further expanded in RPMI
10 supplemented with 20 ng/mL IL-3 (Peprotech, Rocky Hill, NJ, USA)
and 20 ng/mL IL-4 (Peprotech) for 2 weeks. These mast cells were
adjusted to 1 × 106 cells/mL in RPMI 10, and then incubated in the
presence of PEG (10 µg/mL) and/or MDP (10 µg/mL) at 37°C in a
humidified 5% CO2 atmosphere.

Detection of mRNA expression and quantification of
chemokines
For determination of mRNA expression for Th1/Th2-type
chemokine and toll-like receptor 2 (TLR2)/nucleotide-binding
oligomerization domain-2 (NOD2), mRNA was extracted from mast
cells after stimulation with PEG and/or MDP for 24 h using a Quick
Prep Micro mRNA purification kit (GE Healthcare, Buckinghamshire,
UK). The cDNA was then synthesized from 160 ng of the mRNA using
a first-strand cDNA synthesis kit (GE Healthcare). Polymerase chain
reaction (PCR) was performed using a GeneAmp PCR System 9700
(Perkin-Elmer, Norwalk, CT, USA) in a 25-µL reaction volume
containing 1.5 µL of cDNA (corresponding to 16 ng of the original
mRNA) as described previously, and the PCR products were separated
on a 2% agarose gel containing ethidium bromide [7]. The primers
used for amplification of β-actin, CXCL9/Mig, CXCL10/IP-10, CCL17/
TARC, CCL22/MDC, TLR2 and NOD2 have been described elsewhere
[7,10-15]. The culture supernatants of mast cells were also collected
after incubation with PEG and/or MDP for 48 h, and their chemokine
concentrations were determined using enzyme-linked immunosorbent
assay (ELISA) kits for quantification of murine CXCL10 and CCL17 (R
& D Systems).

Histamine release assay
For histamine release assay, 1 × 106 mast cells were suspended in 0.2
mL RPMI 10, then stimulated at 37°C for 1 h with 10 µg/mL PEG
and/or 10 µg/mL MDP. The cell stimulation was stopped by cooling in
iced water, and then the supernatant was removed for histamine assay.
Histamine release was measured using a competitive ELISA kit for
histamine (Immunotech Beckman Coulter, Marseille, France).
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Results
Influence of PEG and MDP on Th1/Th2-type chemokine
production from mast cells
CXCL9 and CXCL10 are structurally related Th1-type chemokines
that share a common receptor, CXCR3 [16], whereas CCL17 and
CCL22 are Th2-type chemokines that share the receptor CCR4. To
investigate whether PEG and/or MDP influences the mRNA
expression of these chemokines in murine mast cells, we performed
reverse transcription (RT)-PCR analysis. After 24 h of culture in the
presence of PEG, but not MDP, mast cells began to express mRNA for
CXCL10 and CCL17, but not that for CXCL9 and CCL22 (Figure 1A).
Furthermore, the expression of mRNA for CCL17, but not that for
CXCL10, was enhanced in the presence of MDP. To determine whether
cultured mast cells produced CXCL10 and CCL17 at the protein level
and secreted them into the culture medium, we performed ELISA
using culture medium after 48 h of incubation. As shown in Figure 1B
and C, PEG-stimulated, but not MDP-stimulated, mast cells produced
significant levels of CXCL10 and CCL17, and MDP enhanced the
PEG-induced production of CCL17, but not that of CXCL10. These
results indicate that the synergistic effects of MDP are more specific to
Th2-type chemokine production.

Figure 1: Effect of PEG and MDP on Th1-type and Th2-type
chemokine production by murine mast cells. Murine mast cells (1 ×
106/mL) were incubated with 10 µg/mL PEG in the presence or
absence of 10 µg/mL MDP. (A) After incubation for 24 h,
cytoplasmic mRNA was extracted from 1 × 106 cells, reversetranscribed and PCR-amplified using primer sets for β-actin,
CXCL9, CXCL10, CCL17 and CCL22. The data shown are
representative results of four independent experiments. (B) Assay of
48 h culture supernatants for CXCL10 production using ELISA. The
results are expressed as means ± SD (n=6). (C) Assay of 48 h culture
supernatants for CCL17 production using ELISA. The results are
expressed as means ± SD (n=6).
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Expression of TLR2 and NOD2 in mast cells
It is well known that PEG and MDP signal through TLR2 and
NOD2, respectively [17-19]. Therefore, expression of TLR2 and NOD2
by mast cells was also examined by RT-PCR to confirm their capacity
to respond to PEG and MDP. As shown in Figure 2, mast cells
spontaneously expressed mRNA for both TLR2 and NOD2, and the
expression level of the former, but not that of the latter, was slightly
increased by PEG stimulation. However, MDP-stimulated mast cells
showed no increase in TLR2 or NOD2 mRNA expression, and
simultaneous stimulation with PEG and MDP did not synergistically
increase the expression of either.

Figure 3: Effect of PEG and MDP on histamine release from murine
mast cells. Murine mast cells (1 × 106/0.2 mL) were incubated with
10 µg/mL PEG in the presence or absence of 10 µg/mL MDP. After
1 h of stimulation, the supernatants were analyzed for histamine
release from mast cells by a competitive ELISA. The results are
expressed as means ± SD (n=6).

Discussion

Figure 2: Effect of PEG and MDP on TLR2 and NOD2 mRNA
expression in murine mast cells. Murine mast cells (1 × 106/mL)
were incubated with 10 µg/mL PEG in the presence or absence of 10
µg/mL MDP. After 24 h of incubation, cytoplasmic mRNA was
extracted from the mast cells (1 × 106 cells), reverse-transcribed and
PCR-amplified using primer sets for β-actin, TLR2 and NOD2. The
data shown are representative results of four independent
experiments.

Influence of PEG and MDP on histamine release from mast
cells
We examined whether PEG and MDP were able to trigger mast cell
degranulation by determining the release of histamine from mast cells
after 1 h of incubation with PEG and/or MDP. As shown in Figure 3,
significant histamine release from mast cells was elicited by stimulation
with PEG, but not MDP. However, PEG in combination with MDP
caused a marked increase of histamine release in comparison with PEG
stimulation alone. This suggests that MDP has the ability to
synergistically enhance the PEG-induced hypersensitivity reaction
through degranulation of mast cells.
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Chronic skin colonization with S. aureus is a well-documented
feature of AD. Most studies focusing on the role of S. aureus in the skin
of AD patients have centered on staphylococcal exotoxins [20].
However, as about half of the S. aureus strains isolated from AD
patients are not capable of super antigens production, the roles of these
strains in AD skin lesions have remained unclear [3,21,22].
Percutaneous application of a cell wall component of S. aureus, PEG,
has been shown to induce a Th2 immune response similar to that in
AD patients [23]. As the number of Th2 cells is markedly increased in
both peripheral blood and acute skin lesions of AD patients, the
development of Th2 cells appears to be important for triggering AD,
and S. aureus strains not producing toxins such as super antigen
appear to be capable of triggering Th2-type inflammation in AD
lesions.
In the present study we examined the effects of PEG from S. aureus
and its low-molecular-weight fragment, MDP, on murine mast cells.
Chemokines are involved in the recruitment of inflammatory cells to
immune reaction sites. Here we found that, in combination with MDP,
PEG enhanced the production of the Th2-type chemokine CCL17
from mast cells in comparison with PEG stimulation alone, but not
that of the Th1-type chemokine CXCL10. CCL17 has been thought to
elicit migration of Th2 cells to sites of inflammation [12]. Infiltration of
Th2 cells into the skin lesions of AD patients occurs in the acute phase
of inflammation with concomitant induction of an early allergic
reaction [1]. Histamine also works as a primary mediator of the early
allergic reaction, and histamine released by degranulation of sensitized
mast cells/basophils causes acute allergic symptoms. Here we found
that the release of histamine from PEG-stimulated mast cells was also
enhanced in the presence of MDP, suggesting that it is important to
eliminate the source of PEG and MDP for relief of the acute
inflammation phase in AD patients. Since it is well known that PEG is
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a TLR2 agonist and MDP a NOD2 agonist, both TLR2 stimuli and
NOD2 stimuli would result in synergistic release of allergic mediators
from mast cells [17-19]. RT-PCR using TLR2 and NOD2 primer sets
predicted the presence of TLR2 and NOD2 in mast cells and suggested
that increased production of CXCL10, CCL17 and histamine release
elicited by stimulation with PEG might be partially associated with an
increase of TLR2 expression on mast cells. However, the synergistic
effects of simultaneous stimulation with PEG and MDP on CCL17
production and histamine release from mast cells were not explained
by the levels of TLR2 and NOD2 expression, and the mechanisms
responsible remain to be clarified in a further study.
As the density of S. aureus in skin lesions of AD patients exceeds 1 ×
107 organisms/cm2, the concentrations of 10 µg/mL PEG and 10
µg/mL MDP used for in vitro stimulation would likely be possible in
vivo [2]. Therefore, sustained S. aureus colonization in AD patients
would stimulate skin mast cells to induce a Th2-type immune response
and hypersensitivity reaction through PEG and MDP, which are cell
components common to both super antigenic exotoxin-producing and
-non-producing S. aureus strains. Since the skin of most AD patients
shows superficial S. aureus colonization and barrier disruption due to
reduced levels of filaggrin [24], PEG and MDP from S. aureus would
be expected to penetrate the skin and possibly play a critical role in the
perpetuation of skin inflammation through production of CCL17 and
histamine release from mast cells.

Conclusion
The acute allergic inflammation observed in AD patients may be
enhanced by PEG and MDP from colonizing S. aureus. Therefore,
irrespective of whether clinical signs of super infection are evident,
antimicrobial treatment may be a promising new therapeutic strategy
for at least a proportion of AD patients.
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