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Mast Cells Stimulated with Peptidoglycan from Staphylococcus aureus
Augment the Development of Th1 Cells
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ABSTRACT - Background: The skin of patients with atopic dermatitis (AD) is superficially colonized by
Staphylococcus aureus. We have previously found that percutaneous permeation of peptidoglycan (PEG)
from S. aureus increases the number of mast cells in the dermis, as seen in skin lesions of AD patients. The
purpose of the present study was to clarify the influence of PEG on T helper type 1 (Thl)/ T helper type 2
(Th2) cell development mediated by mast cells. Methods: Mast cells were induced by long-term culture of
murine spleen cells in medium supplemented with tumor necrosis factor (TNF)- a.. Ovalbumin (OVA)
peptide-pulsed mast cells were incubated with naive Th cells in the presence or absence of PEG. Five days
later, Th cells in the culture were stimulated with phorbol 12-myristate 13-acetate (PMA) and ionomycin,
and Th1/Th2 cytokine production was investigated by enzyme-linked immunosorbent assay. Results: It was
confirmed that the mast cells we obtained had surface expression of I-A¢, worked as antigen-presenting cells,
and induced Thl cell and Th2 cell development. The stimulation of mast cells with PEG enhanced the
development of Thl cells but not that of Th2 cells. The increase of Thl cell development stimulated by
PEG was associated with an increase in the expression of Notch ligand Delta 1 in the mast cells.
Furthermore, treatment of mast cells with the macrolide antibiotic josamycin suppressed Thl cell
development and this was correlated with a reduction of both Delta 1 expression and interleukin (IL)-12
production in mast cells. Conclusions: Colonization of S. aureus on the lesioned skin of AD patients
contributes to not only an increase in the number of mast cells but also Thl cell development mediated by
mast cells in the dermis and subsequent induction of chronic inflammation, which is characterized by
up-regulation of the Th1 cytokine, interferon (IFN)- y. Therefore, application of josamycin to the lesional
skin of AD patients may provide relief from chronic inflammation mediated by mast cells.

INTRODUCTION believed to be the most important pathogenic factor,
on the lesional and non-lesional skin of AD

Atopic dermatitis (AD) is a chronic inflammatory patients.

skin disease with immunopathologic features that Gram-positive  bacterial cell walls are

vary depending on the duration of the lesions. The composed of highly cross-linked peptidoglycan

chronic skin lesions of AD patients show an (PEG) decorated to a variable extent with teichoic

increased number of inflammatory cells such as acid polymers. The latter are also linked to plasma
mast cells, eosinophils, and mononuclear cells in membrane phospholipids, of which lipoteichoic
the dermis and superficial colonization by acid (LTA) and PEG are the major surface
Staphylococcus aureus (1). S. aureus can be components (4, 5). Gram-positive bacteria contain

isolated from 96% to 100% of skin lesions of AD no lipopolysaccharide (LPS), and LTA and/or PEG
patients, whereas the skin of only 0% to 10% of are thought to be major inflammatory products in
healthy individuals are colonized by this organism their cell walls. Therefore, we hypothesized that
(2, 3). We have also found previously that the rate LTA and/or PEG from S. aureus may be
of detection of S. aureus on the lesional skin of AD pathogenic factors that are more important than
patients was higher than that on the non-lesional superantigenic exotoxins in AD patients (6, 7). In a
skin of these patients (3). Furthermore, the previous study, we found that percutaneous
bacterial cell count of S. aureus on the lesional skin application of PEG induced higher numbers of

of AD patients was significantly higher than that on
the skin of healthy individuals or the non-lesional . ) )
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mast cells in murine skin, as is seen in AD patients
(8). Furthermore, recent findings have indicated
that mast cells express major histocompatibility
complex (MHC) class II molecules and work as
antigen-presenting cells (APCs) (9, 10). Therefore,
antigen presentation by mast cells may play an
important role in induction of the T helper type 1
(Th1l) and/or T helper type 2 (Th2) immune
response in skin lesions of AD patients. In the
present work, we attempted to confirm whether
PEG derived from S. aureus influences antigen
presentation by mast cells.

MATERIALS AND METHODS

PEG

PEG derived from S. aureus was obtained from
Fluka (Buchs SG, Switzerland). The PEG was
reconstituted in phosphate-buffered saline (PBS),
pH 7.4, at a concentration of 1 mg/mL, and
sonicated for 1 h before use.

Mice

Specific-pathogen-free BALB/c (wild type) mice
and DO 11.10 TCR Tg mice (ovalbumin
(OVA)323.339-specific I-A%-restricted
TCR-transgenic mice) were obtained from Japan
SLC (Hamamatsu, Japan) and The Jackson
Laboratory  (Bar  Harbor, Maine, USA),
respectively, and used at the age of 6 to 8 weeks.
They were housed in plastic cages with sterilized
paper bedding in a clean, air-conditioned room at
24 °C and allowed free access to a standard
laboratory diet and water. All procedures
performed on the mice were in accordance with the
Guidelines of the Animal Care and Use Committee
of Meiji Pharmaceutical University, Tokyo.

Generation of Mast Cells from Mouse Spleen
Cells

Mast cells were induced by long-term (16 days)
culture of mouse spleen cells in RPMI 1640
medium with L-glutamine (Sigma, St. Louis, MO,
USA) containing 10% fetal bovine serum (Sigma),
25 mM Hepes (Sigma), 100 U/mL penicillin, and
100 pg/mL streptomycin (Gibco RBL, Grand
Island, NY, USA) (RPMI 10) supplemented with
10 ng/mL tumor necrosis factor (TNF)- o (R&D
Systems, Minneapolis, MN, USA), as described by
Hu et al. (11). To obtain purified mast cells, the
mast cells in the culture were separated from dead
cells and small lymphocytes by Histopaque-1077
(Sigma) and further expanded in RPMI 10
supplemented with 20 ng/mL interleukin (IL)-3

(Peprotech, Rocky Hill, NJ, USA) and 20 ng/mL
IL-4 (Peprotech) for 1 week.

Detection of Cell Surface I-A? Antigen on Mast
Cells

Mast cells were stained with
phycoerythrin-conjugated  anti-I-A® monoclonal
antibody (Clone 34-5-3S; mouse IgG2a) (Cedarlane,
Ontario, Canada), and cell surface I-A? antigen was
detected by flow cytometry (FCM).

Th1 and Th2 Cell Development by Mast Cells

Mast cells were adjusted to 1x10° cells/mL in
RPMI 10 and incubated in the presence or absence
of PEG (10 pg/mL) and josamycin (10 uM;
provided by Astellas Pharma Inc., Tokyo, Japan)
for 18h at 37°C in a humidified atmosphere with
5% COa, and then washed before use. Next, T
helper (Th) cells were separated from DO 11.10
TCR Tg mouse spleen cells using an EasySep
Negative Selection Mouse CD4" T Cell Enrichment
Kit (StemCell Technologies, Vancouver, BC,
Canada) and then treated with mouse anti-CD62L
monoclonal antibody (clone laml1-116, 1gG2a) (1

ug per 1 x 10° cells; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) in RPMI 10 for 1 h on ice.
The Th cells that had been reacted with
anti-CD62L antibody were then purified using a
CELLection™ Pan Mouse IgG Kit (Invitrogen
Dynal AS, Oslo, Norway), and used as naive Th
cells. The naive Th cells (5 x 10° cells/mL) were
cultured with the above mast cells (1 x 10°
cells/mL) in the presence of 30 nM OVA peptide
(323-ISQAVHAAHAEINEAGR-339; obtained
from Operon Biotechnologies, Tokyo, Japan) for 5
days at 37°C. The cells were then stimulated with
50 ng/mL phorbol 12-myristate 13-acetate (PMA)
(Sigma) and 500 ng/mL ionomycin (Sigma) for 24
h at 37°C. The cell supernatants were finally
removed and tested for production of interferon

(IFN)-y and IL-4 using enzyme-linked
immunosorbent assay (ELISA) kits (R&D
Systems).

Reverse Transcription-Polymerase Chain

Reaction (RT-PCR) Assay

In order to determine the levels of mMRNA
expression for various cell surface molecules,
mRNA was extracted from mast cells (1x10° cells)
using a Dynabeads® mRNA DIRECT™ Micro Kit
(Life Technologies, Oslo, Norway). Then, the
cDNA was synthesized from the mRNA using a
first-strand cDNA synthesis kit (GE Healthcare UK
Ltd., Little Chalfont, Buckinghamshire, UK).
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Polymerase chain reaction (PCR) was performed
using the following primers: B-actin (540 bp) 5'
primer, 5-GTGGGCCGCTCTAGGCACCAA-3'
and 3 primer,
5'-CTCTTTGATGTCACGCACGATTTC-3"

CD80 (312 bp) 5 primer,
5'-GAAGACCGAATCTACTGGCA-3' and 3

primer, 5-GGAAGCAAAGCAGGTAATCC-3"
CD86 (302 bp) 5 primer,
5'-AGCCTGAGTGAGCTGGTAGT-3' and 3

primer, 5'-CCTGTTACATTCTGAGCCAG-3";
Delta 1 (318 bp) 5 primer,
5"TGCACTGACCCAATCTGTCT-3' and 3

primer, 5'-CTCACAGTTGGCACCTGTAT-3}
Delta 3 (331 bp) 5 primer,
5'-CTACTGTGAAGAGCCTGATG-3' and 3'

primer, 5-ACAGACATAGGCAGAGTCAG-3";
Delta 4 (307 bp) 5 primer,
5-TCACCAGACTGAGCTACTCT-3' and 3'

primer, 5'-ATGCTGCAGGTGCCATGGAT-3";
Jagged 1 (314 bp) 5 primer,
5'-ATCCGAGTGACCTGTGATGA-3' and 3

primer, 5-TTGGTCTCACAGAGGCACTG-3";
Jagged 2 (300 bp) 5 primer,
5-GCTGTGATGAGAACTACTAC-3' and 3

primer, 5-TCTCACAGTCACAGTGCCAG-3";
T-cell immunoglobulin and mucin
domain-containing protein (TIM)-4 (304 bp) 5'
primer, 5'-GTCCAGTTTGGTGAAGTGTC-3' and
3" primer, 5-ACGTGGTCACTGCTGTACTG-3"
Each PCR was performed using a GeneAmp PCR
System 9700 (Perkin-Elmer, Norwalk, CT, USA) in
25uL reaction mixture comprising 1.5uL cDNA,
200 uM deoxynucleotide triphosphate mixture, 400
nM each PCR primer and 25 U/mL Ex Taq DNA
polymerase (Takara, Shiga, Japan). The reaction
conditions were as follows: one 4-min cycle at 94
°C, 35 cycles comprising 45 s at 94 °C, 45 s at 61
°C and 2 min at 72 °C, followed by one 7-min
cycle at 72 °C, and the PCR products were
separated on a 2% agarose gel containing ethidium
bromide.

Quantification of IL-12 p70 Production by Mast
Cells

Mast cells were adjusted to 1x10° cells/mL in
RPMI 10 and stimulated with 10 pg/mL PEG in the
presence or absence of 10 uM josamycin for 18 h
at 37°C in a humidified atmosphere with 5% CO..
The mast cells were washed and subsequently
incubated at 1x10° cells/mL (0.2 mL/well) in
96-well plates. The culture supernatants were
collected after incubation for 48 h, and the IL-12

p70 concentration was measured using an ELISA
kit for quantification of murine IL-12 p70 (R&D
Systems).

STATISTICAL ANALYSIS

Data were expressed as means (+ SD), and
differences between means were analyzed by
Student’s ¢ test or one-way analysis of variance
(ANOVA), followed by Tukey’s multiple
comparison test. Differences at P <0.05 were
considered to be statistically significant.
RESULTS

Antigen-Presenting Ability of Mast Cells
Derived from Murine Spleen Cells

There is still apparent controversy as to whether
mast cells express MHC class II molecules and
function as APCs (10). The results of FCM
analysis showed that mast cells induced by
long-term culture of murine spleen cells expressed
MHC class II molecule, I-A antigen on their
surface (Figure 1). This suggested that the mast
cells obtained in the present study might function
as antigen-presenting cells. Next, therefore, we
confirmed whether or not the mast cells had ability
to present antigen to naive helper T (Th) cells. As
shown in Figure 2, naive Th cells were activated by
mast cells only in the presence of OVA peptide as
an antigen, and secreted IFN-y as a Thl cytokine
and IL-4 as a Th2 cytokine into the culture
supernatant.
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Figure 1. Expression of I-A¢ antigen on the surface of
mast cells. Mast cells were generated from mouse spleen
cells, stained with phycoerythrin-conjugated anti-I-A¢
monoclonal antibody and analyzed by FCM. The data
shown are representative of four independent
experiments.
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Figure 2. Detection of the antigen-presenting ability of mast cells. Mast cells were incubated for 5 days in the presence
of OVA peptide and naive Th cells. After 5 days, the activated Th cells were stimulated with PMA and ionomycin for

24 h, and the IFN-y and IL-4 concentrations in the culture supernatants were determined by ELISA. The results are
expressed as means £ SD (n = 6). * P<0.01 versus Mast cells + Th cells.

Effects of PEG on Thl Cell and Th2
Development through Mast Cells
Mast cells were stimulated with PEG for 18 h, then
cultured with naive Th cells in the presence of
OVA peptide. As shown in Figure 3A, mast cells
stimulated with PEG markedly enhanced the
production of IFN-y from the activated Th cells,
but their IL-4 production was not changed.
Subsequently, in order to clarify the
mechanism responsible for the PEG-induced
increase of IFN-y production through mast cells,
mast cells were incubated for 18 h in the presence
or absence of PEG, and expression of cell surface
molecules in mast cells was confirmed by RT-PCR.
As shown in Fig. 3B, the results of RT-PCR
indicated that mRNAs for CD80, CD86, Delta 1,
Delta 4 and Jagged 2, but not for Delta 3, Jagged 1
and TIM-4, were expressed spontaneously in mast
cells and predicted the presence of those molecules
on their surface. Furthermore, mast cells treated
with PEG showed enhanced expression of Delta 1
mRNA. However, the expression of other mRNAs
was not influenced by PEG.

Cell

Effect of Josamycin on the PEG-Induced
Enhancement of Thl Cell Development through
Mast Cells

Our previous study had shown that Langerhans
cells (LCs) treated with josamycin induced
down-regulation of both Thl cell and Th2 cell
development (12). Furthermore, josamycin showed
a superior anti-bacterial effect on clinical isolates
of S. aureus. These findings suggested that
josamycin acts on both superficial S. aureus and
epidermal LCs of AD patients, conferring highly
beneficial effects. Accordingly, we investigated the
effect of josamycin on the PEG-induced
augmentation of Thl cell development through
mast cells. As shown in Figure 4A, josamycin
significantly ~ suppressed the  PEG-induced

augmentation of IFN-y to normal levels without
affecting the level of IL-4 production.

On the other hand, the augmentation of Delta 1
mRNA expression by PEG treatment of mast cells
was suppressed to normal levels by josamycin (Fig.
4B). Furthermore, treatment of mast cells with PEG
enhanced their IL-12 p70 production, and this was
significantly inhibited by josamycin (Fig. 4C).
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Figure 3. Effects of PEG on Thl cell and Th2 cell development mediated by mast cells. (A) Mast cells were stimulated
with PEG for 18 h. The mast cells were washed and subsequently incubated for 5 days in the presence of OVA peptide
and naive Th cells. After 5 days, the activated Th cells were stimulated with PMA and ionomycin for 24 h, and the

IFN-y and IL-4 concentrations in the culture supernatants were determined by ELISA. The results are expressed as
means = SD (n = 6). * P<0.01 versus without PEG. (B) Mast cells were stimulated with PEG for 18 h. Cytoplasmic

mRNA was extracted from mast cells, reverse-transcribed and amplified by PCR using primer sets for [3-actin, CD8O0,
CD86, Delta 1, Delta 3, Delta 4, Jagged 1, Jagged 2 and TIM-4. The data shown are representative of four independent

experiments.
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Figure 4. Effect of josamycin on the PEG-induced increase of Thl cell development mediated by mast cells. (A) Mast
cells were stimulated with PEG for 18 h in the presence or absence of josamycin. The mast cells were washed and
subsequently incubated for 5 days in the presence of OVA peptide and naive Th cells. After 5 days, the activated Th

cells were stimulated with PMA and ionomycin for 24 h, and the IFN-y and IL-4 concentrations in the culture
supernatants were determined by ELISA. The results are expressed as means £ SD (n = 6). * P<0.01 versus Mast cells +
OVA + Th cells, ** P<0.05 versus Mast cells + OVA + Th cells + PEG. (B) Mast cells were stimulated with PEG for
18 h in the presence or absence of josamycin. Cytoplasmic mRNA was extracted from the mast cells,

reverse-transcribed and amplified by PCR using primer sets for 3-actin and Delta 1. The data shown are representative
of four independent experiments. (C) Mast cells were stimulated with PEG for 18 h in the presence or absence of
josamycin. The mast cells were then washed and subsequently incubated for 48 h. The culture supernatants were then
assayed for IL-12 p70 production using ELISA. The results are expressed as means = SD (n = 6). * P<0.01 versus
non-treatment, ** P<0.01 versus PEG treatment.
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DISCUSSION

The lesioned skin of AD patients contains
increased numbers of mast cells (13-15), which
release inflammatory chemical mediators, such as
histamine, leukotrienes, and prostaglandins, upon
IgE-mediated stimulation with specific allergens.
Furthermore, mast cells produce a wide variety of
cytokines, suggesting their active participation in
the late-phase reaction and chronic stage of
inflammation (16, 17). We previously reported that
murine skin to which PEG from S. aureus had been
applied showed an increased number of mast cells
relative to skin that had received only PBS (8).
This finding appeared to explain the role of S.
aureus colonization on the skin of AD patients, and
suggested that mast cells as APCs may augment
Th1/Th2 cell development in the dermis. However,
the influence of PEG on Th1/Th2 cell development
through mast cells was not clarified.

Our present study showed that mast cells
obtained by long-term culture of murine spleen

cells in the presence of TNF-a expressed MHC
class II molecules. Expression of MHC class 1II
molecules on the surface of mast cells is necessary
for them to function as APCs. Only when OVA
peptide was added as an antigen did mast cells
activate naive Th cells to become Thl cells and
Th2 cells, and induce production of the Thl
cytokine, IFN-y and the Th2 cytokine, IL-4,
respectively. These results confirmed our
expectation that the mast cells we had obtained
possessed antigen-presenting ability. Similar results
were obtained in another experiment using OVA
whole protein as an antigen (data not shown). This
result is also important as it shows that the mast
cells possessed antigen processing ability.
Furthermore, PEG derived from S. aureus
significantly enhanced the development of Thl
cells, but not that of Th2 cells. Since PEG itself did
not directly activate naive Th cells (data not
shown), it was thought that this effect would
appear through mast cells. Although PEG is well
known to be a toll-like receptor 2 (TLR2) agonist
(18), TLR2 is known to exist on mouse and human
mast cells (19, 20) and we also detected expression
of TLR2 mRNA in our mast cells (data not shown),
thus predicting that TLR2 would be present on
their surface. Therefore, signaling through TLR2
on mast cells would be associated with the increase
of Th1 cell development.

To clarify the mechanisms of this Th1/Th2
immune balance, expression of cell surface

molecules on mast cells was confirmed by RT-PCR.

mRNAs for CD80, CD86, Delta 1, Delta 4 and
Jagged 2, but not for Delta 3, Jagged 1 and TIM-4,
were expressed spontaneously in mast cells, thus
predicting the presence of those molecules on their
surface. When mast cells were stimulated with
PEG, an increase of Delta 1 mRNA expression was
observed. In mammals, four Notch receptors —
Notch 1-4 — and five Notch ligands — Delatal,
Delta 3, Delta 4, Jagged 1 and Jagged 2 — have
been identified (21). Amsen et al. (22) have
presented evidence that different Notch ligands
expressed on APCs instruct Th1/Th2 cell
development in mice, and have concluded that Th1
adjuvant induces Thl cell development through
expression of Delta members in APCs, while Th2
adjuvant induces Th2 cell development through
expression of Jagged members in APCs. Therefore,
these results suggest that Thl cell development is
mediated by Delta 1 and Delta 4 on mast cells and
that Th2 cell development is mediated by Jagged 2
on mast cells. TIM-4 is expressed by dendritic cells
in lymphoid organs, and its ligand, TIM-1, is
expressed by T cells. These molecules have been
found to be critical regulators of Th2 cell
development (23). Although Th2 cell development
mediated by LCs is associated with TIM-4
expression (12), it seems that mast cells do not
require its expression on their cell surface to induce
Th2 cell development. Subsequently it was
clarified that the further increase of Thl cell
development triggered by PEG could be explained
by augmentation of Delta 1 expression on mast
cells.

In our previous study, we demonstrated that the
16-membered ring macrolide antibiotic josamycin
suppressed the development of both Thl cells and
Th2 cells through LCs and had a superior
antibacterial effect on S. aureus derived from AD
patients. In the present study, we found that
josamycin down-regulated the PEG-induced
augmentation of Thl cell development through
mast cells. The results of RT-PCR showed that
josamycin suppressed the PEG-induced increase of
Delta 1 mRNA expression in mast cells and that
this  suppressive effect extended to the
PEG-induced increase of IL-12 p70 production
from mast cells. IL-12 p70 has been shown to be a
critical regulator of Thl cell development both in
vitro and in vivo (24).

The data from this study showed that mast cells
expressing MHC class Il molecules on their surface
work as APCs and that mast cells stimulated with
PEG from S. aureus enhance Th1 cell development.
This result may explain the mechanism of
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induction of chronic inflammation in AD patients,
in which a Thl immune response is observed in
addition to a Th2 immune response (25). Since the
skin of most AD patients shows superficial S.
aureus colonization and barrier disruption due to a
decrease of filaggrin (26), a bacterial product such
as PEG would easily penetrate the skin. The PEG
would increase the number of mast cells in the
dermis according to the chronicity of skin lesions
(8), stimulate those mast cells, and cause
inflammation based on a Thl cytokine response.
Furthermore, our previous study showed that S.
aureus strains isolated from the lesional skin of AD
patients were particularly susceptible to josamycin
in comparison with gentamicin (12), which is used
widely in Japan in combination with steroids for
topical application in AD patients. Therefore,
application of josamycin to the skin appears to be a
unique approach in that it would not only exert an
antibacterial effect against S. aureus but would also
control Th1/Th2 cell development through not only
LCs but also mast cells (12). Thus, topical
administration of josamycin might be a promising
new therapeutic strategy for both acute and chronic
AD lesions with S. aureus infection. However,
since the possible development of antibiotic
resistance is one of the most worrying problems
associated with josamycin treatment, periodic
inspection to detect josamycin-resistant bacteria in
the skin lesions of AD patients would be necessary,
and if such bacteria were detected, josamycin
would need to be withdrawn immediately.

Previous reports have not fully explained the
role of S. aureus on mast cells in the skin lesions of
AD patients. As the density of S. aureus in AD
patients exceeds at least 1 x 107 organisms/cm” of
lesioned skin (27), sustained S. aureus colonization
would lead to an elevated concentration of PEG,
thus affecting the dermal mast cells.

CONCLUSIONS

Our present results suggest that S. aureus
colonization may play a critical role in perpetuating
the skin tissue inflammation in AD through
excessive induction of Thl cell development
mediated by PEG-stimulated mast cells. Therefore,
a combination of antimicrobial treatment and
therapy for APCs such as mast cells and LCs in at
least a subgroup of AD patients, irrespective of
whether they show clinical signs of superinfection,
may be considered as a new therapeutic strategy for
AD.
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