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Introduction

Clontact hypersensitivity (CHS) has been widely used to study
cutaneous immune responses, since it is a prototype of delayed-type
hypersensitivity mediated by antigen -specific T cells [1,2,3,4]. An
essential step in the sensitization phase for CHS is the migration of
hapten-bearing cutaneous dendritic cells (DCs), such as epidermal
Langerhans cells (LCs) and dermal DCs, into skin-draining lymph
nodes (LNs). After completing their maturation, mature DCs
present antigen to naive T cells in the LNs, thus establishing the
sensitization phase. In the subsequent challenge phase, re-exposure
to the cognate hapten results in the recruitment of antigen-specific T
cells and other non-antigen-specific leukocytes.

The functions of cutancous DCs are modulated by keratinocyte-
derived proinflammatory cytokines [1,5]. The role of the different
skin DC subsets in CHS (inducers, regulators, or functional
redundancy) is a matter of active debate [6]. In addition, dermal
DCs, including Langerin (CD207)" dermal DCs, may also play an
important role in CHS {7,8].

Mast cells (MCs) are a candidate DC modulator since they
express and release a wide variety of intermediaries, such as
histamine, tumor necrosis factor (I'NF)-o0 and lipid mediators. It
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has been reported that activated human cord blood-derived MCs
induce DC maturation i vifro [9], that IgE-stimulated MC-derived
histamine induces murine LC migration #n vive [10], and that MC-
derived TNF-o promotes cutaneous murine DC migration i zive
in an IgE-independent manner [11]. On the other hand,
prostaglandin (PG) Do produced by MCs in response to allergens
[12], inhibits LC migration [13]. Therefore, MCs might have bi-
directional effects on DC activity in a context-dependent manner
and the question of the mechanisms by which DCs are modulated
by MCs is an important issue to pursuc.

While MCs have been assumed to play an important role in
CHS, their role is controversial. Previous studies have demon-
strated that MC-deficient £ "™ mice show attenuated CHS
responses, meanwhile, other studics have shown that CHS was not
impaired in """ mice [14]. Although some studies indicated
that the discrepancy in W/ o mice might be due to the difference
in hapten dose, the detailed mechanism is still unclear. Kit """
mice and Kit" " mice have an inversion mutation in the Kit
gene [15], and therefore, these mice also lack melanocytes and
hematopoietic stem cells, which are known to modulate immune
responses [16,17]. In addition, since MCs are congenitally absent,
it is possible that compensatory mechanisms may exist that
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modulates immune system functions. Therefore, it is important to
re-cvaluate the roles of MCs using mice in which MCs can be
conditionally and specifically depleted.

Recently, we have demonstrated that MCs and basophils use
specific enhancer elements, intronic enhancer (IE) and a 3’ 4kb
fragment that contains 3'UTR and HS4 clements, to regulate 7/4
gene expression, respectively [18]. Taking advantage of this
system, we have generated mice that contain human diphtheria
toxin receptor (DTR) under the control of 1E. Therefore, mast
cell-specific enhancer-mediated Toxin Receptor-mediated Condi-
tional cell Knock out (TRECK) systems were designated as Mas-
TRECK transgenic (Tg) mice. In these mice, both MCs and
basophils arc conditionally depleted by diphtheria toxin (DT)
treatment. Since basophils recover much faster than MCs (Fig
SIA, B), there exist a period of specific MC depletion. Taking
advantage of the system, we have herein demonstrated that
activated DCs induce MC activation, which triggers the migration
and maturation of DCs via cell-cell contact. This DC-MC
interaction plays an ecssential role in the sensitization phase of
CHS.

Results

Suppression of CHS responses in Mas-TRECK Tg mice

Mice expressing the human DTR under the control of IE
element (for Mas-TRECK) and 3'UTR clement (for basophil-
specific enhancer-mediated TRECK systems; Bas-TRECK) in the
114 genc locus were generated by a transgenic strategy (Sawaguchi
et al. Manuscript in submission). We initially demonstrated that
skin MCs were completely depleted in Mas-TRECK Tg mice 5
and 12 days after an intraperitoneal injection of diphtheria toxin
(DT) (See Fig. S1A in the Online Repository). Although DX5+
FeeRIo+ basophils in the blood were eliminated 5 days after DT
treatment in Mas-TRECK Tg mice, basophil numbers recovered
in 12 days (Fig. S1B in the Online Repository).

To investigate the role of MCs in cutancous acquired immune
responscs, we used DNFB-induced CHS as a model. CHS
responses were similar between wild type (WT) and Mas-TRECK
Tg mice in the absence of DT treatment (205 um=10.5 vs
212 um=£12.3; average * SD). In addition, DT treatment itself
did not affect the degree of CHS responses in WT mice. On the
other hand, when both WT and Mas-TRECK Tg mice were
treated with DT and assayed 12 days later, the CHS response in
Mas-TRECK Tg mice was much less than that in WT mice
(Fig. 1A). The car swelling of WT and Mas TRECK Tg mice was
48.2 (£5.2, SD) pm and 51.3 (+4.8, SD) p after 72 h, and 15
(£7.29, SD) um and 40.1 (£6.68, SD) pm after 96 h respectively.
Histology of the cars 48 h after the challenge showed considerable
lymphocyte infiltration and edema in the dermis of sensitized WT
mice; these changes were less apparent in Mas-TRECK Tg mice
(Fig. 1B, left panel) and the histological scores [19] in Mas-
TRECK Tg mice were lower than those in WT mice (Fig. 1B,
right panel). On the other hand, the CHS response was not
impaired in Kit"’"¥ mice (Sce Fig. S2A in the Online
Repository).

In addition, the CHS response in Bas-TRECK Tg mice, which
lack only basophils upon treatment with DT, was similar to that of
WT mice (See Fig. 82B in the Online Repository). The
attenuated CHS response in Mas-TRECK Tg mice was
confirmed using an additional hapten, oxazolone (Fig. 1C) and
also at higher hapten doses (Sece Fig. S2C in the Online
Repository).

To clarify the action phase of MCs in CHS, we used an
adoptive transfer-induced CHS model. Recipients of LN cells from

@ PLoS ONE | www.plosone.org

The Role of Mast Cells during CHS

sensitized WT mice showed an enhanced CHS response, whereas
the recipients of LN cells from sensitized Mas-TRECK Tg mice
showed a markedly inhibited response (Fig. 1D). In addition, the
recipients of CD90.2+ T cells from sensitized Mas-TRECK Tg
mice showed inhibited responses compared to recipients of
CDY0.2+ T cells from sensitized W mice (See Fig. $2D in the
Online Repository). These data indicate that MCs play important
roles in establishing CHS during the sensitization phase.

We further evaluated whether the attenuated CHS in Mas-
TRECK Tg mice reflected the lack of MCs. WT or Mas-TRECK
Tg mice were engrafted in the skin with or without BMMCs
5%10° cells in 100 pl/dorsal skin 1 hour before oxazolone
sensitization. The numbers of toluidine blue positive mast cells
(per field) in the dermis are 40.2 (+5.3, SD) in Mas TRECK Tg
mice and 35.3 (£7.2, SD) in B6 wild type mice after one hour
injection of BMMC (n=3) (Sec Fig. S2E in the Online
Repository). On the other hand, the number of MCs in the
uninjected sites was 10.5 (x£3.2, SD) in B6 wild type mice. Five
days after sensitization, the skin-draining LN cells of sensitized
mice were adoptively transferred intravenously into naive WT
recipients and challenged with oxazolone on the cars. The CHS
response of recipients of LN cells from sensitized WT mice was not
changed by the pre-engraftment of BMMCs into the skin
(Fig. 1E). On the other hand, the attenuated CHS responsc of
recipients of Mas-TRECK Tg LN cells was fully restored by the
pre-engraftment of BMMCs into the skin.

Next we counted the cells infiltrating the skin of WT and Mas-
TRECK Tg mice 12 h after challenge with DNFB. The numbers
of CD45+ CD3+ CD4+ T cells, CD45+ CD3+ CD8+ T cells, and
CD45+ Gr-lhigh ncutrophils after both sensitization and
challenge, and that of ncutrophils after only challenge were
increased in W'I' mice. But such increment was attenuated in Mas-
TRECK Tg mice (Sce Fig. S3A in the Online Repository).
Consistent with this result, the mRNA levels of IFN-y, 1L-17 and
IL-1B in the skin 12 h after challenge were significantly decreased
in Mas-TRECK Tg mice compared to WT mice (See Fig. $3B in
the Online Repository).

We further analyzed the composition of LN cells after
sensitization. Five days after sensitization, the skin-draining LN
cells of WT and Mas-TRECK Tg mice were collected. The
numbers of CD44+ CD62L+ central memory T cells and CD44+
CD62L- effector memory T cells among CD4+ and CD8+ T cell
subsets were less in Mas-TRECK Tg mice than in WT mice (See
Fig. S4A in the Online Repository). In contrast, the numbers
within each subsct in the LN without sensitization were
comparable between WT' and Mas-TRECK Tg mice (See Fig.
$4A in the Online Repository).

To evaluate of T cell differentiation after sensitization, the skin-
draining LN cells from control or DNFB-sensitized WT and Mas-
TRECK Tg mice were challenged in the presence or absence of
DNBS iz #itro. The incorporation of *H-thymidine and the levels of
IFN-y and IL-17 in the culture supernatant in the presence of
DNBS were markedly decreased in LN cells from Mas-TRECK
T'g mice as compared with those from WT mice (See Fig. S4B-D
in the Online Repository). The levels of IL-4 in the culture
supernatants were below the limit of detection of ELISA
(<0.3 pg/mLj).

Attenuated DC migration and maturation in the skin-
draining ENs of Mas-TRECK Tg mice

An essential step in the sensitization phase for CHS is the
migration of hapten-bearing cutancous dendritic cells (DCs), such
as epidermal Langerhans cells (LCs) and dermal DCs, into skin-
draining lymph nodes (LNs). Accordingly, to dissect the site of
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Figure 1. MCs are essential during the sensitization phase in CHS. (A) Twelve days after DT treatment, WT and Ma$S TRECK Tg mice (n =12 per
group) were sensitized with or without DNFB and the ear swelling was measured 24 and 48 h after challenge with DNFB. (B) HE staining of the ears of
sensitized DT-treated WT and MaS TRECK Tg mice 24 h after challenge with DNFB. Scale bar, 100 um (left panels) and 200 um (middle panels).
Samples were scored for the severity and character of the inflammatory response using a subjective grading scale. The total histology score was
calculated as the sum of scores (right panels). (C) Oxazolone-induced CHS in WT (white columns) and Mas-TRECK Tg (grey columns) mice. DT-treated
WT and Ma$ TRECK Tg mice (n=13 per group) were sensitized with oxazolone and ear swelling measured 24 and 48 hours after challenge with
oxazolone. (D) CHS induced by adoptive transfer of LN cells sensitized with DNFB of WT (white columns) and Mas-TRECK Tg (grey columns) (n=6 per
group). (E) Draining LNs from oxazolone-sensitized WT (white columns) and Mas-TRECK Tg (grey columns) reconstituted with BMMCs (n=5 per
group) were adoptively transferred to induce CHS. All data are presented as the mean = SD and are representative of three experiments. ¥, P<0.05
versus corresponding mice.

doi:10.1371/journal.pone.0025538.g001

action of MCs in the sensitization phase, we initially focused on by skin organ culture. We incubated the skin and analyzed the
cutaneous DCs that have an opportunity to interact with MCs expression levels on crawl-out DCs in the culture medium. The
present in the dermis. expression levels of CD40, CD80, and CD86 both on CD11c"

Using a FITC-induced cutancous DC migration model, we MHC class II' EpCAM* LCs and CD11¢™ MHC class 117
found that the numbers of both FITC* CD11c" MHC class I EpCAM™ dermal DCs in Mas-TRECK Tg mice were lower than
CD207" DCs and FITC* CD11c¢™ MHC class 1I" CD207~ DCs thosc of WT mice (Fig. 2D, E, and scc Fig. S5A, upper pancl, in
in the draining LNs 24 h and 72 h after FITC application were the Online Repository). On the other hand, the expression levels
significantly attenuated in Mas-TRECK Tg mice compared to of costimulatory molecules on LCs and dermal DCs from the
WT mice (Fig. 2A, B). In addition, the numbers of total CD4” untreated WT controls and Mas TRECK Tg mice were
and CD8" T cells, and CD44" CD62L" central memory and comparable (Sec Fig. S5A, lower pancl, in the Online
CD44* CD62L" effector memory T cells in the draining LNs of Repository). In addition, the expression levels on LCs and dermal
Mas-TRECK Tg mice were less than those of WT mice (Fig. 2C). DCs from WT and Mas-TRECK mice were comparable under
We next analyzed the expression levels of costimulatory molecules steady state conditions (See Fig. S5B in the Online Repository).
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Figure 2, Impaired cutaneous DC migration and maturation in Mas-TRECK Tg mice. (A, B) The numbers of FITC* CD11¢* MHC class II*
CD207" DCs and FITC" CD11¢* MHC class II" CD207~ DCs in the draining LNs of DT-treated MaS TRECK Tg and WT mice 24 h and 72 h after
application of FITC. (C) The numbers of total, central memory (CM), and effector memory (EM) CD4* and CD8" T cells in the draining LN 72 h after
FITC application are shown. (D, E) The expression levels of CD40, CD80, and CD86 on both LCs and dDCs of DT-treated MaS TRECK Tg and WT mice.
(F) In vitro assay of T-cell proliferation induced by DCs sorted from the draining LN of sensitized mice of WT or Mas-TRECK Tg (Mas) mice. Oxazolone-
sensitized CD90.2" T cells were purified from the draining LNs of WT or Mas-TRECK Tg (Mas) mice 5 d after oxazolone application. T cells (5 x10° cells)
were incubated for 72 h, pulsed with 0.5 uCi [*Hlthymidine for the last 24 h ,with or without CD11c¢* DCs (1 x10° cells) prepared from the draining
LNs of DT-treated WT and Ma$S TRECK Tg mice one day after oxazolone application. All data are presented as the mean + SD and are representative

of three experiments. ", P<0.05 versus a corresponding group.
doi:10.1371/journal.pone.0025538.g002

Clonsistently, LCs and dermal DCs from Ait+/+ mice were similar
to those from Kit """ mice (Sce Fig. $5B in the Online
Repository).

We further evaluated the effect of MCs on the antigen
presenting capacity of DCs. We sorted 5x10° T cells by auto
MACS from the draining LNs of CD90.2° WT mice five days
after 25 pl of 2% oxazolonc application. These CD90.2 T cells
were incubated for 72 h with or without CD11c¢" DCs (1x10°
cells) prepared from the draining LNs of WT or Mas-TRECK Tg
mice one day after oxazolone application. T cell proliferation was
enhanced by the addition of antigen-acquired DCs sorted from the
draining LN of sensitized mice, and the extent of augmentation by

@ PLoS ONE | www.plosone.org

DCs from WT mice was much higher than that of DCs from Mas-
TRECK Tg mice (Fig. 2F).

Enhancement of BMDC maturation and chemotaxis by
BMMC requires cell-cell contact in vitro

Impairment of DC functions as a result of MC deficiency
suggests that MCs stimulate cutancous DGs. To address this
hypothesis, we prepared BMDCs [20] and incubated them with or
without BMMCs. Co-cultivation of BMDCs with BMMCs for
24 h significantly increased the expression levels of CD40, CD80,
CD86 and CCR7 on BMDCs (Fig. 3A). In addition the
chemotaxis of BMDCs to CCL21 was significantly enhanced,
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when BMMCs were added to the upper chamber with BMDCs
(Fig. 3B).

Furthermore additdon of BMMCs to the upper chamber of
transwells did not induce further up-regulation of CD40, CD80,
CD86 and CCR7 levels on BMDCs incubated in the lower
chamber (Fig. 3C), which suggests that BMMCs require direct
cell-cell interaction to stimulate BMDCs.

Stimulation of BMMCs by activated BMDCs

We then examined in vitio whether DCs directly contacted MCs.
We incubated BMMCs and BMDCs, and found that c-kit"
BMMCs contacted MHGC class II" BMDCs (Fig. 4A). A number
of FeeRlo™ CD11c¢™ MCs co-localized with CD11c™ DCs in ear
dermis 24 h after sensitization with DNFB (Fig. 4B). Consistent
with this, the number of MCs co-located with DCs after
sensitization was higher than that in the steady state (in other
words, in non-inflammatory conditions) (4%0.81 vs 0.3%£0.58;
average * SD).
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Figure 3. BMMCs promote the maturation and chemotactic
activity of BMDCs via direct cell interaction. (A) The expression
levels of CD40, CD80, CD86 and CCR7 on BMDCs cultured with or
without BMMCs for 24 h. (B) Mobility of BMMCs to CCL21. BMMCs with
or without BMDCs were applied to the upper chamber of a transwell
without coating for 3 h. The numbers of MHC class II* cells in the lower
chamber, identified as migrating DCs, were counted by means of flow
cytometry. (C) The expression levels of CD40, CD80, CD86 and CCR7 on
BMDCs cultured with or without BMMCs separately by using transwell
culture plates for 24 h. All data are presented as the mean = SD and are
representative of three experiments. ', P<<0.05 versus a corresponding
group.

doi:10.1371/journal.pone.0025538.g003
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At present, several stimuli in addition to IgE are known to
trigger calcium influx and activate MCs {21]. Therefore, we
studied the effect of BMDCs on BMMCs using Ca”" imaging. We
incubated tetramethylrthodamine ethyl ester (IMRE)-labeled
BMDCs and Fluo-8-labeled BMMCs together. When an intracel-
lular Ca®" concentration of Fluo-8 (green) -labeled BMMCs is
upregulated, fluorescence intensity of green becomes increased.
Unstimulated CD11¢" MHC class 1™ BMDCs did not increase
BMMC intracellular Ca™ concentrations (Fig. 4C, Sce Video
S1 in the Online Repository). On the other hand, stimulated
CD11¢" MHC class 11" BMDCs induced prominent Ca**
increase in BMMCGs (Fig. 4D and See Video 82 in the Online
Repository). This rapid rise occurred five to ten times in 1000
seconds, and each spike lasted about 10-20 sec (Fig. 4E).
Stimulated BMDCs significantly upregulated the ratio of BMMCs
with increased Ca®* concentration compared to non-stimulated
BMDCs (Fig. 4F). These results suggest that stimulated DCs
activate MCs via direct cell-cell contact.

Stimulation of DCs by MCs is dependent on ICAM-1-LFA-
1 interaction and on MC membrane-bound TNF-o

We then sought to identify how MCs promote DC maturation.
It has been reported that ICAM-1 on the surface of MCs directly
interacts with leukocyte function-associated antigen 1 (LFA-1) on
T cells, and that stimuli such as CD40L, LPS, and TNF-o,
upregulate the expression of ICAM-1 on DCs [22]. In fact, the
expression of ICAM-1 on BMDCs was up-regulated upon
stimulation of BMDCs by LPS and CCL21 (Fig. 5A). Thercfore,
we hypothesized that MCs and DCs interact in an ICAM-1- and
LFA-1-dependent manner. Addition of neutralizing anti-ICAM-1
antibody to a culture of BMDCs completely inhibited upregulation
of CD40, CD80 and CD86 expression on BMDCs upon addition
of BMMC (Fig. 5B, S6A).

We then analyzed intracellular signaling using the protein
kinase A inhibitor, H89, and the phosphoinositide 3 kinase
inhibitor, wortmannin. Although H89 did not inhibit the BMMC-
induced upregulation of co-stimulatory molecules on BMDCs,
wortmannin inhibited DC maturation (Fig. 5C, S6B). These
results suggest that binding of ICAM-1 to LFA-1 activates DCs
through a PI13-kinase pathway.

Lastly we tried to identify how DGCs induce MC activation.
TNF-« is first produced as a 26 kDa transmembrane molecule
(membrane-bound TNF-o), which is cleaved by the metallopro-
teinase-disintegrin  TNF-o0 converting enzyme TACE (23] to
generate a soluble 17 kDa TNF-o. Studies have shown that
membrane-bound TNF-o is also biologically active [24]. We first
observed that anti-TNF-oo antibody completely blocked DC
maturation induced by BMMCs (Fig. 5B). Consistently, BMMC
from TNF-o0 KO mice did not promote BMDC maturation (Fig.
$6C). But the soluble form of TNF-¢ in the supernatant of co-
cultures of BMMCs and TNF-o. KO-derived BMDCs was below
the detection limit irrespective of BMDC stimulation (<8 pg/ml,
each). On the other hand, the level of membrane-bound TNF-o
on BMMCs was increased by the addition of BMDCs and even
further enhanced when stimulated BMDCs were added (Fig. 5D).
These results suggest that MCs express membrane-bound TNF-o
upon direct interaction with activated DCs through ICAM-1 on
DCs and that membrane-bound TNF-o induces expression of co-
stimulatory molecules on DCs.

Discussion

In this study, we used Mas-TRECK Tg mice in which MCs can
be eliminated specifically and conditionally, and demonstrated

September 2011 | Volume 6 | Issue 9 | e25538



fel v
B2
1 N
0 0
0 400 800 1200 0 400 800 1200
Time (sec) Time (sec)

— CD1te = FeeRI™ DAPI

The Role of Mast Cells during CHS

1004
E Obc
g 50 - [l Stimulated DC
N7
o]
S
2

0 -

Figure 4. Stimulated BMDCs enhance Ca®* influx in BMMCs and BMMCs interact with DCs in vitro and in vivo. (A) On poly-L-lysine
coated glass coverslips, c-kit" BMMCs (green) contacted MHC class II* BMDCs (red). (B) Conjugate formation of CD11c* DCs (green) with FceRlo* MCs
(red) in the sensitized skin. (C~E) BMMCs (green) were co-cultured with non-stimulated BMDCs (C) or BMDCs stimulated with 100 ng/ml of LPS and
50 ng/ml of CCL21 for 1 h (red; D, E), and the intracellular Ca®* was monitored by Fluo-8 for 1200 sec. Photos were taken at the indicated time points
from Supplemental Movie 2 (E). (F) The percentage of BMMCs demonstrating high Ca?* concentration among BMMCs. Data are presented as the
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doi:10.1371/journal.pone.0025538.g004

that CHS was significantly attenuated in accord with impaired
memory T cell induction in skin-draining LNs after sensitization.
MC depletion also impaired hapten-induced cutaneous DC
migration concordant with levels of co-stimulatory molecule
expression. In addition, BMMCs promoted BMDC maturation
and chemotactic activity by direct interaction via ICAM-1 and
membrane-bound TNF-¢, In fact, a certain number of DCs were
found colocalized with MCs in the DNFB-sensitized dermis. These
findings suggest that MCs may promote migration and maturation
of dermal DCs and epidermal LCs to establish the sensitization
phase of CHS.

It was previously reported that FITC-induced cutaneous DC
migration was attenuated in &it'"' "**"" mice at 24 h, but not at
48 or 72 h after FITC application, and that the sensitization phase
of CHS was not attenuated in Kit'"™/ %" mice [11]. The above
findings were inconsistent with our findings in the way that
cutaneous DC migration was attenuated even at 72 h after FITC
application and that sensitization phase was impaired in Mas-
TRECK Tg mice. On the other hand, it has also been shown that

@ PLoS ONE | www.plosone.org

MGs are capable of influence both the sensitization phase and the
clicitation phase in other models of CHS [25]. Therefore, it still
remains unknown how the discrepancy occurred. The difference
between our model and Kit """ and Kt "M Eh mice s the
existence of melanocytes and hematopoietic stem cells. Recently,
melanocytes were shown to express toll like receptors, to modulate
immune responses and to produce IL-1a and IL-1b [16,17]. In
addition, because of congenital absence of MCs in Kit """ and
K" RISE mice, compensatory mechanism may exist, such as
repopulation of basophils. In fact, the numbers of basophils have
been counted in these mice; the number of basophils in in Kit /"
mice are lower than that in WT mice, and that in K"/ -
mice are higher than that in W'I' mice [26]. These results indicate
that the compensatory mechanisms may affect the result of CHS
responses and that Kt """ and K"t EI e may not
necessarily be representative to evaluate the roles of pure MCs. In
this study, we have demonstrated that the attenuated CHS
response in Mas TRECK Tg mice was fully restored by the pre-
engraftment of BMMGC:s into the skin just before sensitization with
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Figure 5. DC stimulation depends on ICAM-1-LFA-1 signals and membrane-bound TNF-a on MCs. (A) The expression of ICAM-1 on
stimulated or non-stimulated BMDCs. (B, C) The expression levels of CD40, CD80, and CD86 on BMDCs co-cultured with BMMCs with isotype control
Ab (Iso), anti-ICAM-1 Ab (IC), or anti-TNF-o Ab (TNF) (B), or co-cultured with BMMCs that were pretreated with or without wortmannin (WM) or H89
(C). (D) BMMCs expressing membrane-bound TNF-o in the presence of absence of BMDCs with or without stimulation with 100 ng/ml of LPS and

50 ng/ml of CCL21 for 1 h. All data are presented as the mean = SD and are representative of three experiments. ", P<0.05.

doi:10.1371/journal.pone.0025538.g005

hapten. It is intriguing to evaluate this recovery by means of
reconstitution with nadve skin MCs, since freshly generated
BMMC and native skin MCs can differ in aspects of phenotype
and function. We can’t perform long term engraftment of BMMC
in this model because we have found that repeated DT treatment
(more than 5 days of daily injection) leads to weak viability of the
Mas TRECK Tg mice.

We showed that co-culture of DCs with MCs did not promote
soluble TNF-0. secretion from MCs but up-regulated membrane-
bound TNF-0. on MCs. Since TNF-o expressed on MCs in this
context is membrane-bound, MCs are required to co-localize with
DCs in vivo to elicit its effect. Since neutralizing anti-TNF-o Ab
abrogated the BMMC-induced DC maturation, membrane-bound
TNF-o0 on MCs might be the major modulator of DC maturation.
Herein we have focused on the roles of MCs in the sensitization
phase, but we also noted that MC depletion in the clicitation phase
attenuated the CHS response. Since DCs are thought to present
antigen to memory T cells to initiate the challenge phase of CHS, the
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interaction of MCs and DCs might be essential for its establishment,
which is a question that will be pursued in a future study.

The direct interaction between DCs and MCs was essential not
only for DC stimulation, but also for MC activation. Previous
reports have demonstrated that MCs contact extracellular matrix
components to provide a co-stimulatory signal for histamine and
cytokine production via integrins [27]. MCs are known to
degranulate upon binding of ICAM-1 on MCs and LFA-1 on
activated T cells [28]. In agrecement with this, our study
demonstrates that the interaction of MCs with DCs is dependent
on cell-cell contact via ICAM-1 and LFA-1. In addition, an influx
of calcium in MCs is induced by activated DCs that express high
levels of ICAM-1, but not by immature DCs. Therefore, in
sensitized skin, activated DCs bind to MCs and promote activation
and up-regulating membrane-bound TNF-o0 on MCs. Activated
MCGs further promote additional activation of hapten-bearing
cutaneous DCs causing them to migrate into skin-draining LNs.
These findings indicate that MCs play an essential role in
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establishing the sensitization phase of CHS by promoting
cutancous DC functions.

Materials and Methods
Mice

Mice expressing the human DTR under the control of IE
clement (for Mas-TRECK) and 3'UTR element (for Bas-TRECK)
in the /i1 locus were generated by a transgenic strategy. The basic
plL-4 construct was made by insertion of the 5'enhancer (5'E)
(—863 to —5448; start codon is defined as sequence number 0)
[29] and the 1L-4 promoter from position —64 to —827. Human
D'TR fragment was isolated from human DTR/pMS?7 vector that
was provided by Dr. M. Tanaka (RCAI, RIKEN, Yokohama,
Japan) and inserted into the basic pll-4 construct. IE (+311 to
+3534) and 3'UTR (+6231 to +10678) fragments were isolated
from a mouse YAC clone (catalog no. 95022; Research Genetics,
Huntsville, AL) and inserted into the basic pIL-4 and human DTR
construct respectively. Each transgenic (T'g) line was generated on
a C57BL/6 background. C57BL/6 (B6, WT) mice were
purchased from Japan SLC (Shizuoka, Japan). TNF-o KO mice
on the C57BL/6 background were generated [30]. WBBG6F1-
Kitt/+ and ~Kit "™ mice were obtained from The Jackson
Laboratory. For DT treatment, mice were injected intraperitone-
ally with 250 ng of DT in 250 pl of PBS per mouse for five
consecutive days. Eight to ten week-old female mice were used for
all the experiments and bred in specific pathogen-free facilities at
Kyoto University. All experimental procedures were approved by
the institutional animal care and use committee of Kyoto
University Graduate School of Medicine (MedKyo11100).

Reagents, antibodies and intracellular staining

We purchased dinitrofluorobenzene (DNFB) from Nacalai
Tesque (Kyoto, Japan), 2,4- dinitrobenzene sulfonic acid (DNBS)
from Alfa Acsar (Ward Hill, MA). FITC-, PE-, PE-Cy5-, PE-Cy7-,
APC-, APC-7-, and Pacific Blue-conjugated 145-2C11 (anti-CD3),
GKL5 (anti-CD4), 53-6.7 (anti-CD8), N418 (anti-CD11c¢), 1C10
(anti-CD40), 30-F11 (ant-CD45), 16-10A1 (and-CD80), GL1
(anti-CD86), M5/114.15.2 (anti-MHC class II), MEL-14 (anti-
CD62L), IM7 (anti-CD44), ¢BioKAT-1 (anti-intercellular adhe-
sion molecule 1 (ICAM-1)), eBioL3! (ant-CD207), RB6-8C5
(anti-Gr-1), 4B12 (anti-CCR7)(eBioscience, San Diego, CA), and
(8.8 (anti-EpCAM) (BioLegend, San Diego, CA) were purchased.

For Langerin (CD207) staining, cells were fixed and permea-
bilized with cytofix/cytoperm solution (BD Biosciences, San Jose,
CA), and stained with biotin-conjugated anti-Langerin Ab. Cells
were analyzed with FACSCantoll (BD, Franklin Lakes, NJ).

Histology and immunohistochemistry

Hematoxylin-cosin and toluidine blue staining [31], and the
histological scoring were evaluated as reported [19]. In brief]
samples were scored for the severity and character of the
inflammatory response using a subjective grading scale. Responses
were graded as follaws: 0, no response; 1, minimal response; 2,
mild response; 3, moderate response; and 4, marked response. The
slides were blinded, randomized, and reread to determine the
histology score. All studies were read by the same pathologist using
the same subjective grading scale. The total histology score was
calculated as the sum of scores, including inflammation,
neutrophils, mononuclear cells, edema, and epithelial hyperplasia.

For immunohistochemistry, cryosections were fixed in acetone,
incubated with hamster anti-mouse CD11c (eBioscience) followed
by goat anti~hamster AlexaFluor488 (Invitrogen, Carlsbad, CA),
and were subsequently incubated with PE-conjugated anti-mousc
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FceRle (eBioscience). Fluorescence images with DAPI staining
were obtained using a BIOREVO BZ-9000 system (Keyence,
Osaka, Japan).

Quantitative PCR analysis

Total RNAs were isolated with Trizol (Invitrogen) from car
skin. ¢cDNA was reverse transcribed using a PrimeScript RT
reagent kit (Takara Bio, Otsu, Japan). Quantitative RT-PCR with
a Light Cycler real time PCR apparatus was performed (Roche
Diagnostics, Foster City, CA) using SYBR Green I (Takara Bio).
Primers for Ifag, 1117, and IlIb were obtained from Hokkaido
System Science (Sapporo, Japan) and the primer sequences were
Ifng, 5'- ATG AAC GCT ACA CAC TGG ATC -3' (Forward)
and 5'- CCA TCC TTT TGC CAG TTC CTC -3’ (reversc);
117,5'-TTT AAC TCC CTT GGC GCA AAA -3’ (forward), 5'-
CTT TCC CTC CGC ATT GAC AC -3’ (reverse); and Il1b, 5'-
GCAACT GTT CCT GAA CTC AAC T -3 (forward), 5'- ATC
TTT TGG GGT CCG TCA ACT -3’ (reverse). For cach sample,
triplicate test reactions and a control reaction lacking reverse
transcriptase were analyzed for expression of the genes and results
were normalized to those of the ‘housckeeping’ glyceraldchyde-3-
phosphate dehydrogenase (Gapdh) levels.

Lymphocyte proliferation assay and cytokine production

For DNBS-dependent proliferation, single-cell suspensions from
skin-draining LNs of mice 5 days after sensitization with DNFB.
One million LN cells were cultured with or without 100 pg/ml of
DNBS for 72 h, pulsed with 0.5 nCi 3H-thymidine for the last
24 h, and subjected to liquid scintillation counting.

For measurement of cytokine production, the culture superna-
tants were collected 72 h after incubation and were measured by
ELISA (BD Biosciences and R&D systems, Minneapolis, MN)
according to the manufacture’s protocol.

CHS protocol

Mice were sensitized with 50 pl of 0.5% (w/v) DNFB in
acetone/olive oil (4/1) or 2% oxazolone (Wako Pure Chemical
Industries, Ltd, Osaka, Japan) in ethanol on abdominal skin. On
day 5, the ears were challenged by application of 20 ul of 0.3%
DNIB or 1% oxazolone.

For adoptive transfer, LN cells were prepared from the inguinal
and axillary LNs of one mouse sensitized with DNFB 5 days
previously, and transferred intravenously into a mouse. The ears of
these animals were challenged with 20 pl of 0.3% DNFB 1 h later,
and the car thickness change was measured. For adoptive transfer
of T cells, T cells purified with CD90.2" microbeads (Miltenyi
Biotec, Bergisch Gladbach, Germany) were prepared from the
inguinal and axillary LNs of a mouse sensitized with 2% oxazolone
5 days previously, and transferred intravenously into a mouse. The
ears of these animals were challenged with 20 pl of 1% oxazolone
I h later, and the car thickness change was measured.

Generation of BMDC and BMMC

Complete RPMI (cRPMI), RPMI 1640 medium (Sigma, St.
Louis, MO) containing 10% fetal calf serum (Invitrogen), was used
as culture medium. For BMDC induction, 5x10° BM cells were
cultured supplemented with 10 ng/ml recombinant murine GM-
CSF (PeproTech, Rocky Hill, NJ) for five days [20] (>90%
expressed CD11c).

For BMMC induction, 1x10° BM cells were cultured
supplemented with 5 ng/ml recombinant murine SCF and I1-3
{(PeproTech) for more than three weeks (>98% expressed c-kit and
FeeRla).
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For organ culture assay, the skin from mouse ears was split along
with cartilage, and the dorsal ear skin without cartilage was floated in
a dermal side-down manner in 24-well tissue culture plates. Twenty-
four hours later, the cells in the wells were collected for analysis.

Chemotaxis assay and FITC-induced cutaneous DC
migration

Cells were tested for transmigration to CCL21 (R&D Systems)
or medium in the lower chamber across uncoated 5-um transwell
filters (Corning Costar Corp., Corning, NY) for 6 h and were
enumerated by flow cytometry.

For FITC-induced cutaneous DC migration, mice were painted
on the shaved abdomen with 100 pl of 2% FITC (Sigma) dissolved
in a 1:1 (v/v) acetone/dibutyl phthalate (Sigma) mixture, and the
number of migrated cutancous DCs into draining LNs was
cnumerated by flow cytometry.

Co-culture of BMDCs and BMMCs

BMDCs and starved BMMCs were co-cultured at a density of
9%10° DCs in 200 pl per well in a 96-well microplate at a
DC:MC ratio of 2:1 and the co-culture was performed for 24 h.
Separation of BMDCs and BMMCs was performed by using
transwell culture plates with a 3-um pore size (Costar, Corning).
To observe cell-cell contact in vitro, BMDCs and BMMUCs were co-
cultured on poly-L-lysine coated glass coverslips (ASAHI GLASS
Co., LTD, Tokyo, Japan) for 24 h and stained with FITC-
conjugated anti-c-Kit and PE-conjugated anti-MHC class 1I.

For inhibition assays, BMDCs and starved BMMCs were co-
cultured with or without 5 pg/ml of isotype control Ab (Rat
1gG2b, eBioscience), 20 pg/ml of anti-ICAM-1 Ab (YN1/1.7.4,
eBioscience) or 5 pg/ml of ant-TNF-oo Ab (MP6-XT22,
eBioscience) for 24 h. Starved BMMUGs were pretreated with or
without wortmannin (100 nM; Sigma) or H89 (10 mM; Sigma) for
I h and then co-cultured with BMDCs for 24 h.

For detection of membrane-bound TNF-o, starved BMMCs
were cultured for 24 h with or without non-stimulated or
stimulated BMDCs with 100 ng/ml of LPS (Sigma) and 50 ng/
ml of CCL21 (R&D systems) for 1 h.

Cytoplasmic Ca®" imaging

BMMCs were incubated with 5 mM Quest Fluo-8 AM (ABD
Bioquest, CA, USA), and BMDCs were stimulated with 100 ng/
ml of LPS and 50 ng/ml of GCL21 for 1 h and stained with
2.5 nM tetramethylrhodamine ethyl ester (I'MRE) (Invitrogen).
The Fluo-8 image and the transmission image were recorded every
10 sec using a back-thinned electron multiplier CCD camera
{(ImagEM, Hamamatsu Photonics, Japan) and microscope (Eclipse
Ti, Nikon, Japan). The fluorescence intensity was expressed as a
ratio to the initial value after subtracting background fluorescence.

Statistical analysis

Unless otherwise indicated, data are presented as the means *
standard deviation (SD) and are a representative of three
independent experiments. P-values were calculated with the two-
tailed Student’s #test or onc-way ANOVA followed by the
Dunnctt multiple comparison test. P values less than 0.05 are
considered to be significantly different between MasTRECK and
corresponding W' mice and are shown as * in the figures.

Supporting Information

Figure S1 Effect of DT on MC in Mas-TRECK Tg mice. (A)
Skin MCs in Mas-TRECK Tg mice were stained with toluidine
blue with (left panel) or without (right panel) DT treatment. The
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numbers of skin MCs in Mas-TRECK Tg mice with or without
DT treatment under steady state or inflammatory conditions (after
24 hours CHS responsce) are shown (lower). n.d., not detected
m=35). (B) WT and Mas-TRECK Tg mice (n=5) were treated
with DT, and DCs (CD11c™), B cells (B220"), NK cells (DX5*
FeeRIT), NKT cells (CD3™DX5), CD4™ T cells (CD3TCD4™Y),
CD8* T cells (CD3*CD8), cosinophils and neutrophils {Gr-17)
were obtained from PBMCs 12 days later (left). WT and Mas-
TRECK Tg mice (n=5) were treated with DT, and the numbers
of basophils (DX5"FceRI™) per ml in PBMCs were evaluated 5
days and 12 days later (right). All data arc presented as the mean
+ SD and are representative of three experiments.

(PDF)

Figure $2 CHS responses in Kit /""" and Bas-TRECK
mice. (A) DNFB-induced CHS in WBB6FI-Ait+/+ and
WBBGF1-£it Kit """ mice. WBB6F1-Kit+/+ and WBB6F1-Kit
Fit "M mice were sensitized with or without DNFB and the car
swelling was measured 24 and 48 h after challenge with DNFB
(n=10 per group). (B) DNFB-induced CHS in DT-trcated WT
and Bas-TRECK Tg mice. DT-treated WT and Bas-TRECK Tg
mice were sensitized with or without DNFB and the ear swelling
was measured 24 and 48 h after challenge with DNFB (=10 per
group). (C) Oxazolone-induced CHS in DT-trecated WT and Mas-
TRECK Tg mice. Mice were sensitized with 5% oxazolone and
challenged with 1% oxazolone at the high hapten dose (2= 10 per
group). (D) CHS induced by adoptive transfer of CD90.2" T cells
from WT and Mas-TRECK Tg mice sensitized with DN¥B (e =6
per group). (E) Toluidine blue positive mast cells in the skin with
Mas TRECK Tg mice or B6 wild type mice after onc hour
injection of BMMC (n = 3). All data arc presented as the mean *
SD and are representative of three experiments. ", P<0.05 versus a
corresponding group.

(PDF)

Figure S3 Decreased infiltrating cells and cytokines in
the skin of Mas-TRECK Tg mice after challenge. (A) The
numbers of CD4™ T cells, CD8" T cells and neutrophils
(CD45*Gr-1"%" in DNFB-challenged skin were counted in DT-
treated Mas-TRECK Tg or WT mice (n=5 per group) using flow
cytometry. (B) mRNA levels of IFN-y, IL-17 and IL-1p in the skin
after CHS (n =5 per group). All data are presented as the mean *
SD and are representative of three experiments.

(PDF)

Figure S4 Impaired development of the Thl subset in
CHS and decreased cytokine production in the LN of
sensitized Mas-TRECK Tg mice. (A) Skin-draining LN cells
were collected from MaS TRECK Tg and WT mice 5 days after
DNFB application. The numbers of CD44"™#"CD62L*central
memory (CM) or CD44™"CD62L" effector memory (EM) cells
and total CD4" and CD8" T cells in the draining LNs with or
without sensitization are shown. (B-D) DNBS-induced lymphocyte
proliferation (B) and cytokine production (C, D). Cells were
collected from MaS TRECK Tg and WT mice 5 days after DNFB
application and cultured for 3 days with or without 100 pg/mL
DNBS. Cell proliferation was measured by *H-thymidine
incorporation. The amounts of IFN-y and IL-17 in the culture
medium were measured by ELISA. 7= 10 mice per group.

(PDF)

Figure S5 Attenuated DC maturation in the absence of
MCis. (A) Representative flow cytometry profiles of the skin from
WT and Mas TRECK Tg mice (left), and histogram of CD40
expression on LCs and dDCs from DY-treated WT mice and
Mas-TRECK Tg mice treated with or without DT. (B) The
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expression levels of CD40, CD80, and CD86 on LCs and dDCs in
the car skin from WBBGFI-Kit+/+, —Kit "lym,W'l’, and Mas-
TRECK Tg mice under steady state conditions.

(PDF)

Figure S6 timulation of DCs by MCs is dependent on
ICAM-1-LFA-1 interaction and on MC membrane-bound
TNF-0. (A, B) Histogram. The expression levels of CD40 on
BMDCGs co-cultured with BMMCs with isotype control Ab, anti-
ICAM-1 Ab, or anti-TNF-o0 Ab (INF) (A), or co-cultured with
BMMC:s that were pretreated with or without wortmannin (WM)
or H89 (B). (C) The expression levels of CD40, CD80, and CD86
on BMDCs co-cultured with WT derived BMMGCs or TNF-o KO
(I'NF KO) derived BMMCs.

(PDF)

Video S1 Quest Fluo-8 AM-stained BMMCs and TMRE-
stained BMMCs were mixed on glass coverslips and
recorded every 10 sec at ~30°C using a back-thinned
electron multiplier CCD camera.

(MOV)
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Video 82 Quest Fluo-8 AM-stained BMMCs and TMRE-
stained stimulated BMMCs were mixed on glass cover-
slips and recorded every 10 sec at ~30°C using a back-
thinned electron multiplier CCD camera.

MOV)
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PGD-, induces eotaxin-3 via PPARy from sebocytes:
A possible pathogenesis of eosinophilic pustular folliculitis

Kyoko Nakahigashi, MD,? Hiromi Doi, MS,? Atsushi Otsuka, MD, PhD,? Tetsuya Hirabayashi, PhD,”
Makoto Murakami, PhD,? Yoshihiro Urade, PhD,® Hideaki Tanizaki, MD, PhD,* Gyohei Egawa, MD, PhD,?

Yoshiki Miyachi, MD, PhD,? and Kenji Kabashima, MD, PhD?®

Background: Eosinophilic pustular folliculitis (EPF) is a chronic
intractable pruritic dermatosis characterized by massive
eosinophil infiltrates involving the pilosebaceous units. Recently,
EPF has been regarded as an important clinical marker of HIV
infection, and its prevalence is increasing in number. The
precise mechanism by which eosinophils infiltrate into the
pilosebaceous units remains largely unknown. Given that
indomethacin, a COX inhibitor, can be successfully used to treat
patients with EPF, we can assume that COX metabolites such as
prostaglandins (PGs) are involved in the etiology of EPF.
Objective: To determine the involvement of PGs in the
pathogenesis of EPF.

Methods: We performed immunostaining for PG synthases in
EPF skin lesions. We examined the effect of PGD, on induction
of eotaxin, a chemoattractant for eosinophils, in human
keratinocytes, fibroblasts, and sebocytes and sought to identify
its responsible receptor.

Results: Hematopoietic PGD synthase was detected mainly in
infiltrating inflammatory cells in EPF lesions, implying that PGD,
was produced in the lesions. In addition, PGD, and its immediate
metabolite 15-deoxy-A 12,14-PGJ, (15d-PGJ,) induced sebocytes
to produce eotaxin-3 via peroxisome proliferator-activated
receptor gamma. Consistent with the above findings, eotaxin-3
expression was immunohistochemically intensified in sebaceous
glands of the EPF lesions.

Conclusion: The PGD,/PGJ,-peroxisome proliferator-activated
receptor gamma pathway induces eotaxin production from
sebocytes, which may explain the massive eosinophil infiltrates
observed around pilosebaceous units in EPF. (J Allergy Clin
Immunol 2012;129:536-43.)
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CRTy2: Chemoattractant receptor—-homologous molecule expressed

on Ty?2 cells
EPF: Eosinophilic pustular folliculitis
GAPDH: Glyceraldehyde 3-phospate dehydrogenase
H-PGDS: Hematopoietic prostaglandin D synthase
L-PGDS: Lipocalin-type prostaglandin D synthase
PG: Prostaglandin
PPAR'wy: Peroxisome proliferator—activated receptor gamma
siRNA: Small-interfering RNA

Eosinophilic pustular folliculitis (EPF) is a chronic intractable
pruritic dermatosis characterized by massive eosinophil infiltrates
involving the pilosebaceous units.' The evidence accumulated to
date indicates that Ty2-mediated immunologic mechanisms are
involved in the pathogenesis of EPF.>* Recently, EPF has been
regarded as an important clinical marker of HIV infection, and
its prevalence is increasing in number.* An immunohistochemical
study has demonstrated the expression of intercellular adhesion
molecules for inflammatory cells including eosinophils around
hair follicles.” Other studies have reported that IL-5 level, which
induces proliferation and differentiation of eosinophils, is ele-
vated in the blood and skin lesions of patients with EPF, but it
can be decreased by treatment with IFN-y.*” Three members
of the eotaxin family—eotaxin-1/CCL11, eotaxin-2/CCL24,
and eotaxin-3/CCL26—are known to promote the growth and re-
cruitment of eosinophils and skin inflammation.® Ty2 cytokines,
such as IL-4, -5, and -13, enhance the production of eotaxins by
skin component cells, such as lymphocytes, macrophages, endo-
thelial cells, fibroblasts, and kel'ati11ocytes.9"” These findings
suggest that the pathogenesis of EPF consists of a Ty2-type im-
mune response; intriguingly, however, EPF is usually resistant
to topical or systemic corticosteroids that suppress the functions
of T cells. Therefore, the pathogenesis of EPF might not be ex-
plained solely by Ty2 immunity. Since EPF can be successfully
treated with indomethacin, a COX inhibitor,'? we hypothesize
that the prostaglandin (PG) family known as the prostanoids,
which occur downstream of COX, might be involved in the
etiology of EPE.

Prostanoids are released from cells immediately after their
formation. Because they are chemically and metabolically unsta-
ble, they usually function only locally through membrane recep-
tors on target cells."® Recently, individual prostanoid receptor
gene—deficient mice have been used as models to dissect the re-
spective roles of each receptor in combination with the use of
compounds that selectively bind to prostanoid receptors as ago-
nists or amagonistsm’]5 The prostanoids PGD, and PGE, are 2
of the major COX metabolites in the skin. PGE; has been reported
to have an inhibitory effect on eosinophil trafficking and
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activation.'® PGD,, on the other hand, is known to be involved in
chronic allergic inflammation.'” Two types of PGD synthase
(PGDS), which catalyzes the isomerization of PGH,, a common
precursor of various prostanoids that catalyze PGD,, have been
identified: one is the lipocalin-type PGDS (L-PGDS), and the
other is the hematopoietic PGDS (H-PGDS).'® L-PGDS is local-
ized in the central nervous system, the male genital organs, the
heart, and melanocytes in skin.'®!* H-PGDS is widely distributed
in the peripheral tissues and localized in antigen-presenting cells,

mast cells, megakaryocytes, T2 lymphocytes, and dendritic
cells, 18:20-22

The aim of this study was to verify the hypothesis that
prostanoids are involved in the development of eosinophil
infiltration in the pilosebaceous units of the EPF skin lesions.
We found that inflammatory cells in EPF lesions were positively
immunostained for H-PGDS, suggesting that PGD, production
was increased in EPF lesions. Moreover, we found that PGD, in-
creased eotaxin-3 mRNA expression in sebocytes via peroxisome
proliferator-activated receptor gamma (PPARy) and that eotaxin-
3 was detected around sebaceous glands in EPF lesions. Our data
suggest that PGD; is involved in the pathogenesis of EPF lesions
by inducing eotaxin-3 from sebocytes via PPARYy.

METHODS

Human subjects

We obtained biopsy specimens from 5 patients with EPF, 6 patients with
folliculitis, and 4 healthy subjects. Informed consent was obtained from all
subjects involved in this study. The Ethics Committee of Kyoto University
approved the study.

Histologic examination

Paraffin-embedded sections were stained with hematoxilin-eosin and
immunostained with H-PGDS, a monoclonal mouse antihuman antibody
(dilution 1:500), L-PGDS, a polyclonal rabbit antihuman antibody (dilution
1:1000) (both were established at the Osaka Bioscience Institute, Osaka,
Japan), and eotaxin-3/CCL26, a polyclonal goat antihuman antibody (dilution
1:100, R&D Systems, Minneapolis, Minn). As negative controls for H-PGDS
and L-PGDS antibodies, we used isotype-matched control antibody and rabbit
serum, respectively. Antigen retrieval was achieved by pepsin treatment for
L-PGDS and preincubation with proteinase K for eotaxin-3. Nonspecific
binding was blocked by addition of 10% goat serum for 30 minutes at room
temperature. Afterward, sections were incubated for 1 hour at room temper-
ature with the primary antibody followed by incubation with a species-specific
biotinylated immunoglobulin (Vector, Burlingame, Calif) for 30 minutes at
room temperature. Thereafter, they were incubated for 30 minutes with the
avidine-biotin-peroxidase complex kit (Vector) and visualized with
3,3’-diaminobenzidine. They were lightly counterstained with hematoxylin,
The number of immunoreactive cells per high power field was enumerated at
3 locations (original magnification X200) per sample, and data were
expressed as the number of H-PGDS~- and L-PGDS—positive cells per high
power field.

Preparation of human eosinophils and flow

cytometry

Peripheral blood was obtained from 3 patients with EPF and 3 healthy
donors. Polynuclear cells were separated by centrifugation of whole blood
over Mono-Poly Resolving Medium (DS Pharma Biomedical, Osaka,
Japan), followed by removal of remaining red cells by ACK lysing buffer
(Lonza Walkersville, Inc, Walkersville, Md). They were stained with the
antibodies against surface markers of eosinophils: antihuman CCR3-
phycoerythrin (dilution 1:100, R&D Systems) and antihuman CDI16-
fluorescein isothiocyanate (dilution 1:100, Becton Drive Biosciences,
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Franklin Lakes, NJ). Eosinophils were identified with CCR3 positive and
CD16 negative by flow cytometric analysis. With the use of an IntraStain
kit (Becton Drive Biosciences), intracellular H-PGDS was detected by
staining with polyclonal rabbit antihuman H-PGDS antibody (dilution 1:50,
Cayman Biochemical) followed by antirabbit Alexa Fluor 647 (dilution
1:200, Life Technologies, Tokyo, Japan). The expression of H-PGDS was
analyzed for mean fluorescence intensity.

For purification of eosinophils, the peripheral blood of patients with mild
allergic rhinitis was collected by negative selection by using Eosinophil
Isolation Kit (Miltenyl Biotec, Bergisch Gladbach, Germany). Both the purity
and the viability of eosinophils were confirmed to exceed 95%.

Cell culture

Normal human epidermal keratinocytes (Kurabo, Osaka, Japan) were
grown in Humedia-KG2 medium (Kurabo) with human epidermal growth
factor (0.1 ng/mL), insulin (10 pg/mL), hydrocortisone (0.5 mg/mL),
gentamicin (50 pg/mL), amphotericin B (50 ng/mL), and bovine brain
pituitary extract (0.4%, v/v). Primary skin fibroblasts were isolated by
standard methods® from healthy human skin and were cultured grown in
Dulbecco modified Eagle medium (Gibco, Karlsrude, Germany) with 10%
FBS (Gibco).

The immortalized human sebaceous gland cell lines SZ95 (a kind gift from
Dr Christos C. Zouboulis) were cultured in sebomed basal medium (Biochrom
AG, Berlin, Germany) with 10% FBS and recombinant human epidermal
growth factor (Sigma Chemical, St Louis, Mo).

As for normal human epidermal keratinocytes and fibroblasts, the cells
grew to 80% to 90% confluent and were starved for 3 hours, followed by
treatment with PGD, (10 p.M) (Cayman Biochemical) for 24 hours at 37°C in
5% COa.

Agonists used were the DP agonist BW245¢ (Cayman Biochemical), the
chemoattractant-homologous receptor expressed on Ty2 cells (CRTy2) ago-
nist 15-keto-PGD, (DK-PGD,) (Cayman Biochemical), and the PPARY ago-
nist 15-deoxy-A 12,14-PGJ, (15d-PGJ,) (Cayman Biochemical). Antagonists
used were the DP antagonist BWA868c (Cayman Biochemical), the CRTy2
antagonist CAY 10471 (Cayman Biochemical), and the PPARy antagonist
GW9662 (Cayman Biochemical). Sebocytes were starved for 3 hours and
treated with PGD, (1-20 uM), BW245c (1-10 uM), DK-PGD; (1-10 pM),
and 15d-PGJ, (1-7 pM) for 21 hours at the confluency of 30% to 40%.
For treatment with antagonists, BWA868c (1-10 uM), CAY10471 (1-10
pM), and GW9662 (1-3 uM) (Cayman Biochemical) were preadded at
30 minutes.

SZ95 cells were transfected with PPAR+y small-interfering RNA (siRNA)
or nontargeting siRNA (Dharmacon, Lafayette, Colo) at 20% confluence by
using Lipofectamine 2000 (Life Technologies). At 48 hours after transfection,
the cells were starved for 3 hours and treated with or without PGD, (7.5 M)
for an additional 21 hours.

For detection of PGD,, purified eosinophils (1 X 10° cells per well) were
incubated in 50 p.L of RPMI 1640 with 10% FBS in the presence and absence
of 107 mol/L. phorbol 12-myristate 13-acetate (Sigma-Aldrich, St Louis, Mo)
and 107> mol/L calcium ionophore A23187 (Sigma-Aldrich). The concentra-
tion of PGD in the supernatant was detected by the use of PGD,-MOX En-
zyme Immunoassay Kit (Cayman Biochemical).

Quantitative RT-PCR

Total RNA was isolated with RNeasy kits and digested with DNase I
(Qiagen, Hilden, Germany). The ¢cDNA was reverse transcribed from total
RNA samples by using the Prime Script RT reagent kit (Takara Bio, Otsu,
Japan). Quantitative RT-PCR was performed by using Light Cycler 480 SYBR
Green I Master (Roche, Mannheim, Germany) and the Light Cycler real-time
PCR apparatus (Roche) according to the manufacturer’s instructions. The
primers used for PCR had the following sequences: eotaxin-1, 5'-CTC
CGCAGCACTTCTGTGGC-3" (forward) and 5'- GGTCGGCACAGA-
TATCCTTG-3' (reverse); eotaxin-2, 5'-GCCTTCTGTTCCTGGGTGTC-3’
(forward) and 5'- CCTCCTGAGTCTCCACCTTG-3’ (reverse); eotaxin-3,
5'-CCTCCTGAGTCTCCACCTTG-3" (forward) and 5'-AAGGGGCTTGT
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FIG 1. Immunohistochemistry of PGDS. Skin specimens taken from healthy subjects {n = 4), patients with
folliculitis (n = 6), and patients with EPF (n = 5) were immunostained for H-PGDS (A) and L-PGDS (B) and
respective negative controls. The infiltrating inflammatory cells around the pilosebaceous gland in EPF
were stained with anti-H-PGDS antibody. C, The numbers of H-PGDS- and L-PGDS-positive cells were
counted. Bar = 100 pm. *P < .05. HPF, High power field.

GGCTGTATT-3" (reverse); PPARy, 5'-ACAGACAAATCACCATTCGT-3'
(forward) and 5'-CTCTTTGCTCTGCTCCTG-3' (reverse); and Glyceralde-
hyde 3-phospate dehydrogenase (GAPDH), 5'-AATGTCACCGTTGTC
CAGTTG-3' (forward) and 5'- GTGGCTGGGGCTCTACTTC-3' (reverse).
The results were normalized to those of the housekeeping GAPDH mRNA.

Statistical analysis

Unless otherwise indicated, data are presented as means = SD and are a
representative of 3 independent experiments. P values were calculated with
the 2-tailed Student 7 test. P values less than .05 are considered to be signifi-
cantly different between the indicated groups and are shown as asterisk in the
figures.

RESULTS
Increased H-PGDS expression in EPF lesions

To verify PGDS expression in EPF lesions, we performed
immunostaining with anti-H-PGDS and anti-L-PGDS anti-
bodies. We found that the infiltrating inflammatory cells around
pilosebaceous units were strongly positive for H-PGDS in lesions
from patients with EPF, but not in healthy subjects (Fig 1, A).
There were a few cells stained for L-PGDS (Fig 1, B). The number
of H-PGDS—positive cells was significantly greater in EPF skin
lesions than in normal healthy skin samples or in folliculitis le-
sions (Fig 1, C).
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FIG 2. H-PGDS expression and PGD, production in eosinophils. Skin specimens of patients with EPF were
stained with hematoxylin-eosin (A) and anti-H-PGDS antibody (B). Bar = 100 um. H-PGDS expression in eo-
sinophils was determined by flow cytometry. C, Representative flow cytometry results. D, The MF! of iso-
type control was set as 100%, and the MFIl of H-PGDS was calculated accordingly (n = 3). *P < .05. E,
PGD; levels in eosinophil culture supernatants with or without phorbol 12-myristate 13-acetate and calcium

ionophore. MFI, Mean fluorescence intensity.

H-PGDS expression and PGD, production in
eosinophils

Numerous infiltrating eosinophils were stained with anti—
H-PGDS antibody (Fig 2, A and B), suggesting that eosinophils
may express H-PGDS. In fact, flow cytometric analysis
showed that H-PGDS was detected in eosinophils, and its ex-
pression level was higher in patients with EPF than in healthy

subjects (Fig 2, C and D). In addition, we examined the pro-
duction of PGD, from the supernatant of eosinophil culture
at 0, 3, 6, 12, and 24 hours after incubation with or without
phorbol 12-myristate 13-acetate and calcium ionophore. We
found that a significant amount of PGD, was produced by eo-
sinophils activated with phorbol 12-myristate 13-acetate and
calcium ionophore (Fig 2, E).
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FIG 3. Effect of PGD, on eotaxin mRNA expression in human keratinocytes,
fibroblasts, and the sebaceous gland cell line SZ95. Cells were incubated
with PGD; (A-C; 10 tM). The mRNA expression levels of eotaxin-1 (Fig 3,
A), eotaxin-2 (Fig 3, B), and eotaxin-3 (Fig 3, C and D] were evaluated by
means of quantitative RT-PCR and normalized according to that of GAPDH.
Data are shown as arbitrary units where the value for an unstimulated sam-
pleissetat1{n = 4). *P< .05, **P < .01.

PGD, increased eotaxin-3 mRNA expression in
human sebocytes

We next asked whether PGD; could affect the production of
chemokines for eosinophil migration. Since the diagnostic hall-
mark of EPF is the accumulation of eosinophils around the pilo-
sebaceous units, we focused on sebocytes, the cells that constitute
the pilosebaceous glands, as well as on keratinocytes and fibro-
blasts. We found that PGD, did not affect the expression of
eotaxin-1 or -2 in human keratinocytes, fibroblasts, or sebocytes
(Fig 3, A and B). It did induce eotaxin-3 expression, only slightly
in fibroblasts but markedly in the human sebaceous gland cell line
SZ95 (Fig 3, C). Moreover, we observed that PGD, increased
eotaxin-3 mRNA expression in sebocytes in a dose-dependent
manner (Fig 3, D). These findings suggest that PGD, induces
eotaxin-3 production abundantly in sebocytes and that sebocytes
might play a key role in eosinophil trafficking to the piloseba-
ceous units in EPF.

Dispensable role of the DP1 and CRT2 receptors in
PGD,-induced eotaxin-3 expression

Two receptors for PGD, have been identified: one is DP1, and
the other is CRTH2, also known as DP2, both of which are G
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protein—coupled receptors.”**> We next undertook to determine
which receptor mediates eotaxin-3 upregulation by PGD,. Nei-
ther the DP1 agonist BW245c nor the CRTy2 agonist DK-PGD,
induced eotaxin-3 in the human sebaceous gland cell lines SZ95
(Fig 4, A). In addition, eotaxin-3 upregulation induced by PGD,
was not suppressed by either the DP1 antagonist BW868c or
the CRTy2 antagonist CAY 10471 (Fig 4, B).

Involvement of PPARy in PGD,-induced eotaxin-3
expression in human sebocytes

PGD, spontaneously converts into the cyclopentenone PGs of
the J series, such as PGJ,, A12-PGJ,,'? and 15d-PGJ2.2(’ We found
that 15d-PGJ, dose dependently increased eotaxin-3 expression
in sebocytes (Fig 5, A). PGJ; elicits its function through PPARY,
and the PPARy antagonist GW9662 suppressed 15d-PGJ,~in-
duced eotaxin-3 increase in a dose-dependent manner (Fig 5,
B). We also observed that PGD,-induced eotaxin-3 increase was
suppressed by GW9662 in a dose-dependent manner (Fig 5, C).
In addition, we examined the effect of PPARy knockdown by
RNA interference in order to confirm the role of PPARY in
PGD;-induced eotaxin-3 expression. We observed that PPAR<y
mRNA expression was inhibited by PPAR<y siRNA and that
PGD2-induced eotaxin-3 increase in sebocytes was suppressed
by siRNA knockdown of PPAR~y (Fig 5, D). In addition, we com-
pared PPARy expression among keratinocytes, fibroblasts, and
sebocytes and found that it was higher in sebocytes than in kerat-
inocytes and fibroblasts (Fig 5, E). These data suggest that PGD,
induces eotaxin-3 expression in sebocytes, through PPARY,
which is highly expressed in sebocytes. Consistently, eotaxin-3
expression tended to be greater in sebocytes of EPF lesions than
in those of normal skin samples (Fig 5, F).

DISCUSSION

In our current study, H-PGDS was detected in eosinophils by
means of flow cytometric analysis, and these H-PGDS~positive
cells were accumulated around the pilosebaceous areas in EPF,
implying that PGD, is abundantly produced in this condition. In
addition, eotaxin-3, which is produced by sebocytes via PPARYy
upon stimulation by PGD,, was highly expressed in the sebaceous
glands in EPF lesions, likewise implying an abundance of PGD,
in EPF. These findings may provide an explanation of the massive
eosinophil infiltration that occurs around the pilosebaceous units
in EPE.

Since indomethacin is generally effective against EPF, COX
metabolites are presumed to be involved in the pathomechanism
of EPF. Among these COX metabolites, the prostanoid PGD; has
previously been reported to directly attract inflammatory cells
such as Ty2 cells, eosinophils, and basophils and to be involved
in chronic allergic inflammation.’”?” This partly explains how
the prostanoids are involved in the mechanism of EPF. Yet it re-
mains unclear how eosinophils infiltrate the pilosebaceous units.
In this study, we found that PGD, induces eotaxin-3 upregulation
in sebocytes. PGD, enhances eotaxin-3 expression even in fibro-
blasts. Since the dermal papilla is a discrete population of special-
ized fibroblasts, PGD, may indirectly attract eosinophils via
eotaxin produced by sebocytes and dermal papilla cells.

The underlying mechanism of controlling EPF by indometh-
acin has been reported to be attributed to the downregulation of
CRTy2 expression.”® This is an intriguing observation; however,
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FIG 4. Role of DP1 and CRTy42 in eotaxin-3 mRNA expression in human sebocytes. SZ95 cells were incu-
bated with PGD; in the presence or absence of the DP1 agonist BW245¢ and the CRT,2 agonist DK-PGD,
(A) or the DP1 antagonist BW868c and the CRTy2 antagonist CAY10471 (B). Eotaxin mRNA levels were eval-
uated by quantitative RT-PCR, and data are shown as arbitrary units where the value for an unstimulated

sample is set at 1 {n = 4). *P < .05, **P < .01.

it remains unclear how indomethacin is specifically effective
against EPF. Only a few reports have addressed the efficacy of
indomethacin on the other eosinophil-infiltrating skin disor-
ders.””*° Our findings indicate that H-PGDS is expressed in pe-
ripheral eosinophils of patients with EPF, whereas it is only
marginally expressed in those of healthy subjects; nevertheless,
it remains uncertain how this difference between patients with
EPF and healthy subjects arises. This unique expression profile
of H-PGDS in EPF may explain the initiation and/or mainte-
nance of the disease. H-PGDS expression is evident in T cells,
and it has recently been reported that CCR8+ Ty2 cells are es-
sential to attract eosinophils to the skin.*’ We detected some
T-cell infiltration around the pilosebaceous units in EPF (data
not shown), suggesting that CCR8+ T cells and eosinophils
jointly initiate and maintain eosinophil infiltration into EPF
skin lesions.

It has been demonstrated that sebocytes are capable of
producing the neutrophil chemoattractant CXCLS8, which may
play a role in the pathogenesis of acne,?” but it remains unknown
whether and how sebocytes produce eosinophil chemoattractants.
Here we have demonstrated for the first time that eotaxin-3

mRNA expression in sebocytes was enhanced by incubation
with PGD, and 15d-PGJ, and mediated by PPARy but not by
DP1 or CRTy2. It has been reported that 15d-PGJ, binds to
PPARY where it promotes adipocyte differentiation®>** and that
PPARYy is detected in sebocytes where it is involved in lipid syn-
thesis.”>>" In our study, larger quantities of PPARy were detected
in sebocytes than in keratinocytes or fibroblasts. Therefore, sebo-
cytes may play an important role in attracting eosinophils into the
skin under certain conditions.

Conclusions

We found that H-PGDS is expressed in EPF lesions and that
PGD, and its metabolite 15d-PGJ, induce marked upregulation of
eotaxin-3 via PPARY in sebocytes. These results may explain how
EPF shows a massive eosinophil infiltration around pilosebaceous
units.

'pathway may be a theraj target
.Involying eosinophil infiltration.
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FIG 5. Involvement of PPARy in eotaxin-3 mRNA expression in sebocytes. SZ95 cells were incubated with
16d-PGJ, (A and B} or PGD; (C) in the presence or absence of the PPARy antagonist GW9662 (Fig 5, Band C).
Eotaxin mRNA levels were evaluated by means of quantitative RT-PCR. D, The effect of transfection with
PPARy siRNA on mRNA expressions for PPARy and eotaxin-3. E, PPARy mRNA expression in normal human
epidermal keratinocytes, fibroblasts, and SZ95 cells. F, Immunostaining for eotaxin-3. Sebocytes strongly
positive for eotaxin-3 are indicated by an arrow (right panel). The percentage positive for eotaxin-3 among
sebocytes was examined (n = 3 each, right panel). Bar = 10 um. *P < .05.
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