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FIG 5. An essential target of TSLP for IgE induction is TSLPR on LCs. A, B6 (Ly45.2) mice were irradiated and
transplanted with BM cells from B6 (Ly45.1) mice. The epidermis and the dermis of BMC mice were sepa-
rated, and single-cell suspensions were stained and analyzed by flow cytometry. B, Total clinical severity
scores (left panel) and histology scores (right panel) of TSLPR*/* BMC, LC-TSLPR™~ BMC, and TSLPR™/~
BMC mice (n = 5 mice per group). C, Serum OVA-specific antibodies as determined by ELISA. OD values
for IgE, 1gG1, and IgG2a levels were measured at a wavelength of 450 nm. *P < .05.

the serum after OVA challenge were significantly lower in LC-
TSLPR ™/~ BMC mice than in TSLPR™* BMC mice (Fig 5,
(). These data indicate that LCs play an important role in epicu-
taneous sensitization upon protein antigens in accord with IgE in-
duction through TSLP-TSLPR signaling.

TSLPR on LCs are dispensable for antigen-specific
T-cell proliferation but vital for Ty2 induction

The above results suggest that LCs stimulate T cells to
differentiate into Ty2, resulting in IgE induction. To clarify this
issue, we assessed the T-cell proliferation and differentiation ca-
pacity of LCs in the presence or absence of TSLPR. We trans-
ferred CFSE-labeled OT-II T cells into mice topically treated
with OVA, and dividing cells in the draining LNs were measured
by means of flow cytometry (Fig 6, A). The ratio of dividing OT-11
CD4* T cells to undivided OT-II CD4™ T cells was comparable
among LC-TSLPR ™/~ BMC, TSLPR*'* BMC, and TSLPR ™/~
BMC mice (Fig 6, B). In addition, IFN-y mRNA level in the

draining L.Ns 96 hours after OVA application was similar among
these 3 groups (Fig 6, C). On the other hand, the IL-4 mRNA ex-
pression level in skin-draining LNs was significantly lower in LC-
TSLPR ™'~ BMC mice than in the other 2 groups (Fig 6, C). These
results indicate that TSLPRs on LCs are dispensable for antigen-
specific T-cell proliferation but vital for inducing Ty2
differentiation.

TSLP promotes the expression of OX40L and the
production of T2 chemokines by DCs

‘We next sought to elucidate the mechanism underlying Ty2 in-
duction of LCs via TSLP-TSLPR signaling. Modulation of costi-
mulatory molecule expression was among the candidates, as it has
been demonstrated that the interaction between membrane
OX40L on DCs and OX40 on naive T cells results in the induction
of IL-4 production by T cells in humans,?® and that treating mice
with OX40L-blocking antibodies substantially inhibit the Ty2
immune responses induced by TSLP in the lung and the skin.?
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FIG 6. TSLPR on LCs are vital for Ty2 induction. TSLPR*/* BMC, LC-TSLPR™~ BMC, and TSLPR™/~ BMC
mice were treated with OVA or saline and transplanted with CFSE-labeled OT-Il T cells. Skin-draining LNs
were analyzed for OVA-specific T-cell proliferation (A and B) and cytokine mRNA expression levels for
IFN-v and IL-4 (C). Boxes in (A) demarcate divided cells (left) and undivided cells (right). n = 5 mice per
group. ¥*P < .05. GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; ND, not detected.

Therefore, it is important to evaluate the expression levels of
costimulatory molecules on LCs in OVA-sensitized skin by
means of flow cytometry. TSLPR '~ (BALB/c background)
and WT control BALB/c mice were percutaneously sensitized
with OVA. Seventy-two hours later, epidermal cell suspensions
were prepared and stained with anti-OX40L, CD80, and CD40
antibodies. The mean fluorescence intensity of OX40L expressed
by LCs from OVA-sensitized TSLPR ™'~ mice was significantly
lower than that in WT control mice. On the other hand, expression
levels of CD40 and CD80 on LCs were comparable between WT
control and TSLPR ™™ mice (see Fig ES, A, in this article’s On-
line Repository at www.jacionline.org).

It is known that serum levels of CCL17 and CCL22 correlate
with the severity of AD.” We incubated BM-derived DCs from
BALB/c mice with recombinant mouse TSLP and found
that TSLP induced DCs to express CCL17 and CCL22 mRNA
(Fig E5, B), while the expression level of the Tyl chemokine
CXCLI10 was suppressed by TSLP (Fig E5, C). These results sug-
gest that TSLP instructs cutaneous DCs to create a Ty2-
permissive microenvironment by modulating the expression
levels of chemokines.

DISCUSSION

In this study, we have demonstrated that LCs are the essential
cutaneous DC subset in the induction of IgE upon epicutaneous
sensitization with protein antigens. We also found that TSLPR
expression on LCs is enhanced upon protein antigen exposure to

the skin and that LCs plays an important role in this process
through TSLP-TSLPR signaling. In addition, we have demon-
strated that TSLP stimulation causes LCs to express OX40L as
shown previously in human studies and that BM-derived DCs
induce Ty2 chemokines while suppressing Tyl chemokines,
which may shift the immune environment to a Ty2 milieu.

While a previous report suggests the significance of LCs in the
induction of T2 immune responses in humans,’ other studies
have reported that dermal DCs, but not LCs, are essential for mu-
rine epicutaneous sensitization with hapten, as in contact hyper-
sensitivity that is mediated by Ty1.'"?'*"*2 In our study, we
have demonstrated that LCs seem to be indispensable for T2 in-
duction upon protein antigen sensitization. Therefore, dermal
DCs and LCs may play an important role for Tyl- and Ty2-
type immune reactions, respectively.

While protein antigens remain above the TJ, haptens can
readily penetrate into the dermis as shown in Fig E2; therefore,
LCs may not be essential for sensitization to hapten as reported
previously.ZI’24 Upon protein antigen exposure to the skin, how-
ever, LCs are vital in the induction of antigen-specific IgE. It is
still an intriguing issue how clinical and histologic scores,
T-cell proliferation, and IL-4 production were only partially sup-
pressed by the deficiency of LCs. These results suggest that other
antigen-presenting cells, such as dermal DCs, might be able to in-
duce antigen-specific T-cell proliferation in the draining LNs and
that other Ty2-inducing cells, such as basophils and mast cells,
may contribute to produce IL-4 in the draining LNs. These issues
need to be answered in the future.
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It has been reported that basophils induce Ty?2 through TSLPR
and that LCs are essential in the vitamin Ds-induced skin lesions
through TSLP signaling.'>'” In this study, we have demonstrated
the significance of TSLP-TSLPR signaling on LCs under epicuta-
neous sensitization with protein antigens, which is clinically rel-
evant to AD. Our findings will lead to the understanding of the
underlying mechanism and developing new therapeutic targets
for inflammatory skin diseases.

Chmcal 1mphcat10nS' TSLPRs onLCs canbea  therapeutic tar-
getof: skm mﬂammatory reactmns induced by eplcutaneous sen-
smzatlon Wlth protein antloens, such as in the development of
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METHODS
Cell culture, reagents, antibodies, and flow
cytometry .

The complete RPMI (cRPMI) culture medium consisting of RPMI 1640
(Invitrogen, Carlsbad, Calif) containing 10% heat-inactivated fetal calf serum,
5 X 107° mol/L 2-mercaptoethanol, 2 mM L-glutamine, 25 mM N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid, 1 mmol/L nonessential
amino acids, 1 mmol/L sodium pyruvate, 100 units/mL penicillin, and 100
wg/mL streptomycin was used unless otherwise indicated.

For BM-derived DC culture, 5 X 10° BM cells generated from WT and
TSLPR™'™ mice were cultured in 10 mL of cRPMI supplemented with 3
ng/mL of recombinant murine granulocyte-macrophage colony-stimulating
factor (PeproTech, Rocky Hill, NJ) for 5 to 7 days. Then, 5 X 10° cells
were seeded in a 24-well culture dish (Nunc, Rochester, NY) in 500 pL of
c¢RPMI and stimulated with 100 ng/mL of recombinant mouse TSLP (R&D
Systems, Minneapolis, Minn) for 6 hours.

For epidermal cell suspensions, dorsal skin sheets were floated on dispase II
(Godo Shusei Co, Ltd, Aomori, Japan) diluted to 5 mg/mL in cRPMI for
1 hour at 37°C and 5% CO,. The epidermis was separated from the dermis with
forceps in RPMI medium supplemented with 2% fetal calf serum. The isolated
epidermis was cut finely with scissors and floated in 0.25% trypsin-EDTA for
10 minutes at 37°C and 5% CO,, and filtered through a 40-pm cell strainer
(BD Bioscience, San Diego, Calif).

We purchased OVA from Sigma-Aldrich, and CFSE was acquired from
Invitrogen. Fluorochrome-conjugated antibodies to CD4, CDl1lc, CD90.1,
MHC class II, OX40L, CD40, and CD80 were purchased from eBioscience
Inc (San Diego, Calif). Anti-mouse TSLPR and isotype control were
purchased from R&D systems. Cells were analyzed by using the FACS LSR
Fortessa flow cytometric system (BD Bioscience) and FlowJo software (Tree
Star, Ashland, Ore).

Histology and allergen penetration in the skin

The clinical severity of skin lesions was scored according to the macro-
scopic diagnostic criteria that were used for the NC/Nga mouse.®! In brief, the
total clinical score for skin lesions was designated as the sum of individual
scores, graded as 0 (none), 1 (mild), 2 (moderate), and 3 (severe), for the symp-
toms of pruritus, erythema, edema, erosion, and scaling. Pruritus was observed
clinically for more than 2 minutes.

For histologic examination, tissues were fixed with 10% formalin in PBS,
and then embedded in paraffin. Sections with a thickness of 5 wm were
prepared and subjected to staining with hematoxylin and eosin. The histologic
findings were evaluated as reported previously.F?

For immunohistochemical analysis, OVA-sensitized skin samples were
directly frozen at —80°C in Tissue-Tek O.C.T. (Sakura Finetek, Tokyo, Japan).
Skin cryosections were fixed with 4% paraformaldehyde (Nacalai Tesque) and
permeabilized with 0.1% Triton-X (Sigma-Aldrich) in PBS for 10 minutes at
room temperature. Next, slides were incubated with anti-claudin-1 polyclonal
antibody (Abcam, Cambridge, United Kingdom). Immunodetection was
performed by using Alexa Fluor 594-coupled secondary antibody (Invitro-
gen). The slides were mounted in ProLong Gold Antifade reagent (Invitro-
gen), and fluorescence images were obtained by using a BIOREVO BZ-9000
system (Keyence, Osaka, Japan).

For assessing the penetration of allergen, mice were percutaneously
sensitized with 100 pg of FITC-conjugated OVA (Molecular Probes, Inc,
Eugene, Ore) diluted in 100 pL of normal saline onto the shaved and tape-
stripped back skin. Seventy-two hours later, immunohistochemical analysis of
the skin to assess allergen penetration was performed. Similarly, 100 wL of 1%
FITC (Sigma-Aldrich) in acetone/dibutyl phthalate (1/1) was applied to
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shaved dorsal skin of B6 mice; 72 hours later, immunohistochemical analysis
was performed to assess hapten penetration into the skin.

ELISA for OVA-specific serum IgE

Total serum IgE levels were measured by using a Bio-Rad (Hercules, Calif)
Luminex kit according to the manufacturer’s instructions. To measure OVA-
specific IgE/IgG1/IgG2a levels, the appropriate mouse IgE/IgG1/1gG2a
ELISA kit (Bethyl Laboratories, Montgomery, Tex) was used with slight mod-
ifications. Specifically, plates were coated and incubated with 10 pg/mL of
OVA diluted with coating buffer for 2 hours. After a blocking period of 30 min-
utes, 100 pL of 5X diluted serum was added to each well and incubated for 2
hours. Anti-mouse IgE/IgG1/IgG2a-horseradish peroxidase conjugate
(1:15,000; 100 L) was used to conjugate the antigen-antibody complex for
60 minutes at room temperature; from this point on, the ELISA kit was
used according to the manufacturer’s instructions. Absorbance was measured
at 450 nm. The difference between the sample absorbance and the mean of
negative control absorbance was taken as the result.

To measure IgE levels on peritoneal mast cells, the peritoneal cavity was
rinsed with 10 mL of ice cold, sterile PBS. The collected cell suspension was
incubated with Fc-block antibody (BD Biosciences; 2-4G2), washed, and split
in half. Half of the cells were kept untreated while the other half were
incubated with 10 pwg/mL of anti-DNP-IgE (mouse monoclonal IgE, Sigma-
Aldrich) for 40 minutes on ice. After being washed with staining media, the
cells were further incubated with an anti—c-kit and anti-mouse IgE and
analyzed by using a flow cytometer.

Quantitative RT-PCR analysis

Total RNAs were isolated with RNeasy kits and digested with DNase I
(Qiagen, Hilden, Germany). 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 monitoring the synthesis of double-
stranded DNA during the various PCR cycles, using SYBR Green I (Roche,
Basel, Switzerland) and the Light Cycler real-time PCR apparatus (Roche)
according to the manufacturer’s instructions. All primers were obtained from
Greiner Japan (Tokyo, Japan). The primer sequences were IFN-v, 5'-GAA
CTG GCA AAA GGA TGG TGA-3' (forward), 5'-TGT GGG TTG TTG
ACC TCA AAC-3' (reverse); IL-4, 5'-GGT CTC AAC CCC CAG CTA
GT-3' (forward), 5’-GCC GAT GAT CTC TCT CAA GTG AT-3' (reverse);
CCL17, 5'-CAG GGA TGC CAT CGT GTT TCT-3' (forward), 5'-GGT
CAC AGG CCG TTT TAT GTT-3' (reverse); CCL22, 5'-TCT TGC TGT
GGC AAT TCA GA-3' (forward), 5'-GAG GGT GAC GGA TGT AGT CC-
3’ (reverse); CXCL10, 5'-CCA AGT GCT GCC GTC ATT TTC-3' (forward),
5'-GGC TCG CAG GGATGATTT CAA-3' (reverse). The cycling conditions
were as follows: initial enzyme activation at 95°C for 10 minutes, followed by
40 cycles at 95°C for 10 seconds and at 60°C for 20 seconds. All cycling reac-
tions were performed in the presence of 3.5 mM of MgCl,. Gene-specific flu-
orescence was measured at 60°C. For each sample, triplicate test reactions and
a control reaction lacking reverse transcriptase were analyzed for the expres-
sion of the genes, and results were normalized to those of the “housekeeping”
glyceraldehyde-3-phosphate dehydrogenase mRNA.
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FIG E1. A, Hematoxylin and eosin staining of the back skin of LC-non-depleted or LC-depleted mice after
OVA application 3 times {hematoxylin and eosin, original magnification X400). Scale bar = 100 pm.
B, The histologic findings were scored by inflammation, neutrophil infiltration, mononuclear cell infiltra-
tion, edema, and epithelial hyperplasia. Data are presented as means =+ SDs (n = 5).

—128—



1055.e3 NAKAJIMA ET AL J ALLERGY CLIN IMMUNOL
APRIL 2012

FITC-OVA
audin-1

FIG E2. Impaired penetration of protein antigen into the dermis. B6 mice were patched with FITC-
conjugated OVA on the back skin; 72 hours later, patched skin area was analyzed by immunohistochemistry.
FITC-conjugated OVA (green/ retained above the TJ was indicated by staining with anti-claudin-1 antibody
(red) (left panel). FITC (green) readily penetrated into the dermis (right panel). Blue staining (4’-6-diamidino-
2-phenylindole, dihydrochloride) indicates nuclei. Dashed white lines represent the border between the
dermis and the epidermis. Scale bars = 100 pm.
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FIG E3. Establishment of BMC mice deficient in TSLPR on LCs (LC-TSLPR™/~ BMC). B6 mice and B6-back-
ground TSLPR™™ mice were irradiated (/R) and transplanted with BM cells (BMT) from B6 mice or
TSLPR™~ mice. Because LCs were radioresistant, when TSLPR™~ mice were reconstituted with BM cells
from B6 mice, they were deficient in TSLPR on LCs (LC-TSLPR™/~ BMC mice).
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FIG E4. A, Hematoxylin and eosin staining of the back skin of TSLPR™/", LC-TSLPR™/", and TSLPR™/~ mice
after OVA application 3 times (hematoxylin and eosin, original magnification X400). Scale bar = 100 um.
B, The histologic findings were scored by inflammation, neutrophil infiltration, mononuclear cell infiitra-
tion, edema, and epithelial hyperplasia. Data are presented as means * SDs (n = 5).
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FIG E5. TSLP promotes the expression of OX40L and the production of Ty2
chemokines by DCs. A, The expression levels of OX40L, CD80, and CD40 of
LCs with (sen®) or without sen™) OVA sensitization in TSLPR™* and
TSLPR™/~ mice (n = & mice per group). Cells were pregated on MHC class
II" CD11¢* LC cells. B and C, BM-derived DCs were incubated with or with-
out recombinant TSLP (rTSLP), and mRNA levels of chemokines—CCL17,
CCL22, and CXCL10—were measured by real-time quantitative PCR.
*P < .056. GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; MFI,
mean fluorescence intensity.
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Figure 1 Scattered erythematous papules seen on the upper
back with a reticulate pattern of hyperpigmentation.

Figure 2 Mild epidermal acanthosis with neutrophilic and eosin-
ophilic exocytosis, and occasional apoptotic keratinocytes. Mild
upper dermal oedema and a superficial perivascular infiltrate that
was mainly lymphocytic, with occasional neutrophils and eosin-
ophils (haematoxylin and eosin, x40).

rashes improved gradually over few months. She had no further
new eruptions and at a 5-month review, only a fading patch of
hyperpigmentation was noticeable.

In our patient, it is interesting to note that her disease was trig-
gered only by excessive sweating during sporting activity, and this
bears similarity to aggravation of atopic dermatitis and itch after
exercise and sweating. Proteinase-activated receptor-2 (PAR-2) has
been found to be increased in the epidermis in atopic dermatitis
lesions, and PAR-2 has been found to play an essential role in the
transmission of itch.’ In a recent study in keratinocyte cultures,
Ishikawa et al. examined the effect of tetracyclines on the produc-
tion of interleukin 8 (IL-8), the latter being an important chemo-
attractant for neutrophils. It was shown that levels of IL-8 were
decreased by minocycline, doxycycline and tetracycline through

JEADV 2012, 26, 523-529

PAR-2 mediation.” In our patient, there was a rapid resolution in
itch symptoms and subsequent progressive resolution of rashes
upon initiation of doxycycline; antagonism of PAR-2 may possibly
have a role.

In a recent case series in Taiwan, Lu et al. reported that doxycy-
cline at 200 mg/day for 1-5 weeks provided good response in all
their 16 patients.'® Our patient further demonstrated a similar
positive response. Although minocycline and dapsone have been
the mainstays of treatment in prurigo pigmentosa, doxycycline
offers an appealing and effective alternative with its more favour-
able side effect profile.

Y.J. Mok, K.S. Lim, H.L. Tey*
National Skin Centre, 1 Mandalay Road, 308205 Singapore
*Correspondence: H.-L. Tey. E-mail: teyhongliang111@yahoo.com
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Comparison of basophil
infiltration into the skin between
eosinophilic pustular folliculitis
and neutrophilic folliculitis

Editor
Eosinophilic pustular folliculitis (EPF), first described by Ofuji
et al,! is characterized by recurrent clusters of pruritic, follicular,

© 2011 The Authors
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sterile papules and pustules, and is often accompanied by periph-
eral blood eosinophilia. EPF is a rare dermatosis of unknown
aetiology, but a Th2 cytokine-dominant condition has been postu-
lated as an underlying mechanism.>

Tt is well established that basophils exert effector functions dur-
ing allergic responses through the cross linking of FceRI during
immediate- or late-phase reactions following allergen exposure. In
addition, recent studies have shown that basophils promote Th2
skewing by antigen presentation in helminth infection and in
response to protease allergens and that dendritic cells are not
necessary in this process.”™

A recent study has reported three cases of EPF in which
basophils infiltrate the follicular region using the monoclonal anti-
body BBI1, which recognizes a unique granule constituent of ba-
sophils.*” Before this finding can be considered a hallmark of EPF,
however, we must assess more cases and evaluate whether such
basophil infiltration is unique to EPF, that is, whether it is not
seen in conventional infectious neutrophilic folliculitis. In the
present study, we demonstrate that a significant number of
basophils can infiltrate into the follicular and sebaceous gland
regions in EPF but not in neutrophilic folliculitis.

Skin biopsies from folliculitis lesions of 13 patients with EPF
(eight men, five women, mean age: 48.7 years) and nine patients
with infectious neutrophilic folliculitis (four men, five women,
mean age: 53.6 years) were examined by means of immunostain-
ing. Deparaffinized sections were immersed in 0.3% H,0, to abol-

ish endogenous peroxidase activity and incubated with BB1 mouse
mAb overnight. Slides were incubated with biotinylated horse
anti-mouse serum, and then incubated with avidin-biotin-peroxi-
dase complex (ABC-Elite; Vector Laboratories, Burlingame, CA,
USA). Colouring reaction was performed with 3,3’-diaminobenzi-
dine (DAB) and nuclei were counterstained with haematoxylin.

In EPF patients, basophils were observed to infiltrate not only
into the perifollicular regions but also into the perisebaceous
glands (Fig. 1a,b); in neutrophilic folliculitis patients, on the other
hand, almost no basophils were detected in these regions (Fig. 1c).
The number of basophils infiltrating into the skin in EPF ranged
from 1 to 31 (average, 10.5; SEM, 2.6). In neutrophilic folliculitis,
the number ranged from 0 to 3 (average, 0.4; SEM, 0.3) (Fig. 1d).

Consistent with previous findings, we have demonstrated that
basophils infiltrate into the follicular and sebaceous gland regions
at a very high density in EPF patients, and that this infiltration
constitutes a clear distinction between EPF and neutrophilic follic-
ulitis. Intriguingly, however, our study has shown that some EPF
cases presented low basophil densities, and that one EPF case
exhibited no infiltration of basophils. Several treatments for EPF
have been proposed, but responses to these treatments vary, sug-
gesting that subtypes of EPF exist and that the variation in the
extent of basophil infiltration in EPF might reflect this sub typing.
To determine whether this is the case, we must look for a correla-
tion between each patient’s responsiveness to each treatment and
the magnitude of that patient’s basophil infiltration.
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Figure 1 Immunohistochemistry of basophils. BB1-immunoreactive cells infiltrated the follicular region (a) and the sebaceous gland
region (b) in eosinophilic pustular folliculitis patients, but not in folliculitis patients (c). (d) The number of BB1-positive basophils was
calculated in 5 high-power fields (x40 objective). Data were analysed with the paired t-test. *A P-value of <0.05 was considered

statistically significant.
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