and 1% penicillin, without any additional stimulant, for
48 h at 37°C in humidified 5% CO; in air. When dispersed
ECs are cultured for different culture periods, the amount
of cytokines in the culture supernatants are markedly
increased between 24 and 48 h and reached maximum at
72 h (9). As the 72-h culture possibly masks the influence
of barrier disruption, we used the 48-h culture for the
assessment. The Quantikine (R & D Systems, Minneapolis,
MN) protocol for sandwich ELISA was used to quantify
total amount of CCL17, CCL22 and CCLS5 in the culture
supernatants.

Histological assessment

Skin specimens were obtained from earlobes and fixed in
20% buffered formalin and embedded in paraffin. Multiple
3 mm sections were stained with haematoxylin and eosin
(H&E) for eosinophil and lymphocyte counting. The num-
bers of eosinophils and lymphocytes in the dermis were
enumerated in three high power fields of microscopy and
expressed per one section (0.25 mm®) at 400x. Each section
was assessed in random order by two observers of us with-
out the knowledge of patient identification.

Preparation of skin homogenized samples and
real-time quantitative PCR analysis

To examine the cytokines and chemokine receptors of T
cells, homogenized samples of whole ears were used.
BALB/c mice were sensitized on the shaved abdomen with
200 ul of 1% FITC in acetone/dibutyl phthalate (1:1 ratio)
three times a week for 2 weeks and earlobes were provoked
by painting of 40 ul of 1% FITC 24 h after tape-stripping.
At 3, 6 and 12 h after challenge, the earlobes were prepared
and homogenized using a T 10 basic Ultra-Turrax (Ika-
Werke, Staufen, Germany) with the Trizol reagent (Invitro-
gen Inc, Carlsbad, CA, USA). Total cellular RNA was
extracted with the PureLink Micro-to-Midi Total RNA
Purification System (Invitrogen Inc.) from Trizol samples.
Primers and probes were obtained from TaqMan Gene
Expression Assays Inventories (Applied Biosystems) inter-
feron-y (IFN-y), interleukin-4 (IL-4), CXCR3, and CCR4.
Quantitative PCR was performed as described above.

Contact hypersensitivity (CHS)

Mice were sensitized with FITC by painting of the shaved
abdomen with 200 ul of 1% FITC. Five days after sensiti-
zation, the earlobes were barrier disrupted or untreated.
After 24 h, mice were elicited by painting of both sides of
earlobes with 40 ul of 0.5% FITC and the increase in ear
thickness was measured immediately before and 1, 4, 8
and 24 h after painting using a dial thickness gauge
(Ozaki Co, Tokyo, Japan). Ear swelling was calculated
as (ear thickness after challenge) ~ (ear thickness before
challenge).
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Statistical analysis
Data were analysed using an unpaired two-tailed t-test.
P < 0.05 was considered to be significant.

Results

Absence of differences in TEWL following treatment
between tape-stripping and acetone-rubbing and
between BALB/c and B6

In advance of testing the actions on the epidermal
chemokine production and cell infiltration, we compared
tape-stripping and acetone-rubbing in their effects on
TEWL, a representative marker for the barrier function.
We used two strains of mice, Th2-preponderant BALB/c
and Thl-preponderant B6 mice. Earlobes of mice were
stripped with cellophane tape or rubbed with acetone and
TEWL was monitored after treatment. TEWL was elevated
immediately after either of the treatments and declined
thereafter at comparable levels (Fig. 1). Therefore, there
was no difference between tape-stripped and acetone-
rubbed skin sites in the increment and recovery of TEWL.
Furthermore, BALB/c (Fig. la) and B6 mice (Fig. 1b)
had virtually the same TEWL values following the
treatments.

Higher expression of Th2 and eosinophil
chemokine mRNAs by tape-stripping than
acetone-rubbing in ECs of BALB/c mice

Earlobes of mice were stripped with cellophane tape or
rubbed with acetone and EC suspensions were prepared
from the ears at 6, 12 or 24 h after treatment and subjected
to real-time PCR analysis. As shown in Fig. 2, the two bar-
rier disruption procedures differentially induced the expres-
sion of mRNA for Thl chemokines (CXCL10, CXCL9 and
CXCL11), Th2 chemokines (CCL17 and CCL22) and eosin-
ophil-chemoattracting chemokine (CCL5) (10,11), depend-
ing on the mouse strains and the timing after treatment.
BALB/c mice exhibited higher expression levels of all the
chemokines than did B6 mice. In BALB/c mice, the
increased expression was discernible at 12 h and remark-
able at 24 h after treatment. CCL17, CCL22 and CCLS5
were more strongly induced by tape-stripping than ace-
tone-rubbing, but inversely, CXCL10, CXCL9 and CXCL11
were expressed more remarkably by acetone-rubbing than
tape-stripping. Thus, tape-stripping is capable of inducing
the production of Th2 chemokines by ECs in BALB/c
mice.

To confirm the expression of Th2 chemokines and CCL5
promoted by tape-stripping, EC suspensions were prepared
from BALB/c mice at 6, 12 or 24 h after the treatment and
cultured for 48 h. The chemokine concentration in the cul-
ture supernatants was measured using ELISA. ECs from the
treated mice produced higher levels of CCL17, CCL22 and

© 2009 John Wiley & Sons A/S, Experimental Dermatology

3|



| onoue et al.

(a)
12 —4~ Tape BALB/c
—— Acetone
104 ~&— No treatment
b
£ 81
N
£
26
)
2
H 4
zr/fif——G\i
0 6 12 24
Time after treatment (h)
(b)
124 B6
—&— Tape
10 - ~+- Acelone
4 —&~ No freatment
£ o
£
26
wed
&
= 47
0 T + .
6 12 24

Time after treatment (h}

Figure 1. TEWL following tape-stripping or acetone-rubbing. Earlobes
of BALB/c (a) and B6 mice (b) were stripped with tape or rubbed with
acetone. immediately after treatment (time 0), or 6, 12 or 24 h after
treatment, TEWL was measured. Data are expressed as the mean + SD
of five mice.

CCLS than those of untreated mice (Fig. 3). Again, tape-
stripping induced the production of these chemokines,
particularly CCL17, at significantly higher levels than
acetone-rubbing,

Infiltration of eosinophils in tape-stripped ears of
BALB/c mice

As tape-stripping stimulated ECs to produce chemokines,
we monitored the infiltrate of inflammatory cells in the
tape-stripped earlobes of BALB/c and B6 mice. Interest-
ingly, we found that the tape-stripped ears of BALB/c mice
showed infiltration of eosinophils in the dermis (Fig. 4a,b).
Eosinophils appeared in the dermis at 8 h after treatment
and increased in number at 24 h (Fig. 4c). Acetone-rubbing
did not induce such an infiltrate of eosinophils. In B6
mice, the tape-stripping-provoked infiltrate of eosinophils
was barely perceptible (Pig. 4d). Thus, the enhanced
expression of CCL5 seems to be significant in vivo. In both
strains, lymphocytes also infiltrated after either treatment
with acetone or tape (Fig. 4e,f).

Augmented expression of IL-4 and CCR4 by
challenge via tape-stripped skin in repeatedly
sensitized mice

To examine the effect of tape-stripping on the induction of
Th2 cells, we used the repeated sensitization method. As
even the repeated sensitization with a hapten does not
exclusively induce Th2 cells, Thl cytokines are simulta-
neously increased by the challenge to some extent. BALB/c
mice were sensitized with 1% FITC three times a week for
2 weeks on the abdomen and challenged with 1% FITC on
the earlobes untreated or stripped with tape 24 h before.
The ears were taken at 3, 6 or 12 h after challenge, homog-
enized and subjected to real-time PCR analysis for the
expression of IFN-y, IL-4, CXCR3 and CCR4. IFN-y and
IL-4 are representative Th1l and Th2 cytokines respectively,
and CXCR3 and CCR4 are Thl and Th2 chemokine recep-
tors respectively (11). The expression of IFN-y was
increased at 3-12 h after challenge and the challenge via
tape-stripped skin elevated its expression compared with
the challenge via untreated skin (Fig. 5a). IL-4 expression
was also enhanced by the challenge via tape-stripped skin
at 3, 6 and 12 h (Fig. 5b). As to the chemokine receptors,
while CXCR3 was not affected by challenge through the
tape-stripped skin (Fig. 5¢), CCR4 was augmented by the
challenge (Fig. 5d). Thus, the expression of Th2 cytokine as
well as IFN-y and Th2 chemokine receptor was augmented
in the tape-stripped and challenged skin, suggesting pro-
moted accumulation of Th2 cells by tape-stripping.

Enhancement of both late-phase and delayed-type
hypersensitivities in tape-stripped mice

It has been reported that the delayed-type contact hypersen-
sitivity is enhanced through the barrier-disrupted skin (2).
We further explored the in vivo significance of tape-strip-
ping-augmented chemokine production in cutaneous hyper-
sensitivities. BALB/c mice were sensitized with 1% FITC
and challenged with 0.5% FITC on the tape-stripped or
untreated earlobes. At 8 and 24 h after challenge, higher ear
swelling responses were observed in mice challenged via
tape-stripped ears than those challenged vig untreated skin
(Fig. 6). Acetone-rubbing, instead of tape-stripping, did not
enhance the ear swelling responses at 8 h after challenge,
while the treatment augmented the response 24 h after chal-
lenge (data not shown). Therefore, elicitation through the
tape-stripped skin augmented not only the delayed-type but
also the late-phase reactions of contact hypersensitivity
where Th2 cells and eosinophils are involved (12).

Discussion

Our study showed that acute barrier disruption upregulates
the production/expression of chemokines by ECs, depend-

© 2009 John Wiley & Sons A/S, Experimental Dermatology



Eosinophil infiltration in healthy skin |

(a) 9 1 (d) 97 —
8 8 1 *
- 7 ____I‘* CXCL10 5 71 T CCL17
% 6. 5 6.
3 1 3
T°) ] T
o 41 o 41
2 g
T, L
' ' AllnnAannn
il Inaaanas 0 afatalily
'9‘612 24 6 12 24'§612 24 6 12 24 (h) —e-612 24 6 12 24§612 24 6 12 24 (h)
é Tape Acetone :0; Tape Acetone é Tape Acetone § Tape Acetone
BALB/c B6 BALB/c B6
()9, . ()9 -
8 | 8 1 .
l CXCL9 CClL22
— 74 < 71
g * 2 I
2 g4 2 g
2 2
T 51 . T S
E ] £ 4
24 -
“ ] ‘&" J
§ 3 &6 3

—

21 2
\ Afnl] ! 1 nannann
Oﬂﬁﬂ Wlinaadn 0 ils
5 6 12 24 6 12 24 5 6 12 24 6 12 24 (h) 5 612 24 6 12 245 6 12 24 6 12 24 (h)
§ Tape Acetone (_g) Tape Acetone é Tape Acetone § Tape Acetone
BALB/c B6 BALB/c B6
(c) 9 VER -
81 oxeL 87 CcCLS
* 11
- 7 5 7 I
[ T 2
2 g L 61
3 2
o 51 % % o 51 .
E ] E 41
g . ’ 2 ;
g 3 l g 3
o 21 @ 2
5 ' ] ﬂﬂﬂﬂﬂﬂ
Rli | HDGDHH i i
—é6122461224@6122461224(?\) §6122461224'§6122461224
:0; Tape Acetone é Tape Acetone § Tape Acetone é Tape Acetone
BALB/c B6 BALB/c B6

Figure 2. Real-time PCR analysis of mRNA expression for chemokines in ECs from barrier-disrupted earlobes. Earlobes of BALB/c and B6 mice were
stripped with tape or rubbed with acetone, At 6, 12 and 24 h after treatment, EC suspensions were prepared and subjected to real-time PCR analysis
for chemokines, including Th1 chemokines (CXCL10, CXCL9 and CXCL11), Th2 chemokine (CCL17 and CCL22) and CCL5. The expression of mRNA

is represented as fold increase (27°°%Y, where DDC, = [DC, (sample)] — {DC, (ECs without treatment)] and DC, = [C, (sample)] - [C, (b-actin)]. Data
are expressed as the mean x SD of five mice (*P < 0.05, **P < 0.005, ***P < 0.0001).
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Figure 4. Histological pictures and numbers of infiltrating eosinophils
and lymphocytes in tape-stripped earlobes of BALB/¢ mice. Earlobes of
BALB/c and B6 mice were tape-stripped and acetone-rubbed and
histological sections (H&E) were prepared 8 and 24 h later. Control
sections were obtained from non-treated earlobes. (a, b) Histological
picture of BALB/c mice at 24 h after tape-stripping {original
magnification 200x and 400x). The numbers of eosinophils and
lymphocytes were counted per one section (0.25 mm?) at 400x. (c)
Eosinophil counts in BALB/c mice treated with acetone-rubbing or
tape-stripping. (d) Eosinophil counts in B6 mice treated with acetone-
rubbing or tape-stripping. (e) Lymphocyte counts in BALB/c mice
treated with acetone-rubbing or tape-stripping. (f) Lymphocyte counts
in B6 mice treated with acetone-rubbing or tape-stripping. Data are
expressed as the mean + SD of five mice (*P = 0.0061,

**P < 1.0 x 107). No Tx, no treatment; and N.D., not detected.

bing, while Th1 chemokines CXCL10, CXCL9 and CXCL11
(10,11) were enhanced by acetone-rubbing. The increased
production of CCL17, CCL22 and CCL5 was clearly
observed in Th2-polarized BALB/c mice but not in
Thl-dominant B6 mice. It should be stressed that, in
accordance with this observation, tape-stripping allowed
eosinophils to infiltrate in the dermis of BALB/c mice. In
addition, FITC challenge via tape-stripped ears of sensitized
BALB/c mice induced the expression of IL-4 and CCR4,
indicating accumulation of Th2 cells in the tape-stripped
and hapten-challenged skin. Accordingly, the tape-stripped
mice showed increased responses at 8 h as well as 24 h
when they were challenged via the treated ears. These
findings suggest that tape-stripping stimulates ECs to
express/produce Th2 chemokines and eosinophil chemo-
attractant and hapten application via the tape-stripped skin
evokes the late phase reaction.
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Figure 5. Real-time PCR analysis of mRNA expression for IFN-y, IL-4
and CCR4 in the challenged skin. BALB/c mice were sensitized on the
shaved abdomen with 1% FITC three times a week for 2 weeks and
earlobes were provoked by painting of 1% FITC 24 h after tape
stripping. At 3, 6 and 12 h after challenge, the earlobes were prepared
and homogenized and subjected to real-time PCR analysis to assess the
expression of IFN-y, IL-4 and CCR4. Data are expressed as the

mean + SD of five mice (*P < 0.05, **P < 0.005, ***P < 0.0001).
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Both tape-stripping and acetone-rubbing are known as
a procedure for the acute barrier disruption, and in fact,
the TEWL values of the treated skin were comparable in
our study. However, the two treatments had different
capacities to stimulate ECs to produce Thl and Th2
chemokines. As keratinocytes can produce both Thl and
Th2 chemokines (11), this observation might be inter-
preted as an indication that tape-stripping and acetone-
rubbing preferentially stimulate keratinocytes to produce
Th2 and Thl chemokines respectively. However, our
recent study suggests that the main sources of Thl
(CXCL10, CXCL9 and CXCLI11) and Th2 chemokines
(CCL17 and CCL22) are keratinocytes and Langerhans
cells respectively (13). We found that repeated application
of hapten induces Th2 chemokine production by Langer-
hans cells. This raises an alternative possibility that tape-
stripping stimulates Langerhans cells to produce Th2
chemokines and does keratinocytes to produce Thl
chemokines. In this scenario, acetone-rubbing possibly
induces keratinocyte Thl chemokine production without
stimulating Langerhans cells to produce Th2 chemokines.
Langerhans cells are also known to release CCLS (14) and
the observed increment of this eosinophil attractant might
be derived from Langerhans cells. Tape-stripping has been
shown to activate keratinocytes to produce Langerhans
cell-maturating cytokines including interleukin-la, tumor
necrosis factor-a and granulocyte/macrophage colony
stimulating factor (2). In parallel with this maturation,
Langerhans cells might also release Th2 and eosinophil-
chemoattracting chemokines.

The differences in the chemokine expression between the
two stains were clearly seen with tape-stripping. BALB/c mice
were more susceptible to tape-stripping than B6 mice in the
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expression of all the chemokines examined. In particular,
the expression of the Th2 chemokines and eosinophil
chemoatrractant was markedly promoted in BALB/c mice.
Although the increased expression of the Th2 and eosinophil
chemokines in BALB/c mice is in accordance with the Th2-
skewing property of this mouse strain, the exact mechanism
underlying this preponderant expression remains unknown,
To address this issue, we cultured keratinocytes from BALB/c
and B6 mice, examined the production of Th2 chemokines
after stimulation with interferon-y and/or tumor necrosis fac-
tor-o and found no difference in the chemokine production
between the two strains of mice. Therefore, the keratinocytes
themselves are considered not to differ from each other. Given
that interferon-y suppresses Langerhans production of Th2
chemokines (13), the difference in the Th2 chemokine pro-
duction might be attributable to the different Thl or Th2
cytokine dominancy in each strain,

The tape-stripped skin exhibited enhanced degrees of the
late-phase as well as delayed-type reactions upon challenge
with hapten, This is thought to be a reflection of the infil-
trates of eosinophils and Th2 cells (15). It is well known that
patients with atopic dermatitis have skin barrier impaired
by loss of filaggrin (16), decreased amounts of ceramide
(8) and secondary damage following inflammation (17).
Scratching caused by itch further exaggerates the barrier
damage in atopic patients (18). Both the delayed-type and
late-phase reactions have been put forward for the mecha-
nisms underlying skin lesions of atopic dermatitis (19). The
delayed-type reaction is clinically represented by eczematous
dermatitis and mediated by Thl and Tcl cells (20). On the
other hand, the late-phase reaction is clinically recognized
by edematous erythema and mediated by Th2 and eosin-
ophils (21). The late-phase reaction is prone to occur in the
straturn corneum-removed skin and scratching exacerbates
certain skin disorders such as atopic dermatitis by inducing
Th2 and eosinophil-attracting chemokines. Moreover, it is
tempting to speculate from our study that scratching could
induce eosinophil infiltration in healthy skin and yield a late
phase reaction without application of an allergen, Studies in
human skin may clarify these important issues.

Acknowledgement

This work was partly supported by Grants-in Aid for Science Research
from the Ministry of Education, Science, Sports and Culture of Japan and
the Ministry of Health, Labour and Welfare of Japan.

Conflict of interest statement

The authors state no conflict of interest.

References

1

10

11

12

13

14

15

16

17

18

19

20

21

Cork M J, Robinson D A, Vasilopoulos Y et al. New perspectives on epidermal
barrier dysfunction in atopic dermatitis: gene-environment interactions.
J Allergy Clin immunol 2006: 118: 3-21.

Nishijima T, Tokura Y, imokawa G, Seo N, Furukawa F, Takigawa M. Altered
permeability and disordered cutaneous immunoreguratory function in mice
with acute barrier disruption. J invest Dermatol 1997: 109: 175-182.

Elias P M. The skin barrier as an innate immune element. Semin Immunopathol
2007: 29: 3-14.

Demerjian M, Hachem J P, Tschachler E et al. Acute modulations in permeabil-
ity barrier function regulate epidermal cornification: role of caspase-14 and
the protease-activated receptor type 2. Am J Pathol 2008: 172: 86-97.
Grubauer G, Elias P M, Feingold K R. Transepidermal water loss: the signal for
recovery of barrier structure and function. J Lipid Res 1989: 30: 323-333.
Shaw J E, Provo M, Gale R, Yum $ L. Percutaneous absorption. in: Goldsmith L
A, ed. Physiology, Biochemistry, and Molecular Biology of the Skin, 2nd edn.
New York: Oxford University Press, 1991: 1447-1479.

Tokura Y, Yagi J, O'Malley M et al. Superantigenic staphylococcal exotoxins
induce T-cell profiferation in the presence of Langerhans cells or class I-bear-
ing keratinocytes and stimulate keratinocytes to produce T-cell-activating cyto-
kines. J Invest Dermatol 1994: 102: 31-38.

Imokawa G, Abe A, Jin K, Higaki Y, Kawashima M, Hidano A. Decreased level
of ceramides in stratum corneum of atopic dermatitis: an etiologic factor in
atopic dry skin? J Invest Dermatol 1991: 96: 523.

Tokura Y, Edelson R L, Gasparro F P. Retinoid augmentation of bioactive inter-
leukin-1 production by murine keratincytes. Br J Dermatol 1992: 126: 485-
495,

Sallusto F, Lenig D, Mackay C R, Lanzavecchia A. Flexible programs of chemo-
kine receptor expression on human polarized T helper 1 and 2 lymphocytes.
j Exp Med 1998: 187: 875-883.

Tokura Y, Kobayashi M, Kabashima K. Epidermal chemokines and modulation
by antihistamines, antibiotics and antifungals. Exp Dermatol 2008: 17: 81-90.
Kay A B, Barata L, Meng Q, Durham S R, Ying S. Eosinophils and eosinophil-
associated cytokines in allergic inflammation. Int Arch Allergy Immunol 1897:
113: 196-199.

Mori T, Kabashima K, Yoshiki R et al. Cutaneous hypersensitivities to hapten
are controfled by IFN-yupregulated keratinocyte Th1 chemokines and IFN-
ydownregulated Langerhans cell Th2 chemokines. J Invest Dermatol 2008:
128: 1719-1727.

Fujita H, Asahina A, Gao P, Fujiwara H, Tamaki K. Expression and regulation
of RANTES/CCLS, MIP-1alpha/CCL3, and MIP-tbeta/CCL4 in mouse Langer-
hans cells. J Invest Dermatol 2004: 122: 1331-1333. A

Benson M, Langston M, Adner M, Andersson B, Torinssson-Naluai A, Cardell
L. A network-based analysis of the late-phase reaction of the skin. J Allergy
Clin Immunol 2006: 118: 220-225.

Palmer C N, Irvine A D, Terron-Kwiatkowski A et al. Common loss-of-function
variants of the epidermal barrier protein filaggrin are a major predisposing fac-
tor for atopic dermatitis. Nat Genet 2006: 38: 441-446,

Kurahashi R, Hatano Y, Katagiri K. IL-4 suppresses the recovery of cutaneous
permeability barrier functions in vivo. J Invest Dermatol 2008: 128: 1329-
1331

Takaoka A, Arai |, Sugimoto M et al Role of scratch-induced cutaneous
prostaglandin D production on atopic-like scratching behaviour in mice. Exp
Dermatol 2007: 16: 331-339.

Okada M, Terui T, Honda M et al. Cutaneous late phase reaction in adult
atopic dermatitis patients with high serum IgE antibody to Dermatophagoides
farinae: correlation with IL-5 production by allergen-stimulated peripheral
blood mononuclear cells. J Dermatol Sci 2002: 29: 73-84.

Ishizaki K, Yamada A, Yoh K et al. Th1 and type 1 cytotoxic T cells dominate
responses in T-bet overexpression transgenic mice that develop contact derma-
titis. J Immunol 2007: 178: 605-612,

Ying S, Kikuchi Y, Meng Q, Kay A B, Kaplan A P. TH1/TH2 cytokines and
inflammatory cells in skin biopsy specimens from patients with chronic idio-
pathic urticaria: comparison with the allergen-induced late-phase cutaneous
reaction, J Allergy Clin Immunol 2002: 109: 6§94-700.

8

© 2009 John Wiley & Sons A/S, Experimental Dermatology



doi: 10.1111/5.1346-8138.2009.00726.x

LETTER TO THE EDITOR

Journal of Dermatology 2009; 36: 654—657

Antihistaminic drug olopatadine downmodulates
CCL17/TARC production by keratinocytes and

Langerhans cells

Dear Editor,
Olopatadine hydrochloride (OLP; [Z]-11-[3-dimethyla-
minopropylidene}-6,11- dihydrodinenz [b,e] oxepin-2-
acetic acid monohydrochloride) is a histamine
H4-receptor-blocking agent that possesses both acidic
and basic residues. This H, blocker also suppresses
the production by epithelial cells or mast cells of vari-
ous chemical mediators and cytokines, such as leu-
kotrienes, arachidonic acid, interleukin (IL)-6, IL.-8
and tumor necrosis factor-o. (TNF-a),>® and inhibits
intracellular adhesion molecule 1 (CD54) expression
on conjunctival cells* and activity/migration of eosin-
ophils.® Based on these findings, OLP is now widely
used for the treatment of allergic rhinitis, urticaria and
various itchy skin diseases including eczematous
dermatitis.®

It has been reported that OLP has a unique anti-
allergic property, which may provide implications for
the mechanisms underlying its therapeutic actions.
Thymus and activation-regulated chemokine (CCL17/
TARC) is one of the T-helper (Th)2-associated
chemokines, and an important regulator of Th2
cell recruitment into the skin.” Serum CCL17 level
is proportional to the disease activity of atopic der-
matitis (AD), and OLP inhibits CCL17 production
by peripheral blood mononuclear cells from AD
patients.” Serum CCL17 level is also related to the
disease activity of bullous pemphigoid, mycosis fun-
goides, chronic actinic dermatitis and papuloery-
throderma.®® In the skin, CCL17 is secreted by
keratinocytes (KC) and Langerhans cells (LC). LC
are professional antigen-presenting cells in the epi-
dermis, and we have recently shown that they are
the main source of CCL17 among epidermal cells.'®
These findings urged us to investigate whether OLP
induces inhibition of CCL17 production by KC or

LC in vitro. To examine the effects of OLP on KC,
we used human KC cell line HaCaT cells. LC-
enriched epidermal cells (LC-EC) and bone marrow-
derived dendritic cells (BMDC) were prepared from
BALB/c mice. Our results suggest that OLP exerts
its therapeutic effectiveness by inhibiting CCL17
production by both KC and LC.

First, to explore whether olopatadine suppresses
CCL17 production by KC, we added olopatadine into
the culture medium of KC cell line HaCaT cells.
Three-day culture supernatants from HaCaT cells
were collected, stored at —80°C and measured for
CCL17, CCL22/MDC, monokine induced by y-inter-
feron (IFN-y) (CXCL9/Mig) and IFN-y-inducible
protein 10 (CXCL10/1P-10) using enzyme-linked
immunosorbent assay (ELISA) kits (Genzyme/
Techne, Minneapolis, MN, USA) according to the
manufacture’s directions. It has been reported that
the concentrations of OLP at 107° to 10~ mol/L sup-
presses in vitro activities of both KC and LC."" There-
fore, we followed the protocols to examine the
inhibitory activity of olopatadine in our experiments.
As shown in Figure 1, the IFN-y/TNF-o-augmented
production of CCL17 was suppressed significantly by
the addition of olopatadine at a concentration of 107°
or 107° mol/L. The concentrations of OLP in this
in vitro study were chosen on the basis of the thera-
peutic dose of this drug.?

To see the effects of olopatadine on CCL17 produc-
tion by LC-EC, epidermal cell (EC) suspensions freshly
isolated from naive BALB/c mice were subjected to
Ficoll gradient separation of LC-EC as described
previously.'® The percentage of LC in LC-EC fraction
was 15-20%, as assessed by flow cytometric analysis
with anti-I-A% phycoerythrin (PE)-labeled monoclonal
antibody (BD PharMingen, San Diego, CA, USA). OLP
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Figure 1. To examine chemokine production, semiconfluent HaCaT cells in 24-well plates were stimulated with 2000 units/mL
of recombinant y-interferon (FN-y) (Biogamma; Maruho Pharmaceutical, Osaka, Japan) and 4000 units/mL of tumor necrosis
factor-o. (TNF-a) (Invitrogen, Carisbad, CA, USA) for the first 2 h, followed by 200 units/mL IFN-y and 400 units/mL TNF-o
thereafter. Olopatadine (OLP) was added at the starting of culture. Three-day culture supernatants were measured for CCL17,
CCL22, CXCLY and CXCL10 by enzyme-linked immunosorbent assay. Data represent the mean + standard deviation.

*P < 0.05.

downregulated the expression of mRNA for CCL17
but not CCL22 (Fig. 2a). Because KC coexist with LC
in LC-EC fraction, we also investigated the production
of CCL17 by BMDC, a mimicry of pure LC. Murine
immature DC were generated from bone marrow
according to standard protocols.'*® Minor modifica-
tion included feed culture medium on day 3 containing
granulocyte-macrophage colony-stimulating factor
(10 ng/mL). On day 6, BMDC (5 x 10%/well) were
cultured for 24 h with the two indicated concentra-
tions of OLP. As shown in Figure 2(b), OLP decreased
the mRNA expression of CCL17 and CCL22 in mature
BMDC. Three independent series of experiments
confirmed the result. CCL17 in culture superna-
tants was quantified by ELISA. OLP significantly
suppressed the production of CCL17 by 37%, while
the production of CCL22, CXCL9 or CXCL.10 was not
inhibited (data not shown). The above findings
suggested that OLP directly downregulates Th2
chemokine production by DC and LC.

It has been reported that PAM 212 cells, a murine
KC cell line, and normal human KC produce CCL17
after stimulation with TNF-o. and IFN-y."®'" Consis-
tent with these in vitro data, CCL17 is expressed in
the lesional KC of AD skin, suggesting that KC is one

© 2009 Japanese Dermatological Association

of the main sources of CCL17."” CCL17-transgenic
mice showed enhanced Th2 type contact hypersensi-
tivity and reduced Th1 type reactivity.'® In this study,
we demonstrated that OLP downmodulates the pro-
duction of CCL17 by epidermal KC.

We have previously demonstrated that the ability of
LC to present hapten to prime T cells was reduced by
OLP with decreased expression of major histocom-
patibility complex class |l and co-stimulatory mole-
cules."! LC are capable of producing a high level of
CCL17 constitutively during culture even without
exogenous stimuli,’”® and we have recently shown
that LC are responsible for the production of CCL17
by epidermal cells.'® The present study showed that
OLP inhibits the production of CCL17 by LC-EC.
Thus, OLP is effective for the treatment of Th2-asso-
ciated skin disorders not only by suppressing anti-
gen-presenting ability but also by inhibiting CCL17
production. In our experiment system using LC-EC,
KC coexisted with L.C, raising the possibility that OLP
alters CCL.17 production by LC indirectly by modulat-
ing bystander KC. Therefore, another DC population
without contamination of KC was tested for the mod-
ulatory effect of OLP on the chemokine production.
Because Th2 chemokines including CCL17 was
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Figure 2. Total cellular RNA was extracted with an RNA extraction kit (Promega, Madison, WI, USA) from cultured Langerhans
cell-enriched epidermal cells (LC-EC) and bone marrow-derived dendritic cells (BMDC). RNA was then reverse-transcribed and
amplified by random hexamer in single-tube assay using the TagMan Reverse Transcription Reagants {Applied Biosystems,
Foster City, CA, USA) with gene-specific sense and antisense primers and a detection probe labeled on the &-end with the
reporter dye 6-FAM. Primers and probes were obtained from TagMan Gene Expression Assays inventories (accession num-
bers: CCL17, Mm00516136-m1; CCL22, Mm00436439-m1; B-actin, 4352933E; all for Applied Biosystems). Using an ABI Prism
7000 Sequence Detection Systems (Applied Biosystems), samples were reverse-transcribed and amplified. Quantification of
gene-specific message levels was determined by comparing fluorescence intensity from unknown RNA samples to the fluores-
cence intensity of standard curve generated from control mRNA levels. Amplification of the gene for mouse B-actin was
performed on all samples to control interspecimen variations in RNA amounts. () mRNA expression for chemokines in LC-EC.
LC-EC from naive mice were cultured with or without olopatadine for 24 h. The cultured cells were subjected to real-time
polymerase chain reaction analysis for CCL17 and CCL22. Data are expressed as the mean + standard deviation of triplicate
culture. *P < 0.05, compared with the olopatadine non-added one. {b) mRNA expression for chemokines in BMDC. BMDC were
cultured for 24 h with or without olopatadine. The cultured cells were subjected to real-time polymerase chain reaction analysis
for CCL17 and CCL22. The data are from a representative experiment out of three.

.

expressed in a subset of BMDC, we investigated the exerts its therapeutic effect at least partly by down-
effect of OLP on CCL17 production by BMDC. OLP modulating Th2 chemokine production by epidermal
downregulated both CCL17 and CCL22 production cells.

by BMDC. Besides the effects of OLP on KC and LC,

another study has shown that antihistamines regulate Kazunari SUGITA, Miwa KOBAYASHI,
immune responses by affecting the interaction Tomoko MORI, Kenji KABASHIMA,
between DC and CD4* T cells.2° Motonobu NAKAMURA, Yoshiki TOKURA

, Department of Denmatology,
In summary, oLP suppresses the prOdUCtlon of University of Occupational and Environmental Health,

CCL17 by KC and DC. This suggests that OLP may Kitaleyushu, Japan
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Toll-like receptors (TLRs) are involved in the innate immune
system and recognize various pathogen-associated molecular
patterns of microorganisms, such as lipopeptide, lipopolysac-
charide, RNA and unmethylated CpG DNA.' It has been

© 2008 The Authors

Background Epidermal keratinocytes are involved in the skin innate immunity and
express toll-like receptors (TLRs) and other innate immune proteins. The epider-
mis is continuously exposed to pathogenic Gram-positive bacteria or fungi. How-
ever, few studies have examined the function and expression of innate immune
proteins in keratinocytes. Histamine, which is well known for itch and allergy, is
closely associated with innate immunity, but its influence on epidermal innate
immunity is still unclear.

Objectives To clarify the expression of innate immune proteins in keratinocytes
stimulated by ligand pathogen-associated molecules, and the function of hist-
amine in this process.

Methods We investigated the effects of lipopeptide (MALP-2, 1-100 ng mL™";
ligand for TLR2), peptidoglycan (PGN, 0-02-2 pg mL™'; ligand for NOD2) and
B-glucan (1-100 pg mL™'; ligand for dectin-1) in the presence or absence of
histamine on mRNA expression of TLR2, NOD2 and dectin-1 as well as human
B-defensin 2 by quantitative real-time polymerase chain reaction in cultured nor-
mal human epidermal keratinocytes. TLR2 expression was also examined at the
cell surface and intracellularly, as determined by flow cytometry and confocal
microscopy. The quantities of interleukin (IL)-1o and IL-8 produced by keratino-
cytes were measured using enzyme-linked immunosorbent assay.

Results At the mRNA level, TLR2 was enhanced by PGN but not by its ligand
MALP-2 or by B-glucan; NOD2 was easily induced by all three ligands; and dec-
tin-1 was enhanced by its ligand PB-glucan. These enhanced expressions were
further augmented by histamine at 1 pg mL™'. While the surface expression of
TLR2 was barely detectable by flow cytometry even after stimulation, the intra-
cellular expression of TLR2 was apparently elevated by PGN and further pro-
moted by histamine. A confocal microscopic analysis also revealed the enhanced
expression of TLR2 in the cytoplasm. The expression of TLR2, NOD2 and dectin-
I was functional, as these pathogen-associated molecules induced the produc-
tion of IL-lo, I1-8 and defensin, and again, histamine greatly emhanced this
production.

Conclusions Our study demonstrated that the expression of functional innate
immune receptors is augmented by the pathogen-associated molecules in a
ligand-feed forward or nonrelated manner in keratinocytes, and histamine pro-
motes their expression and the resultant production of cytokines and defensins.

shown by many studies that epithelial cells from several
defensive organs play a pivotal role in the primitive defence
system against microorganisms such as bacteria, fungi and
viruses, and accordingly, they express TLRs.”* TLR2 is a key
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receptor for epithelial cells, because the epithelium is continu-
ously exposed to pathogenic Gram-positive bacteria whose
products stimulate TLR2. The expression of TLRs is induced
by cytokines such as tumour necrosis factor (TNF)-o0 and
interferon-y,** and by TLR agonists per se.’ In addition, it has
been strongly suggested that mast cells are deeply involved in
innate immunity’ and in the epithelial defence system.®’ A
recent finding that histamine, a key product from mast cells,

induces TLR expression on endothelial cells,*®

implicates the
ability of histamine to increase TLR expression in epithelial
cells as well.

In the skin, keratinocytes are the first responders to external
invaders and serve as initiators in innate immunity by produc-
ing cytokines/chemokines and antimicrobial peptides.'' "3
Several studies have documented that keratinocytes express
TLRs such as TLRI, TLR2, TLR3, TLR4, TLRS5, TLRé and
TIR10.'* However, the induction and detection of these
molecules remain unclear or even controversial among the
previous reports. As assessed by flow cytometry, human kerat-
inocytes were shown to express TLR4 as well as CDM,lS
whereas another group of investigators reported that only
TLR2 was detected on the surface of cultured normal human
keratinocytes.'® The HaCaT keratinocyte cell line was reported
to express both TLR2 and TLR4 by flow cytometry.'” On the
other hand, an immunohistochemical study of human skin
demonstrated that TIR1, TLR2 and TIR5 are constitutively
expressed in the cytoplasm of normal keratinocytes and that
TLR2 expression is increased in psoriasis.18

Upon stimulation of keratinocytes via TLRs, they produce
cytokines/chemokines and antimicrobial peptides as an out-
come of operation of the innate immunity. These substances
include interleukin (IL)-1o, TNF-0, granulocyte/macrophage
colony-stimulating factor (GM-CSF), IL-8, macrophage inflam-

: 13,16,19-2
matory protein-le, ™ 3

and major antimicrobial pep-
tides, the B-defensins.z"—zé The production of these molecules
is one of the hallmarks of expression of functional TIRs by
keratinocytes. As a consequence, IL-lo, TNF-o and GM-CSF
produced by keratinocytes subsequently activate the cutaneous
acquired immunity by enhancing the antigen-presenting abil-
ity of dendritic cells."®

In this study, we aimed firstly to clarify the agents that
induce the expression of TLR2 and its cooperating receptors
in keratinocytes, focusing on lipopeptide, peptidoglycan
(PGN), the fungal element B-glucan, and histamine. Secondly,
we explored whether TLR2 expression can be assessed by
flow cytometry at the surface or intracellular level. We chose
these agents because lipopeptide is a TIR2 ligand®” and
B-p-glucan binds to dectin-1.”® PGN, which is recognized by
NOD2,%"° also augments expression of TLR2.””*' In add-
ition to these external stimulants for epidermal keratinocytes,
we also examined histamine, which is a physiological stimu-
lator for TLR2 expression,'® and whose receptors, H, and
H2,32 are expressed on keratinocytes. Results suggest that
PGN and histamine strongly elevate the intracellularly detect-
able TLR2 and augment

cytokines/chemokines and B-defensin in normal human

the production/expression of

keratinocytes. It is notable that there is a synergism between
the pathogen-associated molecules and histamine in the
expression of TLR2 and the production of inflammatory and
antimicrobial molecules.

Materials and methods

Culture and stimulation of keratinocytes

Normal human epidermal keratinocytes (NHEK) isolated from
neonatal foreskin were obtained from Cambrex Bio Science
Walkersville (Walkersville, MD, US.A)) and grown in the
serum-free keratinocyte growth medium KGM-2 (Clonetics,
San Diego, CA, U.S.A.) or Dulbecco’s modified Eagle’s med-
ium (Gibco BRL Life Technology Inc., Gaithersburg, MD,
U.S.A) at 37 °C in a 5% CO, incubator. NHEK were subcul-
tured using trypsin-ethylenediamine tetraacetic acid (Clonet-
ics), and semiconfluent cells at third passage were used in all
experiments. Unless otherwise mentioned, semiconfluent
keratinocytes in six-well plates (Corning Glass Works, Corn-
ing, NY, US.A.) with 2 mL of medium were stimulated with
the following substances: lipopeptide (MALP-2; Axora, San
Diego, CA, U.S.A.), PGN (InvivoGen, San Diego, CA, U.S.A),
B-glacan (MP Biomedicals, Aurora, OH, U.S.A.) and histamine
(MP Biomedicals).

Quantitative real-time polymerase chain reaction

Total RNA from NHEK was isolated using the SV Total RNA
Isolation System (Promega, Madison, WI, U.S.A) according to
the manufacturer’s instructions with inclusion of the DNase
step. Purified RNA was reverse transcribed with the TagMan
Reverse Transcription Reagents (Applied Biosystems, Foster
City, CA, U.S.A)) with oligo d(T)16 primers. TagMan experi-
ments were carried out in an ABI PRISM 7000 Sequence
Detector Systemn using TaqgMan Gene Expression Assays for
TLR1, TLR2, TLR6, NOD2, human B-defensin 2 (hBD2) and
dectin-1 (Applied Biosystemns). Endogenous f-actin was used
to normalize the gene expression between different samples.

Flow cytometry of toll-like receptor 2 expression

NHEK were incubated for 48 h with the stimulants. For the
surface expression of TLR2, cells were stained with phycoery-
thrin (PE)-conjugated anti-TLR2 (TL2.1) monoclonal antibody
(mAb) or isotype control mouse IgG2a (all from Santa Cruz
Biotechnology Inc., Santa Cruz, CA, U.S.A.). For the intracellu-
lar expression of TLR2, cells were first stained with nonconju-
gated ant-TLR2 mAb, fixed with Cytofix/Cytoperm (BD
Pharmingen, San Jose, CA, US.A) for 40 min at 4 °C, and
stained with the PE-conjugated anti-TLR2 mAb as above.
Hanks’ balanced salt solution containing 0:1% NaNj; and 1%
fetal calf serum was used as the staining buffer. After incuba-
tion for 60 min at room temperature, cells were washed twice
and analysed: fluorescent profiles were generated using a
FACSCanto {Becton Dickinson, San Jose, CA, U.S.A)).

© 2008 The Authors
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Quantification of cytokines and chemokines
in keratinocyte culture supernatants

Three-day culture supernatants from NHEK were collected,
stored at —80 °C, and assayed for IL- 1o and IL-8 using enzyme-
linked immunosorbent assay (ELISA) kits (R&D Systems, Minne-
apolis;, MN, U.S.A.) according to the manufacturer’s directions.
Optical density was measured with a microplate reader (model
3550; Bio-Rad, Hercules, CA, U.S.A).

Construct and transfection

The pCMV-SPORT6-TLR2 (IMAGE clone 5213439) including
full-length TLR2 <¢DNA (GenBank BC033756) and pCMV-
SPORT6 (Invitrogen Life Technologies, Carlsbad, CA, U.S.A)
were purchased from Open Biosystems (Huntsville, AL, U.S.A))
and used for the transfection study. NHEK (5 X 10° cells) were
cultured without serum and antibiotics in a 60 X 15 mm TC
dish (Nalge Nunc International, Naperville, IL, U.S.A.) and used
at 40-50% confluency. Transfection was performed with 4 ng of
plasmid DNA and 8 pL of Hily Max (Dojindo Laboratories,
Kumamoto, Japan) in Opti-MEM I (Gibco). Four hours after trans-
fection, the cells were washed and soaked in the fresh medium.

Toli-like receptor (TLR) 2 blocking with anti-TLR2
antibody in interleukin-8 production

Semiconfluent NHEK were incubated with 10 pg mL™' of
Function Grade (FG) antihuman TLR2, clone TL2.1, or FG
mouse IgG2a isotype control (eBioscience, San Diego, CA,
U.S.A) at room temperature for 1 h. PGN (0:02 pug mL™") or
MALP-2 (1 ng mL™') was then added to the culture and incu-
bated for 72 h. The concentration of IL-8 in the supernatants
was measured by ELISA.

Immunocytoplasmic staining

NHEK were cultured in chamber slides (Nalge Nunc Interna-
tional). Slides were fixed and stained as for flow cytometric
analysis. After staining, cells were analysed by confocal
microscopy (LSMS Pascal; Carl Zeiss, Oberkochen, Germany).

Statistical analysis

Statistical differences were determined by Student’s t-test or
Welch'’s t-test; P < 0-05 was considered to be significant.

Results

Expression of mRNA for toll-like receptor (TLR) 2,

its cooperating receptors TLR1 and TLRé, dectin-1, NOD2
and human p-defensin 2 in normal human epidermal
keratinocytes

We first examined whether TLR2, its cooperating receptors
(TLR! and TLR6), dectin-1, NOD2 and hBD2 are expressed in

© 2008 The Authors
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Fig 1. Expression of toll-like receptor (TLR) 2, its cooperating
receptors TLR1 and TLR6, NOD2, dectin-1 and human f-defensin 2
(hBD2) in normal human epidermal keratinocytes (NHEK). NHEK
were cultured for 2 h with MALP-2 (1, 10, 100 ng mL”l),
peptidoglycan (PGN) (0-2, 2 pg mL™") or B-ghucan (1, 10 pg mL™")
and subjected to real-time polymerase chain reaction analysis.

unstimulated or stimulated NHEK. TLR2 is a receptor for lipo-
peptide (MALP-2), and dectin-1 in combination with TLR2 is a
receptor for zymosan, and they collaborate with each other in
recognition of microbes and induction of inflammation.**”>*
NOD? is an intracytoplasmic molecule that recognizes PGN,?”+*°
hBD2 is an antimicrobial peptide known to be produced
following TLR ligation,***’

The levels of mRNA for TLR2, TLR] and TLR6 were aug-
mented by PGN to some extent at certain concentrations, but
not by MALP-2 or fB-glucan (Fig. 1). NOD2 expression was
remarkably enhanced by all the stimulants, with variations.
The expression of dectin-1 was elevated by B-glucan but not
by MALP-2 or PGN. hBD2 expression was increased by MALP-2
and B-glucan. It is thus suggested that (i) NOD2 is easily
inducible by various pathogenic stimulants, (ii) TLR2 is
enhanced by PGN but not by its ligand lipoprotein or by
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B-glucan; and (iii) dectin-1 is enhanced by B-glucan. These
findings partly support the concept that TLR expression is
often augmented by pathogen-associated molecules other than
the corresponding specific ligand.*®

Detection of augmented expression of intracellular
toll-like receptor 2 by flow cytometry

We tested whether TLR2 is detectable at the protein level in
NHEK, either unstimulated or following stimulation with PGN
and B-glucan at relatively high doses. A flow cytometric analy-
sis showed that the surface expression of TLR2 was very low,
and that it was not enhanced by PGN (Fig. 2a) or B-glucan
stimulation at either low or high Ca concentration, which
induces basal and cornified keratinocytes, respectively. How-
ever, when these cells were subjected to intracellular staining,
we found that PGN upregulated the expression of TLR2
(Fig. 2b). The addition of $-glucan also elevated TLR2 expres-
sion in the cytoplasm but not at the surface. Thus, an
increased level of TLR2 was detected by flow cytometry in the
cytoplasm but not at the surface of keratinocytes.

Functional expression of toll-like receptor 2, NOD2 and
dectin-1 assessed by cytokine/chemokine production

To confirm the functional expression of TLR2, NOD2 and dec-
tin-1, NHEK were cultured with MALP-2, PGN or B-glucan
and the amounts of IL-1o. and IL-8 secreted in the superna-
tants were measured. As shown in Figure 3, MALP-2 stimu-

(a) Surface staining

—— Control
= PGN 0-2 ug mL™

PGN 0-2 pg mL™
Isotype control

High Ca condition —— Control

e PGN 0-2 pg mL™

PGN 0-2 ug mL™
Isotype control

() Intraceliutar staining ——  Control

PGN 0-2 ug mL™

PGN 0-2 pg mL™"
Isotype control

Fig 2. Flow cytometric detection of toll-like receptor (TLR) 2
expression in the cytoplasm but not on the surface of normal human
epidermal keratinocytes (NHEK). NHEK were cultured in the presence
or absence of peptidoglycan (PGN) for 48 h. Cells were stained with
anti-TLR2 monoclonal antibody (mAb) or isotype-matched control
antibody (a). The levels of isotype-matched control were evaluated in
the stimulated NHEK. Simultaneously, NHEK cultured with the
stimulant were intracellularly stained with anti-TLR2 mAb (b).
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Fig 3. Augmentative effect of MALP-2, peptidoglycan (PGN) and
B-glucan on cytokine/chemokine production by normal human
epidermal keratinocytes (NHEK). NHEK were cultured for 72 h in the
presence or absence of pathogen-associated molecules at the indicated
concentration. The amounts of interleukin (IL)-1of and IL-8 in the
supernatants were measured by enzyme-linked immunosorbent assay.
The values are means of quadruplicate determinations with SD shown

by vertical bars. *P < 0-05, compared with the nonaddition group.

lated NHEK to produce these cytokines/chemokines. The
NOD?? ligand PGN also augmented the production at an opti-
mal concentration as low as 02 pug mL™'. Similarly, B-glucan,
a ligand for TLR2 and dectin-1, promoted the production of
these cytokines/chemokines at an optimal concentration of
10 pg mL~!, Thus, TLR2 and NOD2 seemed to be function-
ally expressed in NHEK.

It is known that PGN is not a ligand for TLR2 but is an
activator.*' ***% To confirm this notion, we performed two
studies. In one study, TLR2-transfected keratinocytes were
stimulated with PGN or MALP-2, and the concentration of
IL-8 was measured in the culture supernatants. Compared with
the control (mean * SD 1970-45 % 1514 pg mL™"), addition
of MALP-2 at 1 ng mL™"' (251801 % 26:34 pg mL™") but not
PGN at 0-02 pg mL™' (1957-83 + 2844 pg mL™') gave a sig-
nificantly higher level of IL-8 secretion in the supernatants. In
the other study, NHEK were cultured with PGN (002
g mL™") or MALP-2 (1 ng mL™") in the presence of blocking
antibody to TLR2 or IgG2a as isotype-matched control.
Following stimulation with PGN, neither anti-TLR2 antibody-
treated .nor isotype-matched control showed decreased
production of IL-8. Following stimulation with MALP-2,
however, treatment with anti-TLR2 antibody, but not control
IgG2a, significantly decreased IL-8 production by 20%. Taken
together, these findings suggest that PGN is not a specific

ligand for TLR2.

© 2008 The Authors
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Synergistic effects between pathogen-associated
molecules and histamine on toll-like receptor 2
expression and cytokine production

NHEK were cultured with PGN or B-glucan in the presence or
absence of histamine, and the levels of mRNA expression for
TLR1, TIR2 and TLR6, NOD?2, dectin-1 and hBD2 were mea-
sured by quantitative real-time polymerase chain reaction
(PCR). Histamine at 1 pg mL™" clearly amplified the expres-
sion of all the receptors and hBD2 that were induced by
MALP-2 at 10 ng mL™', PGN at 2 pg mL™' or B-glucan at
10 ug mL™" (Fig. 4), demonstrating their synergistic effects.

Further to confirm the synergism by intracellular flow
cytometry, we tested the combined effect of PGN at 0-2 pg
mL™" and histamine at 1 pug mL™' on the expression of TLR2.
The synergism between PGN and histamine was clearly
observed, as the addition of both further elevated the TLR2
expression induced by individual stimulants (Fig. 5a), but
again the surface expression was undetectable (data not
shown). A confocal image analysis of keratinocytes showed
that augmentation of the cytoplasmic level of TLR2 induced
by synergism between PGN and histamine was greater than
that of the cell surface level (Fig. 5b).

Finally, the synergism with histamine in cytokine/chemo-
kine production was examined. NHEK were cultured with
MALP-2, PGN or B-glucan in the presence or absence of hista-
mine, and the amounts of IL-1o0 and IL-8 in the supernatants
were measured. As shown in Figure 6, histamine at 1 jg
mL~! alone did not increase the production of IL-1o or IL-8
(solid bars of ligand 0). However, histamine upmodulated
IL-1o and IL-8 production in the presence of MALP-2, PGN or
B-glucan.

Discussion

Our study demonstrated that NHEK express both TLRs and
nontoll-like innate immune proteins, including the intracellu-
lar Nod-like protein NOD2 and the surface C-type lectin dec-
tin-1. As MALP-2, PGN and B-glucan stimulated keratinocytes
to produce cytokines and antimicrobial peptides, it is con-
sidered that TLR2, NOD2 and dectin-1
expressed and efficiently mount the innate immunity in kerati-

are functionally

nocytes. More interestingly, the innate immune receptors were
augmented by pathogen-associated molecules relevant or irrel-
evant to the correspending receptors, as has been suggested in
other types of cells.*® The feed-forward stimulation was
observed between PGN and NOD2 and between B-glucan and
dectin-1, while TLR2 was induced by PGN but not by its
ligand MALP-2. Therefore, the pathogen-driven acceleration of
receptor expression appears to be complicated. However,
NOD?2 might be a key molecule, because all the pathogen-as-
sociated molecules tested enhanced NOD2 expression, and its
ligand PGN was most stimulatory for the cytokine/hBD2 pro-
duction among the pathogen-associated molecules.

TILR2 was induced by PGN and was detected at both protein
and mRNA levels. We successfully evaluated the intracellular,

© 2008 The Authors

Relative quantity of mRNA
40 -
30 4
20
TLR1 ]
0
50+
40
304
TLR2 2 J
0 —n
301
25
201
TLR6 )]
5
o
80
60
o J = I |
20
0
20~
15
Dectin-1 “5" I
ol e
60
40
hBD2 | J
0 —-
No MALP-2 PGN  B-glucan
pathogen 10 ng mL-1 2 pg mL~1 10 pg mL™?
B -+ Histamine 1 pg mL™

Fig 4. Synergism of MALP-2, peptidoglycan (PGN) or B-glucan, with
or without histamine, in mRNA expression for toll-like receptor (TLR)
1, TLR2, TLR6, NOD?2, dectin-1 and human B-defensin 2 (hBD2) by
real-time polymerase chain reaction (PCR) analysis. Normal human
epidermal keratinocytes were cultured for 2 h with each of the
pathogen-associated molecules and/or histamine and subjected to real-

time PCR analysis.

but not surface, expression of TLR2 by flow cytometry. The
expression of each TLR in keratinocytes has been a matter of
debate.*® In the present study, the surface expression of TLR2
was very low compared with the isotype-matched control,
and was not enhanced by any of the stimuli at either low or
high Ca concentration. Nevertheless, we found that the intra-
cellular expression of TLR2 was significantly elevated upon
stimulation. As the TLR2 ligand MALP-2 promoted the pro-
duction/expression of cytokines and of hBD?, it is considered
that TLR2 is expressed on keratinocytes as a functional surface
molecule. Although the change of surface expression was
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(a)

|sotype control
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Histamine 1 ug mL™"
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PGN 0-2 ug mL™
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(mouse 1gG2a)

(b}
Cell surface
staining

Intracytoplasmic
staining

Non-treatment  Stimulation

Fig 5. Synergism between peptidoglycan (PGN) and histamine in
intracellular toll-like receptor (TLR) 2 expression and confocal
microscopic analysis for detection of TLR2 in normal human
epidermal keratinocytes (NHEK). (a) NHEK were cultured in the
presence of histamine (1 pg mL™') and/or PGN (02 pg mL™"), and
were subjected to intracellular staining for TLR2. The level in the
isotype-matched control was evaluated in NHEK stimulated with both
histamine and PGN. (b} NHEK were cultured in a chamber slide in
the presence or absence of PGN at 02 pg mL™" and histamine at

1 ug mL"! for 48 h. After incubation with nonconjugated isotype
control mouse IgG2a, intracellular or cell surface staining of
keratinocytes was performed with phycoerythrin (PE)-conjugated anii-

TLR2 monoclonal antibody and visualized by confocal microscopy.

under the detection level, the intensity of its intracellular
expression may predict an alteration of the surface expression.
A similar finding has been reported in dendritic cells*’ and
has recently been reported in keratinocytes.‘;1 On the other
hand, a recent finding has suggested that the intracellular
TLR?2 functions as a receptor for the infecting pathogen.*’
Considering that skin is constantly exposed to microorgan-
isms, the low level of surface expression of TLR2 might be
reasonable. If the quantity of TLR of the surface of keratino-
cytes were easily increased, this would always give rise to an
irritable response to pathogens and to the occurrence of
inflammation. In this respect, keratinocytes should be different
from monocytes/macrophages, and intracellular TLR2 appears
to recognize the pathogens when they invade the cell. There
might exist a certain protein that regulates the surface expres-
sion of TLR2 like that of TLR4,* and it may act on the
homeostasis of the epithelial tissue.

It is already known that histamine plays an important role
for innate immunity,*® We stimulated keratinocytes with the

[L-o iL-8
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100 10 000
0 0
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1000
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150 1500
100 1000
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0
0o 1 10 100 o 1 10 100
B-glucan (ug mL™")

]- + Histamine 1 pug mL™! I

Fig 6. Synergism between pathogen-associated molecules and
histamine in cytokine/chemokine production by normal human
epidermal keratinocytes (NHEK). NHEK were cultured for 72 h with
each of the pathogen-associated molecules and/or histamine. The
concentrations of interleukin (IL)-o and IL-8 in the supernatants were
measured by enzyme-linked immunosorbent assay. The values are
means of quadruplicate determinations with SD shown by vertical

bars. PGN, peptidoglycan.

pathogen-associated molecules in combination with histamine.
Histamine amplified the expression of TLRs and proinflamma-
tory cytokines synergistically with the pathogen-associated
molecules. The augmentation of TLR2 expression by histamine
was also observed in endothelial cells.'® We found that there
was synergism between histamine and MALP-2, PGN or
B-glucan in TLR2 expression, as assessed by both intracellular
staining and real-time PCR. Such synergistic effects were also
found in the expression of hBD2 and dectin-i and the pro-
duction of IL-io and IL-8. In the skin, keratinocytes are
potentially exposed to histamine that is released from dermal
mast cells in certain pathological conditions. As mast cells also
express TLRs and can produce histamine by TLR ligation,*®
pathogens may stimulate keratinocytes directly or indirectly
via mast cells with their produced histamine. This scenario
suggests the potential involvement of histamine in the natural
defence system and may result in an exaggerated response to
pathogens.

Our findings are of clinical significance. As the skin is con-
stantly exposed to Gram-positive bacteria and fungi as exem-
plified by Staphylococcus aureus colonization?’ and superficial
the upmodulation of TLR2, NOD2 and
dectin-1 in keratinocytes may be beneficial for the defence

fungal infection,*®

system. The expression of these molecules is enhanced
by pathogens, resulting in the augmented production of

© 2008 The Authors
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proinflammatory cytokines and chemokines for neutrophils
and lymphocytes. These cytokines/chemokines eventually pro-
tect the host from bacteria and fungi by inducing inflamma-
tion and immune reactions. In addition, the upregulated
production of the defensins effectively eliminates microorgan-
isms. Histamine may support these events as an internal stim-
ulus for innate immune protein expression. It is suggested
that the activation of keratinocytes via innate immune proteins
leads to pluripotential responses in the cutaneous innate im-
munity and subsequent acquired immunity.'*
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Skin application of ketoprofen systemically suppresses contact
hypersensitivity by inducing CD4* CD25" regulatory T cells

Kenji Atarashi *”*, Tomoko Mori?, Ryutaro Yoshiki? Kenji Kabashima?,

Hidekazu Kuma?P, Yoshiki Tokura?

a Department of Dermatology, University of Occupational and Environmental Health, Kitakyushu, Japan
b pasic Research Laboratories, R&D Division, Hisamitsu Pharmaceutical Co., Inc., 1-25-11 Kannondai, Tsukuba, Ibaraki 305-0856, Japan

ARTICLE INFO ABSTRACT

Article history:

Background: Ketoprofen (KP) is a widely used nonsteroidal anti-inflammatory drug that inhibits
prostaglandin biosynthesis. We have previously shown that topical KP treatment at the sensitizing site
inhibits the development of contact hypersensitivity (CHS) to picryl chloride (PCl).

Objective: We investigated the mechanism underlying the KP-induced immunosuppression of CHS by
application of KP.

Methods: We analyzed the CHS responses to the non-sensitizing site and subsequent sensitization with
PCl, and by transfer of the draining lymph node cells (LNCs) from KP-tolerated mice to recipient mice.
Changes in the Foxp3 expression of LNCs from KP-phototreated skin were also examined by real-time
PCR.

Results: Topical application of KP to not only the sensitizing but also non-sensitizing site suppressed CHS
response. The immunosuppression was transferred with LNCs from mice treated with PCl plus KP, but
not from mice treated oxazolone plus KP. In this transfer study, the CD4* CD25" subset of LNCs exerted
the suppressive effect, while CD25" cell-depleted LNCs lost the inhibitory ability. CTLA-4 blocking with a
specific antibody, but not IL-10 blocking, abrogated the activity of CD4* CD25" cells. Moreover, Foxp3
mRNA expression was remarkably increased in LNCs from PCl and KP-treated mice.

Conclusion: The immunosuppression of CHS by topical application of KP is systemic and haptein-
specific, Treg cells play an important role in the suppressive effect by KP.

© 2008 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Contact hypersensitivity (CHS) is a delayed-type cutaneous
reaction in which various immunocompetent cells, including
epidermal Langerhans cells (LCs), dermal dendritic cells (dDCs),
keratinocytes and T cells, and their cytokines and chemokines are
involved [1,2]. Ketoprofen (KP) is a nonsteroidal anti-inflammatory
drug (NSAID) that inhibits prostaglandin (PG) biosynthesis and
widely used topical NSAID to remove pain. We have previously
shown that in vivo application or in vitro addition of KP inhibits the
maturation of LCs [3}. As a result, topical application of KP to the
sensitizing site inhibits CHS responses to hapten. Aspirin, a
representative NSAID, has an inhibitory effect on the in vitro
maturation of LCs, but aspirin did not suppress CHS response to
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hapten. Thus, KP is unique in this suppressive ability, and in
addition to the topical modulation of LCs, another mechanism
might exist in KP-induced immunosuppression. In this respect, it
remains unclear whether KP induces systemic or local immuno-
suppression and how KP application induces the immunological
tolerance in CHS.

Regulatory T cells (Treg) prevent from harmful immune
responses to self and nonself antigens in a dominant manner
[4-7]. In mouse models, the responses of CHS are reduced by Treg
cells-inducing treatments such as irradiation of skin with UVB, skin
graft, and oral application of antigen. Treg cells can be classified
into two major categories: thymus-derived natural Treg cells and
those induced in the periphery [8,9]. The principal subset of natural
Treg cells is CD4" cells that constitutively express CD25 [10,11].
Cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) is an
important molecule that is expressed on the surface of Treg cells
and exhibits the ability to ligate the B7 family molecules (CD80 and
CD86) like CD28 [6,7]. Unlike CD28, however, cross-linking of
CTLA-4 downregulates interleukin (IL)-2 production and cell cycle
progression, and therefore, blockade of CTLA-4 reduces CD4*
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