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Background: Living skin equivalents (LSEs) are being used to treat burn wounds, skin defects, and chronic
wounds, and today, several biomaterials are applied as dermal matrices in LSEs. The amnionic membrane
(AM) is known to have useful properties as a dermal matrix and can be used to construct a LSE.
Objective: To develop a new LSE with human AM as the matrix.

Methods: Human AM was de-epithelialized and investigated to determine whether it supported
keratinocyte adherence and proliferation, and fibroblast in-growth and proliferation. A new LSE was
constructed by seeding keratinocytes on the epithelial side of fibroblast-populated, de-epithelialized AM
and was investigated histologically. The LSE was transplanted onto a full-thickness wound on a nude
mouse and a histological examination was conducted.

Results: De-epithelialized AM supported the adherence and proliferation of keratinocytes and the in-
growth of fibroblasts. The new LSE demonstrated good mechanical properties and revealed good
morphology, with a well differentiated epidermis and well developed basement membrane. The LSE
grafts survived well on nude mice, showing good morphology.

Conclusion: A LSE with amnions as a matrix exhibited good morphology, low cost, and good mechanical

Keywords:

Amnion

Living skin equivalent
Mesenchymal interaction
Basement membrane

properties and may be useful as a skin substitute for clinical use.
© 2009 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights

reserved.

1. Introduction

Living skin equivalents (LSEs) containing well differentiated
keratinocytes cultivated on fibroblast-populated dermal substi-
tutes have been used to treat burn wounds, skin defects, chronic
wounds, and ulcers [1-3]. The dermal matrix and the fibroblasts in
LSEs modulate epidermal growth and differentiation through
dynamic interactions [4-6]. Various biomaterials have been used
as dermal matrix substitutes, including type I collagen, acellular
human dermis, collagen-glycosaminoglycan matrix, human
plasma, and fibrin glue [7-11]. However, the search has continued
for an ideal matrix that is readily available and inexpensive and
supports mesenchymal cell in-growth, improves epidermal cell
adherence and proliferation, and has minimal toxicity, low
immunogenicity, and good mechanical properties.

Amnions can be readily obtained from cesarean deliveries after
screening for viral diseases. Amnions have been used to cover clean

* Corresponding author. Tel.: +81 83 960 5350; fax: +81 89 960 5352.
E-mail address: shirakat@m.ehime-u.ac.jp (Y. Shirakata).
! Both these authors contributed equally to this work.

partial-thickness wounds and donor sites, and applied as a
temporary dressing for freshly excised burns; it has advantages
such as pain relief, prevention of infection, maintenance of a moist
environment to promote healing, good adherence to wounds, and
simple handling [12-17]. Laboratory investigations have revealed
that the basement membrane (BM) of amnions shares major BM
components with human skin, and the BM zone resembles human
skin both morphologically and ultrastucturally [18]. The epithelial
side of denuded amnions has been shown to support the
proliferation, spreading, and differentiation of corneal, mucous,
and bronchial epithelial cells [19-21}]. Furthermore, the stroma of
amnions can serve as a dermal matrix in which fibroblasts show
good adherence and proliferation [22,23]. Limited immunogeni-
city, along with anti-inflammatory effects and other character-
istics, make it a suitable transplantation material for ocular surface
reconstruction, and the immune privilege of the amnion makesita
biological immune barrier for xenotransplantation [24-26]. More-
over, amnion procurement and processing are easy and it can be
sterilized and preserved at low cost for long periods without
obvious architectural changes [27-29].

Considering these characteristics of amnions, in this study, we
used amnions as a substratum to construct a LSE. We studied the

0923-1811/$36.00 © 2009 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights reserved.
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morphology and function of fibroblasts cultured in the stroma of
amnions and the morphology of keratinocytes on the epithelial
side of de-epithelialized amnions. The LSE was constructed by
seeding keratinocytes on fibroblast-infiltrated amnions and was
investigated histologically, immunohistochemically, and ultra-
structually. The LSE was also investigated in vivo by transplanta-
tion onto nude mice.

2. Materials and methods
2.1. Cell culture

Normal human epidermal keratinocytes (NHKs) were isolated
from healthy human skin and cultured under serum-free condi-
tions, as described previously [30,31]. The cells were used for LSE
cultures in their fourth passage. Fibroblasts were isolated from
healthy human skin and cultured in Dulbecco's modified Eagle’s
medium (DMEM; Gibco, Grand Island, NY, USA) supplemented
with 10% fetal calf serum (FCS). Fifth-passage cells were used to
construct the LSEs.

All procedures that involved human subjects received prior
approval from the ethics committee of Ehime University School of
Medicine, Toon City, Ehime, Japan. All subjects provided written
informed consent.

2.2. Preparation of de-epithelialized amnions

Human amniotic membrane (AM) was obtained at cesarean
section. Under sterile conditions, the AM was washed with sterile
phosphate-buffered saline (PBS), deprived of the spongy layer, and
stored at —80 °C in 12% dimethyl sulfoxide (DMSO) in PBS. Before
use, the AM was thawed, washed with PBS three times, and cut into
2.5 cm x 2.5 cm pieces. The epithelial cells were removed from the
AM by incubating it in 0.02% ethylenediaminetetraacetic acid
(EDTA) at 37 °Cfor 2 h, and then gently scraping with a cell scraper
under a microscope, as previously described [32]. The complete
removal of epithelial cells was confirmed using hematoxylin and
eosin (H&E) staining.

2.3. De-epithelialized AM for cultivating keratinocytes and
dermal fibroblasts

De-epithelialized AM was put on the bottom of a six-well
culture plate (Costar; Corning, Corning, NY, USA) with the
epithelial side upward, and stabilized by overlaying a stainless
steel ring (inner diameter, 20 mm). Keratinocytes (1 x 10° cells)
were seeded onto the AM in MCDB 153 II medium. The same
number of keratinocytes was seeded in a type | collagen-coated
six-well plate (Iwaki; Asahi Techno Glass, Chiba, Japan) of the same
area as the AM. Then, 4 h later, the cells were stained with calcein
AM (using the Live/Dead Viability/Cytotoxicity Kit; Molecular
Probes, Eugene, OR, USA} according to the manufacturer's protocol.
The fluorescence was examined and photographed under a phase-
contrast microscope (TE-300; Nikon, Tokyo, Japan), coupled with a
Nikon pixera digital camera penguin 600 CL. Three days later, the
confluent keratinocytes were photographed under the same
phase-contrast microscope.

Fibroblasts (5 x 10°) were seeded in each well of a six-well
culture plate in DMEM supplemented with 10% FCS and 50 p.g/mL
ascorbic acid. When the cells reached confluence, de-epithelialized
AM was placed on the cells, with the stromal side downward, to be
in touch with the fibroblasts. The AM was stabilized with a
stainless steel ring. At the first and fifth day after AM application,
pictures were taken of the fibroblasts on the AM.

We performed at least three independent experiments, which
showed similarresults. Representative data are shown in the figures.

2.4. Preparation of skin equivalents

Fibroblasts (5 x 10%) were seeded in culture inserts (Transwell-
COL, membrane pore size, 3 um, Costar; Corning) and cultured in
DMEM supplemented with 10% FCS in a 6-well plate (Costar;
Corning). One day later, de-epithelialized AM was put on to the
confluent fibroblasts, with the stromal side downward, and stabilized
with a stainless steel ring (inner diameter, 20 mm). Five days later,
when the fibroblasts had infiltrated the AM stroma (confirmed by
phase-contrast microscopy), 2 x 10° keratinocytes in 500 L MCDB
153 type ll medium were seeded in the hole of the stainless steel ring.
The keratinocytes were kept submerged in culture for 2 days. Then,
the LSE was lifted to provide an air-liquid interface and cornification
medium (1:1 mixture of Ham's F-12 and DMEM supplemented with
2% FCS and other supplements, as described previously [33]) was
added. This medium was changed every other day.

The LSEs were harvested at day 10 after airlift. For each sample,
one part was fixed in 20% formalin and embedded in paraffin for
H&E staining, one part was snap-frozen in optimal cutting
temperature (OCT) compound for immunofluorescence staining,
and one small part was processed for transmission electronic
microscopy (TEM). We performed more than 20 experiments, and
similar results were obtained. A representative experiment is
shown in the figures.

2.5. Histology and immunofluorescence staining

Paraffin-embedded LSE samples were sectioned at 6 pm and
stained with H&E. Images were obtained using an Olympus AX80
microscope coupled with an Olympus DP50 digital camera
(Olympus, Tokyo, Japan).

For immunofluorescence (IF) staining, frozen sections (7 pm)
were first incubated with 0.3% hydrogen peroxide for 30 min to
remove endogenous peroxidase activity and then incubated with
primary antibodies at appropriate dilutions (Table 1) overnight at
4 °C. The sections were incubated with anti-mouse fluorescein
isothiocyanate (FITC) for 30 min at room temperature. Images
were obtained using a fluorescence microscope (E6TUW-RFL;
Nikon) coupled with an Olympus DP70 digital camera. We
performed at least three independent studies, which gave similar
results. A representative experiment is shown in the figures.

2.6. Mechanical and handling properties of the living skin equivalent
and transplantation on nude mice

A larger LSE was made using a larger culture insert (diameter,
75 mm, membrane pore size, 3 yum, Transwell; Corning), a larger
piece of amnions (about 4 cm x 4 cm), and proportionally more
fibroblasts and keratinocytes in the same way as described above.
At day 7 after airlift, the LSE was harvested and made into a mesh-
skin graft with a scalpel and stretched.

The grafting protocol was approved by the ethics committee of
Ehime University School of Medicine. Eight-week-old female

Table 1

Details of primary antibodies.
Antibody to Clone Dilution Source
E-cadherin HECD-1 1:100 TaKaRa
Desmoglein 3 5G11 1:100 Zymed
Keratin 14 LLOO2 1:100 NeoMarkers
Keratin 10 LHP1 1:100 NeoMarkers
Integrin 4 3E1 1:100 Chemicon
Integrin a2 P1E6 1:100 Chemicon
Collagen type Vii LH7.2 1:100 NeoMarkers
Collagen type IV 2311C3 1:200 Chemicon
Laminin 5 GB3 1:100 Sera-lab
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KC on collagen-coated dish

4 hr

confluency

KC on de-epithelialized AM

Fig. 1. Morphology of keratinocytes on de-epithelialized amnions. Keratinocytes were seeded onto a type | collagen-coated dish (A and C) or the epidermal side of
de-epithelialized amnions (B and D). Four hours after seeding, the plasma of cells was stained with calcein AM of the Live/Dead Viability/Cytotoxicity Kit and photographed
(A and B). Three days later, the cells reached confluence and were photographed under a phase-contrast microscope (C and D). Bars are 50 wm.

BALB/cA]c1-nu nude mice were anesthetized with intraperitoneal
injection of 0.3 mL Avertin (1.25% tribromoethanol, 2.5% 2-methyl-
2-butanol solution). A 1.5 ¢cm x 1.5 cm full-thickness wound was
created on the back of each mouse using scissors; then a piece of
LSE of matching size (7 days after airlift) was grafted onto the
wound and covered with a transparent film. Fourteen days after
transplantation, pictures of the grafts were taken and the grafts
were harvested and processed for H&E staining. We performed at
least three independent studies, which gave similar results. A
representative experiment is shown in the figures.

2.7. Transmission electron microscopy

Specimens were fixed in 0.1% tannic acid containing 2.5%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 h, washed
with phosphate buffer, post-fixed with 1% osmium tetroxide in
phosphate buffer for 2 h, washed with 0.25 M sucrose solution,
dehydrated in a graded series of ethanols, and embedded in an
Epon resin mixture. Ultrathin sections (<60-80 nm) were pre-
pared using an Ultracut S (Leica, Solms, Germany) double-stained
with uranyl acetate and lead citrate, and examined with a

Fig. 2. Morphology of fibroblasts in the stroma of amnions. De-epithelialized amnions were placed on confluent fibroblasts with the stromal side downward. Oneday (A)or 5

days (B) later, the morphology of fibroblasts was examined. Bars are 50 pm.
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Fig. 3. Morphology of living skin equivalents and the expression of cell-cell junction proteins, integrins, and keratins. Keratinocytes were seeded onto fibroblast-infiltrated
de-epithelialized amnions to create living skin equivalents (LSEs). Ten days after airlift, the LSEs were harvested. The histological morphology is indicated by H&E staining (A).
The basal cell number per 100 pwm at dermal-epidermal junction was counted, and compared with a conventional LSE built with type I collagen. **p < 0.05 (B). The celi-cell
junction is shown by immunofluorescence ({F} staining of E-cadherin (C) and Dsg 3 (D). The polarization of epidermal cells is indicated by IF staining of integrin o2 (E) and B4
(F). The differentiation and proliferation status of the epidermis are shown by the expressions of keratin 10 {G) and keratin 14 (H). Bars are 50 um.
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transmission electron microscope (JEM-1230; JEOL, Tokyo, Japan)
at 80 kV. We performed at least three independent studies and
confirmed similar results. A representative experiment is shown in
the figures.

3. Results

3.1. De-epithelialized amnions supported keratinocyte and
fibroblast growth

Four hours after the seeding of keratinocytes, the cell plasma was
stained with calcein AM and the morphology of the keratinocytes
was observed. In amnions, most of the cells became larger and
adopted a spindle-like shape (Fig. 1B) in comparison with the small
and round cells on the type 1 collagen-coated dish (Fig. 1A). At day 3,
when the cells reached confluence, keratinocytes on de-epithelia-
lized amnions appeared more compactly arranged with a pavement
stonelike morphology (Fig. 1D), while the cells on the type | collagen
were larger and appeared irregular (Fig. 1C).

The amnions were overlaid with the stromal side downward on
confluent fibroblasts. Under phase-contrast microscopy, we
observed morphological changes in the fibroblasts in the amnions.

A B

0.5 um

One day after amnion application, very few fibroblasts sprouted
into the amnions, with thin and long dendritic branches (Fig. 2A).
At day 5, more fibroblasts moved into the stroma of the amnions
and formed a complex network of dendritic branches (Fig. 2B).

3.2. A well differentiated epidermis formed on de-epithelialized
amnion with a well developed basement membrane

At day 10 after airlift, the LSEs were harvested and processed for
histological, immunchistochemical, and ultrastructural studies. A
multilayered epidermis formed on de-epithelialized amnions and
epidermal stratification was well organized (Fig. 3A). The basal
cells were cuboid, small, and compactly aligned along the AM, with
clear demarcation. The number of basal cells on dermal-epidermal
junction is significantly higher than that of a conventional LSE
made by seeding keratinocytes on fibroblast-populated type I
collagen gel (Fig. 3B) [32,33]. The spinous layer, granular layer, and
stratum corneum were also clearly identified. The fibroblasts
infiltrated deeply into the stroma of the amnion except for a thin
acellular zone, which separated the epidermis from the underlying
fibroblast-infiltrated substratum (Fig. 3A). Cell-cell junctions were
well developed in the epidermis, as shown by the expression of

%, £

Fig. 4. Basement membrane development in living skin equivalents. On frozen sections of living skin equivalent samples, the expression of laminin 5 (A), type IV collagen (B),
and type VIi collagen (C) were determined by immunofluorescence staining with the respective monoclonal antibodies. Transmission electron microscopy revealed a
continuous lamina densa (arrows in D) and well developed hemidesmosomes (inset in D). KF, keratin filaments. Bars are 50 wm in A, B, and C and 0.5 wm in D.
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Fig. 5. A large living skin equivalent showed good mechanical properties. An amnion living skin equivalent (LSE) was made with an amnion of 4 x 4 cm. At day 7 after airlift,
the LSE was lifted and made into a mesh-skin graft with a scalpel. The LSE was photographed before (A} and after (B) the mesh-skin graft processing. Bars are 1 cm.

E-cadherin and desmoglein 3 (Dsg 3) around each cell (Fig. 3C and
D). We also noticed polarization of the epidermal cells, as shown by
the distribution of integrin alpha 2 and integrin beta 4, which was
restricted to the basal and lower suprabasal layer of the epidermis
(Fig. 3E and F). The distribution of keratin 10 extended from the
suprabasal layer to the stratum corneum (Fig. 3G), indicating the
differentiated status of the keratinocytes. Keratin 14 was seen in
the basal and suprabasal layers, indicating the proliferative status
of the cells (Fig. 3H).

Considering BM development is important when investigating a
cultivated LSE. IF staining revealed linear and compact deposition
of the major BM proteins, laminin 5, and types IV and VII collagen
at the epidermal-dermal junction (Fig. 4A-C). The development of
the BM zone was further examined using transmission electron
microscopy (TEM). A continuous lamina densa was formed along
the plasma membrane of the keratinocytes, with many hemi-
desmosomes. The hemidesmosomes were well developed struc-
turally, with inner and outer plaques clearly distinguished; keratin
filaments were connected to the inner plaques (Fig. 4D).

3.3. Amnion LSEs showed good mechanical and handling properties

At day 7 after airlift, the large amnion LSE was ready for use,
with a yellowish color to the cornified epidermis (Fig. 5A). The LSE
was readily lifted from the culture insert and transferred to a
culture dish with forceps, without separation of the epidermis and
dermis or rupture of the dermal matrix. Furthermore, the amnion
LSE was firm enough to tolerate scalpel cutting and could be
stretched to prepare a mesh-skin graft (Fig. 5B).

3.4. Amnion LSE graft on nude mice was well vascularized and
showed good morphology

Two weeks after transplantation, the grafts had survived on
nude mice, with even surfaces and a pink coloration (Fig. 6A). The
grafts were harvested and processed for H&E staining. The
epidermis was well stratified, with columnar basal cells compactly
aligned along the epidermal-dermal junction, round spinous cells
and flat granular cells in the upper layers, and a thick stratum
corneum on the surface. The amnion could still be distinguished by
an acellular zone, which remained uninfiltrated by underlying
mesenchymal cells. In the substratum, many small blood vessels
were found up to the acellular zone (Fig. 6B).

4. Discussion

In this study, we confirmed that keratinocytes spread and
proliferated well on the epithelial side of de-epithelialized

amnions, and found that the stroma of amnions supported
fibroblast adherence and infiltration. The LSE was constructed
by seeding keratinocytes on fibroblast-infiltrated amnions and was
investigated in vitro and in vivo.

Amnions can be de-epithelialized and preserved, with intact
basal lamina remaining [34,35]). The exposed BM components of
amnions enhance corneal epithelial cell adherence, proliferation,
and migration {19]. In this study, we found that normal human

Fig. 6. Morphology of the living skin equivalent grafts. The living skin equivalents
(LSEs) were grafted onto full-thickness wounds on the backs of nude mice. Two
weeks later, the gross appearance of the grafts was photographed and the grafts
were harvested and processed for H&E staining. A well stratified and differentiated
epidermis was observed. Many small blood vessels were found in the substratum of
the graft (arrows) up to near the thin aceliular zone, which separated the epidermis
and underlying substratum. AM, amnion. Bar is 50 pm.
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Identification of novel hair-growth inducers by means

of connectivity mapping

Yumiko Ishimatsu-Tsuji, Tsutomu Soma, and Jiro Kishimoto'

Shiseido Innovative Science Research and Development Center, Yokohama, Japan

ABSTRACT The aim of this study was to identify
novel inducers of hair growth using gene expression
profiling at various stages of hair-growth induction.
First, we analyzed gene expression at the onset of hair
growth in mice induced by cyclosporin A (CsA), a
well-known hair-growth inducer, using DNA microarray
analysis. The results unveiled genes involved in the
step-by-step progression of hair growth, including in-
creases in melanin biosynthesis and decreases in im-
mune response at d 2 and the subsequent stimulation of
cell proliferation at d 4, followed by the up-regulation
of hair specific keratins at d 7 after CsA treatment. With
the use of the connectivity map (Cmap), agents that had
a similar “gene signature” to that of the profiles of
CsA-treated mice were identified. Several agents, in-
cluding CsA, were identified by the Cmap and were
evaluated for hair induction activity in vivo. One of the
proposed agents, fluphenazine (from the d 2 signature)
actually induced hair growth in vivo (EDg5e: 2 mM for
single application), and the subsequent application of 5
mM iloprost (from the d 4 signature) significantly
enhanced the hair-growth effect of fluphenazine. From
these results, Cmap analysis was proven to be a useful
method that connects gene expression profiles of com-
plicated biological processes, such as hair-growth in-
duction, to effective agents.—Ishimatsu-Tsuji, Y.,
Soma, T., Kishimoto, J. Identification of novel hair-
growth inducers by means of connectivity mapping.
FASEB J. 24, 000-000 (2010). www.fasebj.org

Key Words: Cmap + microarray * hair follicle * cyclosporin
* fluphenazine - iloprost

THE HAIR FOLLICLE IS A VERY characteristic miniorgan,
which cyclically grows, regresses, and detaches, after
which new hairs grow. The hair cycle is staged into 3
phases: anagen (the growing phase), catagen (the
regressing phase), and telogen (the resting phase; refs.
1, 2). Aberrations of the hair cycle are known to cause
hair loss or unwanted hair growth (3), and elucidating
the biology and pathology of the hair cycle should lead
to effective therapies for disorders of the hair cycle.
Multiple regulators of the hair cycle have been identi-
fied, such as growth factors, adhesion molecules, cyto-
kines, hormones, neuropeptides, and transcription fac-
tors (reviewed in ref. 4) and multiple gene expression
profiling studies have been reported (5-7). However, it

0892-6638/10/0024-0001 © FASEB

has been difficult to connect the numerous factors
identified to agents that are active in controlling the
hair cycle in vivo. One of the underlying causes may be
that the hair cycle proceeds in a stepwise fashion and is
regulated cooperatively and synchronously by numer-
ous factors.

In 2006, an innovative method, named the “connec-
tivity map” (Cmap), was reported by Lamb et al. (8) and
commented on by Michnick (9). The investigators
created a large public database containing hundreds of
gene expression profiles, called “reference gene signa-
tures,” of cultured human cells treated with >100 bioac-
tive small molecules, attached to a pattern-matching tool.
Researchers can access that database via the Internet and
can compare gene signatures of interest with the Cmap
database. The pattern-matching software scores and ranks
similarities between the researcher’s and the reference
signatures and can lead to unexpected connections be-
tween the researcher’s gene profiling data and small
molecules. With the use of that method, novel agents were
identified that could solve the problem of anticancer drug
resistance, and novel inhibitory mechanisms of androgen
receptor inhibitors were reported (10, 11). More recently,
several studies (12-18), mainly on cancer research, re-
ported the use of this method.

In this study, to identify novel trichogenous agents
using the Cmap method, we initially performed gene
expression profiling on the dorsal skin of mice in which
hair growth was induced by the topical application of
cyclosporin A (CsA), a well-known potent hair-growth
inducer. The gene signatures of the CsA-treated mice
were then queried in the Cmap database. Agents that
were highly ranked in Cmap were topically applied on
the dorsal skin of mice to determine whether they
induce hair growth like CsA.

MATERIALS AND METHODS
Anagen induction by topical application of CsA

Anagen was induced essentially as described previously (19).
Female 8wk-old C3H/He] mice whose hair cycle was at

! Correspondence: Shiseido Innovative Science Research
and Development Center, 2-12-1, Fukuura, Kanazawa-ku,
Yokohama, Kanagawa 236-8643, Japan. E-mail: jiro.kishimoto@to.
shiseido.co.jp

doi: 10.1096/1].09-145292
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telogen were purchased from Hoshino Laboratory Animals
(Saitama, Japan). Their dorsal hair was carefully cut with
animal hair clippers, followed by a single topical application
of 100 ul of 10 mM CsA in 95% ethanol or 100 ul vehicle as
a control on the dorsal skin. This study was approved by the
ethics committee of our institute in accordance with the
guidelines of the National Institutes of Health.

Microarray analysis

Total RNAs were extracted from the dorsal skin of mice at d
2, 4, and 7 after CsA treatment, as described previously (7).
Double-stranded ¢cDNAs were synthesized from the total
RNAs, after which cyan 3- or 5-labeled cRNAs were made from
the cDNAs using in wvitro transcription according to the
manufacturer’s instructions (Agilent Technologies, Palo Alto,
CA, USA). Labeled cRNAs were hybridized with 2-color
oligo microarray chips [Whole Mouse Genome (44K);
G4122F; Agilent Technologies]. After being washed, the
fluorescence of each hybridized ¢cRNA on the chip was
quantified in a microarray scanner (Agilent Dual-Laser
Microarray Scanner G2565AA). The scanned data were
analyzed using Feature Extraction Software 9.1 (Agilent Tech-
nologies), which tagged the data as signals recognized as outliers
or equal to the background. The fold change of each gene was
calculated as the ratio of signal intensity between the experimen-
tal data and the control data. Two independent experiments
were performed for each set of data comparing CsA vs. vehicle
treatment. The microarray data were deposited in the Gene
Expression Omnibus (GEO) database (accession no. GSE16739;
http://www.nebi.nlm.nih.gov/geo) and described in accor-
dance with the Minimum Information About a Microarray
Experiment (MIAME) guidelines.

Data processing of microarray analysis

For the bioinformatic analysis, the data were processed with
Gene Spring GX 7.3.1 software (Agilent Technologies) ac-
cording to the manufacturer’s instructions. Data that were
tagged as outliers or equal to the background in each chip
were excluded, and genes that were reproducibly up- or
down-regulated >1.5-fold at each time point after CsA treat-
ment were listed. The significance of the enrichment of the
Gene Ontology categories (http://www.geneontology.org) in
each gene list was calculated statistically using Fisher’s exact
test.

Cmap analysis

The details of the Cmap database have been described by
Lamb et al. (8). In this method, the similarity between each
researcher’s microarray results (the query signature) and 453
microarray results for ~164 agents (reference signatures) in
the Cmap database was evaluated using the Kolmogorov-
Smirnov statistic, a nonparametric, rank-based pattern-match-
ing strategy. Fach reference signature in the database was
scored according to its similarity with the query signature, and
the extent of the similarity is described as the “connectivity
score.” The connectivity score ranges from +1 to —1: nearer
to +1 means higher similarity, 0 means no similarity, and
nearer to —1 means opposite similarity. For the query, the
probe ID defined by the Affymetrix GeneChip Human Ge-
nome UI33A array (Affymetrix, Santa Clara, CA, USA) was
used. Here, the probe 1D of U133A corresponding to the
signatures of d 2 and 4 after GsA treatment were identified
using Gene Spring software (Supplemental Tables S5 and
S6), followed by the query in the Cmap database via the
Internet (http://www.broad.mit.edu/cmap). “Permutated re-
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sults,” which consist of the arithmetic means of the connec-
tivity scores and the statistical significance of the replicates
(calculated as “enrichment” and “permutation Pvalue” at the
Cmap), were used to evaluate the significance of the scores.

Hair-growth induction test

The hairgrowth induction test was performed mostly as
described above. Test samples were applied 1X/d for 1 d or
for 30 sequential days. The level of hair growth was evaluated
at 30 d after the start of the application using photograph
image analysis; that is, mice with a trichogenous area of <70%
were defined as “partial trichogenous,” and those with >70%
were defined as “wholly trichogenous.” Supplemental Tables
S8-810 show the agents tested, the applied doses, and the
duration of treatments. To test the combinatory effects of
fluphenazine and prostacyclin (PGI) derivatives with a step-
wise application, fluphenazine was first applied for 3 d, after
which the PGI derivatives (iloprost, beraprost, epoprostenol,
or treprostenil) were applied for 2 d. To test the mixed
application of fluphenazine and iloprost, the agents were
mixed and applied for 2 d.

Chemicals

Fluphenazine, topiramate, yohimbine, tetraethylenepentam-
ine, (—)-catechin, prednisolone, clozapine, trifluoperazine,
chlorpromazine, thioridazine, prochlorperazine, and quinpi-
role were purchased from Sigma-Aldrich Japan K.K. (Tokyo,
Japan). Genistein, geldanamycin, and U0125 were purchased
from Calbiochem (Darmstadt, Germany). Hoprost, bera-
prost, epoprostenol, and treprostenil were purchased from
Cayman Chemical (Ann Arbor, MI, USA), and DL-PPMP
was purchased from Biomol International (Plymouth Meet-
ing, MA, USA).

RESULTS

Identification of gene signatures at the onset of hair
growth induced by CsA

To induce hair growth, CsA was topically applied on the
dorsal skin of 8-wk-old C3H mice, all hairs at that age
being in telogen. The induced hairs emerged from the
skin surface 11 d after the CsA treatment. Figure 1
shows the morphological changes of pelage hair folli-
cles sequentially after CsA treatment. In preliminary
experiments (performed in triplicate), we determined
that no genes were up- or down-regulated reproducibly
atd 1; thus, we analyzed stages at 2 d and later after CsA
treatment. At d 2, little or no morphological change
was observed, and the hairs were classified into the
stage between telogen and anagen I, according to the
classification by Muller-Rover et al. (20). At d 4, thick-
ening of keratinocyte strands between the dermal pa-
pilla (DP) and club hairs was observed; these were
classified as anagen I and W hairs. At d 7, anagen
[IIa~1lIc hairs were mainly observed with newly formed
hair shafts and melanin above the DP. Meanwhile, in
control mice treated with vehicle, all hairs remained in
telogen from d 2 through 7. From these observations,
the hair cycle induction was thought to be initiated
within 4 d after CsA treatment,
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keratinocytes attached and spread faster on de-epithelialized AM
and that confluent cells were more compactly arranged than on
type 1 collagen. Also, in a previous study, we showed that newly
formed epidermis expanded faster on de-epithelialized amnions
than on fibroblast-populated type I collagen gel [32]. Among the
main BM components, type IV collagen has been shown to enhance
human keratinocyte spread and growth [36], and laminin 5, a key
component of the anchoring complex of the BM, is also essential for
keratinocyte attachment, polarization, and migration {37-39].

When constructing a LSE, preexisting BM components on the
dermal matrix contribute to improving the morphology of the
epidermis and are necessary for the formation of hemidesmo-
somes and the development of a lamina densa [9,40,41].
Epithelial-mesenchymal interactions play important roles in
controlling epidermal morphogenesis and homeostasis. The
interaction between keratinocytes and the insoluble BM proteins
contributes to the maintenance of tissue architecture and affects
various biological processes, such as cell attachment, proliferation,
differentiation, and migration [42,43]. On the de-epithelialized
AM, the epidermis was well differentiated, stratified, and
polarized, with columnar basal cells compactly aligned along
the dermal-epidermal junction. These results indicated that the
presence of certain BM components on de-epithelialized AM
improved the homeostasis of the overlying epidermis.

The well developed basal lamina and hemidesmosomes in the
amnion LSE guaranteed a stable association between the epidermis
and the underlying tissues, which could explain why the epidermis
was resistant to separation from the underlying connective tissue
when the LSEs were harvested and manipulated for grafting.

Fibroblasts support epidermal morphogenesis and the deposi-
tion of BM components in preparing a LSE [44.45]. We constructed
a LSE by seeding keratinocytes on de-epithelialized amnions;
however, without coculturing fibroblasts in the stroma of the
amnions, the resulting epidermis was thin and the basal cells were
not well organized (data not shown). Because fibroblasts are
known to support the growth of monolayer keratinocytes, we
prepared fibroblasts in six-well plates to nourish the keratinocytes,
which were seeded onto de-epithelialized amnions in culture
inserts (set in six-well plates), and cultivated the keratinocytes at
the air-liquid interface. However, the resulting epidermis of the
LSEs was only two to three layers thick, and the cells were
disorganized on the amnions (data not shown). It appears that
fibroblasts being cultivated in the dermal matrix and the formation
of a three-dimensional network are important for a well organized
and differentiated epidermis in a LSE.

In the transplantation experiment, amnion LSEs were readily
harvested from the culture inserts and transferred to full-thickness
wounds on the backs of nude mice. The LSE grafts survived well on
the nude mice and were well vascularized, as seen in the H&E-
stained sections.

We also confirmed some other advantages in making the
amnion LSE. First, we did not use any animal-derived type I
collagen gel, which is conventionally employed in constructing the
dermal matrix for a LSE [33]. Type | collagen is costly and may
cause inflammatory reactions upon transplantation, and ethical
issues may arise because of its animal origin {46]. Second, the
procedure is simpler in making a fibroblast-infiltrated amnion
than a fibroblast-populated collagen gel, which requires the
mixing of several different ingredients while stirring on ice. Third,
amnions as the matrix are more resistant to shear forces than
collagen gel, which greatly facilitates the manipulation in
removing the LSE from the culture insert and transferring it to a
wound bed in transplantation.

In conclusion, the LSE with amnions as the dermal matrix
demonstrated various advantages, such as a simple cultivating
procedure, low cost, good mechanical and handling properties, and

containing no animal products. Good epidermogenesis was seen in
vivo and in vitro, suggesting that this LSE may be useful for clinical
applications.
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The gene expression profiles at d 2, 4, and 7 after
CsA treatment compared with vehicle-treated con-
trols were examined by DNA microarray analysis.
Genes that reproducibly up- or down-regulated >1.5-
fold at each time point in duplicate microarrays are
listed (Fig. 2 and Supplemental Tables S1-583). The
number of genes whose expression was changed
increased day by day after CsA treatment. The func-
tional groups and biological relevance of the listed
genes are shown in Table 1 and in Supplemental
Table S4. The increased expression of genes involved

Up in day2: 38 probes

Figure 1. Sequential changes in pelage hair follicle morphology after CsA
treatment. Top left: hematoxylin-eosin staining of dorsal skin treated with
vehicle. Top center and right and bottom: 2, 4, and 7 d after treatment with CsA
(10 mM), respectively. Scale bars = 100 pm.

in melanin biosynthesis and the down-regulation of
genes involved in immune responses occurred at d 2,
when the onset stage of hair growth occurs, and
persisted at d 4 and 7. At d 4, cell division occurs
actively as supported by the expression pattern of
genes involved in that process. At d 7, multiple
structural proteins more specific to the hair follicle
than at d 4, eg., hair keratins in the category of
“cytoskeleton organization and biosynthesis,” were
up-regulated, suggesting the start of the structural
formation of the hair follicle.
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Figure 2. Overview of the expression patterns of genes up- or downrregulated at 2, 4, and 7 d after CsA treatment.
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TABLE 1.

Gene ontology categories that have overlap with the list of the up- or down-regulated genes

Genes in list in

Genes in category” category”
Category n % n % P value”
Up-regulated
Day 2
GO:42438: melanin biosynthesis 12 0.051 2 10.0 4.52E-05
GO:42438: melanin biosynthesis 12 0.051 4 2.0 2.29E-06
Day 4
GO:51301: cell division 432 1.838 38 19.2 1.21E-27
GO:7010: cytoskeleton organization and biogenesis 966 4.109 16 8.1 7.88E-03
G0:42438: melanin biosynthesis 12 0.051 5 1.2 1.33E-06
Day 7
GO:51301: cell division 432 1.838 47 11.1 3.68E-23
GO:7010: cytoskeleton organization and biogenesis 966 4.109 40 9.4 1.02E-06
GO:6633: fatty acid biosynthesis 106 0.451 8 L9 6.78E-04
Down-regulated
Day 2
GO:6955: immune response 1022 4.347 9 22,5 4.33E-05
Day 4
GO:6955: immune response 1022 4.347 36 20.69 4.09E-15
Day 7
GO:6955: immune response 1022 4.347 45 18.15 2.90E-16
GO:6936: muscle contraction 139 0.591 9 3.629 1.74E-05

“Total number of genes on the chil)rthat have been assigned to the category, and percentage of genes assigned to this category per total

number of all genes nominated in GO.

otal number of genes that are both in the list of the up- or down-regulated genes and in the category,

and percentage of genes that fall into this category per total number of annotated genes in the list of up- or down-regulated genes. Statistical
significance of the overlap, i.«, likelihood that it is a coincidence that these genes were in both the list of the up- or down-regulated genes and

the category.

Cmap analysis connects the gene signature of CsA-
treated mice to CsA and to the novel trichogenous
agent fluphenazine

To identify agents that could induce hair growth like
CsA, the signatures derived from the onset of hair
growth, at d 2 and 4 after CsA treatment, were queried
in the Cmap database. As a result, 96 and 62 of 453
reference signatures were positively scored with the d 2
and d 4 signatures, respectively (Supplemental Table §7).
It is noteworthy that both replicates of the CsA reference
signatures were positively scored in the Cmap of d 2.
Since the profiling data derived from the CsA-treated
skin identified the same compound by the Cmap, other
positively scored agents could also have effects like CsA.
Thirteen agents that were highly ranked or were repro-
ducibly and positively scored in the Cmap were selected
as putative CsA-like agents (Table 2). In detail, we
mainly relied on the permutated result (Supplemental
Table S7) in the Cmap to identify significantly highly
scored agents among the positively scored agents. First,
with the d 2 signature, agents that were more highly
ranked than CsA in the permutated results and where
more than half the replicates were scored positively
were selected. Thus, fluphenazine, geldanamycin, and
clozapine were selected. Tetraethylenepentamine was
also selected because it was positively scored reproduc-
ibly with both the d 2 and d 4 signatures. With the d 4
signature, agents more highly ranked than tetraethyl-
enepentamine in the permutated results were selected,
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i.e., iloprost and genistein. Agents without replicates
were selected considering their availabilities. To evalu-
ate the possible trichogenous effects of these 13 se-
lected agents, they were topically applied on mouse
dorsal skin and hair-growth induction tests were. per-
formed. Fluphenazine, a D2 dopaminergic receptor
antagonist, significantly induced hair growth (Supple-
mental Table S8). Because no apparent skin irritation
(characterized by redness, dryness, or flaking), which
can itself induce hair growth, was observed, that was not
the cause of the fluphenazine-induced hair growth.
The ratio of mice with induced hair growth of all
surviving mice that were tested depended on the dose
of fluphenazine used, either for 1 or for 30 d (Fig. 34).
Even though fluphenazine induced hair growth in some of
the tested mice, we could not apply sufficient doses to induce
hair growth in all mice, because the dose of fluphenazine
that can be used is limited by its toxicity (Fig. 34 and
Supplemental Table S8). No trichogenous effects were ob-
served with the 4 phenothiazine derivatives tested that are
analogous to fluphenazine (trifluoperazine, chlorproma-
zine, thioridazine, and prochlorperazine).

Hair-growth effect of fluphenazine is enhanced by the
subsequent application of iloprost

Considering the step-by-step progression of the onset of
the hair growth, the additive effects of agents proposed
by the Cmap analysis at different time points was
expected. Thus, we tested the combinatorial effect of
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TABLE 2. Agents highly ranked in the Cmap

Agent n

Connectivity score/dose /cell

Day 2 signature

0.83/10 wM/MCF7, 0.641/10 pM/MCF7

0.977/10 pM/MCF7, 0.861/10 pM/MCF7, 0.589/10 pM/SKM EL5, 0.0/10 pM/MCF7
0.82/1 uM/MCF7, 0.646/1 pM/MCF7, 0.646/1 pM/MCF7, 0.552/1 pM/MCF7,

0.504/1 M/MCF7, 0.0/ uM/MCF7

Yohimbine 1 0.909/23 uM/MCF7
Clozapine 2

Topiramate 1 0.727/3 uM/MCF7
Fluphenazine 4

Geldanamycin 6

Cyclosporin A 2

Tetraethylenepentamine 6

0.521/1 uM/MCF7, 0.425/1 uM/MCF7
0.666,/100 pM/ssMCF7, 0.557/100 uM/PC3, 0.55/100 pM/MCF7, 0.52 1/10

uM/MCF7, 0.0/100 pM/HL60, 0.0/100 uM/MCF7

Day 4 signature

0.918/1 pM/MCF7, 0.87 1/1 pM/M CF7, 0.745/1 uM/SKM EL5

1.0/1 pM/MCF7, 0.804/10 pM/MCF7, 0.761/10 pM/MCF7, 0.757/1 pM/MCF7,

0.0/10 pM/MCF7, 0.0/10 pM/PC 3, —0.604/10 pM/MCF7

U0125 1 0.941/1 pM/PC3
Tloprost 3

DL-PPM P 1 0.831/2 pM/MCF7
(—)-Catechin 1 0.78/11 uM/MCF7
Prednisolone 1 0.725/1 uM/MCF7
Yohimbine { 0.71/23 pM/MCF7
Quinpirole 1 0.584/1 pM/MCF7
Genistein 7
Tetraethylenepentamine 6

0.694,/100 pM/PC3, 0.678/100 pM/MCF7, 0.565,/100 pM/HL60, 0.0/10 uM/MCF7,

0.0/100 pM/ssMCF7, 0.0/100 uM/MCF7

Dose, concentration of bioactive small molecules used in the reference signature; cell, cell lines used in the reference signature.

fluphenazine (from the d 2 signature of CsA-induced
hair growth) with iloprost, a prostaglandin 1 analog
(which was highly ranked in the Cmap of the d 4
signature). We chose iloprost from the list of 9 agents
(d 4 signature) for combinatorial treatment because its
rank in the permutated results was the highest. Flu-
phenazine was applied first for 3 d, and then iloprost,
which is supposed to induce similar phenomena at d 4
of CsA-induced hair growth, was applied starting at 4 d
after the start of fluphenazine treatment for another
2 d. As a result, a markedly higher ratio of mice treated
with fluphenazine and iloprost showed hair growth
compared with the application of fluphenazine only
(Fig. 3B and Supplemental Table S9). No hair growth
was observed in vehicle-treated or in iloprost-only
treated mice (Fig. 3C, D). The speed of induced hair
growth was indistinguishable between the single appli-
cation of fluphenazine and the sequential application
of fluphenazine and iloprost (Fig. 3E, F). Beraprost, an
analog of prostaglandin I, also enhanced fluphenazine-
induced hair growth but to a lesser extent (Fig. 3B).
The enhancement of hair growth was not observed
following the sequential treatment with 1 mM CsA and
iloprost. Moreover, the hair-growth effect of fluphena-
zine was not enhanced by treaunent with fluphenazine
and iloprost together (Supplemental Table S10). This
suggests that iloprost does not act to initiate hair
growth by itself but potently enhances the hair growth
induced by fluphenazine.

DISCUSSION

In this study, we analyzed the gene expression profiles
at the onset of hair growth induced by CsA and

CHEMICAL GENETICS LED TO HAIR-GROWTH INDUCERS

unveiled sequential changes in gene expression during
the hair-growth cycle. Taking advantage of the Cmap,
the gene signature at d 2 after GsA treatment identified
a functional analog of CsA, fluphenazine, that could
induce anagen in mice. Moreover, we showed the
additive effect of fluphenazine and iloprost, the latter
being highly ranked in the Cmap analysis at a later time
point (d 4).

With the gene expression profiling at the onset of
hair growth, note that silver and tyrosinase-related
protein 1, which are related to melanogenesis, were
up-regulated at a very early stage of anagen onset, far
before the appearance of visible melanin granules or
pigmented hair shafts (Supplemental Table S4). The
other distinctive gene groups that changed in expres-
sion were related to the cell cycle at d 4 and to the hair
shaft at d 7 and were consistent with the morphological
changes during the hair-growth progression. On the
other hand, the down-regulation of immune defense
response-related genes could have resulted from the
well-known immunosuppressive effect of CsA.

The Cmap is an innovative method developed in
2006 that was aimed to further analyze microarray
analyses to identify related bioactive agents. With the
use of that method, the recovery of dexamethasone
resistance in MCL-1 by sirolimus and the inhibitory
effect on HSP90 by celastrol and gedunin were discov-
ered in 2006 (10, 11). In addition, a number of groups
reported the effective use of the Cmap in 2008 (12-18).
As was suggested, the Cmap database has been shown to
be efficient in analyzing various kinds of phenomena,
and we demonstrate the efficacy of the Cmap despite
great differences in the experimental sources, mouse
vs. human and dorsal skin ws. cultured cells, between
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Figure 3. Effects of fluphenazine and iloprost on hair growth. A) Fluphenazine was topically applied on the dorsal skin of C3H
mice once at a dose of 5, 2, or 1 mM, or for 30 sequential days at a dose of 0.2, 0.1, or 0.05 mM. B) Fluphenazine was topically
applied at a dose of 0.7, 0.5, or 0.2 mM for the first 3 d followed by 5 mM iloprost, or by the PGI derivatives (beraprost,
epoprostenol, and treprostenil), or by vehicle for 2 d. A, B) Ratio of number of mice with induced hair per total number of
surviving mice tested from each group (2=3-9) was evaluated at 30 d after the first fluphenazine application. Solid columns,
mice with induced hair on entire area of dorsal skin; striped columns, mice with induced hair on partial area (<70%) of dorsal
skin. C, D) Hematoxylin-eosin staining of dorsal skin of representative mice at d 15 after the start of treatment with vehicle for
5d (C) or 5 mM iloprost for 2 d (D). E, F) Hematoxylin-eosin staining of hair-induced areas of dorsal skin in mice with induced
hairat d 15 after the start of the application with 0.7 mM fluphenazine for 3 d followed by 5 mM iloprost for 2 d (E) or 0.7 mM
fluphenazine for 3 d followed by iloprost 5 mM for 2 d (F). Scale bars = 50 pm.

the query signature and the reference profiles. It is
noteworthy that the combination of the large database
and statistical tools could successfully connect CsA
treatments in the Cmap with our d 2 signature despite
differences, such as the species, which might reduce the
similarity between them. These observations strongly
suggest the robustness of the Cmap database analysis.
However, the Cmap could have some weak points; for
example, it should be affected by the experimental
source to some extent, especially with sources more
distant from human cells. Further, the accuracy and
suitability of the signature are also important and the
spectrum or limitation of agents included in the Cmap
database might have an effect on the results.

The Cmap database was expanded after our analysis
was performed. Therefore, we tested our signatures in
the new version of the Cmap and found possible new
candidates for hair growth (Supplemental Table S11).
The agents for which the ratio of non-null permutated
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results were >50% and for which replicates were posi-
tively scored were considered to be significant. As a
result, 412 agents for the d 2 signature and 380 agents
for the d 4 signature were considered to be putative
hair-growth inducers. The significance of the connec-
tion between the 4-d signature and iloprost is greatly
enhanced in the new version of the Cmap. Thus, the
second version of the Cmap is considered to be a
powerful chemical genetic tool. On the other hand, the
ranks of the permutated results of CsA (cyclosporin in
the Cmap database) and fluphenazine were lower than
in the first version. Although the scores of the same
batches of the second version as that of first version of
the Cmap were kept at the same level, the newly added
batch with different doses, cell lines, or even the same
experimental conditions that might have some small
experimental differences from the first version (espe-
cially in the case of fluphenazine) reduced the signifi-
cance of the connection. While the expanded version
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of the Cmap is supposed to be a more reliable connec-
tion owing to the increased replicates and agents, there
seem to be some cases that are more suitable for
analysis with the first version due to the compatibility of
the detailed experimental conditions of the database
with that of the user. The dependency on the database
limits the ability of the Cmap to some extent, even
though the statistical tools and the large database
diminish the limitations. The validation of the database
might be useful for each user of the Cmap.

The search for complex phenomena, such as hair
growth, could benefit from the Cmap owing to several
points. First, hair-growth initiation is regulated by nu-
merous factors in a orchestrated manner, so it is
difficult to develop an effective hair-growth agent by
screening enhancers or inhibitors of one protein, but
the Cmap does not focus on each gene and avoids that
complexity. Second, hair growth proceeds in a stepwise
fashion. With the use of the Cmap, agents affecting
each step could be identified from the gene signature
of each step and the sequential application of agents is
a powerful approach to synergize that phenomenon.
One more point that is an advantage is that CsA, a
potent hair-growth inducer, is included in the Cmap
database. The fact that CsA itself could be connected to
CsA-treated mice by the Cmap allowed us to evaluate
the validity of the Cmap for our analysis.

Fluphenazine induces hair growth potently at doses
similar to CsA. While fluphenazine is used as an anti-
psychotic drug and numerous side effects of oral ad-
ministration have already been reported, such as extra-
pyramidal symptoms, sedation, and rash or edema of
allergic dermatitis, the trichogenous effect elicited by
its topical application was newly identified. The com-
mon functions of fluphenazine and CsA are suggestive
about the mechanism of hair-growth induction. Flu-
phenazine is a phenothiazine derivative that antago-
nizes the dopamine D1/D2 receptor and inhibits cal-
modutin (21, 22). GsA has also been reported to induce
hair growth viainhibition of the calcineurin-dependent
activation of nuclear factor of activated T cells (NFAT;
ref. 23). It is noteworthy that calcineurin is a calmodu-
lin-dependent phosphatase. Therefore, it is possible
that fluphenazine inhibits calmodulin, which might in
turn inhibit calcineurin/NFAT and, following tran-
scription, have a similar biological effect as CsA. Con-
sidering the recent report that the skin of mice in
which calcineurin was disrupted showed cyclic alopecia
(24) and that calcineurin/NFATc]1 signaling governs
the activity of hair follicle stem cells (25), this signaling
pathway might be a good target for hair-growth induc-
tion. It also suggests that the 4 phenothiazine deriva-
tives analogous to fluphenazine were not positively
scored by the Cmap and that no trichogenous effects
were observed. Fluphenazine is supposed to have some
original characteristics, which could be a better percu-
taneous absorption or another effect distinct from its
antagonism of the dopamine receptor and the inhibi-
tion of calmodulin.

Tloprost strongly enhanced the hair growth induced

CHEMICAI. GENETICS LFD TO HAIR-GROWTH INDUCERS

by fluphenazine, although it did not enhance hair
growth by itself or with CsA. Beraprost also enhanced
the hair-growth effect of fluphenazine but to a lesser
extent. Hloprost and beraprost are structural analogues’
of PGI, which is clinically used as an agent to treat
pulmonary hypertension (26). It is possible that vaso-
dilation contributes to the effect or has some effect on
cell proliferation, which is active at 4 d after GCsA
treatment. The stepwise (but not concomitant) appli-
cation of iloprost enhanced the effect of fluphenazine,
suggesting that it plays a role in a distinct stage after the
hair growth is wiggered by fluphenazine. The specific
mechanism of iloprost remains unknown.

Taken together, our results demonstrate that the
Cmap analysis is a useful postmicroarray analysis tool.
In addition, this method can identify coeffective agents
for physiological phenomena that proceed in a step-by-
step fashion.
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Background: Toll-like receptor (TLR) 4 is a critical receptor and signal transducer for lipopolysaccharide
(LPS), a major component of Gram-negative bacteria. The MyD88-independent pathway downstream of
TLR4 leads to functional dendritic cell (DC) maturation, although LPS-induced cytokine production from
DCs is MyD88-dependent.

Objectives: We investigated whether intracutaneously injected LPS alters the functions of cutaneous DCs,
leading to enhanced contact hypersensitivity (CH).

Methods: The ear swelling response was measured to evaluate the magnitude of CH. Cell proliferation of
allogeneic splenocytes stimulated by DC-enriched draining lymph node (LN) cells was measured by
performing a [*H]-thymidine incorporation assay. Epidermal I-A+ cells were evaluated under an
epifluorescent microscope. I-A+ FITC-bearing cells from the draining LNs 24 h after FITC application were
analyzed on FACScan.

Results: LPS augmented CH induction in C3H/HeN (HeN) and MyD88-knockout (KO) mice but not in C3H/
He] (Hej) and H-2S%bearing strains such as BALB/c mice. LPS failed to augment the allo-stimulatory
ability of DCs in the draining LNs after hapten applications. LPS altered the density and morphology of
epidermal I-A+ cell in HeN and BALB/c mice but not in TLR4-deficient HeJ mice. LPS increased the
proportion of I-A+ FITC-bearing cells in the LNs 24 h after FITC application in HeN, but not in BALB/c and
He]J.

Conclusions: LPS augments the ability of DCs to migrate to the draining LNs, leading to enhanced CH via a
TLR4-dependent, MyD88-independent pathway. The different effects of LPS on CH in some strains of mice
may explain individual differences in the susceptibility to establish CH to daily antigen exposures in
clinical settings.

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

Contact hypersensitivity (CH) is a T cell dependent immune
response, which is induced by the application of haptens on the
skin. Dendritic cells (DCs) are the most potent antigen presenting
cells and play major roles in the initiation and regulation of
adaptive immune responses to antigens [1]. Cutaneous DCs first
capture antigens and then migrate to draining lymph nodes (LNs).
During migration, cutaneous DCs undergo maturation, which
includes the expression of costimulatory molecules and delivery of
major histocompatibility complex antigens to their surface. The
mature migratory DCs then activate the naive T cells present in

* Corresponding author at: Present address: Department of Dermatology,
National Center for Child Health and Development, 2-10-1 Ohkura, Setagaya,
Tokyo, Japan. Tel.: +81 3 3416 0181; fax: +81 3 5494 7136.

E-mail address: niizeki-h@ncchd.go.jp (H. Niizeki).

draining LNs or transfer the antigens to resident DCs [2]. Therefore,
cutaneous DCs are very important for the determination of the
quality and quantity of CH.

Toll-like receptors (TLRs) are the main innate immune sensors.
Each TLR responds to specific molecules of microbial origin.
Stimulation of different TLRs induces distinct patterns of gene
expression, which not only leads to the activation of innate
immunity but also induces the development of antigen-specific
acquired immunity [3].

Lipopolysaccharide (LPS) is a major component of the outer
membranes of Gram-negative bacteria and induces a variety of
biological responses including cytokine production from macro-
phages, B cell proliferation, and endotoxin shock. TLR4 is essential
for recognizing LPS because LPS-mediated cytokine release is
abrogated in mice having natural mutation of TLR4 or its target
disruption [4]. TLR4 is expressed on monocyte-derived DCs.
Stimulation of TLR4 on DCs induces interleukin (IL)-12 production,
enhances surface expression of costimulatory molecules, and

0923-1811/$30.00 © 2008 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights reserved.
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finally, leads to DC maturation [5]. Moreover, Kaisho et al. [6]
reported that the MyD88-independent pathway, downstream of
TLR4 could lead to functional DC maturation because LPS could
induce functional maturation of the MyD88-deficient DCs,
although LPS-induced cytokine production from DCs was
MyD88-dependent.

In this study, we determined whether intracutaneously injected
LPS could alter the functions of cutaneous DCs and lead to
enhanced CH.

2. Materials and methods
2.1. Mice

We purchased adult mice aged 8-12 weeks of the BALB/c,
B10.A, B10.D2, C3H/HeN, C3H/He] and C57BL/6 strains from Japan
SLC, Inc. (Hamamatsu, Shizuoka, Japan). MyD88-knock out (KO)
mice were kindly provided by Prof. Akira at the Research Institute
for Microbial Diseases, Osaka University [7]. They were maintained
in our animal facility with SPF environment. Experimental
procedures were carried out with animals under general anesthe-
sia achieved by intraperitoneal (i.p.) injections of ketamine
(Sankyo, Tokyo, Japan) (80 mg/kg) and xylazine (Bayer Healthcare,
Leverkusen, Germany) (16 mg/kg) or pentobarbitone (Dainippon-
Sumitomo, Osaka, Japan) (50 mg/kg). Animal care was in
accordance with the guidelines of Nara Medical University. Each

- control or experimental panel consisted of 4-5 mice.

2.2. Reagents

LPS from Escherichia coli 026:B6, fluorescein isothiocyanate
(FITC), and 2,4-dinitro-1-fluorobenzene (DNFB) were purchased
from Sigma-Aldrich (St. Louis, MO). Anti-mouse tumor necrosis
factor (TNF)-o/TNFSF1A antibodies (Abs) and normal goat IgG
were purchased from Genzyme/Techne (Minneapolis, MN). Anti-I-
A¥ 1-A? monoclonal antibodies (mAbs), and isotype-matched
control Abs were purchased from BD Pharmingen (San Diego, CA).

2.3. Intradermal injection

Using a 1.0 ml syringe with a 30-gauge needle, the solution was
injected into the intradermal (i.d.) space. Successful inoculations
were characterized by the appearance of a flat swelling with
defined lateral margins immediately beneath the epidermis [8].

2.4. Induction and expression of CH

On day 0, 25 l of 0.5% DNFB (185 pg) in acetone was applied
on the dry-shaved abdominal cutaneous surface of mice. On day 5,
CH was elicited by challenging one ear of each mouse with 20 wl of
0.05% DNFB (15 ug). Ear swelling was measured using an
engineer's micrometer (Mitutoyo, Kawasaki, Kanagawa, Japan)
24 and 48 h following the challenge and compared with the
thickness of ear prior to the challenge [8-11}].

2.5, Identification and enumeration of epidermal DCs

The epidermis was separated from the dermis by incubation in
Dispase Il (Roche Diagnostics GmbH, Mannheim, Germany). DCs in
these epidermal sheets were stained with anti-I-A mAbs (BD
Pharmingen) and FITC-tagged goat anti-mouse Abs (Zymed, South
San Francisco, CA), as described previously [9], and evaluated
under an epifluorescence microscope. With the aid of an eyepiece
with a 1 mm? grid, a minimum of 10 fields were counted for each
sample to enumerate the number of positively stained cells

present, and the mean number of stained cells was expressed as
cells/mm?.

2.6. Mixed lymphocyte reaction

The axillary and inguinal LNs were excised 5 days after applying
25 .l of 0.5% DNFB on the abdominal skin of mice. The LNs were
gently disrupted to yield a single cell suspension and filtered
through 70-uM nylon meshes (BD FALCON™), DC population was
enriched with the Mouse DC Enrichment Kit (DYNAL"™) according
to the manufacturer’s instructions. The purity of DCs was assessed
under an epifluorescent microscope after staining with anti-1-A-PE
mAbs (BD Pharmingen) and estimated to be 50-70%. The enriched
DCs were X-irradiated (2.9 G) and washed three times with
phosphate-buffered saline (PBS) containing 2% fetal bovine serum
(FBS). Spleens were harvested from naive allogeneic mice (BALB/c,
H-2%) and filtered through 100-wM nylon meshes. The erythro-
cytes were lysed using the mouse erythrocyte lysing kit (R&D
Systems). A total of 2 x 10° splenocytes were co-cultured with
various numbers of prepared X-irradiated LN cells in RPMI medium
supplemented with 10% heat-inactivated FBS (Sigma-Aldrich),
0.1 mM non-essential amino acids {(Gibco, Grand Island, NY), 2 mM
t-glutamine (Gibco), 25 mM HEPES buffer (Sigma-Aldrich), and 1%
penicillin-streptomycin (Gibco) in round-bottomed 96-well plates
at 37 °C. Five days after co-culture, all wells were pulsed with 1 uCi
of [*H]-thymidine for an additional 16-18 h of culture. The cells
were then harvested, and [*H]-thymidine incorporation was
measured by liquid scintillation counting [12].

2.7. Immunofluorescent staining and flow cytometry

On the shaved abdominal skin of HeN and He] mice, we applied
400 p.l of 0.5% FITC in 1:1 acetone/dibutyl phthalate. Mice were
sacrificed 48 h later and the axillary and inguinal LNs were excised.
The LNs were gently disrupted to yield a single cell suspension and
filtered through 70-uM nylon meshes. The cells were collected,
washed three times with PBS with 2% FBS. To enrich for DC, LN cells
were suspended in RPMI, and then 5 ml of the cell suspension was
gently underlaid with 4ml of Nycoprep TM (Oslo, Norway),
followed by centrifugation at 300 x g for 20 min. The cells at the
interface were collected, washed three times with PBS with 2% FBS.
Cells were stained with phycoerythin (PE)-conjugated anti-I-A* or
[-A9 mADb, diluted 1/1000 or isotype-matched control Ab for 30 min
on ice, and washed three times with PBS containing 1% bovine
serum albumin (BSA) and 0.1% sodium azide. Propidium iodine (PI,
1%) (Sigma-Aldrich) was used to identify the dead ceils {13]. The
stained cells were analyzed on FACScan with the CellQuest
software™ (Becton Dickinson Immunocytometry Systems, San
Jose, CA).

2.8. Statistical analysis

The statistical significance of differences between the means of
the each experimental group was determined using Student’s ¢
test. The mean differences were considered significant at P < 0.05.
Each experiment was performed at least twice.

3. Results
3.1. LPS augments the induction of CH

We first examined the effect of LPS on the induction of CH. LPS
(25 and 5 ug) or PBS was injected (i.d.) into panels of C3H/HeN

(HeN), C3H/He]J (He]), and BALB/c mice. Within 30 min, 185 pg
DNFB was applied on the cutaneous surface of the injected sites.
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Five days later, the ears of these mice were challenged with 15 pg
DNFB and the ear swelling responses measured after 24 and 48 h.
The results of a representative experiment are shown in Fig. 1A-C.
When DNFB was applied on the PBS-injected skin (positive
control), intense CH was induced. However, when DNFB was
applied on LPS-injected skin, the HeN recipients mounted further
intense CH responses than the positive control mice upon ear
challenge (Fig. 1A). The intensity of CH in the skin injected
previously with 25 ug LPS was not significantly enhanced
compared with that in the skin injected with 5 g LPS. Thus, in
HeN mice, injection of LPS into the skin significantly intensified the
ability of DNFB-applied skin to induce CH. In contrast, when LPS
was injected intradermally in the TLR4-sufficient BALB/c mice
(Fig. 1B) and TLR4-deficient He] mice (Fig. 1C), the magnitude of CH
was similar to that in the positive control. Each experiment was
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Fig. 1. LPS augments the induction of CH in C3H/HeN mice. Panels of C3H/HeN (A),
BALB/c (B), and C3H/He] mice (C) were injected intradermaily with 25 pg LPS (a),
5 g LPS (b), and PBS (c), respectively. Within 30 min, 185 g DNFB was applied at
the injected sites. Five days later, the ears were challenged with DNFB. Unsensitized
animals were also challenged and used as negative controls {d). Ear swelling
responses at 24 h are presented as mean + S.EM. (pm). 'P < 0.05 versus PBS { positive
control).

repeated at least twice with very similar results. We thus conclude
that TLR4 mediates the effect of LPS on the induction of CH in HeN
mice. In addition, it is suggested that BALB/c mice, in which TLR4 is
sufficiently expressed, are a resistant strain with regard to the
effect of LPS on the CH induction. This indicates that not only TLR4
but also another factor such as TNF-o may determine the
susceptibility to LPS (14).

3.2. H-2 linked to susceptibility to the effect of LPS on CH induction

We next determined whether susceptibility to the effect of LPS
on CH induction is H-2 dependent. Previous studies in mice have
indicated that the UVB-susceptibility trait is related to the class Il
region in the H-2 complex (14). Because BALB/c strain has an H-2¢
genetic background, we chose B10.D2 and B10.A as B10-congenic
inbred strains that carry H-2¢ haplotype (Table 1).

LPS (25 pg) or PBS was injected intradermally into panels of
mice. Within 30 min, 185 g DNFB was applied on the cutaneous
surface of the injected sites. After 5 days, the ears of these mice
were challenged with 15 g DNFB, and the ear swelling responses
were measured after 24 and 48 h. The results of a representative
experiment are shown in Fig. 2A and B. When DNFB was applied on
the PBS-injected skin (positive control), intense CH was induced.
However, when LPS was injected intradermally in the H-29-
bearing B10.A mice (Fig. 2A) and B10.D2 mice (Fig. 2B), the
magnitude of CH was similar to that in the positive control. Thus,
the adjuvant effect of LPS on CH induction is H-2 dependent; k and
b of H-2 are susceptible traits and d of H-2 is a resistant trait.

3.3. The augmentation of CH by LPS is MyD88-independent

We next determined whether the effect of LPS on CH is MyD88-
dependent because TLR4 mediates the adjuvant effect of LPS on the
induction of CH.

Panels of MyD88-KO littermates and their wild-type counter-
parts (B6 background) were administered (i.d.) LPS (25 pg/mouse)
or PBS. Within 30 min, 185 p.g DNFB was applied on the epidermis
of the injected sites. Five days later, the ears of these mice were
challenged with 15 wg DNFB and the ear swelling response
measured after 24 and 48 h. The results of a representative
experiment are shown in Fig. 3. Unsensitized animals were also
challenged and used as negative controls (Fig. 3, groups ¢ and f).
When DNFB was applied on the skin on LPS-injected mice (group
d), the wild-type recipients (wild) mounted more intense CH
responses than the positive control mice (group e). Similarly, the
MyD88-KO recipients (KO) in which LPS had been injected
previously (group a) mounted more intense CH responses than
the positive control mice (group b). Thus, these data suggest that

Table 1
Genetic background and LPS susceptibility in mice [14]

Locus
Strain Ea Tofa D phenotype
CS7BL/6 b b b susceptible
C3H/HeN k k k susceptible

Gray box indicates LPS resistant mice and their H-2 alleles.
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