infections and a Borelia infection®), Bacille Calmette-
Guerin vaccination, pregnancy, implantation of a silicon
prosthesis, viral factors, toxic factors, and neurogenic
factors®. Christianson et al. reviewed 191 patients with
localized scleroderma and showed occurrences after
trauma (7.3%) and operative procedures (2.6%)°.

Although there is a report that morphea occurred on the
site of a penicillin and a local anesthetic injection”®, in the
present case, the morphea developed after a simple
physical aseptic needle aspiration without drug infusion.
In a previous report, morphea had also developed on the
site of an aseptic surgical examination by abdominal
laparoscopy in a S56-year-old female patient’. These
observations strongly suggest that external physical stimuli
can cause morphea. The precise mechanisms underlying
these phenomena are unknown. Some speculations

Morphea after Needle Biopsy

Fig. 1. (A) Morphea on the left
breast (red-circle). (B) Morphea on
the right upper arm (red-circle). (C)
Sclerotic lesion shows thickened
reticular dermis consisting of closely
packed, homogenous collagen bundles
with only a few fibroblasts (H&E,
%x20). (D) Alpha-smooth muscle actin-
positive cells were observed within
the lower reticular dermis (x40).

include that trauma may trigger the production and
release of inflammatory mediators and/or fibrogenic
cytokines, such as transforming growth factor-beta, from
cells in the microenvironment of the traumatic lesion. This
can result in the synthesis of excess collagen in sus-
ceptible individuals and lead to sclerosis at a local site’.
The reason why sclerosis but not fibrosis is induced with
external stimuli and causes morphea in specific patients
should be clarified in future studies.
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Summary

The aim of this study was to determine whether CD4*IL-17A*Th17 cells infiltrate vitiligo skin and to investi-
gate whether the proinflammatory cytokines related to Th17 cell influence melanocyte enzymatic activity and
cell fate. An immunochistochemical analysis showed Th17 cell infiltration in 21 of 23 vitiligo skin samples in
addition to CD8" cells on the reticular dermis. An in vitro analysis showed that the expression of MITF and
downstream genes was downregulated in melanocytes by treatment with interleukin (IL)-17A, IL-18, IL-6, and

tumor necrosis factor (TNF)-a. Treatment with these cytokines also induced morphological shrinking in

melanocytes, resulting in decreased melanin production. In terms of local cytokine network in the skin, IL-17A
dramatically induced IL-18, IL-6, and TNF-« production in skin-resident cells such as keratinocytes and fibro-
blasts. Our results provide evidence of the influence of a complex Th17 cell-related cytokine environment in

local depigmentation in addition to CD8" cell-mediated melanocyte destruction in autoimmune vitiligo.

Introduction

In the epidermis, the epidermal melanin unit is reliant
on the close interaction between a melanocyte and the
associated pool of keratinocytes, and several inflamma-
tory cytokines affect melanocyte migration, proliferation,
and differentiation. Therefore, the local skin micro-
environment generated by the skin-resident cells may
be considered a crucial milieu for the normal life and

functions of epidermal melanocytes (Chalraborty and
Pawelek, 1993).

Vitiligo, a representative depigmented skin disorder
associated with melanocyte destruction, affects an esti-
mated 1% of the world's population (Howitz et al.,
1977). Although the cellular immunoresponse, mainly of
CD8" cytotoxic T cells, to the melanocyte-specific
proteins MART-1, tyrosinase (TYR), and TRPs-1 and -2
has been shown to destroy functional melanocytes in

Significance

Here we show that not only cytotoxic T cells, which have been thought to play a major role in autoim-
mune vitiligo, but also infiltration of Th17 cells may play a role in vitiligo skin. In fact, we find that
in vitro, a network of Th17 cell-related cytokines directly affect melanocyte activity and function, including
downregulation of melanin production and shrinkage of melanocytes. These observations may shed light
on the functional significance of TH17 cells in autoimmune vitiligo.
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autoimmune vitiligo, this does not provide a full explana-
tion for the etiology of vitiligo (Norris et al.,, 1994; Ogg
et al., 1998, Okamoto etal., 1998, Ongenae et al.,
2003). In addition to the autoimmune mechanism,
recent reports have shown that there is a significant
increase in the expression of inflammatory cytokines in
affected skin compared with unaffected skin, and sev-
eral investigators have proposed that the influence of
local cytokines may be related to the induction and
maintenance of vitiligo (Basak et al.,, 2009; Moretti
et al., 2002, 2009; Ratsep et al., 2008). Although the
representative cytokines increased in vitiligo skin have
been reported to include interleukin (IL)-2, tumor necro-
sis factor (TNF)-z, and interferon (IFN)-y (Caixia et al.,
1999), there is no direct evidence of their function in
the melanocyte destruction observed in vitiligo.

Upon induction by transforming growth factor {TGF)-b
and IL-8, a subset of CD4" helper T cells develops as
Th17 cells (Diveu et al., 2008). IL-17A is a cystine-linked
homodimeric proinflammatory cytokine produced by
Th17 cells, which form a distinct subset of the CD4*
T-cell lineage. IL-17A stimulates the production of IL-14,
TNF-¢;, and IL-6 (Kolls and Linden, 2004, Liang et al.,
2006). In the past decade, Th17 cells have been identi-
fied in autoimmune skin inflammatory disorders such as
psoriasis and atopic dermatitis (Asarch et al., 2008; Fitch
et al., 2009). A recent study showed a positive correla-
tion between serum IL-17 levels and the extent of the
depigmentation patch area in vitiligo, thus suggesting
that Th17 cells, rather than regulatory T cells, are
involved in vitiligo (Basak et al., 2009). Another study
demonstrated elevated IL-17 levels in lesional skin and
serum of patients with vitiligo compared with those of
controls (Bassiouny and Shaker, 2011). These results
indicated the importance of the secreted cytokine envi-
ronment surrounding vitiliginous melanocytes in terms of
vitligo etiology. In the present study, we investigated
whether Th17 cells infiltrate vitiligo skin as in cases of
psoriasis and whether the proinflammatory cytokines
produced by Th17 cells, keratinocytes, and fibroblasts
are altered in vitiligous lesions in a series of non-segmen-
tal vitiligo patients. The Th17-related cytokines tested
included IL-17A and IL-22, in addition to IL-14 and IL-6,
which have been reported to inhibit melanocyte activity
(Kamaraju et al., 2002; Kholmanskikh et al., 2010).

MITF-M  {microphthalmia-associated  transcription
factor-M) is a master transcription factor regulating mela-
nocyte fate and melanogenic activity; it is distinctly
expressed in melanocytes and mast cells (Levy et al,,
2006). MITF expression and phosphorylation are impor-
tant for the regulation of melanogenesis and melanocyte
survival because the target genes of MITF encode the
apoptosis regulator protein, B-cell lymphoma 2 {Bcl-2), in
addition to melanogenic enzymes, tyrosinase, tyrosinase-
related protein-1 (TRP-1), and dopachrome tautomerase
(DCT), which are indispensable for maintaining melano-
cyte function (Levy et al., 2006). Because of the reduc-
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tion in active melanocytes expressing these proteins in
the vitiligo epidermis, the dysregulation of MITF expres-
sion has to be resolved to effectively treat vitiligo. In
addition, .the mRNA levels of MITF and BCL2 were
decreased in the lesional skin compared with the non-le-
sional skin of vitiligo patients (Kingo et al., 2008). The
expression levels of [L-6 and TNF-« were also signifi-
cantly higher in the lesional skin, indicating that in vitiligo
lesions, there is increased expression of cytokines that
are paracrine inhibitors of melanocytes (Moretti et al.,
2002, 2009). These cytokines are produced mainly by
keratinocytes, so it is possible that these cells may be
abnormal in vitiligo. In addition, the expression of cyto-
kines was unchanged in healthy skin compared with
non-lesional skin, suggesting that the change observed
in vitiligo lesional skin is possibly related to, or contrib-
utes to, depigmentation. Therefore, it is conceivable that
there is a previously unrecognized mechanism involved
in the regulation of the pigmentation-hypopigmentation
balance in addition to a cytotoxic effect by CD8* T cell.

In this study, we examined the direct effect of Th17-
related cytokines on MITF expression to determine the
effects on the resulting cytokine involvement on the
regulation of critical melanocyte behavior. We discuss
the significance of Th17 cell infiltration in autoimmune
vitiligo skin and propose a functional involvement of
Th17 cell-related proinflammatory cytokines in vitiligo.

Results

Vitiligo skin develops in association with Th17 cell
infiltration

Approval for this study was obtained from the Institu-
tional Review Board of the Osaka University Hospital.
To investigate whether Th17 cells infiltrate vitiligo skin,
we performed immunostaining for IL-17A and CD4
using specific antibodies. Th17 cells were defined as
the cells expressing both markers after exclusion of
gamma delta T cells. Twenty-three vitiligo patients were
enrolled in this study (see Table 1 for details) and were
divided into 17 generalized, four localized, and two seg-

Table 1. Patients' characteristics and the infiltration status of Th17
cells

Age 27-81
Gender
Female 13
Male 10
Disease duration {yr) 0.1-26
Mean 6.2
(n)  >50/field

<50/field  Not detected

Th17 cell infiltration

Generalized type 17 1 6 0
Segmental type 4 0 2
Localized type 2 2 0 0
Total 23 15 6 2

©® 2011 John Wiley & Sons A/S
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mental types. The ages of the enrolled patients ranged
from 27 to 81 yr, and the subjects included 13 women
and 10 men. As a representative case, we show a
79-yr-old man who had experienced enlarging symmetri-
cal depigmented macules on the whole body including
face starting 2 yr previously who was positive for anti-
thyroid antibody in the blood test (Figure 1).

Biopsy specimens were obtained from the leading
edge of lesional skin on the left upper arm and were
processed for the designated immunostaining. The
immunohistochemical analysis revealed significant infil-
tration of IL-17A*CD4" cells, that is, Th17 cells, mainly
on the reticular dermis and perivascular region (Fig-
ure 1A). IL-17A expression was confirmed by RT-PCR
using vitiligo tissue RNA. Psoriasis skin, a representative
skin disease with Th17 cell infiltration, was loaded as a
positive control for RT-PCR (Figure 1A). CD8* T cells
were also observed, mainly below the epidermis,

GAPDH [ BT ;
404550 40 4550 40 45 50

whereas Foxp3* cells and CD20* B cells had only faintly
infiltrated (Figure 1B). Melan-A positive melanocytes
were not observed in the vitiligo epidermis with inflam-
matory cell infiltration, whereas they were frequently
located in the non-lesional skin (Figure 1B lower right
panel and Inbox, respectively).

We observed a significant number of Th17 cells in
21 of 23 of the patient skin samples, and more than
50 double-positive cells per high power field were
observed in 15 patients, while there was sparse infil-
tration in normal skin. Th17 cells were not detected in
the two cases of localized type. Psoriatic skin was
used as a positive control for this staining and showed
the involvement as dense infiltration through the epi-
dermis and upper dermis of pathogenic inflammatory
cells whose localization was different from that in viti-
ligo (Figure 1C). Although we suspected that early
onset and generalized type vitiligo had more opportu-
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Figure 1. Photographic features of a representative generalized vitiligo patient and the immunohistochemical analysis for infiltrating cells in
vitiligo skin. Multiple- and symmetrical-depigmented macules were present on the face and upper arm. A spindle-shaped skin specimen was
obtained from the leading edge of an upper arm lesion. Immunostaining for CD4 and IL-17A in the vitiligo skin lesion indicated the significant
infiltration of Th17 cells (yellow) positive for both CD4 (green) and IL-17A (red) mainly on reticular dermis and perivascular region. RT-PCR
confirmed the same level of IL-17A expression in the vitiligo skin as in psoriasis skin (A). CD8-positive cytotoxic T lymphocytes (CTLs) (red,
upper left} infiltrated the upper dermis and epidermis, whereas Foxp3 and CD20 positive cells {upper right and lower left) were only faintly
detected. Melan-A-positive cells, highly differentiated melanocytes, were present in the normal region (lower right, small window), whereas
they were absent in the vitiligo epidermis (lower right) (B). Psoriatic skin showed Th17 cell infiltration in the papillary dermis in addition to the
epidermis (C). All images are original magnification x40 for vitiligo and x100 for psoriatic skin. The white bar indicates 100 gm. (D) The mean
Th17 cell number present in vitiligo skin was counted on three independent fields, and the correlation with disease parameters such as

disease duration, age, and gender was evaluated (n = 16).

© 2011 John Wiley & Sons A/S

221

_63‘



Kotobuki et al.

nity to be infiltrated by Th17 cells, there was no signifi-
cant correlation between the number of infiltrating
Th17 cells and the clinical type, or with disease param-
eters such as disease duration, age, or gender in 21
patients with Th17 cell infiltration (Figure 1E).

Proinflammatory cytokines associated with Th17
cells influence in melanin activity

Because a significant number of Th17 cells were found
in most of the vitiligo skin samples examined in this
study, we hypothesized that there was a possible role
for Th17 cell-related cytokines in melanocyte activity.
Previous reports have shown that several cytokines
downregulated tyrosinase activity through the activation
of designated intracellular signaling pathways (Englaro
et al., 1999; Kamaraju et al., 2002; Kholmanskikh et al.,
2010). We therefore decided to examine the effects of
IL-18, IL-6, IL-17A, and IL-22, which are important cyto-
kines induced by Th17 cell differentiation and mainte-
nance, on melanocyte development and activity. MITF,
a pivotal transcription factor related to melanocyte func-
tion and survival, expression and translocation was at
first examined by immunocytochemistry (Figure 2A, C).
Whereas there was apparent translocation of the MITF
protein to the nucleus in untreated cultured melano-
cytes (Figure 2A), the MITF expression was decreased
in the nucleus of the melanocytes treated with
10 ng/ml of IL-14 or IL-17A (Figure 2B, C), suggesting
that there was a reduction in MITF-related signaling in
melanocytes following cytokine treatment. In contrast,

MITF Alexa-555 DAPI

MITF Alexa-555 DAPI

MITF Alexa-555 ' DAPI
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IL-22 treatment had no effect on melanocytes (data not
shown), so we decided not to include IL-22 in the fur-
ther experiments.

Next, we examined the expression of cytokine recep-
tors by RT-PCR to confirm the ligand-to-receptor cor-
respondence in  melanocytes.  Cultured  human
melanocytes were found to express IL-1R1, IL-6R, and
IL-17RA without the addition of cytokines, whereas
treatment with 10 ng/ml of their corresponding

Intensity 1 1.41 1 14 1 1.93

IL-1R1 IL-6R IL-17RA
Receptor :
B-Actin

1MC )
2 MC+Cytokine10 ng/ml
3 Positive control (COLO205)

Figure 3. The expression of cytokine receptors in human
melanocytes. IL-1R1, IL-6R, and IL-17RA mRNA were expressed in
human melanocytes and were upregulated following treatment
with their corresponding cytokines. COL0O205 cells {colon cancer
cell line) were used as a positive control. f-actin was used as a
housekeeping gene.

Merged

Figure 2. Immunocytochemical staining
for MITF in human melanocytes. MITF

was expressed mainly in the nuclei of
untreated cells (A). In contrast, MITF
expression was decreased after treatment
with recombinant IL-14 (B) and IL-17A (C).
The white bar indicates 50 um.

Merged -
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cytokines increased receptor expression (Figure 3).
COLO205 cells, the human colon cancer cell line
expressing these.receptors endogenously, were loaded
in parallel with cultured melanocytes as a positive
control.

To investigate the direct effects of Th17 cell-related
cytokines on melanocytes in vitro, we examined the
mRNA expression of melanogenic and melanocyte sur-
vival molecules after treatment of human melanocytes
with recombinant human cytokines (Figure 4). The
expression of MITF, which encodes a master transcrip-
tion factor that regulates melanocyte function; of TYR,
TRP-1, and DCT, which encode enzymes involved in
melanin synthesis; and of BCLZ2, which encodes an anti-
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apoptotic protein, was measured by quantitative PCR.
MITF expression was found to be significantly
decreased in a dose-dependent manner after treatment
with 1L-18, IL-6, and TNF- {Figure 4A). The MITF tran-
scription level decreased to <b0% after treatment with
1 ng/ml of TNF-o. MITF was downregulated by 10 ng/
ml IL-17A. In terms of the expression of its downstream
enzymes, IL-18 significantly downregulated the genes,
but only at a concentration of 10 ng/ml, whereas basic
FGF upregulated their expression. IL-6 downregulated
TYRP1 and DCT, but there was no significant decrease
in TYR. A 10 ng/ml concentration of 1L.-17A was needed
to induce their significant downregulation. On the other
hand, TNF-o significantly suppressed the expression of
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Figure 4. The quantitative analysis of the mRNA expression of MITF and genes encoding melanogenic enzymes. Human melanocytes were
incubated with recombinant cytokines for 4 h at concentrations of 0.1, 1, or 10 ng/ml in the culture medium. The mRNA expression levels of
MITF (A), genes encoding melanogenic enzymes (B), and B-cell lymphoma 2 (Bcl-2) (C) were measured by gRT-PCR. *P < 0.05; **P < 0.01;

¥*¥¥P < 0.001 compared with the expression level in untreated control cells.
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these genes and BCL2, even at the concentration of
1 ng/ml, suggesting that TNF-o likely had the strongest
suppressive effect on gene expression. BCL2 expres-
sion was decreased following treatment with IL-18, IL-
6, and lL-17A in a dose-dependent manner. Overall,
there was a tendency for molecules related to melano-
cyte function to be downregulated following treatment
with exogeneous cytokines (Figure 4B, C).

To determine the direct effects of Th17 cells on mela-
nocytes, we performed coculture of the Th17 cells
induced from peripheral blood mononuclear cells by an
in vitro protocol with and without TGF-§ treatment
(Wilson et al.,, 2007) with melanocytes and real-time
PCR. Th17-polarized cells without TGF- decreased the
expression of MITF and its downstream melanogenic
molecules more than Th2-polarized cells did (Figure S1).

Furthermore, melanin production was measured after
continuous treatment with exogenous cytokines includ-
ing IL-1B, IL-6, IL-17A, and TNF-a. The percentage of
melanin production was significantly lower in melano-
cytes treated with 1 and/or 10 ng/ml of exogenous
cytokines than in untreated cells. In contrast, no reduc-
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tion in total protein was observed after the addition of
any of the cytokines (Figure 5). Because these cyto-
kines are critical for the maintenance and development
of Th17 cells from naive CD4* T cells, we suggest that
the presence of a specific local cytokine environment
might be indispensable for Th17 cell recruitment and
activation in vitiligo lesions, thereby indicating that they
contribute significantly to depigmentation in addition to
CTL (cytotoxic T cell) activation.

Production of cytokines by skin-resident cells

We have shown infiltration of Th17 cells in vitiligo skin
and have demonstrated the inhibitory effects of Th17
cell-related cytokines on melanocyte function. As the
cytokines examined in this study are produced not only
by inflammatory cells but also by the surrounding cells,
such as keratinocytes and fibroblasts, the source of the
cytokine production was examined. We treated normal
human epidermal keratinocyte (NHEK) and normal
human dermal fibroblast (NHDF} cells with recombinant
IL-17A and measured IL-18, IL-6, and TNF-x production
(Figure 6A, B). IL-17A exponentially increased the pro-

Figure 5. There is a decrease in melanin
production after treatment with cytokines.
Human melanocytes were incubated with
1 ng and/or 10 ng/mi of recombinant
cytokines for 5 days in the culture
medium (n = 5). Recombinant cytokines
were added everyday. Cultured
melanocytes were treated with 1 N NaOH
and processed for absorbance at 450 nm
to quantify the melanin volume. The
protein volume of the cell extracts was
measured to demonstrate whether the
cytokines exerted the reduction of whole
cell protein. *P < 0.05; **P < 0.01;

**¥P < 0.001 compared with the
expression level of the untreated controls.
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duction of these cytokines in a dose-dependent manner
using both of these cell lines.

Cytokine-induced melanocyte dysfunction

Finally, we examined whether proinflammatory cytokines
could directly induce melanocyte apoptosis and/or
destruction in vitro. The cultured melanocytes were incu-
bated with 1 and 10 ng/m! of recombinant IL-1p, IL-6, IL-
17A, TNF-, or all of the factors for 5 days, and then the
melanocytes were observed microscopically under polar-
ized light (Figure 7A). The cells were obviously aggre-
gated and varied in shape after treatment with both the
single cytokines and the cytokine cocktail, whereas the
untreated cells and those treated with bFGF (basic fibro-
blast growth factor) grew with a spindle-shaped morphol-
ogy. Staurosporine, a chemical that induces apoptosis by
activating caspase-3, increased the number of round-
shaped apoptotic melanocytes. TNF-z induced the great-
est extent of melanocyte destruction compared with the
other cytokines.

Next, melanocyte apoptosis was assessed by mea-
suring caspase-3 activity after continuous treatment
with 10 ng/ml of each of the individual cytokines and
the cytokine cocktail. Staurosporine led to an increase in
caspase-3 activity (Figure 7B), whereas there was no
induction of caspase-3 activity following treatment with
any of the cytokines. These results indicate that there
appears to be direct inhibition of melanocyte activity by
cytokines, rather than induction of cell apoptosis.

® 2011 John Wiley & Sons A/S

Discussion

In the present study, we identified a significant number
of Th17 cells that had infiltrated vitiligo skin, and demon-
strated the inhibitory effect of Th17 cell-related proin-
flammatory cytokines on melanocyte activity. We
therefore hypothesize that the functional Th17 cell
involvement in the initiation of psoriasis and atopic der-
matitis may also play an important role in the pathogen-
esis of \vitiligo. Although the precise pathogenic
mechanisms underlying the induction of depigmentation
in an immunological manner (Ongenae et al., 2003) still
remain unknown, non-segmental vitiigo has been
thought to be an autoimmune disease because of the
high frequency of associated Hashimoto's thyroid dis-
ease (Daneshpazhooh etal, 2006, Hegedus et al,
1994; Schallreuter et al., 1994a), type | diabetes (Gould
et al., 1985), collagen diseases with antinuclear antibod-
jes (Mihailova et al.,, 1899), etc. Pathogenic antibodies
were also detected in approximately 50% of vitiligo
patients (Cui et al., 1992; Ruiz-Arguelles et al., 2007).
With respect to the cellular immune condition, the
infiltration of cytotoxic T cells targeting melanocyte-spe-
cific antigens in vitiligo lesions has been thought to play
a critical role in hypopigmentation (Lang et al., 2007,
Norris et al.,, 1994: Ogg et al., 1998). Recent reports
have also suggested that there is the local environment
of proinflammatory cytokines such as IL-1, [L-6, and
TNF-o. also contributes to the inhibition of melano-
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genesis and melanocyte survival (Moretti et al., 2002,
2009).

Direct regulation of melangenic factors by cytokines
The tyrosinase mRNA levels are generally correlated
with tyrosinase activity (Ando et al., 1995). In our study,
cytokine treatment decreased the mMRNA levels of
MITF, a transcription factor implicated in regulating
melanogenic and antiapoptotic genes, and decreased
the expression of genes encoding melanogenic
enzymes such as tyrosinase, TYRP-1, and DCT (TYRP-2)
in a dose-dependent manner. These results indicate that
. proinflammatory cytokines can play a pivotal role in
the regulation of melanocyte fate through the downre-
gulation of gene expression.

There have been several reports providing evidence
that melanocyte functions are regulated by cytokines
through several cellular signaling pathways (Kamaraju
et al., 2002; Kholmanskikh et al., 2010). For example, IL-
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IL-17A

basic FGF

Figure 7. Proinflammatory cyotokines
induce melanocyte cell destruction, but
not apoptosis. (A) Human melanocytes
were incubated with recombinant
proinflammatory cytokines, including I1L-18,
IL-6, IL-17A, and TNF-a continuously for

5 days at concentrations of 1 or 10 ng/ml
in the culture medium. These cytokines
were used either alone or in combination.
Staurosporine was used as a positive
control for cell apoptosis. The photographs
were taken by a polarized microscope.
The bar indicates 50 gm. (B) The
absorbance at 450 nm was measured to
determine the caspase-3 activity of the
cells treated with cytokines. ILs indicates
treatment together with IL-18, I1L-6 and
IL-17A.

18 and Ta were found to direct the downregulation of
MITF-M expression through the NF-xB and JNK path-
ways in two different melanoma cell lines (Kholmanskikh
et al.,, 2010). IL-6/1L-6R signaling silenced the MITF pro-
moter activity and this was mediated by Pax3 downregu-
lation (Kamaraju et al., 2002). IL-6 is a pleiotropic cytokine
involved in a variety of inflammatory responses. With
regard to the relationship to Th17 cells, IL-6 is essential
for induction of Th17 cell development and maintenance
(Diveu et al.,, 2008). As the proinflammatory cytokines
involved in Th17 cell fate include IL-1 and TGF-$ in addi-
tion to IL-6, we examined the expression and activity of
some of these cytokines in melanocytes.

Although there is no doubt that cellular and antibody-
mediated immune reactions are related to melanocyte
destruction, our data suggest that Th17 cells and skin-
resident cells, particularly epidermal keratinocytes and
dermal fibroblasts, might orchestrate a response that
inhibits the stability of melanocytes in some vitiligo skin

© 2011 John Wiley & Sons A/S
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through the production of proinflammatory cytokines. In
addition, there might be an initial trigger attracting Th17
cells to vitiligo {or pre-vitiligo) skin.

A recent study using several skin samples showed
greater numbers of Th17 cells, especially on the leading
edge of vitiligo skin (Wang et al., 2011). In the present
study, we confirm the presence of Th17 cell infiltration in
vitiligo skin and suggest that there was a pathogenic
function not only because of cytotoxic T cells but also
because of Th17 cells and Th17 cell-related cytokines.
Although we expected that there would be more infiltra-
tion of Th17 cells in the generalized type and progressive
vitiligo compared with other clinical types, there was no
significant correlation between the Th17 cell number and
the clinical type and disease duration. It is possible that
the small sample number, biopsy site, and preceding
treatments, including the use of topical steroids, may
have affected the status of inflammatory cell infiltration.

We observed that Th17 cells diffusely infiltrated the
upper dermis, whereas CD8" cells were present
beneath the basal membrane of the epidermis. In psori-
atic skin, Th17 cells mainly infiltrate into the papillary
dermis and epidermis. We therefore speculated that
Th17 cells might be able to act on melanocytes by
producing cytokines, rather than exerting a direct effect
on the cells. To address this point, we stimulated der-
mal fibroblasts and keratinocytes using a characteristic
pro-Th17 cytokine, IL-17A. IL-17A robustly upregulated
the production of IL-18 and TNF-a by these skin-resident
cells, suggesting the presence of mutual cytokine sig-
naling between skin-resident cells and accumulating
inflammatory cells. The melanocytes themselves can
also synthesize IL-1« and § (Swope et al., 1994).

Previous studies have shown that cytokines associ-
ated with skin inflammation, such as IL-14, IL-6, and
TNF-¢, inhibited melanin production in vitro (Englaro
et al.,, 1999; Kamaraju et al., 2002; Kholmanskikh et al.,
2010). We found that there were significant changes in
the expression of epidermal cytokines in vitiligo
lesions, where no melanocytes are present, compared
with perilesional, non-lesional and healthy skin, where
melanocytes are normally present. Therefore, it is con-
ceivable that the cytokines derived from infiltrating
cells, as well as the lesional epidermis, would be impli-
cated in depigmented skin disorders. In the present
study, treatment with a physiologically relevant concen-
tration of IL-17A, in addition to IL-15 and IL-8, could
directly regulate the expression of MITF and down-
stream  molecules, and  subsequently  melanin
synthesis, in human melanocytes.

Putative involvement of proinflammatory cytokines
in vitiligo

Based on these experimental results, we propose the
putative involvement of proinflammatory cytokines in
the pathogenesis of vitiligo (Figure 8). Previous studies
have shown that the perforin produced from CD8-posi-
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tive cytotoxic T cells (Lang et al., 2001; Norris et al., -
1994; Ogg et al., 1998), antimelanocyte antibodies (Ba-
harav et al., 1996; Cui et al., 1992; Ruiz-Arguelles et al.,
2007), and reactive oxygen species were related to the
injury of melanocytes and were triggers for vitiligo
{Schallreuter et al., 1994b). In the present study, we
found a significant infiltration of Th17 cells in vitiligo
skin, and demonstrated that Th17-related cytokines
such as IL-1p4, IL-6, and IL-17A directly or indirectly regu-
lated melanin production and the expression of melano-
genic-and antiapoptotic molecules. The presence of a
cytokine network and the secretion of IL-17A from Th17
cells may therefore represent a new mechanism under-
lying the pathogenesis of vitiligo concerning the downre-
gulation of melanocyte activity. Indeed, the activation of
the innate immune system may lead to the accumula-
tion of Th17 cells in the vitiligo lesion as they do in
psoriasis. In fact, the IL-18 released from lesional kerati-
nocytes and melanocytes (Moretti et al.,, 2002, 2009;
Swope et al., 1994) may act as the first inducer of the
differentiation of naive helper T cells irito Th17 cells in
vitiligo lesions. Thereafter, antimicrobial peptides derived
from the lesional epidermis might induce the production
of IL-17A by Th17 cells (Infante-Duarte et al., 2000).
Although psoriasis is one of representative skin dis-
orders characterized by pathogenic Th17 cell infiltration,
the phenotypic change in this disorder is not akin to that
in vitiligo vulgaris. Because the final targets of IL-17A in

Cooperation? @

lFN—yCeII destruction

Keratinocyte

Development in vitifigo

Dysregulation of melanocyte

\\ 18 function
IL-6
IL-17AN TNF-a
Fibroblast

Figure 8. The proposed cues provided by Th17 cells and Th17
cell-related cytokines during the pathogenesis of autoimmune
vitiligo. Previous known pathogenic mechanisms of melanocyte
destruction in vitiligo include the presence of cytotoxic T cells
attacking the melanocytes, local oxidative stress, and
downregulation of melanogenesis-inducing factors in the vitiligo
epidermis. The newly proposed phenomenon is that an imbalance
in the local cytokine network is involved in the downregulation of
melanocyte activity found in the present study. The IL-17A
secreted from the Th17 cells in vitiligo skin can trigger the
production of inhibitory cytokines from dermal fibroblasts and
keratinocytes. IL-1B, [L-6, and TNF-« as well as IL17-A also repress
melanocyte activity and induce melanocyte destruction.
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vitiligo vulgaris and psoriasis are different, that is, mela-
nocyte dysfunction in vitiligo vulgaris and abnormal
keratinocyte turnover in psoriasis, Th17 cells may aug-
ment vitiliginous skin lesion formation in cooperation
with skin-resident cells such as dermal fibroblasts
and keratinocytes, as described previously. Microbial
lipopeptides may then induce the cell polarization to
Th17 cells, producing IL-17 and TNF-« as a result of the
stimulation of the innate immune system in vitiligo
{(Infante-Duarte et al., 2000). Tip dendritic cell (tipCD)-like
cells might also be involved in vitiligo formation, as pre-
vious reports demonstrated that the number of aDCs
was increased in vitiligo vulgaris lesions or there was a
unique distribution pattern of Langerhans cells present
in such lesions {Mishima et al., 1972). Moreover, recent
reports suggest that an altered innate immune response
is observed in autoimmune vitiligo in concert with fre-
quent NALPT gene mutations (Jin et al.,, 2007, 2010).
An unrecognized micro-organism might stimulate the
attending inflammatory cells through antimicrobial pep-
tides and sequentially trigger vitiligo vulgaris. These
issues should be clarified in further experiments.

Methods

Cell lines

HeMnMP, a moderately pigmented human melanocyte cell line,
was obtained from Cascade Biologics and cultured in Medium 254
with human melanocyte growth supplement (Gibco Inc., Tokyo,
Japan), and maintained at 37°C with 5% CO, in a humidified incu-
bator. The cells were used for this study by the 5th passage to
ensure melanin production. Dermal fibroblasts and epidermal kerati-
nocytes were purchased from TAKARA BIO Inc., (Shiga, Japan)
and maintained in DMEM containing 10% FCS and Medium 154
(Gibco Inc.), respectively.

Reagents

Human recombinant cytokines were purchased from Cell Signal-
ing Technology (Tokyo, Japan) and synthetic melanin was from
Sigma-Aldrich, Japan. The antibodies used for this study were as
follows: anti-MITF mouse monoclonal Ab (D5) from Abcam (San
Francisco, CA, USA), horseradish peroxidase (HRP)-conjugated
anti-rabbit or mouse |gG from Cell Signaling Technology, anti-
CD4 mouse monoclonal antibody from Novocastra Reagents
(Tokyo, Japan), anti-CD8, -Foxp3, -CD20 and -Melan A mouse
monoclonal antibodies from Dako (Tokyo, Japan), anti-IL17A goat
monoclonal antibody from R&D (Minneapolis, MN, USA), Alexa
Fluor 488-conjugated anti-mouse IgG and Alexa Fluor 555-conju-
gated anti-goat IgG from Invitrogen (Tokyo, Japan).

Tissue specimens

Approval for the use of human skin tissue samples was obtained
from the local Ethical Committee of Osaka University Hospital and
written informed consent was received from each patient after
appropriate explanation ¢f this study. Spindle-shaped skin biopsy
specimens on the leading edge of vitiligo lesions were taken from
23 vitiligo patients. Twenty-three skin specimens were fixed in buf-
fered 10% formalin and embedded in paraffin and processed for an
immunohistochemical analysis as described below. Non-lesional
skin from the matched vitiligo patients and normal skin from normal
donors were processed as well.
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RNA isolation and PCR assay for cytokine and

melanocyte markers expression
Total RNA was extracted from HeMnMP cells using the TRIZOL
reagent according to the manufacturer’'s instructions. Reverse tran-
scription (RT) reactions were performed with Moloney murine leu-
kemia virus reverse transcriptase (Promega, Tokyo, Japan) with
oligo (dT) primers. For RT reaction of tissue RNA, total RNA was
extracted from frozen vilitigo skin tissue using the Sepasol-RNA |
reagent (NACALAI TESQUE, INC., Kyoto, Japan) according to the
manufacturer’s instructions. Genomic DNA contamination was
removed by DNase | (TAKARA BIO INC.). The gRT assay was per-
formed using an ABI prism 7900HT Sequence Detection System
(Applied Biosystems, Carlsbad, CA, USA) according to the manufac-
turer's specifications. Briefly, the reaction mixture totaling 10 ul for
each gRT consisted of 1 ul of cDNA generated from 250 ng of total
RNA, 0.5 uM of Tagman probe labeled with FAM, the master mix
for melanogenic markers and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH), or the Power SYBR green PCR master mix for
cytokines. The mixture was processed by a two-step PCR method
with an initial heating at 95°C for 10 min, followed by 40 cycles of
denaturation at 95°C for 15 s, and annealing and extension at 60°C
for 60 s for all genes. The obtained PCR amplification curves were
analyzed using sbs software program, version 2.1 (Applied Biosys-
tems). GAPDH was used as a control housekeeping gene, and the
relative mRNA copy numbers were obtained as the ratio of the
mMRNA copies of each gene/copies of GAPDH. Each assay was per-
formed at least three times. The specific probe and primers
sequences used for this study were as follows:

MITF-M: 5-AGCTCACAGCGTGTATTTTTCCCAC-3

TYR: 5-TCTCCTCTTGGCAGATTGTCTGTAG-3’

TRP-1: 5’-CTTTGTAACAGCACCGAGGATGGGC-3’

DCT: 5"-TGCAAGTGCACAGGAAACTTTGCCG-3’

BCL2: 5-AACGGAGGCTGGGATGCCTTTGTGG-3"

GAPDH: 5-GGGCGCCTGGTCACCAGGGCTGCTT-3’

IL-18: Forward 5- TGCACGCTCCGGGACTCACA-3’

IL-1 B: Reverse 5- CGCCTTTGGTCCCTCCCAGG-3’

TNF-w: Forward &5- CCCCTGACAAGCTGCCAGGC-3’

TNF-o: Reverse 5- CAGCTCCACGCCATTGGCCA-3’

Reverse transcriptase PCR (RT-PCR) for IL-17A and

cytokine receptor expression
To confirm IL-17A expression in vitiligo tissue and determine the
expression levels of the cytokines and their receptors, we per-
formed RT reactions with the above-mentioned procedure and PCR
with an initial heating at 95°C for 10 min, followed by 40 cycles of
denaturation at 95°C for 15s, and annealing and extension at
appropriate temperatures for 60 s for all genes. Samples were then
processed for electrophoresis. The following primer sets were
used:

IL-17A: Forward 5’- ACAAACTCATCCATCCCCAG-3’

IL-17A: Reverse 5- GTGAGGTGGATCGGTTGTAG-3

IL-1R1: Forward 5-CCCGTTGCAGGAGACGGAGG-3’

IL-1R1: Reverse 5-CCACCCAGCCAGCTGAAGCC-3

IL-1R2: Forward 5’-CTTTAAAGCTGCTTCTGCCACGTG-3'

IL-1R2: Reverse 5-CATTGCCCGTCCACCACAGCA-3’

IL-6R: Forward 5-GAGTTCGGGCAAGGCGAGTGG-3'

IL-B6R: Reverse 5-AGGCTCCCTCCAGCAACCAGGAA-3

IL-17RA: Forward 5-AAGCCTCAGAACGTTCGTTCGCT-3

IL-17RA: Reverse 5"-TTGGGCAGGTGGTGAACGGT-3

Melanin content assay

Melanin production was determined as described previously
(Virador et al., 1999). Briefly, 2 days after the plating of 1 x 10°
melanocytes into a 6-well culture dish, we performed 5 days of
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sequential treatment with 1-10 ng/ml of recombinant cytokines.
To determine the melanin content, the pellets of treated cells were
dissolved in 200 p of 1 N NaOH for 30 min, and the concentrations
of melanin were calculated by measuring the absorbance at
450 nm. Synthetic melanin was used to generate a standard curve.
The melanin content was expressed as nanograms of melanin per
microgram of total protein, and the ratio was compared among the
samples.

Immunostaining

Vitiliginous skin specimens were processed after receiving written
informed consent from vitiligo patients (n = 23). Paraffin-embedded
archival tissues were deparaffinized with absolute xylene and dehy-
drated in a sequential ethanol dilution series. The deparaffinized
sections were boiled in an oil bath for 15 min in 10 mM Tris-1 mM
EDTA buffer (pH 9.0) for antigen retrieval. The slides were blocked
by the Protein Block Serum-Free solution (Dako) for 15 min and
incubated with an anti-IL-17A goat monoclonal Ab (x200) at 4°C
overnight. After being washed with TBS (pH 7.8), the slides were
incubated with Alexa Fluor 556-conjugated anti-goat 1gG Ab (x200)
and then incubated with anti-CD4 mouse monoclonal Ab (x25) at
RT for 1 h, followed by incubation with Alexa Fluor 488-conjugated
anti-mouse IgG Ab (x200). The following primary antibodies were
used to assess the expression of melanocyte markers and the
melanosomal protein MART1: anti-CD8 mouse monoclonal Ab
(x25), anti-CD20 mouse monoclonal Ab (x25), anti-Foxp3 mouse
monoclonal Ab (x50), and anti-Melan A (recognizing the MART-1
antigen) mouse monoclonal Ab (x50). These antibodies were pro-
vided by DAKO Inc.

For the immunocytochemistry analyses, the HeMnMP cells
cultured in two-well Lab-Tek chamber slides (Nunc, Tokyo, Japan)
were incubated with an anti-MITF mouse monoclonal antibody
(x25) at 4°C overnight, followed by incubation with Alexa
Fluor 555-conjugated anti-mouse IgG (x500) as the secondary
antibody. The mouse isotype |gG was used as a negative control
for staining. Nuclei were counterstained after DAPI staining
(x1000).

Quantitative analysis of proinflammatory cytokines
after the treatment with Th17-related cytokines

To assess the cell—cell interactions between the cells in the skin
occurring as a result of paracrine cytokine production, the concen-
trations of proinflammatory cytokines such as IL-6 and IL-15 in the
culture supernatant from dermal fibroblasts was measured 24 h
after treatment with recombinant IL-17A using an ELISA kit from
R&D.

Apoptosis assay

We determined the cleaved caspase-3 activity following treatment
with recombinant cytokines using an apoptosis detection kit (R&D
Systems). Briefly, cultured melanocytes were treated with cyto-
kines (1 or 10 ng/ml) for 5 days. The culture medium was not
changed until cell extraction, and cytokines were added in the cul-
ture medium every day. Thereafter, in addition to observation of
melanocyte morphology under a polarized microscope, the melano-
cytes were processed for measurement of cleaved caspase-3
activity according to manufacturer’s instructions.

Statistical analysis

The unpaired ttest was used for the analysis of differences in gene
and protein expression. The results are shown as the means + SD.
A value of P <0.05 (two-tailed) was considered significant. All
statistical analyses were performed using the prism software
program, version 5 (GraphPad Software Inc., La Jolla, CA, USA).

©® 2011 John Wiley & Sons A/S
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Blockade of Interleukin-6 Receptor Alleviates
Disease in Mouse Model of Scleroderma
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Activation of fibroblasts by interleukin-6 (IL-6) is im-
plicated in the pathogenesis of scleroderma, suggest-
ing that the inhibition of fibroblast activation may be
a promising scleroderma treatment. In this study, we
used an IL-6 blocking antibody (Ab) and 71-6 knockout
(11-6KO) mice to examine the role of IL-6 in the bleo-
mycin (BLM)-induced mouse model of scleroderma.
BLM was administered to C57BL/6 and II-6KO mice to
induce dermal sclerosis. BLM-treated and control
phosphate-buffered saline-treated mice were treated
with anti-mouse IL-6 receptor monoclonal Ab (MR16-
1). Disease severity was evaluated by measuring der-
mal thickness and skin hardness, by counting the
numbers of a-smooth muscle actin-positive cells and
mast cells, and by examining the cutaneous draining
lymph nodes. C57BL/6 mice with BLM induced sclero-
derma had elevated serum IL-6 levels and more severe
dermal sclerosis than II-6KO mice. Weekly adminis-
tration of MR16-1, but not control Ab, prevented and
improved dermal sclerosis, and also attenuated swell-
ing of the draining lymph nodes. MR16-1 suppressed
a-smooth muscle actin induction in IL-6-stimulated
II-6KO fibroblasts. Our results indicate that IL-6
contributes to BLM induced dermal sclerosis and
that IL-6 receptor-specific monoclonal Ab may im-
prove the symptoms of scleroderma by suppressing
fibroblast activation. (AmJ Patbol 2012, 180:165-176; DOI:
10.1016/j.ajpath.2011.09.013)

Patients with scleroderma frequently experience broad
area skin sclerosis and internal organ involvement includ-
ing pulmonary fibrosis, esophageal dysfunction, pulmo-
nary arterial hypertension, renal crisis, and heart failure.”
These symptoms dramatically affect the prognosis for
scleroderma patients. Autoaggressive immunological ac-
tivation and continuous activation of fibroblasts are the
key components of scleroderma, yet the mechanisms
underlying these are incompletely understood.

Several lines of evidence indicate that interleukin (IL)-6
contributes to the disease process in scleroderma. Se-
rum IL-2, IL-4, IL-6, and tumor necrosis factor a levels are
elevated in scleroderma.®=® Increased serum IL-6 levels
are also observed in both scleroderma mouse models:
the bleomycin (BLM)-induced scleroderma mouse and
the type 1 tight-skin mouse (Tsk1/%).7® At the cellular
level, IL-6-producing T helper type 2 clones contribute to
anti-DNA topoisomerase | autoantibody, a key autoanti-
body in scleroderma.® The point of action of IL-6 in
scleroderma remains controversial, with some evidence
suggesting the final maturation step of B cells™® andjor
activation of fibroblasts.”'® Thus, although the specific
function of IL-6 in the pathogenesis of scleroderma re-
mains unclear, there is ample evidence that inhibition of
IL-6-mediated signaling might be a route to better treat-
ment for scleroderma.

In this study, we used the BLM-induced scleroderma
mouse mode! to demonstrate the importance of IL-6 in
pathogenesis of scleroderma and to evaluate the effect of
anti-mouse IL-6 receptor monoclonal antibody. We have
examined whether MR16-1 acts directly on dermal fibro-
blasts by investigating the induction of myofibroblasts in
vitro. We also examined the tissue of scleroderma pa-
tients treated with tocilizumab, a humanized monoclonal
antibody (Ab) against the IL-6 receptor used to treat
rheumatoid arthritis or Castleman’s disease.’* Patients
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with intractable scleroderma treated with tocilizumab
were previously reported to show marked amelioration of
dermal sclerosis.’ Our results indicate that IL-6 induces
dermal sclerosis via direct activation of dermal fibroblasts
and that biomolecular targeting to suppress IL-8 might be
a promising therapeutic approach for scleroderma.

Materials and Methods

Dermal Fibroblast Isolation and Culture

The dermis was collected and separated from the epi-
dermis as described previously.*'® Briefly,” newborn
wild-type and /-6 knockout (KO) mouse pups (age 2 to 4
days) were sacrificed and rinsed in 70% ethanol. The skin
was excised and treated with 4 mg/mL of dispase (Gibco,
Invitrogen, Paisley, UK) for 1 hour at 37°C. The dermis
was then separated from the epidermis, placed in phos-
phate-buffered saline (PBS) + 0.05% type-1 collagenase
(Sigma-Aldrich, St. Louis, MO), and incubated at 37°C for
30 minutes with vigorous agitation to prepare single cells.
After filtration, cells were resuspended in Dulbecco's
modified Eagle’s medium + 10% fetal bovine serum and
incubated at 37°C and 5% CO..

The primary /I-6KO fibroblasts were passaged once or
twice and used for subsequent experiments. Cells were
confirmed to have the classical morphology (long spindle
shape) of fibroblasts.

Patients and Skin Samples

This study included two scleroderma patients treated
with tocilizumab and three scleroderma patients not
treated with tocilizumab. Two scleroderma patients were
treated with 8 mg/kg of tocilizumab monthly for 6 months
with the permission of the Ethics Committee of Osaka
University Hospital and after receipt of informed consent.
Detailed patient information was described previously.'®

Skin samples were obtained from patients before and
after treatment. Written informed consent was obtained
from all patients before skin biopsy.

Immunofiuorescent Staining

Wild-type (C57BL/6) and I-6KO fibroblasts were cultured
to semiconfiuence in 350-mm culture plates. The cultures
were fixed in 4% paraformaldehyde at room temperature
for 10 minutes and permeabilized with 0.5% Triton in PBS
for 5 minutes. The primary Abs used were mouse mono-
clonal anti-a-smooth muscle actin Ab (1:100, a-SMA;
Dako-Cytomation, Carpinteria, CA) , After 1 hour incuba-
tion, cells were stained for 30 minutes with Alexa Fluor
488 anti-mouse 1gG secondary Ab to a-SMA (Invitrogen,
" Carlsbad, CA) and Hoechst 33342 (Molecular Probes,
Eugene, OR). Mouse 1gG,, (Dako-Cytomation, Carpinte-
ria, CA) was used as a control for nonspecific staining.
Paraffin-embedded sections derived from sclero-
derma patients treated with 6 months of tocilizumab or 6
months of prednisolone, and redundant tissue from sur-
gical specimens were deparaffinized and hydrated. Skin
sections derived from patients were brought to a bail in
10 mmol/L sodium citrate buffer (pH 6.0) and then main-
tained at a subboiling temperature for 10 minutes. After
blocking with 5% normal goat serum (Vector Laborato-
ries, Burlingame, CA) in PBST, they were double-stained
with mouse monoclonal anti-a-SMA Ab (Dako-Cytoma-
tion) and rabbit monoclonal phospho-p44/42 MAPK Ab
(Cell Signaling, Beverly, MA). Secondary antibodies were
as follows: anti-mouse Alexa Fluor 488 for «-SMA Ab and
biotinylated anti-rabbit IgG (Vector Laboratories) plus Dy-
Light594-conjugated Streptavidin (Jackson ImmunoRe-
search Laboratories, West Grove, PA) for phospho-
p44/42 MAPK Ab. Images of immunolabeled sections
were captured with a BZ-8000 microscope (Keyence,
Osaka, Japan).

Table 1. Effect of MR16-1 on BLM-Induced Dermal Sclerosis in a Prevention Model

Thickness (mm)

Hardness (Arbitrary)

1st (n = 4) 2nd (n = 4) 3rd (n = 4) 1st (n = 4) 2nd (n = 4) 3rd (n = 4)
PBS
Control Ab 0.137 = 0.016 0.10 = 0.01 0.123 = 0.010 7.09 =217 6.14 = 0.72 4.86 = 1.05
MR16-1 0.11 = 0.01 0.111 = 0.011 0.122 = 0.013 8.91 = 2.59 6.45 = 1.49 4.92 =077
% Change
Each experiment 81.82 106.33 98.65 125.64 104.91 101.15
Mean = SE 95.60 = 7.238 110.6 = 7.614
BLM
Control Ab 0.33 = 0.04” 0.36 = 0.05* 0.30 = 0.07* 2414 =558 16.61 = 1.90% 9.93 = 1.51*
MR16-1 0.22 = 0.03™* 0.29 + 0.02%8 0.16 = 0.03" 15647 + 4.52 8.53 = 0.80" 5.92 = 0.49"
% Change
Each experiment 67.09 81.29 52.22 64.08 51.33 59.59
Mean =+ SE 66.89 = 8.39 58.34 = 3.74

(table continues)

Values are mean * SD. To quantify the impact of BLM treatment, % changes were calculated as follows: (evaluative consequences of BLM

treatment/that of PBS treatment) X 100 (%).
*P < 0.01 PBS+Control Ab versus BLM+Control Ab.
TP < 0.01 BLM-Control Ab versus BLM+MR16-1.
#P < 0.01 PBS+MR16-1 versus BLM+MR16-1.
SP < 0.05 BLM+Control Ab versus BLM+MR16-1.
HPS, high-power field.
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Western Blot Analysis

Wild-type and -6KO fibroblasts were prepared as de-
scribed above and cultured to semiconfluence in 100-
cm? culture plates. Before treatment, fibroblast cultures
were washed twice with PBS, and culture media were
replaced with low-serum (0.1%fetal bovine serum) Dul-
becco's modified Eagle's medium containing 60 1U/mL
penicillin, 100 1U/mL streptomycin, and 4 mmol/L. glu-
tamine. Low-serum medium was necessary to maintain
viability of primary fibroblasts overnight.

Following 12 hours incubation in low-serum medium,
treatments were applied to the cultures in fresh low-se-
rum Dulbecco’s modified Eagle’s medium. Semiconfluent
cultures were treated with 10 ng/mL of MR16-1 or 10
pmol/L of PD98058 (Calbiochem, San Diego, CA) for 3
hours, and then 10 ng/mL of recombinant mouse IL-6
(R&D Systems, Minneapolis, MN) was added to the cul-
tures for 24 hours. At indicated time points, culture plates
were rinsed twice with ice-cold PBS, and total cell protein
was collected in 500 pL of lysis buffer [50 mmol/L Tris-
HCI (pH 7.6), 150 mmol/L NaCl, 1% deoxycholic acid,
0.1% sodium dodecyl sulfate, 1% Triton X-100, 1 mmol/L
sodium orthovanadate, and protease inhibitor cocktail].
Western blot analysis was performed as previously de-
scribed.* Ten micrograms of protein were fractionated on
SDS-polyacrylamide gels and transferred onto PVDF mem-
branes (Bio-Rad, Hercules, CA). Nonspecific protein bind-
ing was blocked by incubating the membranes in 5% w/v
nonfat milk powder in TBST [560 mmol/L Tris-HCI (oH 7.6),
150 mmol/L NaCl, and 0.1% v/v Tween-20]. The mem-
branes were incubated with mouse monoclonal anti-a-SMA
(Dako-Cytomation) Ab at a dilution of 1:1000 overnight at
4°C or with mouse monoclonal anti-g-actin (Sigma-Aldrich)
at a dilution of 1:5000 for 30 minutes at room temperature.
After three 5-minute washes in TBST, membranes were
incubated with horseradish peroxidase-conjugated anti-
mouse Ab at a dilution of 1:10,000 for 60 minutes at room

Table 1. Continued
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temperature. Protein bands were detected using the ECL
Plus kit (GE Healthcare, Little Chalfont, UK). Western blot
quantification was performed with Imaged software (NIH,
Bethesda, MD) and used to visualize fold expression differ-
ences between these treatment groups.

Mice and Induction of Skin Sclerosis

Six-week-old female mice were used in all experiments.
C57BL/6 mice were purchased from Japan Clea (Osaka,
Japan). Mutant C57BL/6 mice rendered null for IL-6 were
described previously'” and were purchased from the
National Institute of Biomedical Innovation (Osaka, Ja-
pan). Mice were maintained in our pathogen-free animal
facility. All animal care was in accordance with the insti-
tutional guidelines of Osaka University. BLM (Nippon
Kayaku, Tokyo, Japan) was dissolved in PBS at a con-
centration of 1 mg/mL and sterilized by filtration. BLM (0.1
mg/100 pl) was injected subcutaneously into the shaved
back of the mice daily for 4 weeks with a 27-gauge
needle as described by Yamamoto et al.” Control mice
received 100 uL of PBS instead.

RNA Isolation and Real-Time PCR

Sections of skin lesions and the cutaneous draining
lymph nodes (LNs) were removed 1 day after the final
injection. Total RNA was isolated using the SV Total RNA
Isolation System (Promega, Madison, WI) and reverse
transcribed into complementary DNA.

IL-6 expression was measured using the Power SYBR
Green PCR Master Mix (Applied Biosystems, Foster City,
CA) according to the manufacturer’s protocol. Glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) was
used to normalize the mRNA. Sequence-specific primers
were: 1L-6, sense 5'-ACACACTGGTTCTGAGGGAC-3,
antisense 5'-TACCACAAGGTTGGCAGGTG-3'; GAPDH,

a-SMA-Positive Cells (Cells/HPS)

Mast Cells (Celis/HPS)

1st(n = 4) 2nd (n = 4) 3rd (n = 4) st (n = 4) 2nd (n = 4) 3rd (n = 4)
6.00 = 4.08 3.50 = 1.29 8.75 = 1.50 12.50 = 451 21.67 = 3.06 31.50 £ 5.45
5.00 = 1.73 4.00 = 1.41 10.00 = 4.16 11.00 = 1.83 17.33 £ 6.11 29.75 = 3.50
83.33 114.29 114.29 88.00 80.00 94.44
104.0 = 10.32 87.48 = 4177
14.00 = 1.83" 14.50 = 4.93" 27.75 = 0.96* 46.50 = 8.43* 35.33 = 5.69* 67.25 = 5.85"
10.00 = 1.41 7.00 = 1.828 15.25 = 2,757 20.25 = 4.997 25.00 = 2.00 29.50 = 6.197
71.43 48.28 54.95 43.55 70.75 43.87
58.22 = 6.88 52.72 +£9.02 .
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Table 2. Effect of MR16-1 on BLM-Induced Dermal Sclerosis in a Treatment Model

a-SMA-positive cells

Thickness (mm) Hardness (arbitrary) (cells/HPS) Mast cells (cells/HPS)
1st (n = 4) 2nd (n = 3) ist(n =4) 2nd(n=3) ist{n = 4) 2nd (n = 3) st (n = 4) 2nd (n = 3)
PBS
Control Ab 0.14 = 0.02 0.12+0.03 480+ 047 6.19%1.29 375+ 150 233x058 1350= 173 1967 + 252
MR16-1 0.12+0.01 0107 =0.006 4.67 = 0.47 5.68*+ 0.43 3.33x056 267=1.15 1533+115  21.00= 2.00
% Changes 83.64 86.49 97.22 91.78 88.88 106.78 113.58 106.78
BLM
Control Ab 0.30 = 0.03* 029 =0.03* 934=*158 981117t 10.00* 258 7.67* 058 37.75* 250 5467 + 8.39*
MR16-1 0210054  0.18x0.03%" 546062 541x077% 550=x1.29" 4.00=1.00" 27.00 = 2.165" 37.00 = 6.564
% Changes 70.00 62.50 58.46 55.12 £5.00 52.17 71.52 67.68

Mean = SD is presented. To quantify the impact of MR16-1treatment, % changes were calculated as follows: (evaluative consequences of MR16-1

treatment/that of PBS treatment) X 100 (%).
*P < 0.01 PBS+Control Ab versus BLM+Cont. Ab.
TP < 0.05 PBS+Control Ab versus BLM+Cont. Ab.
¥P < 0.05 BLM+Control Ab versus BLM+MR16-1.
SP < 0.01 PBS+MR16-1 versus BLM+MR16-1.
P < 0.01 BLM+Control Ab versus BLM-+MR16-1
P < 0.05 PBS+MR16-1 versus BLM+MR16-1.
HPS, high-power field.

sense 5'-TGTCATCATACTTGGCAGGTTTCT-3’, anti-
sense 5-CATGGCCTTCCGTGTTCCTA-3'. Real-time PCR
(40 cycles of denaturing at 92°C for 15 seconds and an-
nealing at 60°C for 60 seconds) was run on an ABI 7000
Prism Detection System (Applied Biosystems).

Mouse IL-6 Receptor—-Specific Monoclonal
Antibody Treatment

Rat anti-mouse IL-6 receptor monocional Ab (clone
MR16-1, rat 1gG;, described previously'® was provided by
Chugai Pharmaceutical (Shizuoka, Japan). Purified rat 1gG,
(isotype-matched control Ab) (Cappel, MP Biomedicals,
Solon, OH) was administered as a control. Preventive and
therapeutic administration methods are discussed later.
Percentage to control values were calculated as follows:
(mean actual value/mean control value) X 100.

Table 3. Attenuated BLM-Induced Dermal Sclerosis in 7/-6KO Mice

Enzyme-Linked Immunosorbent Assay of I[.-6
Levels in Sera and Conditioned Media

Serum samples were obtained from mice injected with BLM
or PBS for 28 days. Conditioned media were obtained from
cultured primary dermal fibroblasts of wild-type and #-6KO
mice after 24 hours. Serum and conditioned media 1L-6
level was measured by enzyme-linked immunosorbent as-
say using a commercial kit (R&D Systems, Minneapalis,
MN) with a detection limit of 7.8 pg/mL.

Vesmeter Measurements

Skin hardness was measured using a Vesmeter.'® Mice
were sacrificed 1 day after the final injection. Skin hard-
ness was measured three times at the injection area,
avoiding the backbone of the mouse. Skin hardness was
expressed as the area of the depression caused by the

a-SMA-positive cells

Thickness (mm) Hardness (arbitrary) (cells/HPS) Mast cells (cells/HPS)
st (n = 4) 2nd (n = 3) Ist (n = 4) 2nd (n = 3) ist (n = 4) 2nd (n = 3) ist(n = 4) 2nd (n = 3)
WT
PBS 0.112+0.013 0.14+004 491*038 546=093 475x150 800*200 18.00+3.16 2833 *4.51
BLM 032 002" 029x006" 1238=081* 969*051" 1975x574 23.33=6.11* 4025+ 222" 6333 * 9.87
% Change 282,85 203.13 251.99 177.28 415.79 291.67 223.61 223.53
-6 ,
PBS 0.111£0.010 0.12 = 0.01 537048 512%0.71 4,00 = 1.41 6.67 252 17.75%25 29.5 = 0.71
BLM 0.22=0.03% 017 +003% 7.14*=096"7 585+0.21% 950x 443! 13.00+ 173! 2275 + 479% 34.00 = 7.00
% Change 195,71 133.81 132.87 114.21 237.50 195.00 128.17 115.25

Mean = SD was presented. To quantify the impact of BLM treatment, % changes were calculated as follows: (evaluative consequences of BLM

treatment/that of PBS treatment) X 100 (%).
*P < 0.01 WT with PBS versus WT with BLM.
TP < 0.05 WT with PBS versus WT with BLM.
*P < 0.01 WT with BLM versus /-6KO with BLM.
SP < 0.01 #-6KO with PBS versus #-6KO with BLM.
9P < 0.05 1-6KO with PBS versus #-6KO with BLM.
P < 0.05 WT with BLM versus #-6KO with BLM.
HPS, high-power field; WT, wild-type.
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Table 4. Number of Lymph Node Cells in the Scleroderma Mouse Model

1st experiment (total number/lymph node, X 107)

2nd experiment (total number/lymph node, X 108)

PBS BLM % Change PBS BLM % Change
WT
Control Ab  0.97 = 0.21 gn = 3% 217 £ 0.31* %n = 33 222.61 1.90 = 0.41 En = 4; 3.55 £ 0.21* ?n = 4; 186.73
/ é\&ﬁ(‘; 6-1 076 20.02(n=3) 080x012"(n=3 105.29 185x=0.18(n=4) 1.85=034T(n=4 99.84
WT 0.81 = 0‘18§ = 33 1.53 = 0.40% En = 3; 190.03 2.36 = 0.26 2 =3) 3.71=x061F En = 33 157.42
1-6KO 0.66 * 0.26(n=3) 0.54=0.09%(n=3 82.73 197067 (n=3) 220x0298(n=3 111.51

Mean + SD was presented. To quantify the impact of BLM treatment, % changes were calculated as follows: (evaluative consequences of BLM

treatment/that of PBS treatment) X 100 (%).
*P < 0.01 PBS+Control Ab versus BLM+Cont. Ab.
TP < 0.01 BLM-+Control Ab versus BLM+MR16-1.
¥P < 0.05 PBS+Control Ab versus BLM+Cont. Ab.
$P < 0.05 BLM+Control Ab versus BLM+MR16-1.

probe divided by the pressure of the indenter in a con-
nected computer.

Histopathological Analysis

The back skin was removed 1 day after the final injection.
Skin pieces were fixed with 10% formaldehyde for 24 hours,
embedded in paraffin, and sectioned at 3-um thickness
using a microtome. Sections were stained with hematoxylin
and eosin (H&E). Dermal thickness (measured from the
epidermal-dermal junction to dermal-fat junction) was de-
termined at X 100 magnification at three randomly selected
sites in each animal. Mast cells were identified in 3-um
deparaffinized sections stained with 1% Toluidine Blue, and
mast cells were counted in 10 randomly selected sites un-
der X 400 power using light microscopy.

Immunohistochemical Analysis of a-SMA

Sections were cut and processed as described above.
For immunohistochemical analysis, sections were depar-
affinized by passage through xylene and graded etha-

nols. Next, endogenous peroxide was blocked using 3%.
H,O, in methanol for 5 minutes. Slides were blocked with
2% bovine serum albumin for 10 minutes, and stained with
primary Ab (anti-a-SMA Ab 1:100 dilution) for 60 minutes.
After washing with PBS containing 0.05% Triton, they were
developed using Dako ChemMate Envision Kithorseradish
peroxidase (Dako-Cytomation) for 30 minutes, and counter-
stained with hematoxylin. «-SMA-positive fibroblastic cells
were counted in 10 randomly selected sites under X 400
power using light microscopy.

Flow Cytometric Analysis

The skin draining LNs were assessed as a mixture to facil-
itate analysis. One day after the final infection, mice were
sacrificed, and axillary, brachial, and inguinal LNs from
each mouse were combined. Cell suspensions of LN cells
were stained with antibodies against the following cell sur-
face antigens: CD4, CD8, B220, CD11c, F4/80, and PDCA1
(BD Biosciences, San Jose, CA). Stained cells were ana-
lyzed by flow cytometry using a FACSCalibur flow cytome-
ter (BD Biosciences).
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Figure 1. TL-6 production in BLM-treated C57BL/6 mice. C57BL/6 mice treated with PBS or BLM for 4 weeks. A: Serum samples were obtained from mice injected
with 1 mg/mL BLM (100 pL/day, 7 = 11) or PBS (100 pL/day, 72 = 11) for 4 weeks. The data presented are from three experiments of three to five mice each
for a total of 11 BLM-treated mice and 11 PBS-treated mice. Serum IL-6 level was measured by enzyme-linked immunosorbent assay using a kit with a detection
limit of 7.8 pg/mL (R&D Systems). The mice from different experiments were gave different symbols [box (12 = 5), circle (2 = 3), and triangles (7 = 3)}. Each
symbol represents one TL-6 measurement for a single mouse, and symbols below 7.8 pg/mL indicate mice for which 1L-6 was below the limit of detection.
enzyme-linked immunosorbent assays were run in duplicate for all mice, with similar results. B and C: Expression of IL-6 mRNA was measured by real-time PCR.
RNA was extracted from skin lesions (B) and cutaneous draining LNs (C) from C57BL/6 mice treated with PBS (n = 3) or BLM (12 = 3) for 4 weeks. Data were
normalized to the GAPDH internal control. Bars represent mean % SD, *P < 0.05, unpaired #test. Data in B and C are from one of two independent
experiments that gave similar results. The IL-6/GAPDH data (mean * SD) for skin lesions (B) were as follows: first experiment (7 = 3), PBS: 0.011 % 0.006,
BLM: 0.129 * 0.148 (P = 0.2391); second experiment (12 = 3), PBS: 0.142 = 0.070, BLM: 0.441 % 0.283 (P = 0.1495). The IL-6/GAPDH data (mean = SD)
for cutaneous draining LNs (C) were as follows: first experiment (7 = 3), PBS: 0.071 * 0.038, BLM: 0.306 * 0.141 (P = 0.0493), second experiment (1 =
3), PBS: 0.083 = 0.0.067, BLM: 0.430 % 0.175 (P = 0.0321).
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Computation Methods and Statistical Analysis

All data except change ratios are expressed as mean
values = standard deviations (SDs). To quantify the
impact of MR16-1-and BLM treatment, change ratios
(%) are calculated for single experiments in Table 1-4.
Percent changes in Table 1 are averaged for three
experiments and expressed as mean values * stan-
dard errors (SEs). Unpaired t-test was used to examine
the statistical value between two variable quantities.
One-way analysis of variance and the Bonferroni post
hoc multiple comparison procedure were used to de-

each group). E: Immunohistochemical staining
for a-SMA. Arrows indicate a-SMA-positive fi-
broblasts (original magnification, X100). Inset
photo shows higher magnification (X200) of
a-SMA-positive fibroblasts. F: The number of
a-SMA~-positive fibroblasts per high-power field
(HPF, X400) was determined by observation of
10 random grids. The value graphed is the aver-
age of the observation of 10 grids for each of the
four mice in the group. G: Results of Toluidine
Blue staining. Arrows indicate the metachro-
matically stained mast cells (original magnifica-
tion, X100). H: The number of mast cells per
HPF (X400) was determined by observation of
10 random grids. The value graphed is the aver-
age of the observation of 10 grids for each of the
four mice in the group. C, D, F, and H: Bars
represent mean £ SD. *P < 0.05, *P < 0.01,
one-way analysis of variance and Bonferroni
post hoc multiple comparison. Data presented
are from the third of three independent experi-
ments with similar results presented in Table 1.

termine the level of significance between each of three
or more variable guantities.

Results
Elevated IL-6 in Mice with BLM-Induced
Scleroderma

We first determined the serum concentration and mRNA l
expression of IL-6 in the skin and cutaneous draining LNs
from mice with skin fibrosis induced by subcutaneous
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