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Src homology 2 domain-containing protein tyrosine
phosphatase substrate 1 regulates the induction of

Langerhans cell maturation
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Recently, we reported that Src homology 2 domain-containing protein tyrosine
phosphatase substrate 1 (SHPS-1) plays an important role in the migration of
Langerhans cells (LC). Here, we show that SHPS-1 is involved in the maturation of LC.
Immunofluorescence analysis on epidermal sheets for I-A or CD86 revealed that LC
maturation induced by 2,4-dinitro-1-fluorobenzene (DNFB) or by TNF-¢ was inhibited
by pretreatment with an anti-SHPS-1 monoclonal antibody (mAb) or with CD47-Fc
fusion protein, a ligand for SHPS-1. Further, FACS analysis demonstrated that I-A* LC
that had emigrated from skin explants expressed CD80 or CD86, whereas CD47-Fc
protein reduced CD8OMEM or CD8EMEM cells. CD47-Fc protein also reduced the up-
regulation of surface CD80 or CD86 by LC remaining in the skin explants. In SHPS-1
mutant mice, we observed that the up-regulation of surface CD86 and CCR7 by LC
induced by DNFB as well as that of surface CD80 and CD86 by LC in skin explants was
attenuated. Finally, contact hypersensitivity (CHS) response was suppressed in SHPS-1
mutant mice and in wild-type mice treated with an anti-SHPS-1 mAb. These
observations indicate that SHPS-1 plays an important role in the maturation of LC
ex vivo and in vivo, and that SHPS-1-CD47 interaction may negatively regulate CHS.
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DC are potent antigen-presenting cells that play a crucial
role in the initiation of immune responses to pathogens.
Langerhans cells (LC) are specialized immature DC in
the skin that reside in the suprabasal layers of the
epidermis. When LC encounter exogenous antigens,
including haptens and microorganisms, they capture
and process them to generate MHC/peptide complexes
on their surface. LC migrate from the epidermis to
draining lymphoid tissues in order to initiate naive
T cells and to present the MHC/peptide complexes to
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T cells with the necessary adhesion molecules and
costimulatory signals [1-7]. During this migration, LC
mature from a dormant into an activated functional
state and down-regulate their endocytotic activity. The
maturation of LC is characterized by increased expres-
sion of cell-surface molecules such as MHC class 1,
CD11c, CD40, CD80, CD86, CC chemokine receptor 7
(CCR7) and Langerin and by decreased expression of E-
cadherin [7-13]. Recently, it has been shown that this
functional maturation of LC is affected by various factors
such as corticosteroids, hyaluronan, ultraviolet irradia-
tion, prostaglandin E2-EP4 signaling, and ligation of E-
cadherin or mycophenolate mofetil [11, 14-18].

One signal-regulatory protein, Src homology 2
domain-containing protein tyrosine phosphatase sub-
strate 1 (SHPS-1) [19], is also known as signal-
regulatory protein ol (SIRP ol) [20], BIT (brain Ig-
like molecule with tyrosine-based activation motifs)
[21], P84 [22], MFR (macrophage fusion receptor) [23]
and MyD-1 [24]. In mice, SHPS-1 is expressed in
myeloid cells, including monocytes, macrophages and
DC {[25]. SHPS-1 is a transmembrane glycoprotein
whose extracellular domain comprises three immuno-
globulin-like domains with multiple N-linked glycosyla-
tion sites, while the cytoplasmic domain of SHPS-1
contains four tyrosine residues that form two ITIM [26].
SHPS-1 was initially discovered as a tyrosine-phos-
phorylated transmembrane protein that binds SHP-1 or
SHP-2. IAP/CD47, an integrin-associated protein, has
been identified as an extracellular ligand for SHPS-1
[27]. The CD47-SHPS-1 system has been shown to
regulate a novel cell-cell communication system that is
important in immunology and hematology. CD47 on red
blood cells binds to SHPS-1 on macrophages, thereby
inhibiting macrophage activation and phagocytosis {28,
29]. The interaction of SHPS-1 with CD47 negatively
regulates cellular responsiveness during T cell activation
and during the induction of antigen-specific cytotoxic T
lymphocytes by DC and monocytes [24, 30]. Ligation of
SHPS-1 prevents the functional maturation of immature
DC and suppresses [L-12 production by mature DC [31],
although it has not been elucidated whether the ligation
of SHPS-1 on LC affects the maturational state of LC.

We recently demonstrated that LC/DC migration is
significantly inhibited by the ligation of SHPS-1 and that
LC migration is impaired in SHPS-1 mutant mice that
lack the intracellular domain of SHPS-1 [32]. In this
study, we focused on LC maturation and investigated
whether that process is affected by the ligation of SHPS-
1. We now demonstrate that LC maturation induced by
haptens, TNF-¢ or a skin explant culture is significantly
inhibited by the ligation of SHPS-1 with an anti-SHPS-1
mAb or with a CD47-Fc fusion protein. We further show
that LC maturation induced by haptens or a skin explant
culture is impaired in SHPS-1 mutant mice. Finally, we

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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show that the contact hypersensitivity (CHS) response is
markedly attenuated in mice treated with the anti-SHPS-
1 mAb before sensitization or in SHPS-1 mutant mice.

Results

The ligation of SHPS-1 suppresses 2,4-dinitro-1-
fluorobenzene-induced maturation of LC

The expression levels of I-A, CD40, the costimulatory
molecules CD80 and CD86 and the DC marker CD11c
are considered to reflect the maturational state of LC [7,
10, 12, 33]. It has been reported that application of a
hapten, such as DNFB, up-regulates I-A [7, 8, 12] and
elevates the expression of CD86 but not CD80 inthe [-A™
population of murine epidermal cells [14] or migrated
dermal LC [34]. Similar to a previous report, we did not
observe the expression of CD80 on LC in situ or
following 2,4-dinitro-1-fluorobenzene (DNFB) painting
on the skin. Therefore, we evaluated whether the
ligation of SHPS-1 affects the surface expression of I-A or
CD86 by immunofluorescence analysis of epidermal
sheets. To evaluate the level of expression of surface
molecules, we assessed the I-A™ area in each cell by
computer image analysis (NIH image) [35]. Application
of DNFB markedly increased [-A expression, whereas in
vivo pretreatment with an anti-SHPS-1 mAb (Fig. 1A) or
with CD47-Fc protein (Fig. 1B) significantly reduced the
up-regulation of I-A expression. Similarly, application of
DNFB significantly elevated CD86 expression per I-A™
cell, whereas in vivo pretreatment with CD47-Fc protein
markedly inhibited up-regulation of CD86 expression
(Fig. 1C). Representative images are shown in Fig. 1D.
We could not observe CD80 expression on I-A™ cells in
the epidermis (data not shown).

The ligation of SHPS-1 suppresses LC maturation
induced by TNF-a treatment

TNF-¢ has been reported to play an important role in the
maturation of LC or DC in vitro [10, 17, 36]. Therefore
we examined whether in vivo treatment with TNF-u
affected the surface expression of I-A by immunofluor-
escence analysis of epidermal sheets. Intradermal
injection of TNF-a (50 ng/ml) significantly increased
I-A expression compared with injection of rat IgG (as a
control). We then investigated whether ligation of SHPS-
1 affected the TNF-u¢-induced maturation of LC. In vivo
pretreatment with an anti-SHPS-1 mAb significantly
inhibited the up-regulation of I-A expression of LC
{Fig. 2A). Representative images are shown in Fig. 2B.
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The ligation of SHPS-1 inhibits LG maturation
induced by epidermal explant culture

Larsen et al. established a skin culture system, which
uses murine ear skin to investigate the emigration and
maturation of DC [37]. Since we wanted to investigate
the maturation of LC rather than DC, we modified the
method to use epidermal sheets rather than whole skin
sheets. Interestingly, most cells emigrating into the
medium during 48 h expressed both I-A and CD80
(Fig. 3A) or CD86 (Fig. 3B). The addition of CD47-Fc
protein into the medium slightly but significantly
reduced the percentage of I-A™ CD80"#"* emigrated
cells (Fig. 3A and B) and I-A* CD86™8"* emigrated cells
(Fig. 3C and D). Immunofluorescence analysis revealed

Immunomodulation

that I-A™ cells remaining in the epidermal sheets 24 h
after incubation expressed CD80 (Fig. 3E) and CD86
(Fig. 3F), while I-A™ cells in the epidermal sheets before
incubation hardly expressed CD80 or CD86 (data not
shown). These observations ensure that the epidermal
explant culture system is useful for investigating LC
maturation. Immunofluorescence analysis of epidermal
sheets clearly showed that treatment with CD47-Fc
protein inhibited the up-regulation of CD80 (Fig. 3E)
and CD86 expression (Fig. 3F). Up-regulation of CD205
expression in LC was also observed following explant
culture (data not shown). The up-regulation of CD205
was inhibited by CD47-Fc¢ (Fig. 3G).
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Figure 1. The ligation of SHPS-1 suppresses the DNFB-induced maturational state of LC. Anti-SHPS-1 mAb, CD47-Fc protein, or
isotype-matched controls were intradermally injected before DNFB application. Twenty-four hours after the DNFB application,
epidermal samples were collected and stained with FITC-conjugated anti-mouse I-A® mAb and PE-conjugated anti-mouse CD86
mAb. (A) Application of DNFB significantly increased the MFI of I-A expression, whereas the in vivo pretreatment of anti-SHPS-1
mAb significantly reduced the up-regulation of I-A expression. The ** indicates statistical significance compared with treatment of
control antibody and DNFB (p <0.01, n = 4). (B) CD47-Fc significantly reduced the up-regulation of I-A expression. The * indicates
statistical significance compared with treatment of IgG-Fc and DNFB (p <0.05, n = 4). (C) Application of DNFB significantly
increased the MFI of CD86 expression, whereas in vivo pretreatment with CD47-Fc significantly reduced the up-regulation of CD86
expression. The ** indicates statistical significance compared with treatment of IgG-Fc and DNFB (p <0.01, n = 4). (D) Representative
images after treatment with CD47-Fc are shown. Bars indicate 20 pm.
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LC maturation is attenuated in SHPS-1 mutant
mice

Wild-type mice and mice with a mutation in SHPS-1 that
lacks most of the cytoplasmic domain of the protein
were painted with 0.5% DNFB and after 24 h epidermal
samples were analyzed for expression of LA™ or CD86™.
CD86" cells were scarcely observed in the epidermis of
SHPS-1 mutant mice or wild-type mice before DNFB
application (data not shown). Application of DNFB
remarkably increased the fluorescent intensity of CD86
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Figure 2. The ligation of SHPS-1 suppresses LC maturation
induced by TNF-¢- treatment. Anti-SHPS-1 mAb or rat IgG in
combination with TNF-o was injected intradermally as
described in the Materials and methods. One hour after the
injection, epidermal samples were collected and stained for I-
A. (A) Combined injection of rat IgG and TNF-a significantly
increased the MFI of I-A expression, whereas combined
injection of anti-SHPS-1 mAb and TNF-« significantly reduced
the up-regulation of I-A expression. The ™ indicates statistical
significance compared with treatment of control antibody and
TNF-¢ {p <0.01, n = 4). (B) Representative images are shown.
Bars indicate 20 pm.
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on LC in wild-type mice, whereas CD86 expression after
DNFB application was impaired in SHPS-1 mutant mice
(Fig. 4A). Representative images are shown in Fig. 4B.
Furthermore, application of DNFB remarkably increased
the fluorescence intensity of I-A on L.C in wild-type mice
compared with SHPS-1 mutant mice (Fig. 4B). Epider-
mal explants from wild-type mice and from SHPS-1
mutant mice were incubated for 24 h and were then
stained for I-A, CD80, or CD86 as described for Fig. 3E
and F. Immunofluorescence analysis of epidermal sheets
revealed that up-regulation of CD80 (Fig. 4C) and CD86
(Fig. 4D) was markedly inhibited in SHPS-1 mutant
mice compared with wild-type mice.

Moreover, recent studies have shown that mature DC
{but not immature DC) express CCR7, a chemokine
receptor also known to regulate the entry of lympho-
cytes and LC into lymph nodes {38, 39]. Therefore, we
further studied whether DNFB application affects the
expression of CCR7 on LC residing in the epidermis.
CCR7" cells were scarcely observed in the epidermis of
SHPS-1 mutant mice or in wild-type mice before DNFB
application (data not shown). The expression of CCR7
on I-A* cells in the epidermis of SHPS-1 mutant mice
and of wild-type mice was hardly observed after
application of vehicle (Fig. 5B). In contrast, application
of DNFB increased the fluorescence intensity of CCR7 on
LC in wild-type mice, whereas no increase of CCR7
expression was observed following DNFB application in
SHPS-1 mutant mice (Fig. 5A and B).

The CHS response is attenuated in SHPS-1 mutant
mice

To evaluate whether in vivo treatment with anti-SHPS-1
mAb influences the CHS response, we injected anti-
SHPS-1 mAb intradermally before sensitization or
elicitation. The CHS response to DNFB was significantly
diminished by the treatment with anti-SHPS-1 mAb
before sensitization (Fig. 6A). In contrast, the CHS
response was not affected by the anti-SHPS-1 mAb
treatment just before elicitation (data not shown).
Furthermore, we assessed the ability to develop a CHS
reaction in SHPS-1 mutant mice. The CHS response to
DNFB was drastically decreased in SHPS-1 mutant mice
compared with wild-type mice (Fig. 6B). We further
examined the proliferation activity of regional lymph
node cells in DNFB-sensitized mice. Addition of DNBS
into the culture media induced marked proliferation of
Iymph node cells from wild type mice, while this
proliferation was significantly impaired in SHPS-1
mutant mice (Fig. 6C). Similarly, DNBS stimulated
the production of IFN-y by lymph node cells in wild-type
mice, whereas it was significantly reduced in SHPS-1
mutant mice (765 -+ 262 vs. 133 «+ 86 pg/mL; n = 7, p
<0.05).
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Discussion

We showed in this study that ligation of SHPS-1 with an
anti-SHPS-1 mAb or with CD47-Fc protein reduced the
hapten-induced expression of I-A and CD86 by LC in
vivo. Because expression of CD80 was hardly observed
under the experimental conditions of DNFB painting on
the skin in vivo, we studied the phenotypic maturational
change of LC using a modified technique for the skin
explant culture system [37]. As Hoetzenecker et al. [11]
reported that expression by CD80 of LC in the epidermis
was hardly observed in explant cultures of whole skin,
we used the epidermis rather than the whole skin for
skin explant culture [35]. That epidermal explant
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method enabled us to observe a significant induction
of the expression of CD80 as well as of CD86 on LC
remaining in the epidermis. Induction of the expression
of those molecules was significantly inhibited by the
addition of CD47-Fc protein. Thus, the epidermal skin
explant culture system is useful for investigating the
phenotypic maturation of LC by exogenous stimulants.
We previously showed that SHPS-1 is selectively
expressed on LC in the epidermis [32], which indicated
that ligation of SHPS-1 with its ligands exclusively
affects LC but not keratinocytes. These results indicate
that engagement of SHPS-1 negatively regulates the
phenotypic maturation of LC in vive and ex vivo. We
further observed that most cells migrating into the
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Figure 3. The ligation of SHPS-1 inhibits LC maturation induced by epidermal explant culture. The epidermal sheets were
separated from the dermis by incubation of the dorsal halves of the ears in dispase. The epidermal sheets were cultured in 24-well
tissue culture plates in 1.5 mL culture medium for 24 or 48 h at 37°C. (A, C) Cells that had emigrated into the culture medium
during 48 h were evaluated by FACS. The emigrated cells typically expressed both I-A and CD80 or CD86. The addition of CD47-Fc
protein into the medium obviously reduced the percentage of I-A* CD80M8* or I-A* CD86™E™ emigrated cells, respectively. (B, D)
Mean values of the percentage of I-A* CD80ME™ or I-A* CD86ME™ emigrated cells from three experiments are shown. Bars indicate
SD.* p < 0.05 (E, F, G) The epidermal sheets were collected after 24 h incubation and were stained for both I-A and either CD80, CD86
or CD20S. The immunofluorescence analysis of epidermal sheets revealed that remaining I-A* cells in the epidermal sheets
expressed CD80, CD86 and CD205, whereas additional treatment with CD47-Fc protein significantly inhibited the up-regulation of
the expression. Bars in the photographs indicate 50 pm. *p <0.05, ***p <0.001.
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culture medium following epidermal explant culture
expressed I-A, CD80 and CD86, indicating that the
emigrated LC are in the maturation process. Ligation of
SHPS-1 with CD47-Fc protein partially but significantly
reduced the percentages of I-A¥ CD80"&"* and -A™
CD86™8"* cells in the emigrated LC population. The
inhibitory effects of SHPS-1 ligation on maturation seem
to be stronger in epidermal residing LC than emigrated
cells. As it has been shown that binding of E-cadherin
suppresses LC-like DC maturation [17], the reason why
epidermal LC did not well maturate as compared to
emigrated LC may be attributed to the homophilic
binding of E-cadherin between LC and keratinocytes in
the epidermis. We assume that ligation of SHPS-1 may
thus cooperate with E-cadherin signals and greatly
suppress LC maturation in the epidermis.
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We further showed that the phenotypic maturation of
LC by a hapten and ex vivo explant culture is suppressed
in SHPS-1 mutant mice, which lack most of the
intracellular domain of SHPS-1. Four tyrosine residues
in the intracellular domain of SHPS-1 are believed to
play a critical role in the transmission of the signals [20].
Phosphorylated tyrosine residues of SHPS-1 recruit the
tyrosine phosphatases SHP-1 and SHP-2, which transmit
the signals thereafter. The mutant protein in SHPS-1
mutant mice is not tyrosine phosphorylated, nor does it
form a complex with SHP-1 or SHP-2 [40]. The SHPS-1
mutant mice have several characteristic features in the
dysfunction of LC/DC and macrophages, including the
motility of LC and the phagocytosis of macrophages. The
finding that maturation of LC is attenuated in SHPS-1
mutant mice suggests that SHPS-1 is a prerequisite
molecule for the LC functions including maturation.

Figure 4. LC maturation induced by DNFB or by epidermal explant culture is attenuated in SHPS-1 mutant mice. SHPS-1 mutant
mice and wild-type mice were painted with 0.5% DNFB on the ear and after 24 h the epidermal samples were analyzed for
expression of I-A* or CD86" as described in legend of Fig. 1. (A) In wild-type mice, the MFI of CD86 expression increased after
application of DNFB, whereas in SHPS-1 mutant mice, the up-regulation of CD86 expression was significantly suppressed. The ***
indicates statistical significance compared with SHPS-1 mutant mice (p <0.001, n = 4). (B) Representative images are shown. (C, D)
Epidermal explants from wild-type mice and from SHPS-1 mutant mice were incubated for 24 h and were stained for I-A, CD80 or
CDB86. The up-regulation of CD80 (C) and CD86 (D) were obviously inhibited in SHPS-1 mutant mice compared with wild-type mice.
Bars indicate 50 pm.
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Especially, the phosphorylation of those four tyrosine
residues in the intracellular domain of SHPS-1 and the
consequent signal transduction is critical for LC
maturation. Similarly, engagement of SHPS-1 has been
shown to dephosphorylate the tyrosine residues in the
intracellular domain of SHPS-1, resulting in the
dissociation of SHP-2 [35]. In conjunction with the
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Figure 5. Up-regulation of CCR7 expression on LC induced by
DNFB is attenuated in SHPS-1 mutant mice. (A) SHPS-1 mutant
mice and wild-type mice were painted with 0.5% DNFB and
after 24 h the ears were removed for analysis of I-A* or CCR7*
LC. In wild-type mice, the MFI of CCR7 expression increased
after application of DNFB, whereas in SHPS-1 mutant mice the
up-regulation of CCR7 expression was significantly sup-
pressed. The *** indicates statistical significance compared
with SHPS-1 mutant mice (p <0.001, n = 6). (B) Representative
images are shown. Bars indicate 20 pm.
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finding that ligation of SHPS-1 attenuates the matura-
tion of LC, we assume that the maturation of LC requires
the signal transduction via the phosphorylation of these
tyrosine residues. This is further supported by the
observation that the TNF-¢-induced up-regulation of I-A
expression by LC is attenuated by the ligation of SHPS-1,
because it has been reported that TNF- « induces both
the maturation of DC and the phosphorylation of
tyrosine residues of SHPS-1 and the consequent
recruitment of SHP-2 [10, 17].

We previously reported that the motility of LC is
attenuated in wild-type mice by the engagement of
SHPS-1 and in SHPS-1 mutant mice [32]. As immature
DC, following induction of maturation after stimulation
by inflammatory cytokines or haptens, up-regulate
CCR7 [39, 41, 42], our next question was whether or
not the expression of CCR7 on LC is impaired during the
maturational changes following hapten application to
SHPS-1 mutant mice. We found that expression of CCR7
on LC is suppressed following DNFB application in
SHPS-1 mutant mice. Because expression of CCR7 on LC
and its ligands, macrophage inflammatory protein-38/
CCL19 or a secondary lymphoid chemokine/CCL21 in
lymph vessels and draining lymph nodes, is critical for
the migration of LC from the epidermis into draining
lymph nodes [38, 39], it is conceivable that the
suppression of LC motility in SHPS-1 mutant mice
might be attributed, at least in part, to the attenuated
induction of CCR7. Because SHPS-1 is known to be
involved in cell motility and adhesion, the inhibition of
LC motility could be influenced both by the down-
regulation of CCR7 expression and by the attenuated cell
motility in SHPS-1 mutant mice.

We confirmed that the CHS response is suppressed in
mice treated with SHPS-1 ligation before sensitization
and in SHPS-1 mutant mice. Recently, three different
groups reported three distinct results of CHS response
by transient depletion of LC using mice that express
diphtheria toxin receptor on LC; that is, (i) diminished
(but not abrogated) [43], (i} enhanced [44], and (iii)
unchanged CHS response {45]. Thus, LC may not be the
only cells that are required for the induction of CHS.
Although we did not examine, it is plausible to consider
that SHPS-1 ligation and its deficiency may affect
maturation and motility of dermal DC, which may result
in the diminished CHS response. The observation that
the engagement of SHPS-1 inhibited the CHS response
during the sensitization phase but not the elicitation
phase suggests that the maturation and migration of LC/
DC are possibly important for priming T cells but not for
local inflammatory responses induced by antigen
specific T cells. It has been shown that CD80 and
CD86 play critical roles in the initiation of primary
immune responses in the skin, in alloreactive immune
responses and in antigen-specific T cell activation [34,
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46]. We showed in this study that the expression of
CD80 and CD86 was suppressed by SHPS-1 ligation.
Thus, it is suggested that SHPS-1 plays important roles in
the induction of both maturation and motility of LC and
possibly of DC, which could be essential in the
sensitization phase of CHS.

CD47, an SHPS-1 ligand, is widely expressed by a
variety of cell types, including lymphocytes and
endothelial cells [47]. Because keratinocytes express
CD47 [35], maturation and migration might be
negatively regulated by engagement with this molecule
on cells surrounding LC in situ. We recently reported
that LC also express CD47 of which ligation negatively
regulates the maturation and motility of LC [35]. Thus,
ligation of both SHPS-1 and CD47 on LC suppresses LC
function, inhibiting priming T cells and consequent
establishment of the immune response. It is possible that

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4 Figure 6. CHS responses are suppressed in mice treated with

anti-SHPS-1 mAb before sensitization and in SHPS-1 mutant
mice. The induction of the CHS reaction was conducted as
described in the Materials and methods. CHS responses are
expressed as the average increase of ear swelling with error
bars representing SD for each group of six mice. (A) The CHS
response to DNFB was significantly diminished by the
treatment of anti-SHPS-1 mAb before sensitization compared
with treatment of rat IgG. The * indicates statistical signifi-
cance compared with the treatment of rat IgG and DNFB
sensitization (p <0.05, n = 6). (B) The CHS response to DNFB
drastically decreased in SHPS-1 mutant mice compared with
wild-type mice. The ** indicates statistical significance
compared with the treatment of vehicle sensitization and
DNFB challenge (p <0.001, n = 6). (C) Five days after
sensitization with DNFB, regional lymph nodes of the mice
were collected and cultured with DNBS or 1L-2, and cell
proliferation was assessed as described in Materials and
methods. Mean values of cell proliferation by DNBS were
significantly impaired in SHPS-1 mutant mice, while those by
1L-2 (50 U/mL) were unchanged. Representative data are shown
from two separate experiments. The * indicates statistical
significance compared with the SHPS-1 mutant mice and wild-
type mice (p <0.05, n = 3).

SHPS-1 and CD47 on LC bind each other or in a cis
fashion.g check sentence &block, So far, it is unclear
whether the expression of SHPS-1 and CD47 is down-
regulated during the maturational change and this is to
be further studied.

Materials and methods
Mice

The generation of mutant mice that lack most of the
cytoplasmic region of SHPS-1 has been previously described
[48]. Mice were bred and maintained in the Institute of
Experimental Animal Research of Gunma University or Kobe
University Graduate School of Medicine under specific
pathogen-free conditions. The mice were backcrossed onto
the C57BL/6 background over five generations. Genotyping of
the mice was performed by PCR analysis as previously reported
[48]. Female C57BL/6 mice (6- to 8-week-old) were purchased
from Charles River Japan (Tokyo, Japan). All animals were
maintained in microisolator cages and exposed to a 12 h light/
12 h dark cycle, with standard feed and water ad libitum. All
animal experiments were conducted according to the Guide-
lines for Animal Experimentation at Kobe University Graduate
School of Medicine or Gunma University.

Antibodies

Ascites were collected from BALB/c nu/nu mice that had been
injected i.p. with the hybridoma producing rat anti-mouse-
SHPS-1 mAb (p84) [49]. The p84 antibody was purified from
the ascites using a protein A column. FITC- or PE-conjugated
mouse anti-mouse I-A> mAb (AF6-120.1) were purchased from
BD Bioscience (Tokyo, Japan). PE-conjugated rat anti-mouse
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CD80 mAb (RMMP2) and CD86 mAb (RMMP1) were
purchased from Immunotech (Marseille, France). Rat anti-
CD205 mAb was from UK-Serotec (Oxford, UK). Rat IgG was
obtained from Sigma (St. Louis, MO). Goat polyclonal anti-
CCR7 Ab and PE-conjugated donkey anti-goat IgG F(ab'), were
purchased from Abcam (Cambridge, UK) and Santa Cruz
Biotechnology (Santa Cruz, CA), respectively. CD47-Fc fusion
protein was generated as previously described [50]. Briefly,
CHO-Ras cells were transfected with pTracerCMV-hCD47-Fc.
The CD47-Fc protein was then purified from the culture
supernatant by column chromatography on Protein G HP
(Amersham Pharmacia Biotech, Uppsala, Sweden). Human
1gG-Fc fragment was obtained from Jackson Immunoresearch
(West Grove, PA).

Preparation of murine epidermal sheets and
immunofluorescence analysis

Murine epidermal sheets were prepared as previously
described [32]. After fixation, the sheets were simultaneously
incubated at room temperature for 30 min with FITC-
conjugated mouse anti-mouse [-A® mAb and PE-conjugated
rat anti-mouse CD86 mAb, each diluted 1:100 in 5% BSA/PBS.
In other experiments, the sheets were incubated at room
temperature for 60 min with anti-mouse CCR7 Ab, washed
with PBS, and thereafter was simultaneously incubated for
30 min with FITC-conjugated anti-mouse I-A® mAb and PE-
conjugated donkey anti-goat 1gG F(ab'),, each diluted 1:100 in
5% BSA/PBS. Finally, the sheets were washed with PBS and
mounted on microscope slides in PermaFluor (Shandon,
Pittsburgh, PA). The samples were analyzed using an Olympus
Fluoview confocal laser scanning microscope (Olympus,
Nagano, Japan). All specimens were scanned using the same
emitting conditions. The relative MFI of 1-A®, CD86 or CCRY
were counted per one I-A®* cell using NIH image. Similar
experiments were made with SHPS-1 mutant mice.

LC maturation induced by DNFB application

Mice were painted with 10 ul. 0.5% DNFB solubilized in
acetone/olive oil (4/1) on both the dorsal and the ventral ear
halves. Twenty-four hours later, the ears were collected for
staining of LC as described above. To investigate the in vivo
effects of anti-SHPS-1 mAb (p84), anti-SHPS-1 mAb or control
rat IgG was injected intradermally at a dose of 60 pg/ear just
before the DNFB application. Similarly, CD47-Fc protein or
control human IgG-Fc was injected intradermally at 60 pg/ear
just before the DNFB application.

LC maturation induced by TNF-e

Groups of mice (n = 5) received 30 pL intradermal injections
of mouse rTNF-¢ (Sigma) (50 ng/ear) or an equivalent volume
of carrier protein (0.1% bovine serum albumin) into the ear
pinnae using 30-gauge stainless steel needles. Anti-SHPS-1
mAb or control rat IgG was injected intradermally at a dose of
60 pg/ear simultaneously. One h after the injection, the ears
were collected for staining of LC as described above.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Skin organ culture

The epidermal sheets were prepared as previously described
[32]. They were cultured in 24-well tissue culture plates in
1.5 mL culture medium (10% FCS, RPMI1640 with 20 ng/mL
CD47-Fc protein or control human IgG-F¢) for 24 or 48 h at
37°C. At least six explants were cultured for each experimental
condition. Cells that had emigrated from the epidermal skin
explants into the culture medium during 48 h were evaluated
phenotypically using a FACSCalibur flow cytometer and CELL
QUEST (Becton Dickinson, San Jose, CA). In detail, cells that
had emigrated were collected, washed in 1% BSA/PBS, and
then were simultaneously incubated on ice for 30 min with
FITC-conjugated mouse anti-mouse I-A® mAb and PE-con-
jugated rat anti-mouse CD80 or CD86 mAb, each diluted 1:100
in 1% BSA/PBS. After a final washing, each sample was
analyzed using a FACSCalibur flow cytometer and CELL
QUEST. In another experiment, after 24 h the epidermal sheets
were collected and fixed in acetone for 3 to 5 min at -20°C.
After fixation, the sheets were washed in PBS and then were
simultaneously incubated at room temperature for 30 min
with FITC-conjugated mouse anti-mouse 1-A® mAb and PE-
conjugated rat anti-mouse CD80, CD86 or CD205 mAb, each
diluted 1:100 in 5% BSA/PBS. After washing with PBS, the
sheets were mounted on microscope slides in PermaFluor. The
samples were analyzed as described above.

CHS response and cell proliferation assay

Mice were sensitized by applying 25 pL DNFB solution (0.5%
in acetone/olive oil, 4/1) on their shaved abdomens on day 0.
On day 5, 10 pl. 0.2% DNFB was applied to the dorsal and
ventral aspects of the right ear, and the vehicle (acetone/olive
oil) was applied to the left ear.

To investigate the in vivo effects of anti-SHPS-1 mAD, rat
anti-SHPS-1 mAb or control rat IgG were injected intrader-
mally in the right ear at a dose of 60 pug just before the DNFB
application and 10 pL 1% DNFB or the vehicle (acetone/olive
oil) was applied to the dorsal and ventral aspects of the right
ear on day 0. On day 5, 10 uL 0.2% DNFB was applied to the
dorsal and ventral aspects of the left ear. Ear swelling was
measured in a blinded fashion with a digimatic micrometer
(Mitutoyo, Kawasaki, Japan) 24 h after the challenge.

For cell proliferation assay, the regional lymph node cells
were collected 5 days after DNFB sensitization. The cells (3 x
10°) in 96-well plates were cultured with DNBS (Sigma, 30 ug/
mL) in complete RPMI (RPMI 1640 supplemented with 10%
heat-inactivated FBS, 2 mM L-glutamine, 10 mM HEPES,
100 pM nonessential amino acids, 1 mM sodium pyruvate, 5
x 10 M 2-ME (Nacalai Tesque, Tokyo, Japan), and 1%
penicillin/streptomycin/ amphotericin B (Bio-Whittaker.,
Walkersville, MD) ) for 3 days. For the last 4 h, each well
was pulsed with MTS reagent [CellTiter®* Aqueous One
Solution Proliferation assay kit (Promega, Madison, WI)]
and the proliferation activity of each well was measured using
an ELISA reader (Nippon Bio-Rad Laboratories). Simulta-
neously, the supernatants after three days culture were
collected and assessed the contents of IFN-y using mouse
IFN-y ELISA kit (R&D Systern, Minneapolis, USA).
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Statistical analysis

The statistical significance of differences between the means
was determined using Student's t-test. Differences are
considered statistically significant at p <0.05. Each experiment
was performed at least two times.
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Abstract

We have comprehensively identified the genes whose expressions are augmented in bone marrow-derived
mononuclear cells (BMMC) from patients with Rheumatoid Arthritis (RA) as compared with BMMCs from
Osteoarthritis (OA) patients, and named them AURA after augmented in RA. Both stepwise subtractive
hybridization and microarray analyses were used to identify AURA genes, which were confirmed by
northern blot analysis and/or reverse transcription polymerase chain reaction (RT-PCR). We also assessed
their expression levels in individual patients by quantitative real-time RT-PCR. Of 103 AURA genes we
have identified, the mRNA levels of the following 10 genes, which are somehow related to immune
responses, were increased in many of the RA patients: AREG (=AURA9), FK506-binding protein
5 (FKBP5 = AURA45), C-type lectin superfamily member 9 (CLECSF9 = AURAZ24), tyrosylprotein
sulfotransferase 1 (TPSTI = AURA52), lymphocyte GO/G1 switch gene (G052 = AURAS), chemokine
receptor 4 (CXCR4 = AURAS6), nuclear factor-kappa B (NF-kB = AURA25) and two genes of unknown
function (FLJ11106 = AURA1, BC022398 = AURA2 and XM 058513 = AURA17). Since AREG was most
significantly increased in many of the RA patients, we subjected it to further analysis and found that
AREG-epidermal growth factor receptor signaling is highly activated in synovial cells isolated from RA
patients, but not in OA synoviocytes. We propose that the expression profiling of these AURA genes may
improve our understanding of the pathogenesis of RA.

Key words: stepwise subtraction; microarray; RA; OA; amphiregulin; synoviolin
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1. Introduction

Rheumatoid arthritis (RA) is a systemic autoimmune
disease characterized by arthritis that predominantly
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results in chronic inflammation of systemic joints
agsociated with the overgrowth of synovial cells. This
induces progressive cartilage and bone destruction in
the joint and subsequent disability. Since RA patho-
genesis is likely to involve genetic elements, a number
of groups have subjected samples from healthy and
affected individuals to DNA microarray analyses for a
broad-scale comparison. These studies have provided
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