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SUMMARY

 

We previously reported the establishment of a mouse model system of contact hypersensitivity (CHS)
to paraphenylemediamine (PPD). In order to analyse the functional contribution of Th2 cytokines, IL-
4 and IL-5, in PPD induced CHS, STAT6 deficient (STAT6

 

–/–

 

) and wild-type control (WT) mice (C57BL/
6) were immunized by the topical application of a PPD solution, and then the subsequent skin reactions
were examined. Ear swelling was significantly reduced with a delayed peak response in STAT6

 

–/–

 

 mice
as compared with that of WT mice. A histological analysis showed the infiltration of both eosinophils
and neutrophils in the skin of STAT6

 

–/–

 

 mice challenged 24 h previously to significantly decrease in com-
parison with that in the WT mice. The expression of Th2 cytokines (IL-4, IL-5) by ELISA in the PPD-
challenged skin tissue specimens as well as the IgE and IgG1 response after challenge were also pro-
foundly reduced in the STAT6

 

–/–

 

 mice. The adoptive transfer of the serum obtained from sensitized WT
mice for the putative IgE transfer induced a peak response at 3 h and 24 h after challenge. To further
investigate the role of mast cells in the induction of PPD-CHS, mast cell deficient W/W

 

v

 

 mice were sen-
sitized with PPD and then were challenged. Maximal ear swelling was detected from 12 to 24 h and
another small peak response was observed at 1 h in

 

+

 

/

 

+

 

mice, whereas only a small peak response at 24
h was detected in W/W

 

v

 

 mice. These data indicate that not only Th2 cytokines and IgE but also mast cells
play an essential role in the induction of PPD-CHS.
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INTRODUCTION

 

Sensitization by Paraphenylenediamine (PPD) has been consid-
ered in several countries to be so great a hazard that its use in hair
dyes was banned in Germany in the early 19·00s; it was subse-
quently prohibited in France, and in Sweden in 1964, however, in
Japan, PPD is still used as a active ingredient of hair dyes [1]. It is
well known that PPD induces not only contact hypersensitivity
but also immediate-type hypersensitivity [2]. The allergenicity of
PPD was first described by Mayer [3], Blohm & Rajka [4] dem-
onstrated that the sensitization with benzoquinone played an
important role in sensitization with PPD through an intracutane-
ous sensitization experiment using guinea pigs.

Magnusson [5] established a guinea pig model of PPD-CHS
by both the intradermal injection of PPD and the topical appli-
cation of PPD. Recently, We recently reported a murine model of
contact sensitization to PPD by applying PPD for 3 consecutive
days on the abdomens of mice [6]. Th2 like-

 

gd

 

 T cells have been
demonstrated to play a role in the induction of CHS to PPD [6].
However, it is not clear whether Th2 cytokines, IgE or mast cells
play an essential role in the induction of PPD-CHS or not. Very
recently, in order to analyse the functional contribution of Th2
cytokines in CHS, STAT6 deficient (STAT6

 

–/–

 

) and wild-type con-
trol (WT) mice (C57BL/6) were contact sensitized with 5%
TNCB, 0·5% DNFB or 5% oxasolone (Oxa), and then the subse-
quent skin reactions were examined [7]. The results indicated that
the STAT6 signal plays a critical role in the induction phase of
CHS to TNCB, DNFB or Oxa [7].

Delayed hypersensitivity (DH) in mice can be preferentially
elicited in anatomical sites rich in mast cells [8]. This observation,
combined with experiments showing that phamacological agents
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such as reserpine to deplete mast cells of vasoactive amines, which
are known to inhibit DH, suggests that mast cells play an essential
role in the expression of DH reaction [8,9]. Several reports dem-
onstrated that mast cell-deficient mice had an impaired ability to
express a DH reaction [10–12]. In contrast to these reports, DH or
CHS in mast cell-deficient mice were found to be equivalent to

 

+

 

/

 

+

 

control mice [13–16]. Ptak and colleagues [17,18] demonstrated
that a low dose, and not a high dose, of IgE mediated DTH ini-
tiation via the release of a small amount of 5-hydroxytryptamine
by mast cells. We also demonstrated a small amount of IgE to be
detected in CHS induced in the wt mice but not in the STAT6

 

–/–

 

mice [7], however, the exact role of mast cells and IgE in CHS
remains unclear.

In this paper, we compared the CHS response to PPD in
STAT6

 

–/–

 

 mice and mast cell deficient mice with that in wild type
mice to elucidate the role of Th2 cytokines, IgE or mast cells in the
induction of CHS to PPD. As a result, we found that not only Th2
cytokines and IgE but also mast cells play a crucial role in
the induction of PPD-CHS.

 

MATERIALS AND METHODS

 

Animals

 

C57/BL6 mice with a targeted disruption of the gene encoding
STAT6 (STAT6

 

–/–

 

) were generated in the Department of Host
Defense, Research Institute for Microbial Disease, Osaka Uni-
versity (Suita, Japan), as previously reported [19] and age and sex
matched wild-type (WT) littermate controls (C57/BL mice) were
purchased from the Sankyo Co., Tokyo, Japan. Female mast cell-
deficient WBB6F-W/W

 

v

 

 mice and their congenic normal (

 

+

 

/

 

+

 

) mice
were obtained from the Sankyo Co., Japan. All animals were housed
under specific pathogen-free conditions, and had free access to a
commercial diet and water. They were used at from 8 to 15 weeks
of age. Each experimental group consisted of at least five mice.

 

Reagents

 

The following reagents were obtained from commercial sources:
N-2-hydroxyethyl-piperazine-N,-2-ethanesulphonic acid (Hepes)
from the Nakarai Chemical Co., Kyoto; p-phenylenediamine
(PPD) from the Wako Junyaku Co., Tokyo, and trypsin (1 : 250)
from Difco (Detroit, MI, USA). The following mAb were used.
Anti-mouse IgE-epsilon chain antiserum (goat; Bethyl Labora-
tory Inc, TX, USA), anti-Thy1·2 (IgG2; Caltag Laboratory, CA),
anti-Ly2 (Rat; Cedarlane Laboratories Ltd, Canada), antimouse
CD4(L3T4) mAb (Rat; Cedarlane Laboratories Ltd, Canada);
CNBr-activated-Sepharose 4B from Phamacia (Uppsala, Swe-
den).

 

Immunization for induction of contact hypersensitivity to PPD

 

Female mast cell-deficient WBB6F-W/W

 

v

 

 mice and their congenic
normal (

 

+

 

/

 

+

 

) mice were contact sensitized by 3 daily topical appli-
cations of 50 

 

m

 

l of 2·5% PPD solution in acetone in olive oil (1 : 4)
on shaved abdominal skin. The control mice were treated in the
same fashion with vehicle alone.

C57BL/6 mice could not be contact-sensitized by a previously
described method [6]. Therefore, C57BL/6 mice and STAT6

 

–/–

 

mice were contact sensitized by 5 daily consecutive topical appli-
cations of 50 

 

m

 

l of 2·5% PPD with 3% of H

 

2

 

O

 

2

 

 since we recently
reported that the pretreatment of H

 

2

 

O

 

2

 

 was found to enhance the
ear swelling response in the induction of PPD-CHS in the BALB/
c mice (unpublished data).

 

Challenge and measurement

 

At 2 days after the last abdominal application, the mice were chal-
lenged by applying 20 

 

m

 

l of 2·5% PPD solution on both sides of
one ear and vehicle on both sides of the other ear. The thickness
of the ear was then measured at 1 h, 3 h, 6 h, 12 h, 24 h, 48 h, 72 h
and 96 h after challenge using an engineer’s micrometer
(Peacock, Ozaki Engineering, Tokyo, Japan).

 

Quantification of cytokine levels in the supernatant of 
skin tissue extracts

 

Samples of ear tissue extracts for ELISA were prepared as
described by Ferguson 

 

et al

 

. [20]. Briefly, at 24 h after the appli-
cation of PPD, the ears were excised and then were immedi-
ately homogenized with 10-fold volume of 0·1% Tween-20 in
PBS. The samples were quickly frozen in liquid nitrogen,
thawed in a 37

 

∞

 

C water bath, sonicated for 15 s and centri-
fuged for 5 min at 13000 

 

¥ 

 

g. The resultant supernatants were
used for ELISA. The supernatants were stored at 

 

-

 

80

 

∞

 

C. The
ELISA for IL-4, IL-5 and IFN-

 

g

 

 was conducted using an
ELISA kit (Endogen Inc., MA, USA) according to the manu-
facturer’s instructions.

 

Measurement of the serum concentration of IgE, IgG1and IgG2

 

Blood was drawn from the sinus cavernous, and the serum was
obtained by the centrifugation at 1500 

 

¥

 

 g for 10 min The serum
IgE level was determined using a commercial ELISA kit
(Yamasa, Chiba, Japan). Concentration of IgG1 and IgG2 was
determined using commercial ELISA kits (Bethyl Laboratory
Inc., Montgomery, USA) according to the manufacturer’s
instructions.

 

Adoptive transfer experiments

 

Serum obtained from PPD-sensitized WT mice at 24 h after chal-
lenged by 2·5% PPD painting on ear and cell suspensions
obtained from the peripheral lymph nodes from PPD-sensitized
WT mice before challenge were injected into the ear of either
naive STAT6

 

–/–

 

 mice or WT mice (five mice per group) (20 

 

m

 

l
serum, 2 

 

¥

 

 10

 

5

 

 per 20 

 

m

 

l PBS) [21]. One day after the transfer, the
mice were challenged by applying 10 

 

m

 

l of 2·5% PPD in olive oil
on both sides of the ear. In these experiments negative controls
consisted of groups of mice injected with PBS, s.c., into the ear
and challenged with 2·5% PPD or groups of mice injected with
serum or peripheral lymph node cells, s.c., in the ear and chal-
lenged with olive oil. The ear thickness was measured as described
above after 3 h and 24 h.

 

Elimination of IgE from the serum

 

The elimination of IgE from the serum was conducted by anti-
IgE-epsilon chain antiserum (goat; Bethyl Laboratory INC, TX)
bound affinity chromatography. Briefly, 5 

 

m

 

g/ml anti-IgE-epsilon
chain antibody was bound on CNBr-activated Sepharose 4B
beads according to the manufacturer’s instructions. The serum
(2 ml/column) from PPD-sensitized WT mice was applied onto
the anti-IgE-epsilon chain antiserum bound Sepharose 4B col-
umn (1·5 

 

¥

 

 5 cm) or isotype goat antiserum bound Sepharose
4B column, incubated at room temparature for 60 min and
washed. No IgE was detected in the filtrate from the anti-IgE-
epsilon chain antiserum bound column and 10–50 ng/ml IgE
was detected in the filtrate from isotype goat antiserum bound
column.
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Histological examination

 

Ear skin specimens were excised and fixed in 10% formalin, and
then were processed and stained with haematoxylin and eosin
(HE), May–Grunwald–Giemsa or Toluidine-blue. The number of
mononuclear cells, mast cells and granulocytes, such as neutro-
phils and eosinophils, infiltrating into the dermis was evaluated by
staining the tissue specimens stained with Giemsa’s solution. The
section was examined at a magnification of 

 

¥

 

400. At least 10 fields
were examined for each earlobe. The number of cells was counted
and expressed at the number of cells per mm

 

2

 

.

 

Statistical analysis

 

The experimental data are expressed as the mean 

 

±

 

 SD (standard
deviation). The statistical analysis was performed using Student’s

 

t

 

-test.

 

RESULTS

 

Diminished CHS response to PPD in STAT6 

 

–/–

 

 mice

 

The STAT6

 

–/–

 

 mice and wt mice were sensitized with PPD to eval-
uate the ability of STAT6

 

–/–

 

 mice to develop a PPD induced CHS
reaction. Two peak responses were detected at 3 h (early phase)
and at 24 h (late phase) after the challenge in both the STAT6

 

–/–

 

mice and WT mice. As is shown in Fig. 1, both the early and late
phase of CHS to PPD significantly decreased in the STAT6

 

–/–

 

 mice
in comparison to those in the WT mice (Fig. 1). The peak response
of ear swelling was detected at 3 h and 24 h after the challenge in
the wt mice whereas a small peak response was observed at 48 h
after challenge in the STAT6

 

–/–

 

 mice.

 

Histopathology of PPD-induced CHS induced in STAT6

 

–/–

 

 mice

 

Since a suppressed CHS response was observed in the STAT6

 

–/–

 

mice, we analysed the histological reaction induced at 3 h and
24 h after PPD challenge in the STAT6

 

–/–

 

 mice and WT mice.

The histological reaction at 3 h revealed slight dermal oedema
in WT mice but not in STAT6

 

–/–

 

. The 24 h reaction revealed severe
dermal oedema with strong infiltration of mononuclear cells, neu-
trophils and eosinophils to be detected in the challenged skin of
the WT mice (Fig. 2). In contrast, only a mild inflammatory
response with a diminished infiltration of mononuclear cells and

 

Fig. 1.

 

STAT 6 deficient (STAT6

 

–/–

 

) mice exhibit a reduced CHS elicitation
to PPD. STAT6

 

–/–

 

 mice (

 

�

 

 Olive-STAT6

 

–/–

 

; 

 

�

 

 PPD-STAT6

 

–/–

 

) and wild type
(WT) mice (

 

�

 

 Olive-WT; 

 

�

 

 PPD-WT) were contact sensitized for five days
with 2·5% PPD, 2 days after the last immunization, and thereafter both
mice were challenged. The maximal ear swelling was detected at 24 h for
the wild type mice and at 48 h for the STAT6

 

–/–

 

 mice. The data presented
are the mean values ± SD of five mice per group and are representative of
five experiments. *

 

P

 

 <0·01, significant compared to the results obtained
with WT mice
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Fig. 2.

 

Histopathological findings of the con-
tact hypersensitivity induced by PPD painting
in WT or STAT 6

 

–/–

 

 mice WT mice or STAT6

 

–/–

 

mice were immunized for 5 consecutive days by
topical painting with 2·5% PPD with H

 

2

 

O

 

2

 

.
Three days after the last abdominal application,
the mice were then challenged by applying 2·5%
PPD solution. The histological features of  24-h
CHS ear skin reaction challenged by PPD in
WT mice or in STAT6

 

–/–

 

 mice stained with
Giemsa’s solution. An extremely large degree of
oedema was detected in the PPD-challenged
skin in the WT mice (STAT6

 

+/+

 

) but not in the
STAT6

 

–/–

 

 mice (STAT6

 

–/–

 

). A strong infiltration
of mononuclear cells, neutrophils and eosino-
phils was observed in the dermis of the WT
mice, however, a diminished infiltration of neu-
trophils and mononuclear cells was observed in
the dermis of the STAT6

 

–/–

 

 mice.
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neutrophils was observed in the challenged skin in the STAT6

 

–/–

 

mice (Fig. 2). Interestingly, the degree of degranulation from mast
cells was much less in the STAT6

 

–/–

 

 mice (Fig. 2). The number of
infiltrated mononuclear cells, neutrophils and eosinophils into the
sites were calculated in both the STAT6

 

–/–

 

 mice and WT mice.
PPD-challenged wt mice had a significantly greater number of
eosinophils and neutrophils than the PPD-challenged STAT6

 

–/–

 

mice (

 

P

 

 

 

<

 

 0·01) (Fig. 3).

 

No elevation of the serum IgE and IgG1 in the STAT6

 

–/–

 

 mice 
challenged with PPD

 

Since IgE has been implicated to play an important role in the
pathogenesis of CHS [17,18], STAT6

 

–/–

 

 mice and WT mice sensi-
tized with PPD were challenged with PPD or olive oil. The mice
were bled at 24 h after PPD challenge, and the serum concentra-
tions of IgE, IgG1 and IgG2a were measured by ELISA. The PPD-
challenged WT mice produced significantly higher amounts of
serum IgE than the olive oil-challenged littermates. In contrast, nei-
ther the olive oil- nor PPD-challenged STAT6

 

–/–

 

 mice produced
detectable levels of serum IgE (Fig. 4a). The WT mice displayed the
expected increase in IgG1 concentration after PPD challenge,
whereas the serum IgG1 level was very weakly augmented after the
PPD challenge in STAT6

 

–/–

 

 mice (Fig. 4b). The serum concentration
of IgG2a did not change in either the WT or STAT

 

–/–

 

 mice after the
PPD challenge, thus indicating that the antigen specific IgG2 pro-
duction was not influenced by the PPD challenge (Fig. 4c).

 

Local production of cytokines in the STAT6

 

–/–

 

 mice

 

In the supernatant from skin tissue obtained from PPD-
challenged WT mice, the levels of both IL-4 and IL-5 were signif-
icantly higher than those in the supernatant from olive
oil-challenged WT mice (Fig. 5). In contrast, no Th2 cytokine
was detected in the skin tissue extract from PPD-challenged

STAT6

 

–/–

 

 mice (Fig. 5). The level of IFN-

 

g

 

 in the STAT6

 

–/–

 

 mice
was increased in both the WT mice and STAT6

 

–/–

 

 mice (Fig. 5).

 

Either lymph node cells or serum from the wt mice induced CHS 
in the STAT6

 

–/–

 

 mice

 

To clarify whether the defect of CHS in STAT6

 

–/–

 

 is at the afferent
or efferent phase, adoptive cell transfer experiments were con-
ducted. Lymph node cells from the WT mice sensitized with PPD
were subcutaneously injected into the ears of naive STAT6

 

–/–

 

 mice

 

Fig. 3.

 

Effect of STAT6 deficiency on the cellular distribution of the chal-
lenged skin. Challenged skin was obtained from the WT and STAT6

 

–/–

 

 mice
after being challenged with the application of 2·5% PPD or olive oil (Con-
trol). 

 

�

 

 Olive-WT; 

 

�

 

 PPD-WT;  Olive-STAT6

 

–/–

 

;  PPD-STAT6

 

–/–

 

.  The
columns represent the number of eosinophils, neutrophils, monocytes/mac-
rophages and mast cells which infiltrated the challenged skin. The results
shown are from a single experiment representative of three separate exper-
iments.*

 

P-value < 0·01 versus the TNCB-challenged WT mice. **P-value
< 0·05 versus the PPD-challenged WT mice.
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Fig. 4. The serum IgE, IgG1, IgG2a levels of the sensitized WT and
STAT6–/– mice challenged with olive oil and PPD. Mice were treated as
described in the Methods. The serum IgE, IgG1, IgG2a level was analysed
by ELISA. The serum (a) IgE, (b) IgG1 and (c) IgG2a levels in olive oil
and PPD-challenged, sensitized WT and STAT6–/– mice. The mice were
treated as described in the Methods. The serum was analysed by ELISA.
The data represent the mean ± SD for groups of four mice and are
representative of three independent experiments. The immunogloblin
level was measured by ELISA at 24 h after the challenge. *P-value < 0·01
compared with the other groups.
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Fig. 6. Lymph node cells and serum from sensitized WT mice could induce CHS in the STAT6–/– mice (a) Adoptive transfer experiment were performed.
Peripheral lymph node cells from the sensitized wt mice were injected subcutaneously into the ear of STAT6–/– mice. The mice were challenged immediately
after the injection of lymph node cells with 2·5% PPD (  PPD) or olive oil (  olive oil). Ear swelling was measured at 3 h and 24 h after challenge. As
a negative control, mice were challenged immediately after injection of PBS with PPD (� PBS). As a positive control, the mice were contact sensitized
by 5 daily consecutive topical applications of 50 ml of 2·5% PPD on shaved abdominal skin, after 2 days these mice were challenged with 2·5% PPD (�
PPD painting). The data represent the mean swelling values obtained after 24 h with five mice per group and are representative of three independent
experiments. *P-value < 0·01 compared with other negative control groups, **P-value < 0·05 compared with the other negative control groups. (b) Adoptive
transfer experiment were performed. The sera from the PPD-sensitized wt mice were injected subcutaneously into the ear of the STAT6–/– mice. As a
negative control, naive WT and STAT6–/– mice were challenged immediately after injection of PBS with 2·5% PPD (� NC-WT,   NC-STAT6–/–). Ear
swelling was measured after 3 h and 24 h. As a positive control, the WT and STAT6–/– mice were contact sensitized by 5 daily consecutive topical
applications of 50 ml of 2·5% PPD on shaved abdominal skin, after 2 days these mice were challenged with 2·5% PPD (� PPD-WT,  PPD- STAT6–/–).
Naive STAT6–/– mice or PPD-sensitized STAT6–/– mice were challenged immediately after injection of serum from PPD-sensitized wt mice (  NC-Serum-
transfer,  PPD-Serum-transfer). Serum from PPD-sensitized wt mice were pretreated with anti-IgE antibody coated beads column, then were injected
subcutaneously to naive STAT6–/– mice or PPD-sensitized STAT6–/– (  NC-Serum (IgE-)-transfer,  PPD-Serum (IgE-)-transfer). The data represent the
means swelling values obtained after 24 h with five mice per group and are representative of three independent experiments. *P-value < 0·01 compared
with the other negative control groups, **P-value < 0·05 compared with the other negative control groups.
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or WT mice followed by an epicutneous challenge with PPD. Ear
swelling was measured at 3 h and 24 h after the challenge. Naive
STAT6–/– mice exhibited CHS after the injection of lymph node
cells from the sensitized wt mice at both 3 h and 24 h after the
challenge (Fig. 6a), however, ear swelling was detected in neither
the STAT6–/– mice, which were injected lymph node cells and chal-
lenged with olive oil, nor those which were injected with PBS and
challenged with PPD (Data not shown). These data thus indicated
STAT6 to be an important signal during the induction of CHS.
Serum transfer experiments revealed both the early and late
responses to be induced by the injection of serum obtained from
the sensitized WT mice, however, the late phase responses
induced by serum transfer were weaker than those in positive
control. Interestingly, both responses diminished after the
pretreatment of serum by anti-IgE to antibody coated beads
(Fig. 6b). These data indicated to IgE also be a crucial factor in the
induction of CHS to PPD.

Partially diminished CHS response to PPD in mast cell deficient 
W/Wv mice
As IgE played an important role in the induction of CHS to PPD,
the CHS response to PPD in mast cell deficient W/Wv mice and
+/+ mice was examined. As shown in Fig. 7, the CHS response to
PPD decreased dramatically and the early phase of CHS to PPD

Fig. 5. The cytokine levels in the skin tissue supernatants in the olive oil
and PPD-challenged, sensitized STAT6–/– mice and WT mice.  � Olive-
WT; � PPD-WT;  Olive-STAT6–/–;  PPD-STAT6–/–. The data represent
the mean ± SD for groups of four mice and are representative of three
independent experiments. The cytokine levels were measured by compar-
ing them with all other groups. *P-value < 0·01 compared with the other
groups, **P-value < 0·01 compared with the negative control groups.

0

1

2

3

5

4

6

7

E
yt

ok
in

e 
le

ve
l (

ng
/g

 ti
ss

ue
)

IL-5 IFN-gIL-4

*

*

**
**



390 H. Yokozeki et al.

© 2003 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 132:385–392

at 1 h after challenge was significantly diminished in the mast cell
deficient W/Wv mice as compared with that in the +/+ mice
(Fig. 7). The peak response of ear swelling was detected 12 h after
the challenge in +/+ mice, whereas the peak response was delayed
to 24 h after challenge in mast cell deficient W/Wv mice.

Histopathology of PPD-induced CHS induced in mast cell 
deficient W/Wv mice
A histological examination revealed an intense infiltration of
mononuclear cells, neutrophils and eosinophils in the CHS
response to PPD +/+ mice. In contrast, only a mild inflammatory
response with a moderate number of infiltrated cells was
observed in the challenged skin in the mast cell deficient W/Wv

mice. The number of infiltrated cells into the skin was calculated
in both the mast cell deficient W/Wv mice and +/+ mice. No mast
cells were detected in the PPD-challenged W/Wv mice. PPD-
challenged +/+ mice had a significantly greater number of neutro-
phils and eosinophils than the PPD-challenged mast cell deficient
W/Wv mice (P < 0·01) (Fig. 8).

DISCUSSION

Considerable progress has been made in elucidating the mecha-
nism of CHS, and CHS is now accepted as a Th1 cell-dependent
response [22–24]. In contrast, IL-4 has been demonstrated to be
involved in the mechanism of the CHS response [25–28].
Recently, Szczpanik et al. [28] demonstrated that IL-4 production
is involved in their down-regulation of the Th 1 cells that medi-
ated CHS. Contrary to this report, IL-4 has been reported to be an
essential cytokine during the elicitation phase of CHS [25–27].
The role of IL-4 in CHS is still not clear. We established a murine

model system for CHS to PPD in BALB/c mice [6] and demon-
strated that Th2 type gd T cells play a crucial role in the induction
of PPD induced CHS through cell transfer experiments, however,
it is still unclear as to whether or not Th2 cytokines play an essen-
tial in PPD induced CHS. STAT6, a transcription factor of Th2
cytokine, plays a central role in exerting IL-4 and IL-13 mediated
biological responses [19,29]. Therefore, we utilized a STAT6 defi-
cient mouse model to study the role of Th2 cytokine, especially
IL-4 and IL-5, and mast cell deficient mice to examine the role of
mast cells in PPD induced CHS.

The ear swelling response of both the early and late phases
was suppressed in STAT6–/– mice after PPD challenge. The
oedematous change at the early response and cellular infiltration
at the late response were diminished and the local production of
both IL-4 and IL-5 was also suppressed in the challenged site of
STAT6–/– mice. These findings suggest that the Th2 response is
involved in CHS to PPD. These data are consistent with our
recent demonstration of STAT6–/– mice which suggested STAT6
to play a major role in the induction of CHS to TNCB, Oxa or
DNFB [7]. However, our results did not correlate with those of
CHS induced in IL-4–/– mice since the Oxa induced-CHS was not
decrease in the IL-4–/– mice [21,30]. It is well known that the Th2
response is completely diminished in STAT6–/– mice but a residual
Th2 response has been clearly observed in IL-4–/– mice [19,29].
This difference in the CHS response between the IL-4–/– mice and
STAT6–/– mice is attributable to a difference in the type of hap-
tens. PPD is a so-called Th2 hapten which can easily induce a Th2
response, on the other hand, Oxa is a hapten which can induce a
Th1 response. The late response of PPD-induced CHS in STAT6–

/– mice is much weaker than that by other haptens such as TNCB,
DNFB or Oxa. Interestingly, an early response was not observed

Fig. 7. WBB6F1-W/Wv mast cell deficient mice exhibit a reduced CHS
elicitation to PPD WBB6F1-W/Wv mast cell deficient mice (� Olive
(W/Wv); � PPD (W/Wv)) and wild type (wt) mice (� Olive (+/+) ▲ PPD
(+/+)) were contact sensitized for five days with 2·5% PPD, 2 days after
the last immunization, and thereafter both mice were challenged. The
maximal ear swelling was detected at 1 h and 12 h for the wild type mice
and at 24 h for the WBB6F1-W/Wv mast cell deficient mice. The data
presented are the mean values ± SD of five mice per group and are
representative of five independent experiments. *P <0·01, significant com-
pared to the results obtained with the wild type mice
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in the PPD-CHS in STAT6–/– mice. These data indicate that
STAT6 signalling plays a crucial role in both the early and late
response of CHS to PPD.

A histological analysis revealed a remarkable reduction in the
infiltration in both eosinophils and neutrophils in the late
response of STAT6–/– mice. In addition, the antigen induced
oedematous changes in the dermis was also completely depen-
dent on STAT6 signalling. So far, the exact roles of these neutro-
phils remain unclear, however, our data indicate that the
infiltration of neutrophils is regulated by STAT6 signalling and
thus may play a major role in the induction of CHS to PPD.

Not only Th1 cells but also Th2 cells play a role in the induction
of hapten specific CHS [31] and STAT6 proteins are essential in
Th2 differentiation in vitro [19,29]. STAT6 signalling is essential for
a hapten-induced increase in Th2 cytokines production in vivo. A
significant elevation of Th2 cytokine, IL-4 and IL5, was noted in the
WT mice challenged with haptens. In marked contrast, STAT6–/–

mice were unable to produce IL-4 or IL-5 in response to the skin
challenge and no detectable Th2 cytokines was detected in the
challenged skin of STAT6–/– mice. On the other hand, IFN-g was
increased in both PPD-senssitized WT mice and STAT6–/– mice
after challenge. Previously, Saulier  et al. [32] demonstrated that the
24-h ear-swelling response of CHS was not significantly reduced by
the disruption of IFN g signalling; however, dermal mononuclear
infiltrates were clearly diminished in the IFN-g receptor –/– mice. In
consistent with this paper [32], the number of infiltrated T cells was
reduced in the challenged skin of STAT6–/–, however, these infil-
trated Th1 cells induced a very small peak at 48 h after challenge
in STAT6–/– mice. (Fig. 1). A lack of Th2 cytokine production after
a PPD-challenge in STAT6–/– mice reflects the balance of the Th1-
and Th2-dependent antibody isotype production in the serum of
STAT6–/– mice. STAT6–/– mice have a predominant production of
IgG2 antibody without IgE production. A similar observation has
been reported in the mouse model of atopic asthma [33–35]. Ptak
demonstrated that low dose (10 ng/mouse), and not a high dose
(10–100 mg/mouse) of IgE mediated DTH initiation via the release
of a small amounts of 5-HT from mast cells [17,18]. PPD-
challenged WT mice produced a small amount (10–50 ng/ml) of
IgE. IgE can induce the late-phase cutaneous reactions in humans
[36,37]. Not only an early response but also a late phase response
could be transferred to STAT6–/– mice with serum from PPD-
sensitized wt mice and the these responses induced by serum trans-
fer were inhibited by the pretreatment with anti-IgE-epsilon chain
antibody coated beads column. However, in consistent with our
data, the late phase reaction induced by antigen specific IgE was
suppressed in STAT6 deficient mice [38]. These results indicate
that the amount of IgE produced by STAT6 signalling in WT mice
is a critical factor in the induction of CHS to PPD. Both the early
and late response of PPD-CHS could be elicited when the lymph
nodes cells from sensitized WT mice were injected into the ears of
STAT6–/– mice (Fig. 6a). FACS analysis revealed that gd T cells
were detected from the lymph nodes cells in PPD-sensitized WT
mice but not those in STAT6–/– mice (Data not shown) in line with
our recent report in which we demonstrated that these gd T cells
belong to Th2 cells and then dependent on IL-4 in growth [6]. These
Th2 type gd T cells may play an important role in the induction of
PPD-CHS, however, the exact role of gd T cell is still unclear now.
These data indicate that STAT6 is an important signal during the
induction, as has also been suggested previously [7,25].

The early response of CHS to PPD decreased significantly
more in the mast cell deficient W/Wv mice than in the+/+mice,

however, the late response to PPD also partially decreased. The
small peak response of ear swelling was observed at 24 h after
challenge in mast cell deficient W/Wv mice. In contrast to our data,
DTH or CHS either remained intact [13–16] or decreased [10–12]
in previous studies using mast cell-deficient mice. The reason for
this discrepancy is that only one point (24 h) observation was per-
formed by these workers [13–16]. They measured ear swelling at
only 24 h after challenge in their reports [13–16], however, our
finding confirmed that the 24 h CHS response in W/Wv mice
decreased slightly, when the responses of the W/Wv mice were
assessed at multiple time points in time course study. As a result,
a definite defect in CHS was found in W/Wv mice. Interestingly, the
response of PPD-CHS in W/Wv mice showed a very similar pattern
to those of the STAT6–/– mice. These data indicated that STAT6
signalling in mast calls may play an important role in the induction
of PPD-CHS. However, the late response of PPD-CHS in W/Wv

was stronger than that in STAT6–/– mice. These results also indi-
cated that other cells except mast cells may release a vasoactive
mediator, such as serotonin, and thereby induce a late response.
Platelets can provide serotonin for the initiation of CHS [12].

In conclusion, STAT6 signalling was found to play a critical
role in the induction of CHS to PPD, while mast cells were also
observed to be involved in the initiation of the CHS response to
PPD.
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