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A

mechanism of liver injury, such as viral hepatitis or autoimmune hepatitis, is considered to involve the impairment of hepatocytes mediated mainly by lymphocytes.
In addition to the direct cytotoxic effects to hepatocytes by lymphocytes, the roles of a variety of cytokines have been reported (1,
2). Activated T cells are directly cytotoxic for hepatocytes or release proinflammatory cytokines, which mediate hepatocyte damage in various models. A well-described mouse model of immunemediated liver injury is produced by the i.v. injection of the T cell
mitogen Con A (3), which results in fulminant hepatitis and is
considered to be an experimental murine model of human autoimmune or viral hepatitis (4, 5). In the Con A-induced hepatitis
model, activation of T cells and macrophages is important for disease induction, because T cell-specific immunosuppressive drugs,
cyclosporine A and FK506, or depletion of liver macrophages
(Kupffer cells) by silica particles or clodronate protected mice
from liver injury (6 – 8). Although the precise mechanisms by
which T cells and macrophages induce hepatitis are not fully understood, recent lines of evidence suggest that NK1.1⫹ CD3⫹
NKT cells are critically involved in Con A-induced hepatitis (9 –
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11). Particularly, Kaneko et al. (11) reported that in mice lacking
only NKT cells, hepatitis was not induced after i.v. injection of
Con A. NKT cells promptly produce IFN-␥ and IL-4 after stimulation with Con A, ␣-galactosylceramide, or anti-CD3 mAb (12,
13). Besides IFN-␥ and IL-4, various cytokines are involved in this
hepatitis (14 –19).
WSX-1 is a novel class I cytokine receptor with homology to the
IL-12Rs, and its expression is highly detected in lymphoid tissues
such as spleen, thymus, and lymph nodes (20, 21). In an analysis
of mice deficient for WSX-1, we demonstrated that WSX-1 is required for normal production of IFN-␥ by naive CD4⫹ T cells
(22). We also reported that STAT1 is activated downstream of
WSX-1, leading to T-bet induction, followed by IL-12R␤2 expression in naive CD4⫹ T cells (23). These results revealed that
WSX-1 is critical for initial Th1 commitment. Recently, Pflanz et
al. (24) reported that IL-27, a newly identified IL-12-related cytokine composed of EBI-3 and p28, binds to WSX-1. We also reported that IL-27 induce STAT1 phosphorylation downstream of
WSX-1 and also that IL-27 causes IL-12 responsiveness to naive
CD4⫹ T cells by induction of IL-12R␤2 (23). More recently, we
have reported that in the absence of WSX-1, both CD4⫹ T cells
and NK1.1⫹ CD3⫹ NKT cells overproduced several inflammatory
cytokines during Toxoplasma gondii or Trypanosoma cruzi infection (25, 26), demonstrating a new role for WSX-1 as an inhibitory
regulator of cell activation and cytokine production. Thus, although the role of IL-27/WSX-1 signaling in the differentiation of
naive CD4⫹ T cells into Th1 population has become clearer, functions of WSX-1 in various milieus have not been fully understood.
In this report we examined the role of WSX-1 in NKT cells in
the Con A-induced hepatitis model by taking advantage of WSX1-deficient mice. WSX-1 knockout mice were more sensitive to
Con A than wild-type mice by producing significantly higher
amounts of serum IFN-␥ and IL-4. In addition, overproduction of
various proinflammatory cytokines was detected in WSX-1 knockout mice. WSX-1-deficient NKT cells produced more IFN-␥ and
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Administration of Con A induces liver injury that is considered to be an experimental model for human autoimmune or viral
hepatitis, where immunopathology plays roles mediated by activated lymphocytes, especially NK1.1ⴙ CD3ⴙ NKT cells, and
inflammatory cytokines, including IFN-␥ and IL-4. In the present study we investigated the role of WSX-1, a component of IL-27R,
in Con A-induced hepatitis by taking advantage of WSX-1 knockout mice. WSX-1-deficient mice were more susceptible to Con A
treatment than wild-type mice, showing serum alanine aminotransferase elevation and massive necrosis in the liver. Although the
development of NKT cells appeared normal in WSX-1 knockout mice, purified NKT cells from the knockout mice produced more
IFN-␥ and IL-4 than those from wild-type mice in response to stimulation with Con A both in vitro and in vivo. In addition,
hyperproduction of proinflammatory cytokines, including IL-1, IL-6, and TNF-␣, was observed in the knockout mice after Con
A administration. These data revealed a novel role for WSX-1 as an inhibitory regulator of cytokine production and inflammation
in Con A-induced hepatitis. The Journal of Immunology, 2004, 172: 3590 –3596.
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IL-4 than those from wild-type mice both in vitro and in vivo.
Taken together, our results revealed a new function of WSX-1 as
a suppressor of hyperinflammatory response of NKT cells, in addition to the previously reported role for Th1 induction.

Materials and Methods
Animals and Con A injection
Generation of WSX-1 knockout mice was reported previously (22). Mice
were maintained in a specific pathogen-free condition. All the mice used
(8 –10 wk old) were backcrossed into the C57BL/6 background ⬎10 times.
Con A (Sigma-Aldrich, St. Louis, MO) was injected i.v. at an indicated
dose in 200 l of PBS. Two milligrams of anti-INF-␥ mAb or anti-IL-4
mAb in 200 l of PBS were injected i.v. 2 h before Con A injection. For
in vivo depletion of NK cells, excluding NKT cells, mice were treated with
200 g each of anti-asialo-GM1 Ab (Wako Biochemicals, Tokyo, Japan)
60 and 18 h before Con A injection. For depletion of both NK and NKT
cells in vivo, mice were injected with a mixture of anti-NK1.1 mAb and
anti-Ly49C (50 g of each; BD PharMingen, San Diego, CA) 24 h before
Con A injection (27). For depletion of CD4⫹ T cells, 250 g of anti-CD4
mAb (GK1.5) were injected 24 h before Con A injection.

Histopathological examination and serum cytokine and
aminotransferase determination
For histopathological examination of the liver, livers were taken from mice
18 h after Con A injection, fixed with 4% formaldehyde, and stained with
H&E. For aminotransferase determinations, blood was withdrawn at the
indicated time after Con A injection. Sera were recovered and stored at
⫺80°C until used. Alanine aminotransferase (ALT)3 activities in sera were
determined using a Dry Chem Slide (Fuji Film Medical, Tokyo, Japan)
according to the manufacturer’s directions. Similarly collected sera were
examined for serum cytokine levels using the LiquiChip Mouse 10-Cytokine Kit (Qiagen, Valencia, CA), a microbead-based ELISA system for
simultaneous detection of mouse IL-1␤, IL-2, IL-4, IL-5, IL-6, IL-10,
IL-12 (p70), GM-CSF, IFN-␥, and TNF-␣, and were analyzed with Luminex 100 (Luminex, Austin, TX).

Flow cytometric analysis
Liver mononuclear cells (MNC) were prepared by Percoll gradient as
described previously (28). Liver MNC or splenocytes were stained with
3
Abbreviations used in this paper: ALT, alanine aminotransferase; MNC, mononuclear cell.
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FIGURE 1. Susceptibility of WSX-1-deficient mice to Con A-induced liver injury. A, WSX-1⫹/⫺ or WSX-1⫺/⫺ mice were injected i.v. with 25 or 5 mg/kg
body weight of Con A. Serum ALT levels were monitored 12, 24, 36, 48, and 72 h after Con A injection. Data are the mean ⫾ SD (five mice per group)
and are representative of three experiments with similar results. Note that ⬃80% of WSX-1⫺/⫺ mice died within 24 h of injection, and the rest survived,
whereas all the wild-type mice survived. B, WSX-1⫹/⫺ (䡺) or WSX-1⫺/⫺ (f) mice were injected with the indicated doses of Con A. Twelve hours after
injection, serum ALT levels were measured. Data are the mean ⫾ SD (five mice per group). Experiments were repeated twice with similar results. C,
WSX-1⫹/⫺ or WSX-1⫺/⫺ mice were injected with 5 or 25 mg/kg Con A. Eighteen hours later, mice were sacrificed, and livers were fixed for microscopic
histological examinations (magnifications, ⫻50 and ⫻200).
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matically reduced to almost the untreated level in mice treated with
either anti-IFN-␥ mAb or anti-IL-4 mAb (Fig. 2A). In histological
examination, as expected, no necroinflammatory lesion was observed in the liver of anti-IFN-␥ mAb- or anti-IL-4 mAb-treated
WSX-1⫺/⫺ mice (Fig. 2B). These results demonstrated that both
IFN-␥ and IL-4 produced in response to Con A stimulation exert
an essential effect on sensitivity in the liver injury observed in
WSX-1-deficient mice.

In vitro stimulation of liver MNC

Normal development of NKT cells in WSX-1⫺/⫺ mice

Liver MNC were stimulated (2 ⫻ 105/200 l) for 24 h in vitro with Con
A (5 g/ml) or anti-CD3 Ab (10 g/ml). Similarly, spleen NK1.1⫹ cells
purified by MACS were stimulated (2 ⫻ 105/200 l) in the presence of
irradiated (30 Gy) splenocytes (5 ⫻ 105/200 l) as APC for 24 h. Culture
supernatants were examined for IFN-␥ or IL-4 production using ELISA
Development Kits (Genzyme, Cambridge, MA) according to the manufacturer’s directions.

Reportedly, NKT cells play critical roles in Con A-induced hepatitis (9 –11). In particular, NKT cells expressing TCR V␣14 are
exclusively responsible for liver injury by producing both IL-4 and
IFN-␥ (11). Nieuwenhuis et al. (31) have recently reported the
impaired development of NKT cells in mice deficient for EBI-3, a
subunit of the WSX-1 ligand, IL-27. We, therefore, examined
whether WSX-1-deficiency affects the development of NKT cells
by flow cytometric analysis. The development of NKT cells in the
liver and spleen of WSX-1⫺/⫺ mice was comparable to that in
wild-type mice (Fig. 3). There was no significant difference in the
total number of liver and spleen NKT cells from WSX-1⫺/⫺ and
wild-type mice (data not shown). Thus, despite the expression of
WSX-1 on NKT cells (our unpublished observation) and the report
that EBI-3 deficiency affects NKT cell development, the lack of
WSX-1 had no apparent effect on the development of NKT cells.

Results
WSX-1 knockout mice were more sensitive to Con A-induced
liver injury than wild-type mice
Given the involvement of various cytokines in Con A-induced
hepatitis, we investigated the role of WSX-1 in the development of
liver injury by comparing WSX-1 knockout mice and wild-type
mice. First, WSX-1⫺/⫺ and WSX-1⫹/⫺ control mice were injected
i.v. with 25 mg/kg body weight of Con A, and serum ALT levels
were measured after Con A injection. Serum ALT levels began to
increase as early as 6 h after Con A injection, reached a peak at
12 h, and then declined thereafter. As shown in Fig. 1A, there was
no difference in the elevation of serum ALT levels in WSX-1⫹/⫺
and WSX-1⫺/⫺ mice. However, we noticed that ⬃80% of the
WSX-1 knockout mice died within 24 h after Con A injection,
whereas wild-type mice survived (data not shown). Therefore, we
injected mice in both groups with a lower dose (5 mg/kg) of Con
A. At this dose, although the elevation of serum ALT was not seen
in WSX-1⫹/⫺ mice, a substantial elevation of serum ALT level was
still observed in WSX-1 knockout mice (Fig. 1A, lower panels).
Analysis of serum aspartate aminotransferase levels also showed
that WSX-1 knockout mice were more sensitive to Con A-induced
hepatitis than wild-type mice (data not shown). For further confirmation, both groups of mice were injected i.v. with titrated doses
(2.5–25 mg/kg) of Con A, and serum ALT levels were monitored.
As shown in Fig. 1B, although both groups of mice showed dosedependent elevation of serum ALT levels, WSX-1 knockout mice
showed higher serum ALT levels than wild-type mice at all doses
of Con A, except 25 mg/kg. In histopathological examinations,
massive necrosis of liver parencymal cells was detected in both
wild-type and WSX-1⫺/⫺ mice injected with 25 mg/kg Con A.
However, at a dose of 5 mg/kg Con A, although the liver looked
normal in wild-type mice, massive necrosis was still observed in
WSX-1⫺/⫺ liver (Fig. 1C). Even at a dose of 2.5 mg/kg Con A,
necrosis of parencymal cells was seen in WSX-1 knockout mice
(data not shown). These data indicated that WSX-1 deficiency bestowed higher sensitivity to Con A on mice.
Involvement of IFN-␥ and IL-4 in Con A-induced hepatitis of
WSX-1-deficient mice
Although the precise mechanisms of liver injury have yet to be
elucidated, the involvement of cytokines, especially IFN-␥ and
IL-4, in Con A-induced hepatitis has been reported (9, 11, 29, 30).
To address whether both cytokines are also responsible for the Con
A-induced hepatitis observed in WSX-1-deficient mice, we treated
WSX-1⫺/⫺ mice with anti-IFN-␥ or -IL-4 mAb 2 h before Con A
injection. After Con A injection at 5 mg/kg, ALT levels were dra-

FIGURE 2. Essential involvement of IFN-␥ and IL-4 in Con A-induced
hepatitis. A, WSX-1⫺/⫺ mice were injected with PBS as a control or with
2 mg each of anti-IFN-␥ mAb (left panel) or anti-IL-4 mAb (right panel)
2 h before Con A injection. Twelve hours after Con A injection (5 mg/kg),
serum ALT levels were measured. Data are the mean ⫾ SD of five mice per
group and are representative of three independent experiments with similar
results. B, WSX-1⫺/⫺ mice treated with anti-IFN-␥ mAb (left) or anti-IL-4
mAb (right) were injected with 5 mg/kg Con A. Eighteen hours later, mice
were sacrificed, and livers were fixed for microscopic histological examinations (magnification, ⫻50).
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FITC-anti-CD3⑀ mAb (BD PharMingen) and PE-anti-NK1.1 mAb (BD
PharMingen) and analyzed for expression of the markers with FACSCalibur
(BD Biosciences, Mountain View, CA). For flow cytometric analysis of
intracellular IFN-␥ and IL-4, LMNC were isolated 2 h after Con A injection and were cultured (1 ⫻ 106/ml) for 6 h without any stimulation in the
presence of GolgiStop plus GolgiPlug (BD PharMingen). Cells were then
stained with anti-CD3⑀ or anti-CD4 vs anti-NK1.1 Ab, fixed, and permeabilized with the Cytofix/Cytoperm Plus kit (BD PharMingen) according to
the manufacturer’s directions. Cells were then stained with anti-cytokine
Ab and analyzed for expression of the respective cytokines using
FACSCalibur.
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Hyperproduction of IFN-␥ and IL-4 by WSX-1-deficient
NKT cells
We then examined cytokine production in vitro by WSX-1-deficient NKT cells. Liver MNC from either wild-type or WSX-1⫺/⫺
mice were stimulated in vitro with Con A for 24 h, and the
amounts of IFN-␥ and IL-4 produced in the culture supernatants
were assessed by ELISA. As shown in Fig. 4A, liver MNC from
WSX-1⫺/⫺ mice produced significantly more IFN-␥ and IL-4 than
MNC from wild-type mice. As MNC isolated from liver contained
substantial percentages of T cells (Fig. 3), to further confirm the
overproduction of the cytokines by WSX-1-deficient NKT cells,
we purified NK1.1⫹ cells from spleen by MACS and stimulated
NK1.1⫹ cell population devoid of T cells with Con A. The sorted
cell populations contained ⬎70% NK1.1⫹ cells and ⬍8% conventional T cells (Fig. 4B, bottom panels). As NK cells produce neither IFN-␥ nor IL-4 in response to Con A (11), NKT cells are the
exclusive producer of cytokines in the sorted cell populations. As
shown in Fig. 4B, NK1.1⫹ cells from WSX-1⫺/⫺ mice produced
higher amounts of both IFN-␥ and IL-4 than cells from wild-type
mice in response to Con A or anti-CD3⑀ Ab. There was no significant difference in the production of IFN-␥ and IL-4 by spleen
cells devoid of NK1.1⫹ cell populations (⬍2% of NK1.1⫹ cells;
Fig. 4B, bottom panels) from both groups of mice (Fig. 4B, rightmost columns). These results demonstrated that liver MNC and
NKT cells from WSX-1⫺/⫺ mice are more sensitive to Con A stimulation by IFN-␥ and IL-4 production than those from
wild-type mice.
Flow cytometric examination of intracellular cytokine production revealed that higher percentages of WSX-1-deficient liver
NKT cells produced IFN-␥ and IL-4 than wild-type NKT cells
(Fig. 5A, left panels). Although more CD4⫹ T cells from WSX1⫺/⫺ mice produced IFN-␥ or IL-4 than those from wild-type mice
(Fig. 5A, right panels), over production of the cytokines in response to Con A was apparent in NKT populations. Consistent
with these observations, in vivo depletion of NK1.1⫹ cells, including NKT cells, resulted in significant decrease in serum ALT levels
(Fig. 5B), whereas depletion of NK cells with anti-asialo-GM1 Ab
had no effect on liver damage after Con A injection (not shown).
Although production of IFN-␥ and IL-4 by CD4⫹ T cells was not
as evident as that by NKT cells (Fig. 5A), depletion of CD4⫹ T

FIGURE 4. Hyperproduction in vitro of IFN-␥ and IL-4 by WSX-1⫺/⫺
NKT cells. A, Liver MNC were isolated as described in Materials and
Methods from naive WSX-1⫹/⫺ (䡺) or WSX-1⫺/⫺ (f) mice. Cells were
stimulated (1 ⫻ 105 cells/200 l) in the presence or the absence of Con A
(5 g/ml) for 24 h. Culture supernatants were collected and analyzed for
IFN-␥ and IL-4 production by ELISA. B, NK1.1⫹ cell populations were
positively sorted by MACS from spleens of WSX-1⫹/⫺ or WSX-1⫺/⫺ mice.
Cells were cultured (1 ⫻ 105 cells/200 l) in the presence of irradiated
splenocytes (5 ⫻ 105 cells/200 l) as APC and were stimulated for 24 h
with Con A (5 g/ml) or anti-CD3⑀ Ab (10 g/ml). Cell populations depleted of NK1.1⫹ cells (flowthrough populations) were similarly stimulated with 5.0 g/ml of Con A (rightmost columns). Culture supernatants
were examined for IFN-␥ and IL-4 production by ELISA. Data are the
mean ⫾ SD of triplicate samples. ⴱ, p ⬍ 0.05. Experiments were repeated
three times with similar results.

cells also reduced serum ALT levels, indicating that CD4⫹ T cells
make a significant contribution to the Con A-induced liver
pathology.
Hyperproduction of proinflammatory cytokines in Con A-treated
WSX-1⫺/⫺ mice
Next we examined cytokine expression by liver MNC after Con A
injection by RT-PCR analyses and found that in addition to IFN-␥
and IL-4 described above, the expression of IL-5 and TNF-␣, cytokines reportedly involved in Con A hepatitis (17, 19), was unexpectedly higher in the knockout than in wild-type mice (data not
shown).
For further confirmation, we examined the production of cytokines in sera after Con A injection (Fig. 6). With low dose of Con
A injection (5 mg/kg), there was little, if any, increase in IFN-␥
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FIGURE 3. Normal development of NKT cells in WSX-1-deficient
mice. Single-cell suspensions of liver MNC (upper panels) or splenocytes
from WSX-1⫹/⫺ or WSX-1⫺/⫺ mice were stained with FITC-anti-CD3 mAb
and PE-anti-NK1.1 mAb. Cells were analyzed for surface expression of
each molecule by FACS. The numbers are the percentages of cell populations in each quadrant. Experiments were repeated twice with similar
results.
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and IL-4 in wild-type mice. However, with the same dose of Con
A, significantly more IFN-␥ and IL-4 were produced in the sera of
WSX-1 knockout mice at 2 h after injection. In addition, several
proinflammatory cytokines, including TNF-␣, IL-6, IL-1␤, and IL12, were more highly produced in the knockout than in the wildtype mice. These results suggested that WSX-1 knockout mice
were more susceptible to Con A-induced hepatitis than WSX-1
wild-type mice by overproduction of IFN-␥ and IL-4 as well as
various proinflammatory cytokines that collectively lead to liver
injury.

Discussion
In the current study we showed that WSX-1 knockout mice are
more susceptible to Con A-induced hepatitis than wild-type mice.
Although the development of WSX-1-deficient NKT cells appeared normal, these NKT cells produced more IFN-␥ and IL-4 in
response to in vitro Con A stimulation than wild-type cells. In
addition, various proinflammatory cytokines were overproduced in
Con A-treated WSX-1 knockout mice. These data demonstrated a
novel role for WSX-1 as an inhibitory regulator of proinflammatory cytokine production.
Con A-induced hepatitis is an experimental model of human
autoimmune hepatitis. Administration of Con A immediately activates several immunocytes and induces production of various
cytokines (32). Especially IFN-␥ and IL-4 play a key role in the
liver injury. Mice lacking IFN-␥ or IL-4 are resistant to Con Ainduced hepatitis (9, 16). In our experimental system with WSX1-deficient mice, both IFN-␥ and IL-4 were also essential for liver
injury, as the administration of anti-IFN-␥ or anti-IL-4 mAbs sig-

nificantly reduced serum ALT levels and hepatocyte necrosis (Fig.
2). Thus, overproduction of IFN-␥ and IL-4 in WSX-1 knockout
mice (Figs. 4 – 6) seems to be the primary cause of the susceptibility to Con A-induced liver injury. NKT cells have an ability to
promptly produce both IFN-␥ and IL-4 in response to Con A or
anti-CD3 stimulation (12, 13), and as such, NKT cells are assumed
to act as a trigger of Con A hepatitis. Actually, Con A-induced
hepatitis was not induced in mice lacking TCR V␣14-positive
NKT cells (11). In our current study also, NKT cells were largely
responsible for the hyperproduction of IFN-␥ and IL-4, because
not only liver MNC containing substantial percentages of NKT
cells, but also purified spleen NKT cells from WSX-1 knockout
mice produced significantly higher amounts of both cytokines (Fig.
4). In addition, it was demonstrated that WSX-1-deficient NKT
cells produced more IFN-␥ and IL-4 than wild-type NKT cells by
cytokine FACS analysis (Fig. 5). CD4⫹ T cells, however, are also
responsible in part for Con A-induced hepatitis, because depletion
of CD4⫹ T cells also resulted in reduced serum ALT levels (Fig.
5B). The reduction was more evident in CD4⫹ T cell-depleted
mice than in NKT cell-depleted mice, whereas cytokine production
was more evident by in NKT cells than in CD4⫹ T cells (Fig. 5A).
This discrepancy may be attributable to the fact that CD4⫹ T cells
exceed NKT cells in total number and, subsequently, in the
amounts of cytokines produced. Currently, it is not clear whether
CD4⫹ T cells are activated primarily by Con A or secondarily to
overproduced cytokines.
Overproduction of IFN-␥ by WSX-1-deficient NKT cells was
initially unexpected. In our previous report, IFN-␥ production by
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FIGURE 5. Hyperproduction in vivo of IFN-␥ and
IL-4 by WSX-1⫺/⫺ NKT cells. A, WSX⫹/⫺ or WSX1⫺/⫺ mice were injected with 5 mg/kg Con A. Two
hours after injection, liver MNC were prepared and
examined for intracellular cytokine production as described in Materials and Methods. Numbers are the
percentages of IFN-␥- or IL-4-positive cells within
NK1.1⫹CD3⫹ (NKT, left panels) or NK1.1⫺CD4⫹
(CD4, right panels) cell populations. Experiments
(three or four mice per group) were repeated three
times with similar results. B, WSX-1⫺/⫺ mice were
injected with PBS or depleted of NK1.1⫹ cells
(NKT dep) or CD4⫹ T cells (CD4 dep) as described
in Materials and Methods. Twelve hours after Con
A injection (5 mg/kg), serum ALT levels were
measured. Experiments were repeated three times
with similar results. ⴱ, p ⬍ 0.05.
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FIGURE 6. Hyperproduction of proinflammatory
cytokines in WSX-1-deficient mice after Con A treatment. WSX⫹/⫺ (E) or WSX-1⫺/⫺ (f) mice (three to five
mice per group) were injected with 5 mg/kg Con A.
Serum specimens were collected at 0, 2, and 6 h after
Con A injection. Sera were examined for cytokine production in triplicate as described in Materials and
Methods. The ordinate indicates serum cytokine concentration in picograms per milliliter. Experiments were
repeated three times with similar results. ⴱ, p ⬍ 0.05.

IFN-␥ and IL-4 upon stimulation (12, 13). Developing and/or mature NKT cells may be continuously exposed to the WSX-1 ligand
in vivo, and WSX-1-deficient NKT cells may be educated in a
different way so as to produce more cytokines upon stimulation. It
is thus possible that intracellular conditions, such as the expression
of transcription factors and/or chromatin remodeling for IFN-␥ and
IL-4, are different in the absence of WSX-1 signaling.
In addition to IFN-␥ and IL-4, various proinflammatory cytokines were overproduced in WSX-1-deficient mice after Con A
treatment (Fig. 6), which collectively contributed to the devastating liver injury observed in the knockout mice (Fig. 1). Although
NKT cells are the primary source of IFN-␥ and IL-4, and presumably IL-5 (19), cytokines such as TNF-␣, IL-1, and IL-6 are probably produced by Kupffer cells in the liver (8) in response to IFN-␥
and IL-4 produced by NKT cells. As macrophages are positive for
the expression of WSX-1 by RT-PCR (22), it is possible that WSX1-deficient macrophages (Kupffer cells) are also more sensitive to
stimulation and are prone to overproduction of inflammatory cytokines. Interestingly, overproduction of proinflammatory cytokines is not exclusive to Con A-induced hepatitis mediated by
NKT cells. In an experimental T. cruzi infection in WSX-1-deficient mice, overproduction of proinflammatory cytokines in addition to IFN-␥ and IL-4 was observed (26). In addition, Villarino et
al. (25) reported hyperactivation of WSX-1-deficient CD4⫹ T cells
during T. gondii infection. Although the precise molecular mechanisms for the overproduction of cytokines and cellular activation
are under investigation, the involvement of IL-10, an antiinflammatory cytokine (18), is unlikely, because the production of
IL-10 was not reduced in WSX-1-deficient mice compared with
that in wild-type mice after Con A treatment (data not shown).
Recent advances have revealed that the development of naive
CD4⫹ cells into fully differentiated Th1 cells was more finely
regulated than initially envisioned. For the initial commitment
of naive CD4⫹ T cells into Th1, IL-27/WSX-1 is critical for
T-bet-mediated IL-12R␤2 expression. In committed Th1 cells,
IL-12/IL-12R plays a central role for IFN-␥ production by
STAT4 activation. Memory CD4⫹ T cells resort to IL-23/IL-23R
for their proliferation and augmentation of IFN-␥ production (for
review, see Refs. 35–37). However, the roles played by members
of the expanding IL-12 family are not limited to Th1 differentiation
and IFN-␥ production. For instance, Wiekowski et al. (38) reported
that mice with transgenic expression of p19 of IL-23 showed
systemic inflammation and increased serum levels of TNF-␣ and
IL-1. Lack of IL-12R␤1 (also a subunit for the IL-23R complex)
resulted in reduced IL-1 production and inflammation in coxsackie
virus B3-induced myocarditis in mice (39). Our findings of overproduction of proinflammatory cytokines by NKT cells in Con
A-treated WSX-1-deficient mice confirm the recently proposed
novel role for WSX-1 as an inhibitory regulator of inflammation
and cytokine production (25, 26). With further identifications of
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differentiating WSX-1-deficient CD4⫹ T cells was impaired, demonstrating the essential role of WSX-1 in Th1 differentiation (22).
In support of this, we also reported that Il-12R␤2 expression was
impaired in WSX-1-deficient CD4⫹ T cells (23). Moreover, Pflanz
et al. (24) reported that IL-27, a candidate ligand for WSX-1, was
an inducing factor of IFN-␥ by naive CD4⫹ T cells. However,
contrary to our presupposition that WSX-1 knockout mice may be
resistant to Con A hepatitis by reduced IFN-␥ production, the
knockout mice were more sensitive to Con A stimulation by overproduction of various cytokines, including IFN-␥. The apparent
discrepancy may be explained by swapping of receptor and/or ligand subunits. In an analogy to IL-12R (and other cytokine receptors), WSX-1 is assumed to bind to a countersubunit that has yet
to be identified to conform to a functional receptor complex. As
observed in IL-12R (IL-12R␤1 plus -␤2 on Th1 effecter cells) vs
IL-23R (IL-12R␤1 plus unique IL-23R on Th1 memory cells) (33),
it is very likely that distinct subunits are used in distinct cell populations, i.e., CD4⫹ cells and NKT cells, to exert different functions. Similarly, it is also possible that distinct ligands, such as
IL-27 (p28 plus EBI-3) vs EBI-3 plus p35 of IL-12 (24, 34), bind
to the WSX-1 receptor complex in various settings (see Ref. 35 for
review). From these points, it is intriguing that mice lacking EBI-3
(a subunit of IL-27) showed defects in NKT cell development (31).
As our mice lacking WSX-1 (a subunit of the putative IL-27R)
showed apparently normal development of NKT cells in both liver
and spleen (Fig. 3) with more activated phenotype in terms of
cytokine production (Fig. 4 and 5), results obtained by WSX-1
knockout mice and EBI-3 knockout mice are seemingly contradictory. It is therefore assumed that EBI-3 may bind to a receptor
distinct from WSX-1 for NKT cell development. It is strongly
suggested that the interrelation among IL-12 family members
(both receptors and ligands) is polygamous, but not one-on-one, to
exert various effects on various types of cells. In support of this
idea, addition of rIL-27 to the culture of NKT cells for in vitro Con
A stimulation (Fig. 4) did not restore the overproduction of cytokines (data not shown), indicating that IL-27 may not be the ligand
for WSX-1 on NKT cells. However, it is also possible that WSX1-deficient NKT cells are differently educated in vivo in the absence of IL-27/WSX-1 signaling (see below).
The cellular source of the ligand for WSX-1 on NKT cells is
currently unknown. Purified WSX-1-deficient NKT cells produced
more IFN-␥ and IL-4 when stimulated in vitro without the addition
of APC (data not shown). It is thus possible that NKT cells may
produce the ligand themselves in an autocrinal fashion. However,
as IL-12 and related cytokines are mainly produced by cells of the
macrophage/monocyte lineage, a small percentage of macrophages
contaminating the culture may be responsible for the ligand production. Of interest, overproduction of proinflammatory cytokines
by WSX-1-deficient mice was detected as early as 2 h after Con A
injection (Fig. 6). NKT cells are equipped for the production of
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new relatives of IL-12 and/or IL-12R, the precise scheme for
ligand and receptor combination will be complete, which will raise
opportunities for therapeutic intervention against autoimmune
diseases and some infections.
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