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Natural killer T (NKT) cells constitute a distinct subpopulation of T
cells with a unique antigen specificity, prompt effector functions,
and an unusual tissue distribution. NKT cells are especially abun-
dant in the liver, but their physiological function in this organ
remains unclear. In the present study, we examined the possible
contribution of NKT cells to a murine model of hepatitis induced by
i.v. injection of Con A. CD1-deficient mice lacking NKT cells were
highly resistant to Con A-induced hepatitis. Adoptive transfer of
hepatic NKT cells isolated from wild-type mice, but not from
FasL-deficient g/d mice, sensitized CD1-deficient mice to Con A-in-
duced hepatitis. Furthermore, adoptive transfer of hepatic mono-
nuclear cells from wild-type mice, but not from CD1-deficient mice,
sensitized g/d mice to Con A-induced hepatitis. Upon Con A
administration, hepatic NKT cells rapidly up-regulated cell surface
FasL expression and FasL-mediated cytotoxicity. At the same time,
NKT cells underwent apoptosis leading to their rapid disappear-
ance in the liver. These results implicated FasL expression on liver
NKT cells in the pathogenesis of Con A-induced hepatitis, suggest-
ing a similar pathogenic role in human liver diseases such as
autoimmune hepatitis.

atural killer T (NKT) cells constitute a distinctive subpopu-

lation of mature T cells that coexpress the NK1.1 Ag in mice
(1-3). Recent studies have shown that these cells exhibit unique
features with regard to antigen specificity, effector functions,
and tissue distribution (1-3). NKT cells express T cell antigen
receptor (TCR) composed of a single invariant TCR-a chain
(Val4-Ja281) and a highly skewed TCR B-chain (VBS8, VB7, or
VB2) (1-3), which recognizes glycolipid Ags or particular hy-
drophobic peptide presented by the MHC class Ib molecule
CD1d (4-7). Although the physiological ligand for this TCR has
not been identified, the development of NKT cells is strictly
restricted by CD1d, and NKT cells do not develop in CD1d-
deficient mice (8-10). NKT cells have been shown to exert
various effector functions (1-3, 11-19). It has been reported that
NKT cells secrete a large amount of IL-4 and IFN-y promptly
after stimulation with anti-CD3 mAb or with the glycolipid
ligand, a-galactosylceramide (a-GalCer) (11-13). It also was
shown that NKT cells exhibited perforin- and/or FasL-mediated
cytotoxicity, especially when activated by a-GalCer or IL-12,
resulting in potent antitumor activity (14-18). Moreover, it
recently was reported that stimulation of NKT cells by a-GalCer
rapidly induced activations of innate (NK cells) and adaptive (T
cells and B cells) immune responses (19). NKT cells have an
unusual tissue distribution. They are abundant in the liver, bone
marrow, and thymus but are relatively rare in lymph nodes and
spleen (1-3). Although the physiological function of NKT cells
in tissues where these cells are abundant remains unclear, we
previously have suggested a critical contribution of NKT cells
to hepatic injury caused by the generalized Shwartzman
reaction (20).

In addition to the Shwartzman reaction, several murine mod-
els have been used to investigate the pathogenesis of hepatitis,
which include D-galactosamine/lipopolysaccharide-induced
hepatitis and Con A-induced hepatitis (21-24). It has been
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suggested that the former represents an experimental model for
fulminant hepatitis in sepsis, and that the latter is more relevant
to autoimmune hepatitis (25, 26). Recent studies have shown
that Fas/FasL-mediated cytotoxicity is critically important for
hepatic injury in these models, although the effector cells
expressing FasL remain unclear (27-30). In the present study, we
explored the possible contribution of liver NKT cells to the
pathogenesis of Con A-induced hepatitis by using CD1-deficient
mice lacking NKT cells and adoptive transfer of liver NKT cells.
We found a critical role of FasL expressed on NKT cells upon
Con A administration, which not only induced hepatic injury but
also led to apoptotic elimination of activated NKT cells in the
liver. The pathophysiological relevance of these findings is
discussed.

Materials and Methods

Mice. Male C57BL/6 (Bg) mice, 8 wk of age, were purchased from
Clear Japan (Tokyo). Begld/gld (gld) mice and perforin-deficient
mice originally were purchased from The Jackson Laboratory
and maintained in our animal facility. B¢ CD1d-deficient mice
were generated as described (10) and used at 8 wk of age. All
mice were maintained under specific pathogen-free conditions.

Reagents. A neutralizing anti-mouse FasL mAb (MFL3) was
obtained from PharMingen. Concanamycin A (CMA), which
inhibits perforin-mediated cytotoxicity (31), was purchased from
Wako Pure Chemical (Osaka).

Induction of Con A-Induced Hepatitis. Con A (Sigma) was dissolved
in pyrogen-free PBS and i.v. injected to mice through the tail vein
at a dose of 15 mg/kg (29). Sera from individual mice were
obtained 20 h after Con A injection. Serum aminotransferase
[alanine aminotransferase (ALT) and aspartate aminotransfer-
ase (AST)] activities were measured by the standard photometric
method using Hitachi type 7350 automatic analyzer (Tokyo).

Flow Cytometric Analysis. Surface phenotype of the cells was
characterized by three-color flow cytometry as described (32,
33). To avoid the nonspecific binding of antibodies to FcyR, the
cells were preincubated with anti-mouse CD16/32 (2.4G2) mAb
before staining, which diminished the binding of isotype control.
Then, the cells were incubated with a saturating amount of
FITC-conjugated anti-mouse CD3e (145-2C11) mAb and phy-
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Critical contribution of NKT cells to Con A-induced hepatitis. (A) Impairment of Con A-induced hepatitis in CD1-deficient mice. Wild-type Bg mice (WT)

and CD1-deficient B¢ mice (CD17) were i.v. injected with 30 mg/kg or 15 mg/kg Con A or with PBS only. Sera from individual mice were obtained 20 h later, and
AST and ALT levels were measured. Data are presented as mean = SD of 10 mice in each group. Similar results were obtained in three independent experiments.
*, P < 0.01. (B) Adoptive transfer of hepatic NKT cells isolated from wild-type (WT) mice sensitizes CD1-deficient (CD1~) mice to Con A-induced hepatitis. As
control, 15 mg/kg Con A was injected into the liver of WT or CD1~ mice without adoptive transfer of hepatic MNCs. The other groups of CD1~ mice were injected
with 15 mg/kg Con A along with total hepatic MNCs (5 X 10 cells) isolated from the indicated mice or the indicated hepatic MNC subpopulation (2 X 10 cells)
isolated from WT mice. Sera from individual mice were obtained 6 h later, and AST and ALT levels were measured. Data are shown as the mean = SD of 10 mice
in each group. Similar results were obtained in three independent experiments. *, P < 0.01 and **, P < 0.05 as compared with Con A-injected CD1~ mice.

coerythin (PE)-conjugated anti-NK1.1 (PK 136) mAb. In some
experiments, the cells were incubated with a saturating amount
of biotinylated anti-FasL. (MFL3) mAb or anti-Fas (Jo2) mAb,
before incubation with FITC-conjugated anti-mouse NKI.1
mAb, Cy-chrome-conjugated anti-CD3 mAb, and PE-conju-
gated streptavidin. All staining reagents were obtained from
PharMingen. After washing with PBS twice, the stained cells
were analyzed on a FACScan (Becton Dickinson), and data were
processed by the CELL QUEST program (Becton Dickinson).
Detection of apoptotic cells by annexin V binding was performed
by using an annexin V-FITC apoptosis detection kit (PharMin-
gen) according to the manufacturer’s instruction.

Mononuclear Cell (MNC) Preparation and Adoptive Transfer. Hepatic
MNCs were prepared as described (15). T cells, NKT cells and
NK cells were isolated from naive Bs hepatic MNCs by a panning
method using anti-CD5 mAb and anti-DX5 mAb (PharMingen)
to avoid the stimulation of these cells by cross-linking with mAbs.
Briefly, B cells were removed by adherence on plates coated with
affinity-purified goat anti-mouse IgG + IgM Ab (Caltag, South
San Francisco, CA) twice. NK cells were obtained by positive
selection on anti-DX5 mAb-coated plates. CD5-positive cells,
including both T and NKT cells, were positively selected on
anti-CD5 mAb-coated plates. Then, DX57CD5* NKT cells were
positively separated from DX5 CD5* T cells on anti-DXS5
mAb-coated plates. Purity of the respective cell fractions was
verified by two-color flow cytometry analysis using FITC-
conjugated anti-mouse CD3e and PE-conjugated anti-NK1.1
mAbs. The NK cell fraction contained >95% CD3~NK1.1* NK
cells and <5% CD3" T or CD3"NK1.1" NKT cells. The NKT
cell fraction contained >95% CD3*NK1.1* NKT cells and <5%
CD3*"NK1.17 T cells or CD3"NKI1.1* NK cells. The T cell
fraction contained >90% CD3*NK1.1~ T cells, approximately
5% CD3*tNKI1.1" NKT cells, and <5% CD3 NK1.1* NK cells.
Whole hepatic MNCs (5 X 106 cells) or the isolated subpopu-
lation (2 X 10° cells) were mixed with 15 mg/kg Con A in 50 pul
of pyrogen-free PBS immediately before injection into the liver
of recipient mice. Under ether anesthesia, 50 ul of the suspen-
sion was injected into the lateral left lobe of liver at a rate of 10
wl/sec by using a 29-gauge needle attached to a 1-ml syringe
under direct visualization. Sera were obtained from individual
mice 6 h later, and serum AST and ALT levels were determined
as described above.

Takeda et al.

Histological Examination. Hematoxylin/eosin staining of paraffin-
embedded liver sections was performed as described (29).

Cytotoxic Assay. Cytolytic activity of hepatic MNCs was tested
against human Fas cDNA-transfected WR19L (WR/F) cells by
a standard 4-h 3!Cr release assay as described (15). WR/F was
kindly provided by S. Yonehara (Kyoto University, Kyoto,
Japan) and cultured in RPMI medium 1640 containing 10% FCS
and 2 mM L-glutamine (34). 3!Cr-labeled target cells (10*/well)
were incubated in a total volume of 200 ul with the effector cells
at the indicated effector-to-target ratios in 10% FCS-RPMI 1640
in 96-well round-bottom microtiter plates. After 4 h of incuba-
tion, the supernatant was harvested and counted in a gamma
counter. Specific cytotoxicity was calculated as described (15).
In some experiments, cytotoxic assay was performed in the
presence of anti-FasL. (MFL-3) mAb (10 pg/ml) and/or CMA
(50 nM).

Statistical Analysis. Statistical analysis between each group was
performed by two-sample ¢ test. P values less than 0.05 were
considered significant.

Results

Impaired Con A-Induced Hepatitis in CD1-Deficient Mice. To explore
the possible contribution of NKT cells to the pathogenesis of
Con A-induced hepatitis, we i.v. injected Con A into CDI1-
deficient mice that selectively lack NKT cells and measured
serum AST and ALT levels 20 h after injection. In preliminary
experiments, elevated serum levels of AST and ALT were first
observed 6-8 h after injection and peaked at 20 h after injection
(data not shown). As shown in Fig. 14, serum AST and ALT
levels were markedly reduced in CD1-deficient mice as com-
pared with wild-type mice when either 30 mg/kg or 15 mg/kg of
Con A was injected. Histological findings of degenerative
changes in the livers were clearly correlated with the serum
aminotransferase levels (data not shown). These results indi-
cated that NKT cells play a critical role in the induction of Con
A hepatitis.

Adoptive Transfer of Hepatic NKT Cells Sensitizes CD1-Deficient Mice
to Con A-Induced Hepatitis. To provide further evidence for the
contribution of NKT cells to Con A-induced hepatitis, we tested
whether adoptive transfer of NKT cells could sensitize CD1-
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Fig.2. Histological examination of the Con A- and NKT-induced hepatitis in
CD1-deficient mice. The livers were removed from i.v. Con A-injected wild-
type mice 20 h later (A), intrahepatic Con A-injected CD1-deficient mice (B),
intrahepatic Con A- and CD1-deficient hepatic MNC-injected CD1-deficient
mice (C), and intrahepatic Con A and wild-type NKT cells-injected CD1-
deficient mice (D) 6 h later. Paraffin sections were stained with hematoxylin/
eosin. (Original magnifications: x200.)

deficient mice to Con A-induced hepatitis. The intrahepatic
injection of 15 mg/kg of Con A along with hepatic MNCs (5 X
10°) from wild-type mice that contained 15% NKT cells elevated
the serum AST and ALT levels in CD1-deficient mice, whereas
the injection of Con A together with hepatic MNCs from
CD1-deficient mice that contained less than 2% NKT cells did
not (Fig. 1B). Among the hepatic MNC subpopulations from
wild-type mice, NKT cells were more efficient than T cells to
induce Con A hepatitis in CD1-deficient mice, whereas NK cells
were not effective (Fig. 1B). In these adoptive transfer experi-
ments, serum AST and ALT levels peaked at 6—8 h after Con A
injection into the liver in each group (data not shown). Histo-
logical examination showed a diffuse and massive degenerative
change in the liver of CD1-deficiemt mice when NKT cells and
Con A were coinjected (Fig. 2D), which was comparable to that
observed in iv. Con A-injected wild-type mice (Fig. 24). In

A Transferred

contrast, only a focal and mild injury was observed in the liver
of CD1-deficient mice when Con A was injected alone (Fig. 2B)
or when hepatic MNC from CD1-deficient mice and Con A were
coinjected (Fig. 2C). These results indicated that hepatic NKT
cells play a pivotal role in the Con A-induced hepatitis.

Critical Contribution of FasL to NKT Cell-Mediated Con A Hepatitis. It
has been shown that FasL-deficient gld mice are resistant to Con
A-induced hepatitis, suggesting a critical contribution of FasL
(29, 30). However, the effector cells expressing FasL remain
unclear. Consistent with these experiments, the injection of Con
A together with hepatic MNCs from wild-type mice substantially
elevated the serum AST and ALT levels in gld mice, whereas the
injection of Con A together with hepatic MNCs from gld mice
that contained 15% NKT cells did not (Fig. 34). These findings
indicate a requirement of functional FasL expression on hepatic
MNCs. To identify the critical cell population, hepatic MNCs
from CD1-deficient mice or hepatic MNC subpopulations iso-
lated from wild-type mice were injected into the liver of gld mice
with 15 mg/kg of Con A. As shown in Fig. 3B, the adoptive
transfer of wild-type hepatic MNCs, but not CDI1-deficient
hepatic MNCs lacking NKT cells, sensitized gld mice to Con A
hepatitis. Conversely, the adoptive transfer of gld hepatic MNC,
which contained 15% NKT cells, did not sensitize CD1-deficient
mice to Con A hepatitis (Fig. 1B). Among the hepatic MNC
subpopulations from wild-type mice, NKT cells were more
efficient than T cells to sensitize gld mice to Con A hepatitis (Fig.
3B). These results indicated that functional FasL expression on
hepatic NKT cells plays a critical role in the Con A-induced
hepatitis.

FasL Expression on NKT Cells After Con A Injection. We next verified
the expression of FasL on hepatic MNC subpopulations by flow
cytometry after Con A injection into wild-type Be mice. As
shown in Fig. 4, FasL expression on hepatic NKT cells was
markedly elevated 2 h after Con A injection, whereas FasL
expression on T cells or NK cells was only slightly enhanced. We
also examined the expression of Fas on these cells (Fig. 4).
Hepatic NKT cells and T cells constitutively expressed Fas at
high level, whereas NK cells expressed a lower level of Fas. The
Fas expression on these cells was not elevated 2 h after Con A
injection.
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Critical contribution of FasL on NKT cells for Con A-induced hepatitis. (A) Adoptive transfer of hepatic MNC isolated from wild-type (WT) mice sensitizes

gld mice to Con A-induced hepatitis. Total hepatic MNCs (5 X 10° cells) isolated from the indicated mice and/or 15 mg/kg Con A were injected into the liver of
gld mice. Sera from individual mice were obtained 6 h after injection, and AST and ALT levels were measured. Data are shown as the mean = SD of 10 mice in
each group. Similar results were obtained in three independent experiments. *, P < 0.01 compared with Con A-injected g/d mice. (B) Adoptive transfer of hepatic
MNC from CD1-deficient (CD1~) mice does not sensitize g/d mice to Con A-induced hepatitis. Total hepatic MNCs (5 X 10° cells) isolated from the indicated mice
or the indicated hepatic MNC subpopulation (2 X 1068 cells) isolated from wild-type (WT) mice were injected into the liver of g/d mice along with 15 mg/kg Con
A. Sera from individual mice were obtained 6 h later, and AST and ALT levels were measured. Data are shown as the mean + SD of 10 mice in each group. Similar
results were obtained in three independent experiments. *, P < 0.01 compared with Con A-injected g/d mice.
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Fig. 4. Expression of FasL and Fas on hepatic MNC subpopulations with or
without Con A injection. Wild-type Bg mice were i.v. injected with 15 mg/kg
Con A or PBS only. Hepatic MNC were isolated 2 h later, and then stained with
biotinylated anti-FasL mAb or anti-Fas mAb followed by FITC-conjugated
anti-mouse NK1.1 mAb, Cy-chrome-conjugated anti-CD3 mAb, and PE-
conjugated streptavidin. Expression of FasL or Fas was analyzed on electron-
ically gated NK1.17CD3~ (NK), NK1.1*CD3" (NKT), or NK1.1-CD3* (T) cells.
Bold lines indicate the staining of Con A-injected hepatic MNCs, thin lines
indicate the staining of PBS-injected hepatic MNCs, and broken lines indicate
the background staining with isotype-matched control IgG. Similar results
were obtained in three independent experiments.

FasL-Mediated Cytotoxic Activity of Hepatic NKT Cells After Con A
Injection. To further substantiate the functional expression of
FasL on NKT cells, we next examined the cytotoxic activity of
hepatic MNCs against FasL-susceptible WR/F target cells 2 h
after Con A injection into wild-type and CD1-deficient mice. As
shown in Fig. 54, Con A-induced cytotoxicity was significantly
impaired in hepatic MNCs from CDI1-deficient mice as com-
pared with wild-type mice (P < 0.01), indicating that the Con
A-induced cytotoxicity is mediated mainly by NKT cells. More-
over, the Con A-induced cytotoxic activity of wild-type hepatic
MNC:s was inhibited to the level of CD1-deficient hepatic MNCs
by addition of a neutralizing anti-FasL mAb, whereas the
residual cytotoxicity was abrogated by combination with a
perforin inhibitor, CMA (Fig. 5B). These results indicated that
NKT cells are mainly responsible for the FasL-mediated cyto-
toxicity induced in hepatic MNCs after Con A administration.
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Fig. 5. FasL-mediated cytotoxic activity of hepatic NKT cells after Con A
injection. (A) Impairment of Con A-induced cytotoxicity in CD1-deficient
(CD17) mice. Wild-type (WT) and CD1~ mice were i.v. injected with 15 mg/kg
of Con A or PBS only. Hepatic MNCs were isolated 2 h later, and their cytotoxic
activity was tested against WR/F target cells by 4 h 3'Cr release assay at the
indicated effector-to-target (E/T) ratios. Data are represented as the mean +
SD of triplicate wells. Similar results were obtained in three independent
experiments. (B) FasL- and perforin-mediated cytotoxicity induced by Con A
injection. Hepatic MNCa were prepared as described above, and the cytotox-
icity against WR/F was tested in the presence or absence of a-FasL mAb (10
ng/ml) and/or CMA (50 nM) at an effector-to-target ratio of 25. Data are
represented as the mean = SD of triplicate wells. Similar results were obtained
in three independent experiments.

Takeda et al.

Selective Depletion of Hepatic NKT Cells After Con A Injection. When
we examined the phenotype of hepatic MNCs after Con A
injection, we found that NKT cells were rapidly and selectively
depleted from hepatic MNCs. As shown in Fig. 64, a marked
depletion of NKT cells was observed 4-20 h after i.v. injection
of 15 mg/kg Con A into wild-type Bs mice. In contrast, the
numbers of NK cells and T cells were not significantly changed
during these periods. Hepatic NKT cells began to repopulate
36 h after Con A injection and were almost completely restored
within 3 days (data not shown). The yielded cell numbers of
hepatic MNCs were not significantly affected by Con A injection
(data not shown). These results indicated that NKT cells are
rapidly and selectively depleted from the liver after Con A
administration, while they act as predominant effector cells in
Con A-induced hepatitis.

FasL-Mediated Apoptosis Is at Least Partly Responsible for Con
A-Induced Depletion of NKT Cells. Because we observed that hepatic
NKT cells constitutively expressed Fas at a high level and also
up-regulated FasL expression rapidly after Con A administra-
tion (Fig. 4), we next addressed the possibility that the rapid and
selective depletion of hepatic NKT cells may be caused by
Fas/FasL-mediated suicide. Thus, we i.v. injected Con A into
FasL-deficient gld mice and followed the depletion of NKT cells
in hepatic MNCs by flow cytometry. We also used perforin-
deficient mice to address the possible contribution of perforin-
mediated killing. As shown in Fig. 6B, NKT cells were not
depleted 4 h after Con A injection into gld mice, but they
eventually were depleted 8 h later. In contrast, perforin-deficient
mice showed a similar kinetics of NKT cell depletion to that
observed in wild-type mice. These results suggested that the
Fas/FasL-mediated suicide is, at least in part, responsible for the
rapid depletion of hepatic NKT cells after Con A administration.
To confirm the FasL-mediated apoptosis of NKT cells early after
Con A administration, we analyzed annexin V binding to hepatic
MNC subpopulations 2 h after Con A injection into wild-type
and gld mice. As shown in Fig. 6C, hepatic NKT cells isolated
from wild-type mice 2 h after Con A injection exhibited sub-
stantially increased annexin V binding as compared with NKT
cells isolated from PBS-injected mice, whereas hepatic NKT cells
from gld mice 2 h after Con A injection did not. The annexin V
binding to hepatic NK cells or T cells was not affected by Con
A injection in either wild-type or gld mice. These results indi-
cated that the FasL-mediated apoptosis occurred in hepatic NKT
cells early after Con A administration.

Discussion

We previously investigated a possible contribution of NKT cells
to Con A-induced hepatitis and observed that depletion of
NK1.1* NK and NKT cells, but not asialo GM1* NK cells, from
wild-type B¢ mice ameliorated Con A-induced hepatitis and that
B2m-deficient mice lacking CD8* T and NKT cells were rather
resistant to Con A-induced hepatitis (35). These observations
suggested that NKT cells might play a critical role in Con
A-induced hepatitis. We also previously investigated the involve-
ment of FasL in Con A-induced hepatitis (29), but the effector
cells expressing FasL have not been identified in that study or by
others (27-30). In this study, we demonstrated that CDI1-
deficient mice that specifically lack NKT cells were highly
resistant to Con A-induced hepatitis and that adoptive transfer
of hepatic NKT cells from wild-type mice can sensitize CD1-
deficient mice to Con A-induced hepatitis, indicating a critical
contribution of NKT cells. Because adoptive transfer of hepatic
MNCs from FasL-deficient gld mice did not sensitize CD1-
deficient mice, functional FasL expression on NKT cells was
required. Consistently, hepatic NKT cells up-regulated cell
surface FasL expression and FasL-mediated cytotoxic activity
rapidly after Con A administration. These results clearly indi-
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Apoptotic elimination of hepatic NKT cells after Con A injection. (A) Selective depletion of hepatic NKT cells upon administration of Con A. Wild-type

Be mice were i.v. injected with 15 mg/kg Con A. After the indicated period, hepatic MNCs were isolated and stained with FITC-conjugated anti-CD3 mAb and
PE-conjugated anti-NK1.1 mAb. The percentage of NKT cells (boxed) indicated in each panel represents mean * SD of five mice at each time point. Similar results
were obtained in three independent experiments. (B) Delayed depletion of hepatic NKT cells in g/d mice. Perforin-deficient mice and g/d mice were i.v. injected
with 15 mg/kg of Con A. After the indicated period, hepatic MNCs were isolated and stained with FITC-conjugated anti-CD3 mAb and PE-conjugated anti-NK1.1
mAb. The percentage of NKT cells (boxed) indicated in each panel represents the mean = SD of five mice at each time point. Similar results were obtained in
two independent experiments. (C) FasL-mediated apoptosis of hepatic NKT cells. Wild-type (WT) and g/d mice were i.v. injected with 15 mg/kg Con A or PBS only.
Hepatic MNC were isolated 2 h later and stained with PE-conjugated anti-NK1.1 mAb and Cy-chrome-conjugated anti-CD3 mAb. Then, annexin V binding assay
was performed by using annexin V-FITC apoptosis detection kit. Annexin V binding was analyzed on electronically gated NK1.17CD3~ (NK), NK1.1*CD3* (NKT),
or NK1.1-CD3" (T) cells. Bold lines indicate the annexin V binding to Con A-injected hepatic MNCs, and thin lines indicate the annexin V binding to PBS-injected

hepatic MNGs. Similar results were obtained in two independent experiments.

cated that Con A-induced hepatitis, which is a murine model of
autoimmune hepatitis, is primarily mediated by FasL expressed
on hepatic NKT cells. Although the possible contribution of
NKT cells to other hepatitis models remains to be determined in
further studies, it previously was demonstrated that NKT cells
critically contribute to liver injury caused by the generalized
Shwartzman reaction and by Salmonella infections (20, 36),
suggesting a general contribution of NKT cells to immune-
mediated hepatitis. Therefore, NKT cells appear to play crucial
roles in the induction of hepatic injury by cooperating with
conventional T cells (28, 37) and macrophages (38), and through
the effector mechanisms involving the Fas/FasL system (27-30),
perforin/granzyme system (39), and IFN-vy (40), IL-4 (35, 39)
and/or TNF-a-mediated system (35, 41).

NKT cells are abundant in the liver (1-3), but their physio-
logical or pathological role in this organ remains unclear. In our
preliminary experiments to establish the adoptive transfer sys-
tem, we observed that injection of 5 X 10° wild-type hepatic
MNC s into the tail vein or portal vein did not sensitize CD1-
deficient mice to Con A hepatitis, possibly because of poor
migration or lodging of injected NKT cells into the liver. To
support this notion, we could not detect NKT cells or CD1*
MNGCs in the liver after i.v. or intraportal injection of CD1*
hepatic MNCs from wild-type mice into CD1-deficient mice
(data not shown). In contrast, direct injection of hepatic MNCs
from wild type, but not CD1-deficient or gld mice, into the liver
lobule along with Con A induced a robust hepatitis, indicating a
critical contribution of liver-resident NKT cells. It has been
shown that hepatocytes express CD1d, which may be involved in
the selection and/or expansion of NKT cells in the liver (7, 42).
In our present system, there was no requirement for CDI
expression in the liver, because adoptive transfer of NKT cells
along with Con A induced hepatitis in the liver of CD1-deficient
mice. This finding is not surprising, because Con A can activate
NKT cells independently of their TCR-mediated recognition of
a specific antigen, which is also true for conventional T cells.
However, in a physiological situation hepatic NKT cells may be
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activated by CD1-restricted antigens. In this respect, it is note-
worthy that NKT cells appear to respond to glycosylphosphati-
dylinositol (GPI)-anchored antigens of Plasmodium and
Trypanosoma in a CD1d-restricted manner and to oligomanno-
sylated GPI of Mycobacterium (43-46). Thus, NKT cells may
contribute to the innate immune response against diverse patho-
gens in the liver, and this NKT cell activation by microbial ligands
would conduct subsequent activation of innate and adoptive
effector lymphocytes, as demonstrated after a-galactosylceram-
ide treatment (19).

We here showed that hepatic NKT cells, but not T cells, rapidly
up-regulated cell surface FasL expression upon Con A admin-
istration, which not only induced hepatitis but also led to
apoptotic elimination of NKT cells in the liver. We previously
showed that hepatic NKT cells, but not T cells, constitutively
express FasL mRNA (17). Therefore, the rapid appearance of
FasL on the surface of Con A-stimulated NKT cells may be
predominantly mediated by the delivery of intracellularly stored
FasL to the cell surface, as recently reported for cytotoxic T
lymphocyte clones (47). The rapid depletion of activated NKT
cells in the liver appears to underlie the transient nature of Con
A hepatitis and to be physiological relevant to limit liver injury
by these cells, because the continued presence of activated NKT
cells expressing FasL. would lead to fatal liver damage, as
observed in mice injected with anti-Fas mAb (27). Therefore,
hepatic NKT cells may need to be eliminated quickly after they
accomplish their effector functions in the liver. Consistent with
this notion, it has been reported recently that NKT cells were
rapidly depleted after i.v. injection of anti-CD3 mAb or IL-12
and then repopulated organs within 2 days (33). Our findings
further substantiate the rapid turnover of activated NKT cells in
the liver.

Although the molecular mechanism for the apoptotic elim-
ination of activated NKT cells in the liver has not been
determined, our findings that NKT cells are not significantly
depleted 4 h after Con A injection into g/ld mice demonstrated
that Fas/FasL-mediated suicide is primarily responsible for
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the rapid depletion of hepatic NKT cells. However, at 8 h after
Con A injection, hepatic NKT cells eventually were depleted
in gld mice, suggesting other, more slowly acting mechanisms.
It has been reported that some members of the TNF family
other than FasL, including TNF and TRAIL, are involved in
activation-induced cell death (AICD) of preactivated T cells
(48, 49). Therefore, these molecules may be involved in the

—_

o

10.
11.

12.
13.

14.

15.

16.

19.

20.

2

—

22.

23.
24.

25.

. Bendelac, A., Rivera, M. N., Park, S. H. & Roark, J. H. (1997) Annu. Rev.

Immunol. 15, 535-562.

. MacDonald, H. R. (1995) J. Exp. Med. 182, 633-638.
. Vicari, A. P. & Zlotnik, A. (1996) Immunol. Today 17, 71-76.
. Castano, A. R., Tangri, S., Miller, J. E., Holcombe, H. R., Jackson, M. R., Huse,

W. D., Kronenberg, M. & Peterson, P. A. (1995) Science 269, 223-226.

. Kawano, T., Cui, J., Koezuka, Y., Toura, I., Kaneko, Y., Motoki, K., Ueno, H.,

Nakagawa, R., Sato, H., Kondo, E. (1997) Science 278, 1626-1629.

. Joyce, S., Woods, A. S., Yewdell, J. W., Bennink, J. R., De Silva, A. D.,

Boesteanu, A., Balk, S. P., Cotter, R. J. & Brutkiewicz, R. R. (1998) Science
279, 1541-1544.

. Brossay, L., Burdin, N., Tangri, S. & Kronenberg, M. (1998) Immunol. Rev. 163,

139-150.

. Smiley, S. T., Kaplan, M. H. & Grusby, M. J. (1997) Science 275, 977-999.
. Chen, Y. H., Chiu, N. M., Mandal, M., Wang, N. & Wang, C. R. (1997)

Immunity 6, 459-467.

Mendiratta, S. K., Martin, W. D., Hong, S., Boesteanu, A., Joyce, S. & Van
Kaer, L. (1997) Immunity 6, 469-477.

Yoshimoto, T. & Paul, W. E. (1994) J. Exp. Med. 179, 1285-1295.

Chen, H. & Paul, W. E. (1997) J. Immunol. 159, 2240-2249.

Burdin, N., Brossay, L., Koezuka, Y., Smiley, S. T., Grusby, M. J., Gui, M.,
Taniguchi, M., Hayakawa, K. & Kronenberg, M. (1998) J. Immunol. 161,
3271-3281.

Kawano, T., Cui, J., Koezuka, Y., Toura, 1., Kaneko, Y., Sato, H., Kondo, E.,
Harada, M., Koseki, H., Nakayama, T., et al. (1998) Proc. Natl. Acad. Sci. USA
95, 5690-5693.

Takeda, K., Seki, S., Ogasawara, K., Anzai, R., Hashimoto, W., Sugiura, K.,
Takahashi, M., Satoh, M. & Kumagai, K. (1996) J. Immunol. 156, 3366—3373.
Cui, J., Shin, T., Kawano, T, Sato, H., Kondo, E., Toura, I., Kaneko, Y., Koseki,
H., Kanno, M. & Taniguchi, M. (1997) Science 278, 1623-1626.

. Kawamura, T., Takeda, K., Mendiratta, S. K., Kawamura, H., Van Kaer, L.,

Yagita, H., Abo, T. & Okumura, K. (1998) J. Immunol. 160, 16-19.

. Arase, H., Arase, N., Kobayashi, Y., Nishimura, Y., Yonehara, S. & Onoe, K.

(1994) J. Exp. Med. 180, 423-432.

Carnaud, C., Lee, D., Donnars, O., Park, S.-H., Beavis, A., Koezuka, Y. &
Bendelac, A. (1999) J. Immunol. 163, 4647-4650.

Ogasawara, K., Takeda, K., Hashimoto, W., Satoh, M., Okuyama, R., Yanai,
N., Obinata, M., Kumagai, K., Takada, H., Hiraide, H., et al. (1998)J. Immunol.
160, 3522-3527.

. Galanos, C., Freudenberg, M. A. & Reutter, W. (1979) Proc. Natl. Acad. Sci.

USA 76, 5939-5943.

Lehmann, V., Freudenberg, M. A. & Galanos, C. (1987) J. Exp. Med. 165,
657-663.

Tiegs, G., Hentschel, J. & Wendel, A. (1992) J. Clin. Invest. 90, 196-203.
Mizuhara, H., O’'Neill, E., Seki, N., Ogawa, T., Kusunoki, C., Otsuka, K., Satoh,
S., Niwa, M., Senoh, H. & Fujiwara, H. (1994) J. Exp. Med. 179, 1529-1537.
Barnaba, V., Franco, A., Paroli, M., Benvenuto, R., De Petrillo, G., Burgio,
V. L., Santilio, I., Balsano, C., Bonavita, M. S., Cappelli, G., et al. (1994)
J. Immunol. 152, 3074-3087.

Takeda et al.

AICD of NKT cells. Further analysis of these mechanisms that
deplete activated NKT cells in the liver may lead to strategies

to

inhibit the massive and chronic hepatitis in pathological

conditions.

This work was supported by a grant-in-aid for Scientific Research from
the Ministry of Education, Science, and Culture, Japan.

26.

27.

28.

29.

35.
36.
37.
38.
. Kaneko, Y., Harada, M., Kawano, T., Yamashita, M., Shibata, Y., Gejyo, F.,
40.
41.
42,
43,

44.

45.
46.

47.
48.

49.

Lohr, H. F., Schlaak, J. F., Gerken, G., Fleischer, B., Dienes, H. P. & Meyer
zum Buschenfelde, K. H. (1994) Liver 14, 161-166.

Ogasawara, J., Watanabe-Fukunaga, R., Adachi, M., Matsuzawa, A., Kasugai,
T., Kitamura, Y., Itoh, N., Suda, T. & Nagata, S. (1993) Nature (London) 364,
806-809.

Kondo, T., Suda, T., Fukuyama, H., Adachi, M. & Nagata, S. (1997) Nat. Med.
3, 409-413.

Seino, K., Kayagaki, N., Takeda, K., Fukao, K., Okumura, K. & Yagita, H.
(1997) Gastroenterology 113, 1315-1322.

. Tagawa, Y., Kakuta, S. & Iwakura, Y. (1998) Eur. J. Immunol. 28, 4105-4113.
. Kataoka, T., Shinohara, N., Takayama, H., Takaku, K., Kondo, S., Yonehara,

S. & Nagai, K. (1996) J. Immunol. 156, 3678-3686.

. Akiba, H., Oshima, H., Takeda, K., Atsuta, M., Nakano, H., Nakajima, A.,

Nohara, C., Yagita, H. & Okumura, K. (1999) J. Immunol. 162, 7058-7066.

. Eberl, G. & MacDonald, H. R. (1998) Immunity 9, 345-353.
. Itoh, N., Yonehara, S., Ishii, A., Yonehara, M., Mizushima, S., Sameshima, M.,

Hase, A., Seto, Y. & Nagata, S. (1991) Cell 66, 233-243.

Toyabe, S., Seki, S., liai, T., Takeda, K., Shirai, K., Watanabe, H., Hiraide, H.,
Uchiyama, M. & Abo, T. (1997) J. Immunol. 159, 1537-1542.

Ishigami, M., Nishimura, H., Naiki, Y., Yoshioka, K., Kawano, T., Tanaka,
Y., Taniguchi, M., Kakumu, S. & Yoshikai, Y. (1999) Hepatology 29,
1799-1808.

Tsutsui, H., Kayagaki, N., Kuida, K., Nakano, H., Hayashi, N., Takeda, K.,
Matsui, K., Kashiwakura, S.-H., Hada, T., Akira, S., et al. (1999) Immunity 11,
359-367.

Tiegs, G., Hentschel, J. & Wendel, A. (1992) J. Clin. Invest. 90, 196-203.

Nakayama, T. & Taniguchi, M. (2000) J. Exp. Med. 191, 105-114.

Kusters, S., Gantner, F., Kunstle, G. & Tiegs, G. (1996) Gastroenterology 111,
462-471.

Mizuhara, H., O’Neil, E., Seki, N., Ogawa, T., Kusunoki, C., Otsuka, K., Satoh,
S., Niwa, M., Senoh, H. & Fujiwara, H. (1994) J. Exp. Med. 179, 1529-1537.
Bleicher, P. A., Balk, S. P., Hagen, S. J., Blumberg, R. S., Flotte, T. J. &
Terhorst, C. (1990) Science 250, 679-682.

Beckman, E. M., Porcelli, S. A., Morita, C. T., Behar, S. M., Furlong, S. T. &
Brenner, M. B. (1994) Nature (London) 372, 691-694.

Sieling, P. A., Chatterjee, D., Porcelli, S. A., Prigozy, T. I., Mazzaccaro, R. J.,
Soriano, T., Bloom, B. R., Brenner, M. B., Kronenberg, M., Brennan, P. J., et
al. (1995) Science 269, 227-230.

Schofield, L., McConville, M. J., Hansen, D., Campbell, A. S., Fraser-Reid, B.,
Grusby, M. J. & Tachado, S. D. (1999) Science 283, 225-229.

Porcelli, S. A., Segelke, B. W., Sugita, M., Wilson, I. A. & Brenner, M. B. (1998)
Immunol. Today 19, 362-368.

Bossi, G. & Griffiths, G. M. (1999) Nat. Med. 5, 90-96.

Katsikis, P. D., Garcia-Ojeda, M. E., Torres-Roca, J. F., Tijoe, I. M., Smith,
C. A. & Herzenberg, L. A. (1997) J. Exp. Med. 186, 1365-1372.
Martinez-Lorenzo, M. J., Alava, M. A., Gamen, S., Kim, K. J., Chuntharapai,
A., Pineiro, A., Naval, J. & Anel, A. (1998) Eur. J. Immunol. 28, 2714-2725.

PNAS | May9,2000 | vol.97 | no.10 | 5503

MEDICAL SCIENCES



