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FIGURE 1. Deficiency with caspase-1, [L-1 receptor type 1, or MyD88
attenuates the effect of kainate on inducing ataxia, but deficiency with
IL-18 or its receptor delay the recovery from kainate-induced ataxia. A,
Effect of kainate on locomotion activity in normal BALB/c mice was ex-
amined. Before kainate administration, a rotarod test was performed every
10 min (three times) and then kainate (KA) (20 mg/kg: F) or saline (E)
was i.p. injected into BALB/c mice at time 0. A rotarod test was performed
at 20, 40, 60, 90, and 120 min after kainate injection. , p 005 when
compared with average data before kainate injection (n  5). B-D, G, and
H, Effect of kainale on locomotion activity in wild-type mice vs gene-
targeted mice was examined, A rotarod test was performed using (B)
caspase-1 ' (F) or wild-type (E) mice, (€) [L-IRI / (F) or wild-type
(E) mice, (D) MyD88 ' (F) or wild-type ( E) mice, (G) IL-18 / (F) or
wild-type (E) mice, and (H) IL-18R / mice or wild-type (E) mice as
mentioned above. Eand F, Effect of kainate on locomotion activity in mice
with different ages and genetic backgrounds was 1. A rotarod test was
performed using cither CSTBL/6 mice (E) or BALB/c mice (F) 6- to 10-wk
old. At time 0, kainate was injected. , p  0.05 when compared with the
average data before kainate injection (n 5).#,p  0.05 when compared with
wild-type mice (n  5). Data are represented as the mean ~ SEM.
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Intracerebellar injection

Mice were lightly anesthetized with ethyl alcohol (wake up time: 20 s).
The solution (0.5 1) was injected into the center of the cerebellum using
a 27G needle with a stopper held 2 mm from the top of the needie and
a microsyringe pump system,
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FIGURE 2. Systemic administration of kainate activates caspase-1, [L-

c

1 , and IL-18 predominantly in Kainate (KA, 20 mg/kg) was
ip. injected into normal BALB/c mice and activity of caspase-1, IL-1 ,
and I1-18 was assessed. A Activity of caspase-1 in cerebral cortex (E),
cerebellum (, ), hippocampus ( f), and spinal cord ( ) was examined at
various times after kainate-injection. Y-axis shows the percentage of
caspase-1 activity compared with that at time 0. , p  0.05 when com-
pared with the data af time 0 in cach brain sample (7 4). & Caspase-
1-processed protein levels of IL-1  and IL-18 in cerebellum were analyzed
after systemic administration of kainate. Extracts from various parts of
brain were separated on SDS-PAGE, and activated IL-1 (E) and IL-18
(F) were detected with immunoblotting. Y-axis shows the relative protein
levels of activated IL-1 and [L-18 that are normalized with the protein
level of -actin (a  3). Because significant levels of activated [L-1 and
IL-18 were not detected in the bral cortex, hipf pus, and spinal
cord, their data are omitied. Data are represented as the mean  SEM.

Behavioral experiment

To estimate the effect of kainate and the other reagents on behavioral ac-
tivity, a rotarod test was performed. To this end, Rota-Rod Treadmill (Ugo
Basile) that consists of a gritted plastic rod flanked by two large round
plates was used. Before performing the test, mice were trained on the
rotarod until they reached a stable performance in this test ( 120 s on
rotarod) for one or two days before experiments. The test session was
performed in accordance with the training session. Mice were brought to
the experimental room at least 1 h before the experiment, and then placed
on the accelerating rotarod apparatus (Ugo Basile Accelerating Rota-Rod
“Jones & Roberts™ for Rats 7750) with an initial speed of four rotations per
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FIGURE 3, Intracercbellar injection of IL-1 induces ataxia, but in-

tracerebellar injection of IL-18 together with IL-1 counteracted the
effect of IL-1 in normal mice. 4 Evans blue (0.5 1) was intracer-
chellarly injected and its distribution was examined. B-F, Effect of
intracerebellar injection of IL-1 , IL-18, or IL-6 on locomotion activity
was examined. Various doses of IL-1 (B), IL-6 (O), IL-18 (D), or
IL-18 with IL-1 (0.1 nmol/site) (E) were intracercbellarly injected and
rotarod test was performed as mentioned in Fig, 1. F, Five min after
intracerebellar injection of various doses of IL-18, kainate (KA, 20
mg/kg) was i.p. administered, and a d test was perfi d. Y-axis
shows the area under the curve (AUC) for 1 h after injection, | P

0.05 when compared with vehicle (VEH: saline)-treated group (n 5).
Dashed line shows the data from vehicle-treated group (E, without -
1 ; F, without kainate), Data are represented as the mean  SEM.
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FIGURE 4. Immunohistochemical analysis of
[L-1R and IL-18R in cerebellum is performed after

1 mice,

e ot

the isolation of cerebellum from eit
IL-1R mice, or IL-18R mice. The tissue sec-
tion was stained with Ab to either IL-1RI or [L-18R,
ted with Alexa564-conjugated anti
goat IgG. To identify Purkinje cells,

and then r

rabbit or an
tissue sections were stained with Ab to calbindin,
followed by Alexa488-conjugated anti-rabbit or anti-
goat 1gG. Fluorescent signals were detected using a
confocal microscope, Scale bar, 100 m.

minute; thereafter, the speed gradually increased to 60 rotations per minute.
The time that the mouse remained on the rod was measured. A maximum
of 120 s was allowed to test each animal. In the rotarod test, mice were
pretreated with reagents or the vehicle, and the experiment was started 20

min after treatment

Caspase-1 activity

Cell lysates were prepared by homogenizing the tissues (cerebral cortex,
cerebellum, hippocampus, or spinal cord) in lysis buffer, centrifuged at
10,000 g for 5 min at 4°C, and the supemnatant was harvested. After
determining the protein concentration, the cell lysates were used to mea-
sure the activity of caspase-1 using Nacetyl Tyr-Val-Ala-Asp- P-nitroani-
lide as a subsirate (Medical and Biological Laboratories). The reaction
ity was monitored

mixture was incubated for 2 h a1t 37°C, Caspase-1 act

with the absorbance at 420 nm, reacting chromophore P-nitroanilide

Western blotting

Tissue samples (cerebral cortex, cerebellum, hippocampus, spinal cord)
were homogenized in cell lysis buffer containing 137 mM NaCl, 20 mM
Tris-HCl (pH 7.5), 1% Nonidet P-40, 10% glycerol, 1 mM PMSF, 10

g/ml aprotinin, and 1 g/ml leupeptin. The totl protein concentration
was determined using a Bio-Rad protein assay kit. Proteins were separated
by electrophoresis using a 10 or 16% SDS-polyacrylamide gel and then
transferred to a polyvinylidene Auoride membrane. The membrane was
pwumlh:n:cd with a 5% skim milk solution for 1 h at room temperature,
then incubated with primary Ab to either IL-1 or IL-18 at 4"C overnight,
and subsequently incubated with a HRP-linked Ab against either mouse,
rabbit, or goat IgG for 1 h. Membrane-bound HRP-labeled protein bands
were reacted with a chemiluminescence detection solution (Amersham
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Biosciences). Chemiluminescent signals were detected using x-ray film
The amount of active 1L-1 and IL-18 was evaluated by measuring the
density of the active form cleaved by caspase-1 (17kD and 18 kD, respec-
tively) using the National Institutes of Health Image program. The data

were normalized with -actin,

Immunohistochemistry

Mice were anesthetized with ethyl carbamate (1.5g/kg, i.p.) and
with 4% paraformaldehyde following PBS (pH 7.4), The mouse
ted. The tissue was soaked in 4% paraformaldehyde for
4 h and then in 3 sucrose solution overnight at 4°C. A section (30 m)
was prepared using a cryostat. After washing with PBS, the section was
soaked in PBS containing 0 Triton X-100 for 30 min and then in PBS
containing 0.1% FBS for 30 min. The tissue section was incubated with the
first Ab to either GluR-S, GluR-6, IL-1, IL-18, IL-1RI, IL-18R, calbindin,
or glial fibrillary acidic protein ovemight at 4°C, then washed with PBS,
and reacted with Alexa488- or AlexaS64-conjugated anti-1gG for 2 h. After
washing with PBS, the sections were mounted with PBS/glycerol contain-
ing 0.05% triethylenediamine. Fluorescent signals were detected using a
confocal microscope (Bio-Rad)

lum was then iso

Data processing

SEM. Statistical significance was
Itiple compar-
nt.

All data are represented as the mean
analyzed using one-way ANOVA followed by Dunnett’s m

isons or Student’s rtest; p 0.05 was considered signif
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Results
Involvement of caspase-1 and IL-1  signaling in
kainate-induced ataxia

The effect of kainate on motor coordination in mice was examined
with the rotarod test (26), as judged by a decrease in latency beforé
falling from a rotating rod. An i.p. injection of kainate (20 mg/kg),
but not saline as a vehicle, induced ataxic gait (Fig. 14). The re-
tention time on the rotating rod was decreased at 20 min and the
cffect was almost abolished by 90 min after injection (Fig. 14),
Because IL-1 is indicated to play a critical role in seizures (16—
20) and kainate is reported to increase in IL-1 transeripts in sev-
eral regions of the brain (27), we considered whether kainate-in-
duced ataxia might be mediated by IL-1 . To verify this
possibility, we first examined the effect of kainate on caspase-1
mice in which [L-1 cannot be activated. Interestingly enough,
kainate showed almost no effect on motor coordination in caspasc-
1 mice (Fig. 1B), suggesting that [L-1 is involved in kainate-
induced ataxia. We then examined the cffect of kainate injection in
IL-1 receptor type I (IL-1RI) mice. We found that kainate
showed little effect, if any, on the motor coordination of IL-1RI
mice (Fig. 1C). Because MyD88 is reported to play a central role
in IL-1 -mediated signal transduction (28), we then examined the
effect of kainate in mice deficient in MyD88. We found that the
effect of kainate was limited in MyD88 mice as seen in [L-
IR1 mice (Fig. 10). Next, we examined whether the difference
of ages and genetic backgrounds showed the different susceptibil-
ity to kainate-induced ataxia using various ages (six to 10 wk old)
of C57BL/6 (Fig. 1.E) or BALB/c mice (Fig. 1F), because we used
caspase-1 mice on a BALB/c background and IL-1R1 * or
MyD88 mice on a C57BL/6 background of 6- to 10-wk-old.
The result showed that the time courses of ataxia-induction and its
recovery after systemic administration of kainate were correspond-
ing in different ages of BALB/c or C57BL/6 mice. Taken together,
these results indicate that i.p. injection of kainate induces ataxia
gait in mice through the activation of caspase-1 and IL-1

Activation of caspase-1 and IL-1  in cerebellum with systemic

administration of kainate

Next, we examined which region in the brain caspase-1 and IL-1
is activated. Caspase-1 activity was measured in various regions of
the brain after kainate administration, and specifically increased in
the cerebellum as well as hippocampus, but not in the cerebral
cortex or spinal cord (Fig. 24). Kinetic study showed that activity
in the cerebellum peaked within 20 min and returned to the basal
level by 60-90 min, while activity in the hippocampus peaked
within 60 min and fell to the basal level by 90 min (Fig. 24). Because
ataxia was induced within 20 min after kainate administration, it is
conceivable that kainate-induced activation of caspase-1 in the cere-
bellum evoked IL-1 activation and gait disturbance in mice. We then
examined the expression of activated IL-1 at the protein level in
various regions of the brain by Westen blotting (Fig. 25). As the
is processed with caspase-1, their active form
was activated

precursor form of IL-1
can be detected by the decrease of their mw. 11.-1
within 20 min after kainate injection in the cerebellum (Fig. 28), but
was not detected in the cerebral cortex, hippocampus, or spinal cord
(data not shown). Although it has been reported that kainate induced
the increase in IL-1 mRNA in the cerebral cortex, thalamus, and
hypothalamus (27), it remains unclear whether IL-1 is activated at
the protein level in these loci. Our results show that systemic admin-
istration of kainate activates IL-1 predominantly in the cerebellum
and indicates that this activation may play a critical role in kainate-
induced ataxia,
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Calbindin

Immunochistochemical analysis of kainate receptors, IL-1,

FIGURE 5.
IL-18, IL-1R, and IL-18R in cerebellum was performed after isolation of
cerebellum from normal mice. The lissue section was prepared and stained
with Ab to either GluRS, GluR6, IL-1 , [L-18, IL-1RI, IL-18R , calbindin, or
glial fibrillary acid protein (GFAP), then followed with FITC-conjugated anti
IgG for 1 h. Fluorescent signals were detected using a confocal microscope
Scale bar, 100 m.

Direct infection of I[-1 to cerebellum induces ataxia
To verify the above possibility, we directly injected recombinant
[L-1 into the cerebellum and examined the motor coordination,
To confirm whether the intracerebellar injection was accurate,
Evans blue solution (0.5 1 of 1% solution) was injected, As
shown in Fig. 3.4 Evans blue solution was spread only in the field
of the cerebellum, An intracerebellar injection of IL-1 (0.01-0.1
g/site) induced ataxia in a dosc-dependent manner (Fig, 38). As
a negative control, we injected IL-6 (0.01 and 0.1 g/site) intrac-
ercbellarly and observed no induction of ataxia (Fig. 30), which
confirmed the [L-1 -specific ataxia induction.
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I1-18 is involved in the recovery phase of kainate-induced ataxia

Because casapse-1 also activates [L-18 (29), we examined the ac-
tivation of IL-18 in the cerebellum after kainate i.p. injection. Like
IL-1 , IL-18 was also activated in the cerebellum (Fig. 25). The
level of activated IL-18 in the cerebellum peaked within 40 min
and activated IL-18 was still observed until 2 h after kainate in-
jection, We then tested whether kainate induces ataxia in [L-18 '
orIL-18R ' mice (Fig. 1, G and H). Systemic administration of
kainate induced ataxia in these mice within 20 min, as seen in
wild-type mice. To our surprise, recovery from the kainate-in-
duced ataxia was significantly delayed in these mice. Ataxic gait
was still observed after 2 h in IL-18 / mice, and after 4 h in
IL-18R  * mice. The results posed the possibility that IL-18 may
enhance the recovery phase of kainate-induced ataxia,

Intracerebellar injection of IL-18 counteracts the effect of IL-1
and kainate

To assess the possibility described above, we examined the effect of
intracerebellar injection of IL~18 with or without [L-1 . As shown in
Fig. 3D, an intracerebellar injection of only IL-18 (0.01-0.1 g/site)
did not induce ataxia. Interestingly enough, intracerebellar injection of
IL-18 (0.01-0.1 g/site) together with [L-1 dose-dependently in-
hibited [L-1 (0.1 g/site)-induced ataxia (Fig. 3E). Furthermore,
pretreatment with [L-18 (0.01-0.1  g/site, intracerebellarly, at 10
min) inhibited kainate-induced ataxia in a dose-dependent manner
(Fig. 3F). These results strongly indicate that IL-18 in the cerebellum
may play an important role in the recovery phase of kainate-induced
ataxia in mice by counteracting with IL-1 .

Expression of IL-1R and IL-18R on Purkinje cells

Finally, we investigated which cells in the cerebellum express
IL-1R and IL-18R by immunohistochemistry. Fig. 4 shows that
both TL-1R and IL-18R were expressed in Purkinje cells. Their
specific expression was confirmed by staining tissuc sections of
either IL-1R1 / mice or IL-18R ' mice. We also examined
the expression of kainate receptors, IL-1 , and IL-18 in the cere-
bellum by immunohistochemistry (Fig. 5). GluR5 was expressed
in astrocytes (glial fibrillary acid protein-positive) as well as Pur-
kinje cells (calbindin-positive), while GluR6 was mainly expressed
in Purkinje cells. IL-1 was expressed mainly in Purkinje cells and
IL-18 was expressed in both Purkinje cells and astrocytes. We
could not clearly detect the expression of IL-1 or [L-18 in other
cells, including microglias or granular cells,

Discussion

Kainate receptors are reported to be expressed in various regions in
the brain, including the cerebellum, in rodents (5), and it has been
demonstrated that kainate induced the expression of IL-1 tran-
scripts in various regions in the brain (27). In the present study, we
showed the kainate-induced processing of IL-1 and IL-18 in the
cerebellum, and demonstrated that IL-1  plays an important role in
inducing kainate-triggered ataxia and that IL-18 has a positive reg-
ulatory role in recovery from kainate-induced ataxia.

This effect of kainate was really induced via a kainate receptor
in the cerebellum since i.p. administration of 2 S-hydroxy-
5-methyl-4-isoxazolepropion acid/kainate-receptor antagonists,
6,7-dinitroquinoxaline-2,3-dione (0.3-3 mg/kg), and 6-cyano-7-ni-
troquinoxaline-2,3-dione (0.3-3 mg/kg), 30 min before systemic
administration of kainate (20 mg/kg) injection specifically and
dose-dependently inhibited kainate-induced ataxia (data not
shown). Furthermore, intracerebellar injection of 6,7-dinitrogui-
noxaline-2,3-dione (0.25-0,75 p/site) dose-dependently inhib-
ited kainate-induced ataxia. These results indicate that the ataxia
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was induced specifically via 2-amino-5-hydroxy-5-methyl-4-isox-
azolepropion acid/kainate receptors.

Resistance 1o kainate-induced ataxia of caspase-1-, IL-1R-, and
MyD88-deficient mice (Fig. 1) suggested an important role of
IL-1 in kainate-induced ataxia. Time course of caspase-1-activa-
tion and the resultant [L-1 -processing in the cerebellum was cor-
responding to that of kainate-induced ataxia (Fig. 1 and 2), and
direct intracerebellar injection of IL-1 elicited the ataxia (Fig. 3).
These results indicate the involvement of IL-1 in the cercbellum
in kainate-induced ataxia. Regarding the relationship between
IL-1 in the cerebellum and ataxia, it was reported that two ataxic
mutant mice, staggerer mice with retinoic acid receptor-related or-
phan receptor (nuclear hormone receptor superfamily) deficiency
(30) and lurcher mice with 2-glutamate receptor deficiency (31)
showed abnormal IL-1 exp in the cerebellum (32). In
these mice, the neurodegenerative effect of [IL-1  was attributed to
the cerebellar ataxia. Concerning kainate, it was reported that kain-
ate-induced ataxia was due to its neurodegenerative effect (2, 11).
In this study, we examined apoptosis in the cerebellum at various
times (30 min to 24 h) after kainate injection using TUNEL meth-
ods; however, we could not observe any apoptotic cells in the
cercbellum (data not shown). The result indicates that although
kainate affects various regions in the brain to induce neurodegen-
crative effects, the neurodegenerative effect may not be the direct
cause in kainate-induced and IL-1 -mediated cerebellar ataxia in
mice, The other possible effect of IL-1 on kainate-induced ataxia
is its regulatory effect on ncurotransmitter systems. 1L-1 was re-
ported to be involved in the regulation of inhibitory as well as
excitatory neurotransmitter systems (33), while Purkinje cells were
reported to express -amino-butyric acid, an inhibitory neurotrans-
mitter (34). Of note, -amino-butyric acid was indicated to be
involved in fast cerebellar oscillation associated with ataxia in a
mouse model of Angelman syndrome (35). Taken together, it is
assumed that TL-1 might induce the rel of ino-butyric
acid from Purkinje cells and inhibits neuronal activity, including
that of Purkinje cells. In this context, we are electrophysiologically
examining the effect of kainate, IL-1 or IL-18, or both on Pur-
kinje cells in the cerebellum,

Among the molecules that affect kainate-induced ataxia,
caspase-1 deficiency showed the most complete abrogation of kai-
nate-induced ataxia, while deficiency of either IL-1RI or MyD88
showed partial effect (Fig. 1). It is reported that more of the IL-1
cytokine family may be activated with caspase-1 (36). Recently,
IL-1-like cytokine, IL-33, that was activated with caspase-1 and its
receptor, ST2, was demonstrated to exert its effect on the induction
of Th2-associated cytokines (37). With this regard, we detected the
expression of IL-33 and ST2 in cerebellum by RT-PCR and im-
munohistochemical method (data not shown). Further investiga-
tion is necessary to clarify a role of ST2/IL-33 signaling including
other caspase-1-activated IL-1-like cytokine signaling in kainate-
induced ataxia in a future study.

Concerning MyDB88-deficient mice, partial resistance to the ef-
fect of kainate suggests that signaling molecules other than
MyD88 could be involved in kainate-induced caspase-1-dependent
ataxia. In this respect, signaling of the IL-1R/TLR family is finely
and sophisticatedly tuned with multiple signaling molecules (38).
For example, Toll/IL-1R domain-containing adaptor inducing
IFN- -related adaptor molecule was reported to be invalved in the
TLR 4-mediated MyD88-independent signaling pathway, although
MyD88 is involved in TLR 4 signaling (39).

It was reported that human purinergic receptor (P2X,) modu-
lates IL-1 and IL-18 processing and their release in response to
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ATP in caspase-1-independent fashion (40), To examine a possi-
bility whether P2X,, is involved in kainate-induced ataxia, we ex-
amined the effect of oxidized ATP, onc of P2X, receptor antago-
nists (41), on kainate-induced ataxia. An intracerebellar injection
of oxidized ATP did not inhibit the kainate-induced ataxia during
at least 60 min after kainate-injection (data not shown). Therefore,
the result suggested that the participation of P2X, is little on the
induction of kainate-induced ataxia. In accordance with our re-
sults, Nicklas et al. (42) showed that kainate decreased the content
(or release) of ATP in cerebellar slices.

The most interesting finding in this study is that IL-18, another
caspase-1-activated proinflammatory cytokine (12), counteracted
the effect of IL-1 in the induction of ataxia with kainate, T1-18-
and IL-18R-deficient mice showed the delay of recovery from kai-
nate-induced ataxia (Fig. 1), and intracercbellar injection of IL-18
together with IL-1 inhibited the IL-1 -induced ataxia (Fig. 3).
We assume three possible explanations for these results: firsily,
IL-18 may induce the expression of IL-1ra that inhibits the binding
of IL-1 1o its receptor; secondly, IL-1 and IL-18 may exert their
effects on different cells in the neuronal network in the cerebellum;
thirdly, IL-1 and IL-18 may exert their effects on the same target
cells but induce counteracting signals. As for the first possibility,
we examined the effect of intracerebellar injection of 1L-18 on
IL-1ra mRNA expression. IL-18 did not affect the expression of
IL-1ra mRNA expression significantly during 60 min after intrac-
erebellar injection, compared with intracerebellar injection of ve-
hicle only (data not shown). Because intracerebellar injection of
IL-18 showed a counteracting effect on kainate-induced or IL-1 -
induced ataxia within 60 min (Fig. 3), the result suggests that 1L-
1ra is not involved in the anti-ataxia effect of IL-18 in cerebellum.
Regarding the second possibility, immunohistochemical analysis
showed that both IL-1RI and IL-18R  were expressed on Purkinje
cells in the cerebellum (Fig. 4). The analysis indicated the expres-
sion of IL-18R but not IL-1RI on astrocytes (Fig. 5). Thus, 1L-18
may counteract IL-1 by exerting its effect through different target
cells, Concerning the third possibility, it has been so far reported
that receptors for IL-1 and IL-18 use the same signaling module,
MyD88 and IL-1-receptor associated kinases (43). However, be-
cause the receptors for both cytokines are expressed on Purkinje
cells, it is possible that the receptors for these cytokines use a
different signaling pathway in Purkinje cells. With this possibility,
ST2, one of the IL-1 receptor family, has been described as a
negative regulator for TLR-IL-1R signaling (44), in line with an
earlier report that ST2 was unable to activate the TL-1-activated
transcription factor NF- B (45, 46). The detailed mechanisms on
the interaction of IL-1  and I1-18 in the induction and recovery of
ataxia remain unknown. The electrophysiological examination
might reveal the effect of kainate, IL-1  or IL-18, or both on neural
network in the cerebellum.

Concerning the genetic background of knockout mice, we had
used knockout mice of the same genetic backgrounds, ie.,
C57BL/6 background for IL-1RI / , MyD88 ’ , IL-18 ' , and
IL-18R ' mice, but used a BALB/c background for caspase-1 '
mice. Regarding the differences in the development of inflamma-
tory disease of the [L-1ra ' mice, Horai et al. (47) showed that
the IL-Ira-deficient mice on a BALB/c background, but not those
on a C57BL/6J background, spontaneously developed chronic in-
flammatory polyarthropathy. Their results suggested that genes
other than IL-1ra are involved in the development of spontane-
ously developed arthritis. They also observed that IL-1ra ' mice
on the C57BL/6 background developed arthritis at a high incidence
when these mice were immunized with type I1 collagen. Their
result demonstrated that [L-1ra ' mice on C57BL/6 background
as well as BALB/c background showed the corresponding suscep-
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tibility to experimentally induced arthritis, In our study, we ob-
served the effect of kainate on the acutely induced ataxia (induc-
tion within 20 min after the kainate injection and the following
subsidence within 60-120 min). Our data showed that the mice
deficient with IL-1RI, or MyD88 on the same C57BL/6 back-
ground were resistant to kainate-induced ataxia, while IL-18- or
IL-18R -deficient mice on the same CS7BL/6 background dis-
played significant delay of the recovery from ataxia. In these ex-
periments, we had compared the responses with the wild-type mice
on the same C57BL/6 background. We have also compared the
locomotion time of normal BALB/c mice and C57BL/6 mice after
systemic administration of kainate, and observed the similar re-
sponses in normal BALB/c mice and C57BL/6 mice (Fig. 1, Eand
F). Our data suggest that the effect of the genetic background of
BALB/c mice and C57BL/6 mice on kainate-induced ataxia in the
acute phase is less important. Taken together, our data clearly
showed that TL-1RI or MyD88 was involved in the induction of
ataxia, and IL-18 and its receptor in the recovery of the kainate-
induced ataxia in the C57BL/6 genetic background.

Recently Zhang et al. (48) showed that IL-18-deficient mice
were more sensitive to kainate administration in the induction of
neurodegeneration compared with the normal animals. The obser-
vation that IL-18 deficiency aggravated kainate-induced hip-
pocampal neurodegeneration seems similar to our observation that
the mice with IL-18 deficiency showed a delay of the recovery
from kainate-induced ataxia. However, they showed that the ex-
ogenous administration of IL-18 aggravated the kainate-induced
neurodegeneration. They concluded that IL-18 had a disease-pro-
moting role in kai induced excitotoxicity but that the roles of
IL-18 in excitotoxic injury in IL-18-deficient mice might be over-
compensated by an increase of other microglia-derived disease-
promoting factors, such as IL-12. In contrast, we demonstrated that
the exogenous administration of 1L-18 showed the counteracting
cffect on kainate-induced ataxia (Fig. 3F). Our results suggest that
although TL-18 and IL-1 are both proinflammatory cytokines,
IL-18 showed the counteracting effect in kainate-induced ataxia.

In this study, we provided evidence that caspase-1 and IL-1R1 in
the cerebellum are essential for kainate-induced ataxia and that
IL-18 and IL-18R are positive regulators for the recovery phase of
kainate-induced ataxia in mice. Earlicr reports on the effect of
kainate have demonstrated its effect mainly in the hippocampus,
and kainate is reported to show a neurodegenerative effect (2, 49).
In this regard, the present study showed that caspase-1 was acti-
vated not only in the cerebellum but also in the hippocampus (Fig.
2). The activation of caspase-1 in the hippocampus peaked at 60
min after kainate administration, although ataxia was induced
within 20 min and then gradually subsided within 60 to 90 min
after kainate stimulation. In our studies, we could not detect either
activated [L-1 or activated IL-18 at the protein level in the hip-
pocampus, while we could clearly detect them in the cerebellum.
Our result indicates that the activation of caspase-1 in the hip-
pocampus may not be directly attributed to kainate-induced ataxia,
but may lead to a neurodegenerative effect of kainate. Further anal-
ysis of the molecular as well as physiological basis of IL-1 -in-
duced ataxia and its inhibition by IL-18 in the cerebellum may
contribute to clarify the mechanism of kainate-induced ataxia, and
might contribute toward the development of a new strategy for the
therapy of cerebellar ataxia in humans.
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Interferon-g is a therapeutic target molecule for
prevention of postoperative adhesion formation

Hisashi Kosaka'~, Tomohiro Yoshimoto®*3, Takayuki Yoshimoto®, Jiro Fujimoto' & Kenji Nakanishi®>

Intestinal adhesions are bands of fibrous tissue that connect
the loops of the intestine to each other, 1o other abdominal
organs or to the abdominal wall'-3. Fibrous tissue formation
is regulated by the balance between plasminogen activator
inhibitor type 1 (PAI-1) and tissue-type plasminogen activator
(tPA), which reciprocally regulate fibrin deposition. Several
components of the Iinflammatory system, including cytokines®,
chemokines, cell adhesion molecules and neuropeptide
substance P, have been reported to participate in adhesion
formation®7, We have used cecal cauterization to develop a
unique experimental mouse model of intestinal adhesion. Mice
developed severe intestinal adhesion after this treatment.
Adhesion development depended upon the interferon-c (IFN<c)
and signal transducer and activator of transcription-1 (STAT1)
system. Natural killer T (NKT) cell-deficient mice developed
adhesion poorly, whereas they developed severe adhesion after
reconstitution with NKT cells from wild-type mice, suggesting
that NKT cell IFN-c production is indispensable for adhesion
formation. This response does not depend on STAT4,

STATS, interleukin-12 (IL-12), IL-18, tumor necrosis

factor-a, Toll-like receptor 4 or myeloid differentiation
factor-88-mediated signals. Wild-type mice increased the
ratio of PAI-1 to tPA after cecal cauterization, whereas
Ifng™ or Stat17~ mice did not, suggesting that IFN-c has

a crucial role In the differential regulation of PAI-1 and tPA.
Additionally, hepatocyte growth factor, a potent mitogenic
factor for hepatocytes® 9, strongly Inhibited intestinal adhesion
by diminishing IFN-c production, providing a potential new
way to prevent postoperative adhesions.

Abdominal adhesion formation occurs in 67-93% of abdominal
surgeries' 2. Adhesion also develops after abdominal bacterial infec-
tions, such as peritonitis'%. A recent study has indicated that T helper
type | (Tyl) cells are essential for the development of adhesion in a
mouse model of intra-abdominal sepsis' 5, Nevertheless, only a limited
number of studies have investigated the molecular process involved in
intestinal adhesions. In addition, there are no appropriate treatments
for or ways to prevent intestinal adhesions. Here we have established a

unique experimental mouse model for elucidating the molecular
mechanism underlying organ adhesions.

We induced intestinal adhesion by cecal cauterization using the
coagulation mode of bipolar forceps. A time-course experiment
revealed that this treatment induced progressive inflammatory and
fibrotic changes (Supplementary Fig. 1a online). Adhesions strongly
connected the cecum to the large bowel, the abdominal wall or both at
day 7. Wild-type mice formed thick adhesion with plantar attachment
(which we gave a score of 4) or developed very thick vascularized
adhesion (score 5; Supplementary Fig. | b). This fibrotic structure was
firm and difficult to remove from the involved organs. In contrast,
mice that underwent control laparotomy without cecal cauterization
had no adhesion (score 0; Supplementary Fig. Ib).

To understand the immunological mechanism underlying cauter-
ization-induced intestinal adhesion, we examined mice depleted of
CD4*T cells for their capacity to develop adhesion (Fig. 1). These
mice had significantly reduced adhesion (score 0 or 1) and
fibrotic changes in their ceca. compared with control mice (score 5)
(P o 0.0001; Fig. la.c), suggesting that CD4*T cells are essential in
adhesion formation.

Because CD4* T cells consist of conventional NKI.1°CD4* T cells
and NKT cells expressing ab T cell receptor with invariant Val 4-Jal 8
(refs. 16-18), we examined which type of CD4* T cells contributed to
this adhesion formation. Thus, we surgically treated NKT cell-
deficient mice'® by cauterizing isolated ceca and examined their
intestinal adhesion formation. These mice developed lower grade
(score | or 2; P o 0.0001) intestinal adhesion and weak fibrotic
change (Fig. 1hc), However, when they were reconstituted with
unfractionated CD4* T cells from wild-type mice, but not from
Ifng” mice, they gained the capacity to develop severe intestinal
adhesion and severe fibrotic changes (Fig. 1 be). Thus, unlike in a
previous mouse model of surgical adhesion formation in which Tyl
cells were essential'™, in our adhesion model NKT cells contributed to
intestinal adhesion formation by producing IFN-g.

In general. cytokine messenger RNAs, including [FN-g mRNA, are
undetectable in the cecum However, surgical treatment induced
cecum IFN-g mRNA expression, which peaked at 3 h and declined
gradually, suggesting immediate IFN-g production by NKT cells
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Figure 1 NKT cells are the i
with antibody to CD4,
mousa) from wild-type (WT CD4T) or Ifng™

anti-CD4 (a) or NKT cell-deficient (NKT KO mice or NKT KO mice reconstituted with splenic CD4* T ceils (1.0 107
(IFNe KO milce (b) as described in the Methods underwent cecal cauterization surgery Seven days after

& control Ab

NKT HO « [Py KO CDAT

NKT KD « WT CD4T

main contributors to postsurgical adhesion formation. (a,b) BALE/c mice or BALB/c mice depleted of CD4* T calls by treatment

calls per

operation, mice were killed and examined for adhesion formation. Results are geometric means = S.e.m of eight mice per group and are representative of
more than three independent expariments. *P o 0.0001 as compared to BALB/c control groups. (c) Seven days after cecal cauterization surgery, each group
of mice (a8 described in a and b) were killed and the isolated ceca were stained with Sirius red Representative results from esght to ten mice per group ae

shown. Scale bar, 50 mm

7a). NKT cell-deficient mice had lower expression of IFN-g
ubstantiating this possibility.
mice or Stat1" mice, which
aling of IFN-g. 1 and

(Fig.
mRNA in their ceca (Fig. 2b),
We next examined the capacity of Ifng”
lack molecules required for intracellular sig
IFN-b (ref. 20), to develop abdominal adhesion (Fig

further s

IFN-¢
c,d). Both types

Figure 2 Rapid |PN-¢ production by NKT cells is
causative in postsurgical adhesion formation.

(a) Ralative | FN-g mANA expression in isolated
cecum from BALB/c mice that had undergone
cecal cauterization surgery as determined by
real-time PCR. Cecum was isolated before and

1. 3.6, 18 and 24 h alter operation. (b) Relative
|FN-g mANA expression in isolated cecum

from BALR/c and NKT KO mice 3 h after cecal
cauterization surgery as determined by real-time
PCR. Resulls are geometric means = s.e.m

of five to eight mice per group and are
representative of two Independent experiments
wP o 0.05 as compared to control wild-type
mice. (¢,d) BALB/c mice, IFN-g KO mice (c)

and Stat1”" mice (STAT1 KO d) injected with
PBS or IFAN-g by osmotic pumps as described

in the Mathods underwent cecal cauterization
surgery. Seven days alter operation, mice

were killed and examinad for adhesion

formation, Results are geometric méans = s.am
of five mice per group and are representative of
{hree independent experiments. *P o 0.0001
as compared to control wild-type mice

{e,f) After cecal cautérization, mice were

killed and their ceca wera en and frozen
at the indicated times (¢) and at 12h (f)
Frozen sections were fixed and incubated
with antibodies to mousa Ly49CLy48I and
CD4 and then examined by confocal micror
scopy. CD4, red; Ly49CLy491, green;
colocalization, yellow (Merged)

Scale bar, 50 mm

Baetore oparafion

o 1 3 6 18 4

ma (h) aftar operation

of mice did not develop abdominal adhesion. However, only Ifng”

» pained the capacity to develop intestinal adhesion after admin-
stration of IFN-g (Fig. 2c). Next, we examined whether surgical
adhesion formation rapidly induced accumulation of NKT cells in the
cecal wall We found a marked and rapid increase in the number of
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d surgical treatment induced the expression of
% 8000 mRNAs for IL-Ib, IL-6, IL-17, TNF-a and
g e TGF-b (Supplementary Fig. 2 online).
£ The proinflammatory neuropeptide sub-
é 4000 stance P can initiate a wide range of adhesio-
§ 2000 genic effects™®.  Therefore, Tact™” mice,
5 - lacking tachykinins, including substance P
© o ‘*..‘9 neurokinin A, neuropeptide K and neuropep-

tide g (ref. 25), were tested in their capacity to
dewelop intestinal adhesion. They had a sig-

R, Vi (P oll nificantly reduced adhesion score (P 0 0,001
% g g Supplementary Fig. 3a online) and reduced
ég 2.000 £ 4,000 i : Z IFN-g mRNA expression in their ceca (Sup-
Z £ 1000 - » _%2.000 ' 5, plementary Fig. 3b). Furthermore, CD4*

3 . 8 T cells from wild-type mice, but not from

0t 3 s 7 "4 382 B&M129 STAT1 KO P© ® NKT cell-deficient mice, produced IFN-g in

Time (d) after operation Time (d) after operation ng&f* response to substance P and increased further

¥ IFN-g production when additionally stimu-

e f_ < g lated with neurokinin A and neuropeptide K

5 & 50 § 4000 5 (Supplementary Fig. 3c). These results

5 4 ! é 400 é 3,000 E s strongly suggest that tachykinins induce
g 3 z_!w k% c 3 NKT cell IFN-g production,

£ 200 : 2 g 2 Because fibrinolysis is regulated by PAI-]

-3 5 £l g von 1 and tPA activity'%, we examined whether the

0 fi= é 0 R e 2 T g o Y 3 spps ratio of these molecules is regulated by sur-

HGF ug par mouse

Figure 3 HGF inhibits | FN-g—STAT1—dependent PAl-1 Induction and postsurgical adhesion formation.
(a-g) BALB/c mice underwent cecal cauterization surgery. The relative mRNA expression of PAI-1
(a.c.d.l) and tPA (a,c) in Isolated cecum, PAI-1 and tPA levels in the plasma (b), and adhesion score
(d,e,q) were measured (see Methods). (a,b) Ceca and plasma were taken at the indicated days after
operation. (c) Ceca were taken 1 d after operation. Results are geometric means = s.am. of five mice
per group and are representative of three independent experiments. *P o 0.005 as compared to non-
operated control group (a). n.d., not detected (b). *P o 0.0001 and wP o 0.02 as compared to
contral mice group, respectively (c). (d) Ceca (top) were taken from BALB/c mice injected with
IFN-g—specific or control antibodies 2 d before and subsequently treated with cecal cauterization 1 d
before. Adhesion formation (bottom) at 7 d after operation was examined. Results are representative of
two independent experiments. *P o 0.002 as compared to control groups. (e-g) BALB/c mice were
injected with HGF (0-20 mg per mouse) 1 d before cecal cauterization {ef) or on the days indicated
(9). Adhesion formation (bottom) was examined at 7 d after operation (e,g). Three hours and 1 d after
operation, the relative IFN-g and PAI-1 mRNA expression in isolated cecum was determined (f).
Representative of three independent experiments, *P o 0.0001, w? o 0.005and zP o 0.02 =

compared to control PBS-injected mice.

Ly49*CD4* T cells (NKT cells)?! at 3 h after operation (Fig. 2,f),
further substantiating the idea that NKT cells are responsible for rapid
IFN-g production after surgical treatment.

Postsurgical adhesion formation in an intra-abdominal septic
model was reported to be dependent on the action of CD4* Tyl
cells'®. Therefore, we examined whether the Tyl response or the
lipopolysaccharide (LPS) or tumor necrosis factor-a (TNF-a)
responses can affect the development of cautenzation-induced intest-
inal adhesion. We have summarized the results in Supplementary
Table | online Stat4 (ref. 22), Stal6”~ (ref 23), 1112p40 and
11187~ mice normally developed postsurgical abdominal adhesion.
Furthermore, C3H/Hel mice, which have a point mutation in the gene
encoding Toll-like receptor 4 (TLR4), Myd88~- mice, which lack an
adaptor protein for TLRs, and Tnfa’ mice also normally developed
abdominal adhesion (Supplementary Table 1), Therefore, our adhe-
sion model is non-LPS-induced, and Tyl cells, T2 cells, TNF-a or
TLR-MyD88—induced signals are not involved Additonally, this

gical treatment via IFN-g—dependent STATI
activation. Wild-type mice had increased
expression of PAl-1 and decreased expression
of tPA, both in their ceca (at the mRNA level)
and in their plasma (at the protein level) at
day | (Fig. 3a,b), whereas Ifng” or Stat1--
mice did not (Fig. 3c), suggesting reciprocal
regulation of PAL-1 and tPA activity by IFN-g.
Furthermore, wild-type mice pretreated with
a single inpction of IFN-g—specific antibody
(2 mg per mouse) one day before cecal
cauterization did not show an increase in
PAI-l mRNA and had significantly less intest-
inal adhesion (score 2) (P o 0.002; Fig. 3d).
Thus, IFN-g is a causative factor in post-
surgical adhesion formation.

We have previously reported that hepato-
cyte growth factor (HGF) treatment strongly
suppresses I[FN-g mRNA expression in the
small intestines of mice with acute graft-versus-host disease?”. Thus,
we ingcted recombinant HGF protein (5, 10 or 20 mg per mouse)
subcutaneously | d before operation to examine its preventive effects
on adhesion formation. A single injction of HGF (20 mg per mouse)
significantly reduced intestinal adhesion (score 0 or |; Fig. 3e).
Furthermore, HGF treatment suppressed mRNAs for IFN-g and
PAl-1. suggesting that HGF inhibits PAI-1 via inhibition of 1FN-g
production (Fig. 3f). HGF injection immediately after operation was
proven to be most effective (Fig. 3g).

We have developed a new expenmental intestinal adhesion
model We can use bipolar forceps, which we routinely use in
human surgery. to induce intestinal adhesion mimicking human
intestinal adhesion. We can control the duration and intensity of
cauterization by changing the mode. allowing us to treat the mice with
identical invasive maneuvers in terms of quantity and quality. The
procedure is simple and very straightforward, and the obtained results
are very reproducible

nma (d} nfier operation
HGF 20 ug per mause
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Other researchers have established the cecal abrasion model,
the development of which depends on an IL-1 2-STAT4-Tyl system'”,
In contrast, as we report here, cecal cauterization induces intestinal
adhesion in an IFN-g-STATI-NKT cell-dependent manner. In
Supplementary Table 2 online, we show the features of our cauter-
ization method and the cecal abrasion method'®, Our adhesion model
is clearly non-Tyl and non-LPS-induced.

Our present results strongly indicate that induction of abdominal
adhesion is principally dependent on endogenous IFN-g (Fig. 1bc).
NKT eells rapidly accumulate in the cecum after cauterization and
express [FN-g mRNA at 3 h after treatment (Fig. 2a,). Furthermore,
Tact-"- mice lacking tachykinins have a lower adhesion score and
lower IFN-g mRNA levels (Supplementary Fig. 3), suggesting
that tachykinins, including substance P. neurokinin A and neuropep-
tide K, induce NKT cell IFN-g production in viva CD4* T cells from
wild-type mice, but not from NKT cell-deficient mice, produce IFN-g
in response to substance P. neurokinin A and neuropeptide K
(Supplementary Fig. 3c).

Fibrin is important for blood clotting. If there is insufficient
fibrinolytic activity, organzation of the fibrin matrix and cellular
and vascular ingrowths ensue, leading to fibrous bands between
organs (Fig. 4)' 2, Here, we demonstrate that IFN-g is important
for induction of PAI-1, because both Ifng” and Stat1~ mice did not
increase expression of PAl-l mRNA (Fig. 3c). Thus, IFN-g is very
important for induction of PAI-l mRNA, intestinal adhesion forma-
tion and blood clotting.

Finally, we demonstrate that HGF strongly prevents intestinal
adhesion by inhibiting IFN-g and PAl-l mRNA expression in the
cecum (Fig. 3f), A single inpction of IFN-g-specific antibody 1 d
before operation effectively inhibits abdominal adhesion (Fig. 3d).
Thus, inhibition of immediate IFN-g production after surgical treat-
ment is crucial. Although HGF has many healing effects on the
gastrointestinal tract™®, our present data strongly suggest that HGF
inhibits intestinal adhesion principally by suppressing rapid IFN-g

Figure 4 Causative role of NKT call 1PN production in induction of
postsurgical adhesion formation. The balance between fitrin depasition
and fibein degradation regulales fibrous tissue formation when adhesion
formation is experimentally decreased or increased by inhibition of PAI-1
or 1PA, respectively, After abdominal operation, NKT cell-derived |IFN-g
increases the ratio of PAl-1 to tPA by activation of a STAT1-dependent
pathway, leading to intestinal adhesion. A single injection of HGF protein
completely inhibits Intestinal adhesions by downregulation of
|FN-g—dependent PAI-1 induction, providing a new potential therapeutic
for the prevention of postoperative adhesions

production after surgical treatment Additionally, though, the possi-
bility of HGF-associated carcinogenicity has not been completely
excluded™ But because of the single injction of HGF and its short
half-life in the human body, HGF infction seems to be safer than
HGF gene therapy, in which HGF is constitutively expressed within a
limited area. Recombinant human HGF is already available for people
with fatal liver disease; the results presented here strongly indicate that
HGF treatment can be a new strategy for prevention of possurgical
adhesion formation.

IFN-g is a very crucial cytokine for host defense. Therefore, careful
co-administration of antibiotics might be important during modula-
tion of IFN-g by our approach HGF treatment seems to be 2
promising way for preventing adhesion without affecting anastomoses
of cut ends of bowel, because this treatment shows healing effects on
the gastrointestinal tract. Of course, extensive basic studies are needed
to estimate the translational potential of HGF treatment for the
prevention of intestinal adhesion formation in human cases.

METHODS

Mice. We purchased BALB/c, CSTBL/ (B6), B6 Tacl ™, BALB/c Sat6™, C3H/
HeN and C3H/He) mice from Jackson Laboratory. We bred BALB/c NKT cell-
deficient, BALB/c Ifng™-, B6 1112p40-~, B6 11187, B6 Myd88", B6 Tnla’
mice under specific pathogen-free conditions at the animal facilities of Hyogo
College of Medicine We bred BALB/c Stal4™ and 129/5v Sat1~ mice under
specific pathogen-free conditions in the animal facilities at Tokyo Medical
University, All animal experiments were performed in accordance with the
guidelines of the Institutional Animal Care Committee, Hyogo College of
Medicine and Tokyo Medical University.

Mouse model of surgical adhesion formation. We anesthetized mice with
0.15 ml (20% vol/vol) diluted pentobarbital sodium solution (10 mg/mi). We
made an anterior midline incision through the abdominal wall and perito-
neurn. We isolated the cecum and cauterized it using the coagulation mode of
bipolar forceps (MERA: 30 W, 500 kHz. 150 O) for one second. We closed the
incision in two layers with silk sutures. Daily histological examination revealed
that this surgical treatment did not induce p ion of the | wall,
suggesting that the burned site did not induce an influx of bacteria from lumen
into peritoneal cavity. We killed the mice 7 d later, when they were examined by
an observer blinded to the identity of the experimental groups. Each mouse was
evaluated according to the following standard scoring system, which has been
widely used in this field'%2%'% score 0, no adhesion; score |, one thin filmy
adhesion; score 2. more than one thin adhesion; score 3, thick adhesion with
focal point, swore 4, thick adhesion with plantar attachment or more than one
thick adhesion with focal point; and score 5, very thick vascularized adhecion or
more than one plantar adhesion.

Reagents. We purchased recombinant mouse IFN-g and HGF from Genetics
Institute and Peprotech, respectively.

In vivo treatment of mice. For adoptive CD4* T cell transfer experiments, we
purified splenic CD4* T cells from wild-type or ling”™ mice with MicroBeads
(antibody 10 mouse CD4; clone RM4-5, Miltenyi Biotec), We transferred CD4*
T cells to NKT cell-deficient mice (1.0 107 cells per mouse) vin the tail vein
route 7 d before surgery, For treatment with [FN-g, we subcutaneously infused
osmotic pumps (DURECT) filled with IFN-g (100 mg) in 100 ml PBS into mice
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2 d before surgery. The pumping rate of an osmotic pump was 0.5 ml/h
continuously, and the duration was 7 d. We subcutaneously injpcted mice with
HGF (0, 5, 10 or 20 mg per mouse) in 200 nl of PBS on the days indicated in
Figure 3g before or after surgery. The detailed protocols of antibody treatment
to deplete CD4* T cells and IFN-g are described in the Supplementary
Methods online.

Histology. We fixed tissues in 10% buffered formalin, embedded them in
paraffin, cut them into 3-mm sections and stined them with H&E or picric
acd and Sirius red

Quantitative reverse transcription PCR. We extracted total RNA from the
cecum with the RNeasy Plus Mini Kit (QIAGEN) and synthesized the cDNA
using SuperScnpt 111 RNase H- Reverse Transcriptase (Invitrogen). We quanti-
fied the expression of the gene with TaqMan Gene Expression Assays (Applied
Biosysterms). We expressed the results as relative expression standardized with
the expression of the gene encoding eukaryotic | 85 ribosomal RNA. Specific
primers used for quantitative RT-PCR are described in the Supplementary
Methods.

Enzyme-linked i bent assay. We 1 the abundance of PAL-1
and tPA in plasma with o mouse PAIl ELISA kit (Innovative Research) and
mouse tPA ELISA kit (Oxford Biomedical Research), respectively.

Statistical analyses. Data are given as means = sem. We mode statistical
comparisons between two expenmental groups by Students paired ttest
performed with GraphPad Insat Software. We considered a P value 00.05
as significantly different

Note Supplementary information is available on the Nature Medidne website
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KEYWORDS Summary

;nng;rhz:m i?"s-; Background: Epidermal Langerhans cells (LCs) have been believed to function as

Sy cIva b professional antigen-presenting cells (APCs). However, LC-ablated mice reportedly

Cell division; ala s ;

Mo suffer from severer contact hypersensitivity (CHS) upon cutaneous challenge with
- hapten than wild-type mice, suggesting LCs as regulators of adaptive immune

responses in the skin.

Objective: This study was designed to address the possible regulatory roles of LCs in
the balanced primary adaptive immune responses to protein antigens.

Methods: LCs were freshly isolated from skin of BALB/¢ mice ( >95% positive for MHC
class I1). Naive CD4" Tcells reactive to ovalbumin (OVA) were purified by FACS-sorting
from lymph node cells of DO11.10 BALB/c mice, labeled with CSFE, and incubated
with OVA peptide in the presence of splenic dendritic cells (DCs) and/or LCs. Cell
division frequencies were determined by the degree of serially diluted expressions of
CSFE in the individual CD4" T cells.

Results: Approximately 70% of them underwent cell division when naive CD4" Tcells
were activated by OVA presented by splenic DCs. In contrast, LCs only very modestly
induced their cell division. Furthermore, LCs inhibited the cell division induced by
splenic DCs, and this regulatory action was abolished by prevention of their contact to
other cells, but not by the treatment with neutralizing antibodies against IL-10 or
TGF-b, well-established regulatory cytokines.
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Conclusion: LCs negatively regulate the primary adaptive T cell response, presum-
ably allowing well-controlled immune response in the skin.
# 2008 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland

Led. All rights reserved.

1. Introduction

Epidermal Langerhans cells (LCs) have been exten-
sively examined for their biological properties since
their discovery in 1868 [ ]. Naive CD4" Tcells require
two important signals to be successfully activated.
One is induced by antigen (Ag) recognition by Tcell
receptor complex in the context of MHC class II
proteins expressed on professional Ag-presenting
cells (APCs) named as dendritic cells (DCs), and
the other is provided by the interaction of CD28
with costimulators, CD80/CD86, on the professional
APCs [1]. Since they express those surface proteins
as well, LCs have been believed to play an important
role in the development of adaptive immune
responses as professional APCs during cutaneous
challenge with pathogens and allergens [2—4].
Recently, a third Tcell activation signal was demon-
strated to be critical for naive CD4" Tcell activation,
particularly for their Thl cell differentiation [5—7].
DCs produce IL-12, a prototype Thl-driving cyto-
kine, in response to microbial products via their
pattern recognition receptors including Toll-like
receptors (TLRs). However, it is intriguingly to note
that LCs poorly produce IL-12 upon TLR engagement
despite expressing substantial levels of TLRs [2],
suggesting that LCs might have insufficient capacity
to activate naive Tcells. Therefore, it is important
to know whether highly purified LCs are capable of
activating the cellular immune responses.

Accumulated lines of evidence implicate that DCs
are highly heterogeneous in phenotypes and biologi-
cal actions, but can be basically divided into two
functional subsets, immunogenic DCs and regulatory
DCs [8—10]. The immunogenic DCs contribute to
driving Ag-specific Tcell responses via providing those
three signals [5,6,11]. The regulatory DCs can evoke
both peripheral deletion or negative regulation of
self-Ag-reactive Tcells for establishing peripheral T
cell tolerance and induction of foreign Ag-specific
regulatory T cells (Treg) for protecting pathological
responses, particularly in the sites segregating the
insides from the outsides, such as respiratory tract,
intestinal mucosa, and perhaps skin [8,10,12]. It is
believed that DCs might play either immunogenic or
tolerogenic roles depending on the intrinsic features
of and environmental properties around the DCs but
not on the cell lineage of the DCs [10], prompting us
to perform analyses of LC functions.

Recent reports suggest poor contribution of LCs
to the accomplishment of cellular immune
responses upon cutaneous challenge with hapten.
Knock-in mice that express GFP under the control of
the gene for langerin, that is a C-type lectin selec-
tively expressed on LCs but not other DCs, revealed
late onset migration of LCs into the regional lymph
nodes (LNs) after cutaneous application of Ag, impli-
cating dispensability of LCs in the development of
Ag-specific adaptive immune responses [13,14]. It
was also clearly demonstrated that LC-abrogated
mice exhibit normal or exacerbated contact hyper-
sensitivity (CHS) response to topically applied hap-
ten [13,15], suggesting that LCs might rather
negatively regulate adaptive immune response.
Here, we investigated whether and how LCs control
the development of primary Tcell response to pro-
tein Ag. We prepared freshly isolated LC population
with high purity (>95%) by FACS-sorting and com-
pared their exogenous Ag-presenting activity with
the conventional DCs purified from splenocytes. To
test this ability, we used highly purified naive CD4*
LN T cells from mice transgenic for the TCR ab
recognizing ovalbumin (OVA), OVAszp;_a39 peptide
in accuracy. LCs, unlike splenic DCs, poorly induce
proliferative response of naive OVA-specific CD4* T
cells. Furthermore, LCs could cell number-depen-
dently inhibit their proliferative response to the OVA
peptide presented by splenic DCs. These results
suggest that LCs play an important role as negative
regulators to tip a balance of adaptive immune
responses to foreign proteins and/or presumably
to induce peripheral T cell tolerance to self-pro-
teins. Our present results would provide a new
insight into the cutaneous immune diseases due to
allergic and autoimmune disorders.

2. Materials and methods
2.1. Animals

BALB/c female mice, 6—10 weeks of age, were pur-
chased from Oriental Yeast (Osaka). Transgenic
BALB/c mice named as DOI1.10 mice, whose CD4*
Tcells express ab TCR recognizing OVA323_330 [16],
were kindly provided by D. Loh at Washington Uni-
versity (St. Louis, MO). All mice were kept under
specific pathogen-free conditions and received
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humane care as outlined in the Guide for the Careand
Use of Experimental Animals in Hyogo College of
Medicine, which is based on the Guide for the Care
and Use of Laboratory Animals in Institute of Labora-
tory Animal Resources, National Research Council
(1996).

2.2. Reagents

Anti-CD28, anti-CD3, anti-FcgR, anti-CD4, anti-CD8,
anti-CDI 1 ¢, anti-CD44, anti-CD62L, anti-CD69, anti-
B220, anti-DXS, and anti-MHC class 1l (I-AY) mono-
clonal antibodies (mAbs) were purchased from Phar-
Mingen (San Diego, CA). Anti-CD8O and anti-CD86
mAbs were from Biolegend (San Diego, CA). Anti-
langerin polyclonal Abs (goat IgG, Santa Cruz Bio-
technology, Santa Cruz, CA) that recognize cyto-
plasmic portion of mouse langerin and FITC-
con jugated anti-goat IgG Abs (Santa Cruz Biotech-
nology) were used for cytoplasmic staining of mouse
langerin [13,15]. Purified neutralizing rat anti-
mouse IL-10 mAb was purchased from Becton Dick-
inson (San Jose, CA). Neutralizing mAb against anti-
TGE-bl, -b2, and -b3 was from R&D Systems (Min-
neapolis, MN). OVA3y3_a30 peptide was purchased
from ANASPEC (San Jose, CA). The culture medium
generally used in this study was RPMI 1640 supple-
mented with 10% heat-inactivated fetal calf serum,
50 mM 2-ME, 2 mM L-glutamine, 100 U/ml penicillin,
and 100 mg/ml streptomycin.

2.3. Preparation of LCs

LC-including epidermal cell suspension was pre-
pared according to the method described pre-
viously with some modifications [17]. LCs were
then selectively collected using the automated
cell sorter and had a purity of over 95% [18].
Briefly, pieces of mouse ear and trunk skin were
incubated with DISPASE Il (3000U, Godo Shusei,
Tokyo. Japan) for 50 min at 378C in a dish with
10 cm diameter. Epidermis was peeled off and
incubated in fresh culture medium containing
0.025% DNase | (Roche, Mannheim, Germany) for
15 min at 37 8C. An epidermal cell suspension was
obtained after vigorously pipetting the epidermal
sheets, and cells were centrifuged on a discontin-
uous 30—60% Percoll density gradient (two layers:
30 and 60%). Cells at the 30—60% interface were
collected and incubated with PE- or FITC-anti-1-A*
mAb. 1-A9 hish cells were purified by electronic cell
sorting using a FACSAria Cell Sorter (Becton Dick-
inson) with according to the manufacturer’'s
instructions. The LC purity was examined by FACS
analysis, and the LC preparations with more than
95% for I-A? were used.

2.4. Preparation of splenic DCs

Spleens were perfused with RPMI 1640 supplemen-
ted with 0.5 mg/ml of collagenase (Roche), and the
cell suspensions were further digested with 0.5 mg/
ml of collagenase for 20 min at 37 8C, followed by
subsequent pressing the undigested pieces through
cell strainers (Falcon Labware, Oxnard, CA). The
cells were collected, and erythrocytes were lysed by
incubating the cells with ammonium-chloride lysing
buffer (155 mM NH.CI, 10 mM KHCOs; and 100 mM
EDTA-2Na/2H,0) for 1 min on ice. CD11c™" DCs
were separated by positive magnetic selection using
microbeads-con jugated anti-mouse CDI1c (Miltenyi
Biotec, Belgisch Gladbach, Germany) and a mag-
netic cell separator (AutoMACS " ) according to the
manufacturer’s instructions. The MACS-sorted cells
were, then, stained with PE-con jugated anti-CDl 1¢
and FITC-con jugated anti-1-A%, or FITC-con jugated
anti-CDI 1 ¢ and allophycocyanine (APC)-con jugated
anti-I-A%, and CD11cM" [-A? P8P cells were further
purified by the FACS-sorting using a FACSAria Cell
Sorter. The DC preparations with purity more than
98% for CDI 1 ¢ determined by FACS were used.

2.5. Preparation of splenic B cells

B cells were isolated from erythrocyte-lysed sple-
nocytes of BALB/c mice by negative selection, using
FITC-conjugated mAbs against CD3, CD4, CDS,
CDl1c and DX5 followed by incubation with mag-
netic beads coated with anti-FITC Abs (Miltenyi
Biotec). The cells were then stained with FITC-
anti-1-A%, APC-anti-CD11¢ and PE-anti-B220, and |-
A9*B220°CD11¢ cells were further purified by the
FACS-sorting using a FACSAria Cell Sorter. The cell
preparations with purity more than 98% for B220
determined by FACS were used.

2.6, Preparation of Naive CD4" T cells

CD4* Tceells were isolated from axillary, inguinal, and
mesenteric LNs of DOI1.10 mice by negative selec-
tion, using FITC-con jugated mAbs against B220, CD8,
DXS, CDIlc, and I-A? followed by incubation with
anti-FITC Ab-coated magnetic beads[19,20]. The cell
preparations with purity more than 99% for CD4 were
used. The cells were then stained with PE-anti-62L
and FITC-anti-CD44 mAbs. CD62L"%" CD44'*" naive T
cells were further purified by the FACS-sorting using a
FACSAria Cell Sorter

2.7. FACS analysis

Fluorescence-staining of cells was performed after
treatment with anti-FcgR mAb at least 20 min.
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Fluorescence-staining of cell surface proteins were
performed according to the methods described pre-
viously [20]. Co-expression of langerin of FACS-
sorted FAY "5 ICs was examined by cytoplasmic
staining of langerin, because the Abs used recognize
cytoplasmic portion of mouse langerin. Briefly,
FACS-sorted I-A% M5 cells were fixed and permeabi-
lized with a kit (PharMingen) [20], and stained in
sequence with anti-langerin Abs or control goat IgG
and FITC-anti-goat IgG (PharMingen). FACS-sorted
LCs after staining with FITC-anti-1-A? were further
stained with PE-anti-CD80 or PE-anti-CD86. FASC-
sorted splenic DCs after staining with FITC-anti-I1-A¢
were stained with PE-anti-CD80 and PE-anti-CD86.
FACS-sorted naive CD4" T cells were stained with
FITC-anti-CD44 and APC-anti-CD4. CSFE-labeled
naive CD4" T cells following activation with various
protocols were stained with PE-anti-CD69. Pheno-
types of those cells were examined by a FACScalibur
followed by analyses with CellQuest software (Bec-
ton Dickinson).

2.8. Confocal laser microscopic analysis

LCs stained with PE-anti-I-A" and FITC-anti-langerin
were spun onto a slide glass by using Cytospin' , and
the subcellular localization of I-A” and langerin was
analyzed by confocal laser microscopy (Model IX81,
Olympus, Tokyo Japan).

2.9. CFSE labeling

Naive CD4" T cells were washed twice in PBS and
resuspended in PBS at a concentration of 2—
3 107 cells/ml. The cells were added with an
equal volume of freshly diluted 1.25 mM CFSE in
PBS (Molecular Probes, Eugene, OR) and incubated
for 4 min at room temperature. The reaction was
stopped by the addition of an equal volume of FCS
[19,20]. The cells were immediately washed three
times with the culture medium.

2.10. In vitro T cell activation assay

1 10°cells/ml of CFSE-labeled naive CD4* T cells
were incubated with | mM of OVA peptide in the
presence of fixed cell number of splenic DCs
(1 10°ml ') and/or LCs or splenic B cells at var-
ious LC/DC or B cell/DC ratios in a 96-well plate with
flat bottoms. In some experiments CFSE-labeled
naive CD4" DOI1.10 T cells were incubated
with | mM of OVA peptide in the presence of
1 10°ml " of splenic DCs and 2 10°ml ' of
LCs with or without neutralizing anti-IL-10 or neu-
tralizing anti-TGF-b [21]. The neutralizing anti-IL-
10 Ab (I mg/ml) and anti-TGF-b Ab (0.5 mg/ml) used

in this study can inhibit 50% of bioactivity of at least
I5 ng/ml of rll-10 and 10 ng/ml of rTGF-bl, respec-
tively, both of which are pharmacological doses,
according to the manufacture’s data sheets. Insome
experiments LCs were separately incubated with
the naive CD4” T cells and splenic DCs by using BD
Falcon 96-Multiwell Insert System (Becton Dickin-
son). LCs were added in the inner wells, and the
other cell preparations together with OVA peptide
were in the outer wells. After 72 h-culture, cells
were collected and washed by PBS. Cells were
stained by APC-labeled anti-CD4 and PE-labeled
anti-CD69. Proliferative response of the CD4™ Tcells
was determined by the following formula. Cells once
divided showed a half of the CSFE intensity on
parental cells. We calculated each cell number of
cells with no cell division, and cells with one, two,
and three cycles of cell division. Cell division per-
centage (%) =100 (CD4" T cell number with 1 —3
cycles of cell division) /(CD4* Tcell number with 0—3
cycles of cell division). In some experiments, we
incubated naive CD4" T cells and OVA peptide plus
splenic DCs in the presence and absence of LCs at
various LC/DC ratios and evaluated the regulatory
effect of the additional LCs by calculating the
percent inhibition as follows:

percent inhibition % 100

the cell division percentage in the 3
21 presence of LCs g
the cell division percentage in the "
absence of LCs
2.11. Statistics

All experiments were repeated at least twice with
similar results. The results displayed in the figures
are representative of three or more independent
experiments with similar results.

3. Results

3.1. Robust expressions of MHC class I
and langerin on freshly isolated and highly
purified LCs

To examine biological functions of LCs we prepared
freshly isolated LCs with high purity. I-A positive
cells were FACS-sorted from epidermal cell suspen-
sion of BALB/c mice. More than 95% cells were
positive for I-A (Fig. 1A). Cytoplasmic staining for
langerin revealed that more than 95% I-A" cells
express langerin protein as well (Fig. 1B). The I-A*
cells expressed both CD80 and CD86 at high intensity
on their surface (Fig. |E lower panels). Moreover,
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Fig. 1

Freshly isolated LCs obviously express costimulators as well as MHC class IL Freshly isolated LCs shown as LC were

prepared using the automated cell sorter and examined for surface expressions of I-A? (A) and CD80 or CD86 (F), and for
surface I-A% in combination with cytoplasmic langerin (B and G). Splenic DCs (DC) prepared were examined for surface
CD11 ¢ and 1-A%(C) and CD80 or CD86 (F). Naive CD4* LN Teells (CD4* T) were isolated from DO1 110 mice and examined for
their surface expressions of CD4 and CD44 (D). Splenic B cells (B) were examined for their surface expression of I-A%as well
as B220 (E). The representative data are shown. The similar results were obtained in separate three experiments.

we examined morphological and phenotypical
aspects of the sorted cells by confocal laser micro-
scopic analysis and found that most of the cells had
DC-like morphology and were positive for both [-A
and langerin protein (Fig. 1G). These results clearly
demonstrated that the epidermal I-A" cell prepara-
tion has the characteristics associated with LCs.
Thus, we used this cell preparation as freshly iso-
lated LCs in this study.

3.2. LC expression of high levels of
costimulators

Next, we compared cell surface expressions of cost-
imulators between LCs and conventional DCs. Since
splenic DCs are well established conventional DCs
[9], we isolated CDl1c" spleen cells. Almost all
CDI1c* cells co-expressed [-A® (Fig. 1C). The inten-
sity of I-AY of LCs was comparable as splenic DCs
(Fig. 1A and C), suggesting that the LCs might serve
as APCs. Mean fluorescence intensity (MFI) of CD80
and CD86 were 23.6 and 74.6, respectively, in sple-

nic DC (Fig. 1G, upper panels). LCs expressed much
higher MFI of both costimulators as compared to
splenic DCs (Fig. 1G, lower panels), strengthening
the LCs as professional APCs. Based on those surface
phenotypes LCs appeared to possess professional
APC activity at least equivalent to splenic DCs.

3.3. Poor APC activity of LCs onto naive
CD4" Tcells

Next, we investigated whether LCs, like splenic DCs,
are capable of activating naive CD4" Tcells. For this
we manipulated DO11.10 BALB/c mice, whose CD4”
T cells selectively express the TCR ab recognizing
the OVA peptide. LN cells of DO11.10 mice were
incubated with mAb mixture against CD8, CDllc,
DX5, B220, and I-A molecules, and CD4™ Tcells were
negatively selected by AutoMACS'. CD62LMs"
CD44'" naive cells were further purified by FACS-
sorting. As more than 99% of the sorted cells were
CD4*CD44'"" (Fig. 1D), we used this cell population
as naive CD4" Tcells. Professional APC activity was
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determined by the induction of cell division of the
naive CD4" T cells in response to the OVA peptide.
We labeled these naive CD4" Tcells with CSFE and
incubated them with the OVA peptide in the pre-
sence of freshly isolated LCs or splenic DCs. Atday 3,
the cells were harvested and examined for expres-
sion of CSFE. Consistent with our previous report
[20], more than 75% of the cells expressed CD69, a
pan-activation marker The CD69°cells showed
obvious cell division, while all the CD69 cells
remained undivided (Fig. 2, upper panel). In sharp
contrast to splenic DCs, LCs could not activate the
naive CD4™ DO11.10 Teells to express CD69 or induce
their cell division (Fig. 2, lower panel). Thus, in
contrast to splenic DCs, LCs could not activate naive
CD4" cells at all. These results clearly demonstrated
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Fig. 2 LCs, unlike splenic DCs, fail to activate naive CD4"
T cells. Naive CD4" LN T cells from DO11.10 mice were
labeled with CSFE, and the CSFE-labeled cells
(1 10°ml ') were incubated with OVA peptide in the
presenceof | 10° ml ' of splenic DCs ( upper panel) or of
LCs (lower panel) for 3 days. Cells were collected and
analyzed for levels of CSFE and CD69 gated on the CD4*
cells. The representative data are shown. The similar
results were obtained in separate three experiments.

that freshly isolated LCs, although outstandingly
expressing costimulators and MHC class [I, possess
poor professional APC activity.

3.4. LCs negatively regulate splenic DC
induction of naive CD4" T cell activation

LC-ablated mice showed severer CHS than WT mice
[15], prompting us to investigate whether LCs sup-
press splenic DC induction of naive CD4" Tcell activa-
tion. We incubated CSFE-labeled naive CD4" T cells
with the OVA peptide plus a fixed cell number of
splenic DCs in the presence of various cell numbers of
LCs shown by the LC/DC ration and examined cell
divisions of the CD4* Tcells. When the naive CD4* T
cells were incubated with OVA peptide plus splenic
DCs in the absence of LCs, more than 70% cells under-
went cell division (Fig. 3, left panel). This is consis-
tent with the above result (Fig. 2, upper panel).
Consistent with the above result (Fig. 2, lower panel),
the cell division percentage was only 10% when the
naive CD4" Tcells were incubated with OVA peptide
and LCs in the absence of splenic DCs (Fig. 3, right
panel). When the naive CD4" Tcells were primed with
the peptide plus splenic DCs but supplemented with
the same number of LCs as splenic DCs, only 60% of
the CD4" T cells showed cell division (Fig. 3, third
panel from the left-hand side). Furthermore, the
more numbers of LCs were added, the less percen-
tage of the CD4" T cells underwent cell division
(Fig. 3A). Indeed, percent inhibition was increased
in a LC/DC ratio-dependent manner (Fig. 3A). These
results suggested that LCs might negatively regulate
splenic DC-induced naive cell activation.

The apparent inhibitory action of LCs on the DC
activation of naive Tcells, however. might be simply
due to LC competing with splenic DCs for the TCR. To
exclude this possibility we conducted experiments
whether freshly isolated B cells are able to diminish
the DC activation of Tcells, because B cells, like LCs,
express MHC class [l and have weak capacity to fully
activate naive T cells [22]. Indeed, splenic B cells
expressed comparable levels of I-A* as did freshly
isolated LCs (Fig. 1E). Furthermore, B cells, like LCs,
failed to activate naive CD4" T cells (Fig. 3B, right
panel). It is intriguingly to note that in contrast to
LCs, B cells do entirely not reduce the percentage of
divided T cells induced by splenic DCs (Fig. 3B),
indicating that competition for the TCR does not
simply reduce DC activation of naive T cells. These
results suggested that negative regulatory action on
the DC-induced naive T cell activation is a unique
feature of freshly isolated LCs. Taken together these
results demonstrated that LCs negatively regulate
professional APC-induced naive CD4" T cell activa-
tion in a cell number ratio-dependent manner.
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Fig. 3 LCs negatively regulate naive Tcell activation. CSFE- labeled naive CD4* T cells prepared from DO11.10 mice

(1 10°ml ') were incubated with OVA peptide and splenic DCs (1
cells (B) at various LC/DC or B cell/DC (B/D) ratios. The LC/DC and B/DC ratio | /0 indicates that only 1

10°ml ') in the presence or absence of LCs (A) or B
10°ml ' of LCs

or B cells were added as APCs, respectively. Cells were collected and analyzed for CSFE Proportions of CSFE® cells
undergoing 13 cycles of cell division to those undergoing 03 cycles were calculated. The percent inhibitions of the
added LCs were also calculated. The representative data are shown. The similar results were obtained in separate three

experiments.

3.5. Requirement of cell-to-cell contact
for LC regulation of T cell activation

Finally, we investigated the mechanism by which LCs
inhibit the professional APC-induced naive CD4" T
cell activation. Since TGF-b and IL-10 are potent
inhibitory molecules produced by LCs as well as DCs
and are involved in the negative regulation of naive
Tcell activation in mucosal immunity and cutaneous
immune system [9,23-26], we addressed whether
those molecules are important for the LC regulation
of the naive T cell activation. To test this, we
incubated naive CD4" T cells with OVA peptide
together with splenic DCs and LCs at 0/1 or 2/1
of the LC/DC ratio in the presence of control Ab or
neutralizing anti-TGF-b or anti-IL-10 mAb that can
neutralize pharmacological doses of the corre-
sponding cytokines. Similar to the above results
(Fig. 3A), the cell division percentage was reduced
from 73% to 46%, when naive CD4" T cells were
incubated in the presence of control Ab at 2/1 of
the LC/DC ratio as compared to those at 0/1, indi-

cating negligible effect of control Ab (Fig. 4A, upper
panels). The percent inhibition of the LCs was
36.6%. When the CD4"* Tcells were cultured under
the same conditions but in the presence of neutra-
lizing anti-TGF-b mAb, the cell division percentage
was similarly dampened from 73% to 50% (Fig. 4A,
lower panels). The percent inhibition of the LCs was
31.8%. These results indicated a minor role of endo-
genous TGF-b in the LC regulation of the T cell
activation. The addition of LCs decreased the cell
division percentage of the CD4" T cells from 67% to
50% (percent inhibition was 25.3%) and 63% to 53%
(percent inhibition was 16.7%), when the cells were
incubated with control Ab and neutralizing anti-IL-
10, respectively (Fig. 4B). This indicated that
endogenous IL-10 is not profoundly involved in the
regulatory action of the LCs. These results demon-
strated that TGF-b or IL-10 is not solely essential for
the negative regulation of the naive CD4" T cell
activation.

We wanted to know whether LCs require cell-to-
cell contact to exert their regulatory action. We
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Fig. 4 Dispensability of TGF-b and IL-10 for LC regulation of naive T cell activation CSFE-labeled naive CD4" Tcells
prepared from DOI1.10 mice were incubated with OVA peptide as well as splenic DCs (1 10°ml ') plus LCs
(2 10°ml ') in the presence of isotype-matched control mAbs (A and B upper panels) or neutralizing anti-TGF-b (A
lower panels) or anti-IL-10 (B lower panels). Cells were collected and analyzed for CSFE. Proportions of CSFE" cells with
celldivision were calculated as shown in the legend to Fig. 3. The representative data are shown. The similar results were
obtained in separate three experiments.

incubated LCs, CSFE-labeled naive CD4* Tcells and tion was 30. 6%. In contrast, when LCs were added in
splenic DCs in a trans-well system. When CSFE-  an inner well separated by membrane that can
labeled naive CD4" Tcells were incubated together  translocate only soluble substances but completely
with splenic DCs and the OVA peptide in an outer  not cells, the cell division percentage was not
well, the CD4" Tcells displayed extensive cell divi-  profoundly impaired (Fig. 5C). In fact, percent
sion in this cell culture system. In fact, the cell inhibition was 6.6%. These results clearly demon-
division percentage was 68% (Fig. 5A). Consistent  strated that LCs require cell—cell contact with
with the above results, addition of LCs to the same  splenic DCs and/or naive CD4* Tcells to exert their
well reduced it to 47% (Fig. 5B), and percentinhibi-  inhibitory action.
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Fig. 5 Requirement of cell contact for LC regulation of naive Tcell activation CSFE-labeled natve CD4* Teells prepared
from DO! 1.10 mice were incubated with OVA peptide in the presence of splenic DCs (1 10° mI ') alone (A) or splenic
DCs (1 10°ml ') plus LCs (2 10°ml ') (B) in a bottom well. The same cell number of LCs as shown in (B) were
incubated in an upper well, and the other cells and the peptide were separately incubated in a bottom well (C). At day 3,
cells were collected and analyzed for CSFE. Proportions of CSFE* cells with cell division were calculated. The
representative data are shown. The similar results were obtained in separate three experiments.
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4. Discussion

This is the first report clearly and formally demon-
strating that freshly isolated LCs play a role as a
negative regulator but entirely not an activator in
the development of primary response to protein Ag
in vitro. LCs have been regarded as professional
APCs for mounting adaptive immune responses in
the skin [3,4]. However freshly isolated, highly
purified epidermal LCs, although expressing com-
parable levels of MHC class Il and costimulators as
splenic DCs, did not activate naive CD4" T cells
(Figs. 1 and 2). Furthermore, LCs inhibited activa-
tion of naive CD4" T cells induced by splenic DCs via
cell-to-cell interactions (Figs. 3A and 5). However,
this is not true for B cells although expressing I-A°
and lacking naive Tcell activation (Figs. 1E and 3B).
indicating that LCs uniguely exert active regulatory
action on DC activation of naive T cells. Thus, it is
plausible that LCs might negatively regulate primary
T cell responses in the skin.

Many investigators analyzed APC activity of LCs
by using MHC class ll-enriched epidermal cells post-
incubation for several days in vitro [27,28]. How-
ever, there have been no reports on APC functions of
freshly isolated LCs or on comparison study of APC
functions between freshly isolated LCs and the LCs
post-in vitro incubation. Microbial products can
induce maturation of various types of DCs to become
professional APCs with full capacity to activate
narve T cells [9]. For example, LPS, an agonist of
TLR4, can activate bone marrow-derived DCs
(BMDCs) and splenic DCs to produce various proin-
flammatory cytokines and to express higher levels of
costimulators as well as MHC class Il However, LCs
show poor responses upon LPS challenge despite
expressing TLR4 [2]. These observations suggest
that LCs might remain unchanged in terms of bio-
logical functions even during microbial infection in
the skin and might persistently contribute to reg-
ulate the primary adaptive immune responses in the
LNs draining the infectious sites of the skin.

Genetically LC-ablated mice were recently
established by three different groups and provided
us with new but controversial information on in vivo
functions of LCs [1]. Knock-in mice that express
diphtheria toxin receptors under the control of
the langerin gene or the gene of its promoter exhibit
absence of LCs in their epidermis when they were
administered with diphtheria toxin or were crossed
with transgenic mice over-expressing diphtheria
toxin. These LC-ablated mice showed quite differ-
ent phenotypes of CHS responses. They showed
decreased, unchanged, or increased ear swelling
upon cutaneous application with various haptens
[3,13,15]. We do not know the exact reasons why

the similarly manipulated mice exhibit quite differ-
ent phenotypes. Nonetheless, adoptive transfer of
LN cells from hapten-primed LC-ablated mice
causes severer CHS response in naive mice than
those from hapten-primed wild-type mice, indicat-
ing the negative regulatory function of LC in the
primary T cell responses [15]. Furthermore, mice
topically applied with steroid showed exacerbated
CHS response concomitant with numerically
decreased LCs in their epidermis [29]. Our present
results together with those reports might, at least
partly, indicate the negative regulatory role of LCs
in the primary T cell responses.

Accumulated lines of evidence have revealed
functional and phenotypical heterogeneity of DCs
[9]. In particular, mucosal immune system should
play dual roles, a negative regulator of adaptive
immune responses to prevent food allergy and an
activator of adaptive immune responses to elimi-
nate gut-invaded pathogens. To accomplish these
opposite roles, mucosal immune system might carry
functionally different DCs; regulatory DCs for the
former and immunogenic DCs for the latter [9].
Some regulatory DCs in Peyer's patch produce IL-
10 to negatively regulate the immune responses
[23]. LCs might serve as a negative regulator by
producing IL-10 as well. However, neutralizing anti-
IL-10 did not inhibit the suppressive action of our
freshly isolated LCs (Fig. 4B), indicating that IL-10is
not essential for the negative regulatory actions of
LCs. Although TGF-b is reported to serve as negative
regulator produced by DCs [8,10], neutralizing TGF-
b could not restore the naive T cell activation
(Fig. 4A). Rather, cell-to-cell contact is required
to achieve their negative regulatory functions
(Fig. 5). The precise mechanisms underlying are
unknown. It is also still to be elucidated which type
of cells our LCs target, splenic DCs or naive CD4" T
cells, Further studies are needed.

Previous in vivo study revealed that administra-
tion of BMDCs matured by TNF-a and pulsed with
thyroglobulin, an self-Ag responsible for autoim-
mune thyroiditis, inhibits the subsequent develop-
ment of thyroglobulin-induced experimental
thyroiditis by inducing IL-10-producing Trl cells
specific for thyroglobulin [30]. These DCs may con-
tribute to peripheral Tcell tolerance. Furthermore,
BMDCs prepared by the distinct protocol and loaded
with OVA can evoke selective expansion of
CD25'CD4* Treg specific for OVA, a foreign Ag, in
the draining LNs [31], suggesting involvement of
those DCs in protecting allergic disorders. In these
lines, LCs might initiate allergen- and/or auto-Ag-
specific Treg. It is intriguingly to note that healthy
volunteers exhibit rapid diminution of LCs in the
skin, presumably due to their migration into the
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