CAPSAICIN INDUCES APOPTOSIS OF LEUKEMIC CELLS
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necrosis in addition to apoptosis in this fraction (Fig. 1D). These
results showed that capsaicin-induced #r vitro growth inhibition of
leukemic cells was mediated by causing GG, cell cycle arrest and
apoptosis.

Capsaicin-Induced Death Signaling 1s Mediated through
the Mitochondrial Pathway, Treatment with capsaicin for 3 h
significantly induced caspase-3 activily in NB4 cells (Fig. 3A).
Capsaicin-induced apoptosis was completely blocked by the treat-
ment  with N-tert-butoxy-carbonyl-Val-Ala- Asp-fluoromethylk-
etane (pan caspase inhibitor; Fig. 38). After treatment with cap-
saicin for 3 h, low RhI23 staining in NB4 cells indicated an
increase in the loss of mitochondrial A¢gm (Fig. 3C). Capsaicin
induced a subsiantial release of ¢ytochrome ¢ from the mitochon-
dria into the cytosol within 3 h. In addition, capsaicin induced a
translocation of Bax from eylosol to mitochondria (Fig. 317). These
results indicate that capsaicin-induced apoptosis in early phase
NB4 cells is mediated through the mitochondrial-dependent
pathway.

ROS Generation Triggers Capsaicin-Induced Apoptosis. Previ-
ous investigation has reported that capsaicin induces inhibition of
growth and the NADH oxidase aclivity in HelLa cells (43). Other
examination has shown that capsaicin-induced apoptosis in tumor
cells is associated with the generation of ROS (44). Therefore, we
analyzed the production of intracellular ROS in NB4 cells. Treatment
with capsaicin in NB4 cells showed within 0.5 h a dramatic increase
in intracellular ROS compared with control cells (Fig. 44). Treatment
with a thiol antioxidant, NAC, completely blocked the generation of
ROS and attenuated capsaicin-induced apoptosis in N34 cells (Fig.
4B). The addition of 1 mn buthionine sulfoximine, a specific inhibitor
of y-glutamylcysteine synthetase, induced glutathione (GSH) deple-
tion and synergistically enhanced capsaicin-induced apoptosis (data

not shown). Superoxide is a major component of ROS in the mito-
chondria and is converted rapidly to H,0, by supcroxide dismutase,
Most H,0, is degraded further to H,O by the enzymes catalase and
glutathione peroxidase. We thus examined the effect of more specific
antioxidants on capsaicin-induced cell death. Interestingly, apoptosis
induced by capsaicin could be blocked completely by pretreatment
with catalase in both NB4 (Fig. 4C) and Kasumi-1 (Fig. 4D) cells.
However, superoxide dismutase partially inhibited capsaicin-induced
cell death (Fig. 4, C and D).

Expression of Cell Cycle- and Apoptosis-Associated Proteins in
NB4 Cells. To characterize the molecular mechanism of capsaicin-
induced cell cycle arrest followed by apoptosis in NB4 cells, we
examined the expression of cell cycle- and apoptosis-associated pro-
teins during the treatment with capsaicin, Expression of p21 WAF/CIP1
proteins was dramatically increased with reduction of cyclin D1
protein expression, dephosphorylation of Rb, and up-regulation of p53
and Bax at 3 h after treatment (Fig. 5). Interestingly, the Ser-135
residue of p33 became significantly phosphorylated after an hour of
exposure Lo capsaicin (Fig. 5). In contrast, the phosphorylation levels
of p53 at other residues did not change in response 1o treatiment with
capsaicin (data not shown).

Phosphorylation of p33 at the Ser-15 Residue in NB4 Cells
Treated with Capsaicin. p53 protein was accumulated during the
treatment with capsaicin in NB4 cells expressing wild-tvpe p33 (Fig.
5). In addition, Western blot analysis using the antibody specific to the
phosphorylated Ser-15 of p33 revealed that the Ser-15 residue of p33
became phosphorylated immediately after the treatment with capsai-
cin (Figs. 5 and 64). Interestingly, the inhibition of ROS generation by
pretreatment of NAC inhibited capsaicin-induced phosphorylation of
p33 at the Ser-15 residue (Fig. 64). In addition, prelreatment of cells
with catalase caused complete inhibition of capsaicin-induced pS3
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Fig. 2. Expression of wiltd-type p33 protein in vardong feukemic cells and normal bane
marrow cells, A, wild-type pA3 protein was imnwnoprecipitated with anti-p53 wild-fype
monoclonal antibody followed by blotting with the p53 polyclonal antibody, NB4 and
Kasumi-1 cells are positive, but the other leukemic cells (HL-60. UF-1, K562, KUSI2,
and U93T) are negative for wild-type p43. Also, nommal bone mamow mononuclear cells
are positive. B, expression of wild-type pS3 protein was amalyzed by flow cytometry.
WIH3TS cells were used as a positive contral, GFP, green fluorescent protein,

activation (Fig. 6A). These results suggest that H,0, generation plays
an essential role in p53 stabilization by phosphorylation at the Ser-15
residue (31, 32).

To examine whether inhibition of p33 expression can block
capsaicin-induced cell cycle arrest and apoptosis in NB4 cells, we

A

(o))

used antisense (AS) oligonucleotide for p53. Pretreatment with 1
MM p53 AS oligonucleotides prevented the capsaicin-induced in-
crease in p33 protein levels in NB4 cells (Fig. 6B8). In contrast,
pretreatment with 1 pM scrambled and mismatch cliponucleotides
did not significantly alter the expression of p53, and AS oligonu-
cleotide did not modulate the expression of MDM2 and Bel-2
proteins, indicating the specificity of the p53 AS oligonucleotide
used in this study {Fig. 6B). Pretreatment with 1 pum p53 AS, but
not scrambled or mismatched, oligonucleotides for 24 h signifi-
cantly abrogated capsaicin-induced cell cycle arrest as well as
apoptosis (Fig. 6C), suggesting that apoptotic cell death in capsa-
icin-treated NB4 cells is because of the ability of capsaicin to
stimulate the accumulation of p53.

Effects of Capsaicin on Primary Cells from Patients with Leu-
kemia. Among the leukemia cell lines, NB4 and Kasumi-1 cells
expressing wild-type p53 were the most sensitive 1o capsaicin,
whereas p33-defective cellsincluding H1L-60 and U1 cells were less
sensitive to this agent. We therefore analyzed the association between
the sensitivity to capsaicin and the status of p53 in freshly isolated
cells from eight patients and found that the expression of wild-type
P53 mRNA contributed to the sensitivity to capsaicin-induced apo-
ptosis in the leukemic cells {Table 1). We also analyzed the levels of
intracellular ROS generation during the treatment with capsaicin in
capsaicin-sensitive and capsaicin-less sensitive cells and found that
treatment with capsaicin caused a significant ROS generation with
decreased intraceliular GSH in capsaicin-sensitive cells (NB4 and
leukemic cells from patient 1; Fig, 7, A and B). In contrast, in
capsaicin-less sensitive cells (HL-60, UF-1, and leukemic cells from
patient ©), intracellular ROS peneration and GSH levels were less
modulated by capsaicin {Fig. 7, A and B).

Capsaicin Induced Apoptosis in Vive, Our in vitro data
prompted us o examine whether the effects of capsaicin are
equally demonstrable in vivo, Tumor weight significantly de-
creased in the mice that received an injection of capsaicin
(P < 0.001, mean weight: 2.16 = 0.53 g in the capsaicin-treated
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Fig. 3. Capsaicin-induced apoptosis is mediated through the mitochondrial pathway. A, {cytosol)
cells were incubated with 100 M capsaicin for 3 h and analyzed for caspase-3 activity by
fluorescence-activated cell sorter analysis. B, effects of » caspase inhibiter on capsaicin- Bax
treated NB4 cells, Inhibition of capsaicin-induced apoplosis of NB4 cclls was estimated {total) o i .
in a coculture with the pancaspase inhibator N-tert-buloxy-carbonyl-Val-Ala-Asp (Z- :
VADY. Cells were preincubated with 2-VAD for an hour before the addition of 100 g Bax
capsaicin. Data shown is & representative experiment of tluee duplicate experiments with {cytosol} b ..
similar results, €, NB4 cells were culhwred with 100 pM capsaicin for 3 h, and Rhodamine
123 fluotescence was analyzed by flow cytometry. D, Western blot analysis of cyto- Bax ‘
chrome ¢, cytosolic Bax, and nitochoindrial Bax in capsaicin-treated NB4 cells. Am, (mitochondrla) — - o—

transmembrane potential,
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group versus 4.71 = 1.49 g in the control group; Fig. 84). Path-
ological analysis at autopsy revealed no capsaicin-induced tissue
changes in any of the organs. These results suggest that capsaicin
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Fig. 5. Expression of the apoplosis- and cell cycle-associaled proteins. NB4 cells were
treated with 100 pu capsaicin for the indicated times. Cell Iysates (15 pg'each lane) were
fractionated on 12.5% SDS-polyacryiamide gels and analyzed by Westemn blotting with
antibadies against apoptosis- and ccl] cycle-associated proteins, (pSer] 5-p53, p53, cyclin-
dependent kinase inhibitors p21™ ~F1 P! Bax. pSer-Rb, cyclin Dy, and MIDM2) Re-
boting with f-actin staining demonstrated 1l1al equal amounts of prolein were present in
each lane.

had no toxic effects on mice during this treatment. When we
evaluated tumor cell proliferation by counting the number of
apoptolic cells by single-strand DNA staining, we observed a
significant increase in the capsaicin-treated group (P < (.00],
approximately 8-fold increase; Fig. 8B).

DISCUSSION

To date, several studies have revealed the ability of capsaicin to
inhibit events associated with the initiation, promotion, and progres-
sion of cancer (5, 12-14). In contrast, other studies have suggested the
tumor-initiating potential of capsaicin (8, 9), and several epidemio-
logical studies have shown that chilli pepper consumers were at
greater risk for gastric cancer than were nonconsumers (2). In this
study, we have showed that capsaicin inhibits cellular prowth of
leukemic cells via inducing apoptosis-modulating ROS production.
Interestingly, capsaicin dramatically induced apoptosis of myelaid
leukemic cells expressing wild-type p33.

In our study, capsaicin-sensitive cells expressed wild-type p53
among the leukemic cell lines (NB-4 and Kasumi-1 cells) and fresh
samples. There was a report that NB4 promyelocytic leukemia
cells have point mutations at codon 273 and 248 of the p53 gene
{(45), but we could not deteet any mulations of the p33 gene in NB4
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Fig. 6. Cell cycle arrest and apoplosis via a pS3-dependent Capaaicin [ (Ser-15} Control Capsaicin

pathway in capsaicin-scensitive NB4 cells. A phosphorylated %] — — —
Ser-15 residue of p53 was increascd during capsaicin treatment of G/ 34.7%
NBA cells within an hour, and Neacetyl-t-cystein (NAC) inhibited phospho p53 s 499%
phosphorylation of p53 by the treatment with capsaicin. In addi- "‘;“:c [ (Ser185 G 15.8%
fion, specific antioxidant. catalase, completely blocked capsaicin- P53 o — ——
induced phosphorylation of the Ser-15 residue of p53. B, antiscnse
(AS) oligonucleotide for p53 inhibits p5S3 expression in a se- -66.
quence-specific manner, After 24 h of preincubation with 1 g dp J” :Pj',.
antisense, sense (3}, or mizsmateh (M) oligonucleotides, NB4 cells phospho ps3 . =
were cultured in the presence of capsaicin and (resh oligonucleo- {Ser-15}) — T

tides (1 pn) for 24 he Cell lysates (30 pg/each lane) were rac-
tionated on 12.5% SDS-polyacrylamide gels and analyzed by
Westem blofting with antibodies ngainst p53, MDM2, and Bel-2
proteins. Reblotting with S-actin staining demonstrated thot equal B
arrounts of protein were present in each lane, C, capraicin-induced o83
cell cycle arrest and spoptosis were abrogated by pS3 AS oligo-
nucleotide. Cells were preincubated with 1 pM oligonucleotide for
24 h before treatment with capsaicin, After preincubation, cells
were Ireated with capsaicin for 24 h, and then cell cycle distribu-
tion was examined.

cells used in this investigation by sequencing analysis. In addition,
we confirmed that our NB4 and Kasumi-1 cells expressed wild-
type p33 protein using monoclonal antibody that recognizes con-
formational epitope of wild-type p53; therefore, we conclude that
our NB4 and Kasumi-1 cells have wild-type p33. In contrast, we
did not observe phosphorylation and accumulation of p33 during
the treatment with capsaicin in less sensitive cells, which did not
express wild-type p353. These cell lines have been reported to have
mutaled pS3 gene as follows: HL-60 (major deletions), K362 (an
early translational stop codon at 148), KU812 (a point mutation in
codon 132 resulting in replacement of lysine with arginine), and
11937 (46 base pairs deletion from codon 132) cells (39-42). Bax
and p2IWAFTCIPL ape well-known target genes of p33, and we
demonstrated that capsaicin induced higher levels of these proteins
in capsaicin-sensitive NB4 cells.

We showed that capsaicin induces phosphorylation of p53 at the
Ser-15 residue alter an hour of exposure, resuiting in stabilization
and protein accumulation. In addition, abrogation of p53 expres-
sion by the AS oligonucleotides could significantly inhibit induc-
tion of G4-G, phase cell cycle arrest and apoptosis alter treatment
with capsaicin. However, normal bone marrow cells expressed
wild-type p53, but capsaicin did not inhibit growth of the nermal
cells. Therefore, expression of wild-type p53 may be necessary but

Table 1 Expression of wild-tvpe p53 mRNA and sensitivity lo capsaicin-
induced apoplosis”

Annexin V single-positive cells
Expression of

wild-type p53 Fold
Cells mRNA? Control (%) Capsaicin (%) increase®
P11* + B9(12.6F 634 (88.2) 11
P12 - 45(5.) 52(6.8) 1.2
P13 + 3.7(5.2) 403 (57.7) 0.9
Pt4 + 6.8(12.5) 50.9(38.8) 15
Pt5 + 6.2(83) 643 (847 0.4
P16 + 4.2(9.5) 53.4(81.0) 1.7
Pt7 + 3.8 (8.0) 43.5(T2.8) 1.4
P8 + 33(7.2) 46.2 (63..4) 14.0

% Cells were scparated by Lymphoprep sedimentation procedure and subsequently
cultured with 100 pM capsaicin for 24 h,

? Induction of apoptosis was measured by Annexin V single-positive cells and ex-
pressed as a fold increase of the percentage of control Annexin V single-positive cells.

¢ Percentage of Annexin V/P propidium iodide-double positive cells.

4 Expression of wild-type p53 mRNA was examined by reverse transcription-PCR, and
then PCR products were analyzed on 1% agarose gel, Result was expressed as positive
(+) or negative (—).

Pt 1, 2; acute Iyniphoblastic leukemia (ALL), Pt 3-8; acite niyeloid leukemin
{AML), Fr. patient,

AS AS+Capsaicin

GG 20.T%
LI K1Y
G 139%

DalGe 22.4%
3 W%
Gl 17.9%

not sulficient for inducing apoptosis by capsaicin. Previous studies
have reported that p53 gene mutations are infrequent and are found
in only 5-10% of fresh acute myelogenous leukemia patients
{46—48). In conlrast, alicrations of p53 gene are more lrequent in
myeloid leukemia cell lines, which might have the advantage in
cstablishment of cell lines (42). Moreover, it has been reported that
P53 mulations are associated with significantly poorer response to
intensive chemotherapy and induce drug resistance by interfering
with the normal apopiotic pathway in patients with acute myelog-
enous leukemia (49), Consistent with these reporis, we showed that
lenkemic cells from seven of eight acute myelogenous leukemia
patients express wild-type p53, and these cells are sensitive to
capsaicin. Taken logether, these results suggest that induction of
p33 plays an essential role in G-G, cell eycle arrest and apoptosis
in capsaicin-treated leukemic cells but not in normal cells.

Recent studies have demonstrated that mitochondria play an essen-
tial role in death signal ransduction (30, 51). Bax in mitochondria is
known to play an important role in the loss of Adm (30, 51), and
distribution of Aym constitutes a critical step in a p353-dependent
apoptotic pathway. In response to a capsaicin signal, Bax is induced
and transported from the cylosol to mitochondria (data not shown),
corresponding to a decling in Aym lollowed by cytochrome ¢ release
and caspase activation. These resulls supgest that capsaicin-induced
death signaling is mediated through the mitochondrial-dependent
pathway.

Several studies have demonstrated that ROS peneration phos-
phorylates p53 at the Ser-15 residue in an ataxia telangiectasia
mulated-dependent manner (31, 32). Consistent with previous
studies {52-54), we detected that capsaicin-induced apoptosis in

© NB4 cells and in fresh leukemic cells from patients expressing

wild-type p33 was associated with a significant increase in the
levels of intraceliular ROS, after GSH depletion. Capsaicin-less
sensitive cells have defective p33; however, capsaicin could gen-
erate intracellular ROS in these cells. Interestingly, pretreatment
with NAC, an excellent supplier of GSH, inhibited phosphoryla- ,
tion of p53 at the Ser-15 residue in the presence of capsaicin,
indicating that ROS acts upstream of p53 phosphorylation by
capsaicin. Moreover, reduction of H,O, by catalase inhibited phos-
phorylation of p53 at the Ser-15 residue and apoptosis. In contrast,
capsaicin-less sensitive cells were p53 defective, and capsaicin
induced lower levels of ROS generation with less modulation of
GSH. In addition, we failed to observe phosphorylation or indue-
tion of P53 during the treatment with capsaicin in these cells, We
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demonstrated that NAC also prevented capsaicin-less sensitive
cells [rom apoptosis induced by a high dose of capsaicin (data not
shown). Recent studies have reported that ROS is not only an
upstream activator of the p53 pathway, but it is also & critical
component of the downstream mediator of p53-dependent apoplo-
sis, because overexpression of wikd-type p53 produces ROS in
agsociation with apoplosis (35). The generation of ROS has been
suggested to be a representative pathway of mitochondrial disrup-
tion in a p33-independent manner (56). Tt is likely that overgen-
cration of ROS plays some role in capsaicin-induced mijtochondrial
depolarization and apoptosis in p33-defective cells (57). Our data
indicate that 11,0, can be a specific ROS species that plays mainly
an essenlial role in capsaicin-induced p53 activation. Taken to-
gether, these data strongly indicate the existence of the following
two downsiream pathways that reduce Agm originating from H,O,
production by capsaicin: {4) one rapidly and with high sensitivity
phosphorylatin p53 at the Ser-15 residue, leading to transportation
of Bax to mitochondria, loss of Aym, and early phase apoptosis in
capsaicin-sensitive leukemic cells and (&) a second inducing a
direct disruption of Agm by 11,0, generation independent of p53
in p53-defective cells but with less sensitivily (o capsaicin. Addi-
tional studies are needed to clarily the exact mechanism of capsa-
icin-induced apoptosis in leukemic cells,

The therapeutic approach to acute leukemia is usuvally chemo-

therapy, but severe side effects and complications such as gerious
infection and bleeding because of anticancer drugs are major
problems in the clinical setling. In particular, the side effects of
drugs might be fatal in older patients or in immunocompromised
patients, which highlights the urgent need for novel effective and
less toxic therapeutic approaches. A component of the hot pepper
Capsicum, capsaicin, is a natural compound and widely consumed
as a food additive throughout the world, which indicates that it is
less toxic to humans than current chemotherapeutic drugs. Because
we could not observe any organ damage during in vive experiments
using a NOID/SCID mice leukemia model and because capsaicin
did not affect cellular proliferation of normal bone marrow cells
from healthy voluntecrs, we conclude that capsaicin might he
developed as a new potent anticancer agent for the management of
hematological malignancies.

In summary, we propose a model of cell cycle arrest and apoptosis
induced by capsaicin through an oxidative stress in leukemic cells.
Our data strongly indicate that capsaicin is particularly sensitive to
leukemic cells expressing wild-type p33, which phosphorylated at
Ser-15 restdue by producing ROS during the treatment of capsaicin.
Therefore, homovanillic acid derivative, capsaicin, has potential as a
novel molecular targeted therapeutic agent against serine residue of
the p53 gene for the treatment of leukemia, particularly in ¢lderly and
immunocompromised patients.

B Contro} Capsaicin

~, wE

Fig. 8. Capsaicin-mediated apoptosis of leuke-
mic cells in wive wing a NOD'SCID mice model.
A, NB4 cells (1 X 107 ells) were inoculated s.c.
into NOD.SCID mice, Fourteen days after trans-
plantation. $% ethanol (control; i = 15) or capsa-
icin (15 mg kg n = £5) was given daily Tor 6 days,
after which mice were sacrificed and tumor weights
were measured. B, the tumor sections were fixed
and stained with anti-single-strand (ss)DNA anti-
body. We counted the apoptatic cells in the come-
sponding ficlds of control akl capsaicin-treated
tumor sections {10 scctions'mouse, n# = 15). Ar-
rows indicate single-strand DNA (saDNAp-positive
cells. Original magnification, X300. HPF, high
power ficld.
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Abstract: Engagement of mIgM induces G1 arrest and apoptosis in immature B cells, The biochemical mech-
anism(s) regulating the cell death process are poorly understood. Cross-linking of CD72 (a B cell co-recep-
tor) with anti-CD72 antibody was shown fo protect B cells from apoptosis. We investigated the molecular
mechanism involved in apoptosis preventing signaling mediated by CD72 ligation using a derivative
(WEHIS) of the WEHI231 cell line which is representative of immature B cells. Apoptotic WEHIS cells fol-
lowing cross-linking of mIgM demonstrate a dramatic loss of c-Myc protein after transient up-regulation.
In contrast, pre-ligation of CD72 was able to sustain c-Myc expression after transient up-regulation.
Cross-linking of mIgM of WEHIS cells causes accumulation of the Cdk inhibitor, p27**, CD72 pre-ligation
was shown to inhibit the accumulation of p277 protein. Moreover, NF-«B activity was not suppressed in
WEHIS cells after mIgM cross-linking when the cells were pre-treated with anti-CD72 antibody. These
results strongly suggest that the apoptosis preventing signal evoked by CD72 ligation is delivered through

the pathway of NF-xB, ¢-Myc, p27™ and cyclin.

Key words: ¢-Myc, p27¥", NF-kB, CD72

Apoptosis is a fundamental mechanism by which the
immune system eliminates self-reactive, over-reactive,
and/or un-reactive lymphocytes (5). Cross-linking (anti-
genic stimulation) of the B cell antigen receptor (BCR)
is believed to induce apoptosis in immature B cells,
eliminating self-reactive B cells before differentiation into
mature B cells and antibody (Ab) secreting plasma cells
(7, 22). Surface co-receptor molecules, however, mod-
ulate the BCR generated signals. One such modulator
is CD72, a 45 kDa type II transmembrane protein,
expressed predominantly in B lineage cells, except plas-
ma cells (18). The molecule has an immunoreceptor
tyrosine-based inhibition motif (ITIM) and an ITIM-
like sequence in its cytoplasmic domain (3). SH2 con-
taining protein tyrosine phosphatase-1 (SHP-1} binds
to the ITIM sequence (ITIM1} located proximal to the N
terminus, whereas Grb2 is recrnited to the ITIM-like
sequence (ITIM2) (1, 12, 41).

We have shown that the phosphorylation state of the
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2669 Yamazaki, Noda, Chiba 278-0022, Japan. Fax: +81-4-71-
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CD72 ITIMs strongly correlates with BCR mediated
signaling leading to apoptosis or cellular growth in
WEHI231 cells and splenic B cells (12, 40, 41). The
WEHI231 cell line expressing membrane immunoglob-
ulin {(mlg) M is representative of immature B cells.
Engagement of mIgM of the B cell line evokes apopto-
sis (24, 32). CD72 of growing WEHI231 cells has the
tyrosine residues of I'TIMs de-phosphorylated by SHP-1
(41). Thus, CD72 is an in vivo substrate of SHP-1. In
confrast, apoptotic WEHI231 cells carry phosphorylated
CD72.

A large body of evidence demonstrates that trans-
membrane molecules carrying ITIMs are involved in
negative regulation of signaling pathways of lymphocytes
(4, 31). In contrast to this view, cross-linking of CD72
with anti-CD72 Ab seems to deliver a positive signal to
splenic B cells resulting in increased expression of MHC

Abbreviations: Ab, antibody; BCR, B cell antigen receptor;
CDK, cyclin dependent kinase; ITAM, immunoreceptor tyro-
sine-based activation motif; ITIM, immunoreceptor tyrosine-
based inhibition motif; mIgM, membrane immunoglobulin M;
NF-xB, nuclear factor xB; PBS, phosphate buffered saline; SHP-
1, src homology 2 containing tyrosine phosphatase.
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class [l molecules, enhanced cell proliferation and partial
rescue from apoptosis induced by hyper-cross-linking of
BCR (19, 28). Recent reports on CD72 deficient mice,
however, described that B cells from the mice are hyper-
responsive (20), suggesting that CD72 is involved in a
negative modulation of BCR generated signaling. Thus,
the function of CD72 in BCR mediated signaling is
controversial.

Scott and his co-workers have reported that cross-
linking of mIgM of WEHI231 cells leads to the blockade
of the cell cycle in the G1 phase and subsequent apo-
ptosis (8, 11). The G1 to S transition requires the acti-
vation of cyclin Efcyclin dependent kinase (Cdk)2 and
cyclin A/Cdk2 resulting in phosphorylation of retinoblas-
toma protein (pRb). This kinase activity is down-regu-
lated in WEHI231 cells treated with anti-IgM Ab.

Cdk inhibitors (CKI) or the Kip/Cip family in the

-case of Cdk2, provide one regulatory mechanism of
Cdk activity (14). Apoptotic WEHI231 cells following
mlIgM cross-linking demonstrate accumulation of CKI,
p27%% (8, 11). The decreased NF-kB activity leads to the
down-regulation of ¢c-Myc in anti-IgM Ab treated
WEHI231 cells resulting in p27**' accumulation (8, 9,
27).

Very little is known about the molecular mechanism
that rescues B cells from apoptosis by CD72 mediated
signaling. One means to a better understanding of the
CD72 mediated signaling pathway is to elucidate mo-
lecular events involved in the regulation of the G1 to S
transition. In this paper, we find that CD72 mediated sig-
naling plays a role in a pathway involved in the regulation
of NF-xB, c-Myc and p27*"'.

Materials and Methods

Cell culture. WEHIS murine B lymphoma cell line
(IgD transfected WEHI231 cell) was maintained in
DMEM supplemented with 10% fetal calf serum (FCS),
2-ME and MEM sodium pyruvate solution as previous-
ly described (12, 32, 41). Cells were incubated in 5%
CO; at 37C.

Western blot analysis. Western blotting was per-
formed as already described (12, 41). Briefly, cells
were treated with anti-mouse IgM Ab (Bet-2, American
Tissue Type Collection) and incubated for 24 hr at a
density of 5X10° cells/ml after pre-incubation with or
without anti-CD72 Ab (K10, Cederlane Labs, Ontario
Canada). 2.4G2 Ab (Pharmingen) was included to block
FcyRIIB binding prior to the addition of Bet-2 Ab.
Then, cells were solubilized in NP-40 lysis buffer sup-
plemented with protease and phosphatase inhibitors.
Lysates were separated by SDS-PAGE, transferred to
PVDF membranes (Millipore), and detected by anti-

p27 Ab (Santa Cruz) or anti-c-Myc Ab (Santa Cruz)
using the ECL system (Amersham Biosciences).

RNA isolation and Northern blot analysis. Total cel-
lular RNA was isolated from WEHIS cells using ISO-
GEN (Nippon Gene) following the manufacturer’s
instruction. RNA (20 pg/lane) was fractionated on 1.1%
formaldehyde/agarose gel, transferred to nylon transfer
membrane, Hybond-N+ (Amersham Biosciences) and
hybridized with a ¢-myc DNA probe. The DNA frag-
ment (403 bp) was prepared by BamHI-Xhol digestion of
exon 1 of a murine c-myc vector. The vector was
obtaiped from D. Kitamura (Research Institute for Bio-
logical Sciences, Tokyo University of Science). The
fragment was labeled with [“P]dCTP using Prime It II
Random Primer Labeling kit (Stratagene). Densitome-
try quantification was done using NIH image program.

Apoptosis analyses. Apoptosis analyses were car-
ried out by propidium iodide (PI) staining and trypan blue
exclusion assays. In PI staining assay, cells were washed
with PBS and fixed with ice cold 70% ethanol on ice for
30 min. Then, cells were treated with 25 g of RNase
(Sigma) in PBS, re-suspended in 500 pl of PI solution
containing 25 ptg of PI and were analyzed using a FAC-
Scan flow cytometer (Becton Dickinson & Co.). In try-
pan blue exclusion assay, cells were incubated with
0.2% trypan blue (Gibco BRL) for 2 min, and the per-
centage of cells excluding dye or staining positive was
determined.
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Fig. 1. Cross-linking of CD72 protects WEHIS cells from anti-
IgM induced growth arrest. WEHIS cells (44 10°) were pretreat-
ed with anti-CD72 Ab (K10) for 1 hr before the addition of
varying amounts of anti-IgM Ab (Bet-2) as indicated. {*H]thymi-
dine incorporation was determined. Results are expressed as
percentage when compared to results in the absence of Bet-2 Ab.
Isotype-matched nonspecific antibody had no effect on the exper-
iment (data not shown) (5).
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Electrophoretic mobility shift assay. Cells were
washed with cold PBS and were swelled in 500 pl of
hypotonic reticulocyte standard buffer [10 mM NaCl, 3
mM MgCl,, 10 mM Tris-HCI (pH 7.4)] for 10 min fol-
lowed by homogenization with Dounce homogenizer.
Nuclei were precipitated by centrifugation and were
suspended in 2 packed vols of extraction buffer [100
mM HEPES (pH 7.5), 350 mM NaCl, 5§ mm EDTA] on
ice with occasional tapping for 45 min. -Samples were
centrifuged at 10,000X g for 10 min. Nuclear protein
concentration was determined by Coomassie Plus Protein
assay kit (Pierce). Double stranded oligonucleotide
containing kB site from the mouse Ig x enhancer 5'-
GATCGAGGGGACTTTCCGAGAGATC-3' was end-
labeled using T4 polynucleotide kinase and [y-*P]dATP.
The labeled fragment was purified using quick spin col-
umn G-25 (Roche) and was used in the binding assay.
Nuclear protein was mixed with poly(dI-dC) (1 mg/ul)
and *P labeled probe in a binding buffer, and was incu-

bated for 30 min at room temperature. - Samples were
then subjected to electrophoretic separation on a TAE/
polyacrylamide gel. The gel was then dried, and labeled
DNA was visualized by autoradiography.

Growth arrest assay. Growth arrest was determined
by [*H]thymidine incorporation assay as previously
described (32, 41). Triplicates of 2X 10" cells in a vol-
ume of 200 pl/well were incubated with anti-mouse
IgM Ab (Bet-2) after pre-ligation with anti-CD72 Ab
(K10) for 24 hr at 37 C. Cells were then pulsed with [*H]
thymidine (1 pCi/well) for 6 hr, before harvesting. The
radioactivity was quantitated using Matrix 96 direct beta
counter (Packard). :

Results
Cross-Linking of CD72 with K10 Ab Protects WEHIS

Cells from Anti-IgM Induced Growth Arrest
In these experiments, we utilized WEHIS cells (WEHI
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Fig. 2. Cross-linking of CD72 rescucs WEHIS cells from IgM ligation induced apoptosis. (A) Cells were cultured for indicated
times with Bet-2 Ab alone or Bet-2 Ab+K10 Ab. Induction of cell death was determined by trypan blue staining, Percentages of sur-
vival populations are shown. (B) WEHIS cells were cultured for 24 hr in the presence of the indicated Abs, Cells were stained with PI
and analyzed on a FACScan flow cytometer. Percentages of apoptotic populations are shown.
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231 cells transfected with the Igd gene) expressing
mlIgM and mlIgD. We have shown that cross-linking
of mlIgD, unlike mIgM stimulation, does not canse apo-
ptosis in the transfectant (32). BCR stimulation to
WEHI231 cells induces growth arrest before the indue-
tion of apoptosis. The effect of CD72 generated signal-
ing was analyzed by a thymidine uptake experiment.
WEHIS cells were treated with anti-IgM Ab (Bet-2),
following prior ligation of CD72 by K10 Ab. Prior lig-
ation of CD72 partially protected the B cell line from
growth arrest induced by mIgM engagement to some
extent (Fig. 1}. However, CD72 stimulation alone did not
induce enhancement of thymidine uptake in the cell line
{data not shown).

Cross-Linking of CD72 with K10 Ab Rescues WEHIS
Cells from Apoptosis .

Ligation of CD72 by K10 Ab evokes anti-apoptotic
response to splenic B cells (19). Next, we carried out
experiments to test whether signaling through CD72
antagonizes apoptosis in WEHIS cells. CD72 was pre-
ligated before the addition of anti-IgM Ab and apoptot-
ic response was assayed by the trypan blue exclusion test.
WEHIS cells (30%) became apoptotic at 25 hr. In con-
trast, 14% of cells pre-ligated with anti-CD72 Ab were
committed to apoptosis at the same time point (Fig.
2A).

The cell cycle of WEHIS cells was analyzed by FI
staining. The flow cytometric data clearly demonstrated
that percentages of apoptotic cells were much higher
in mIgM engaged WEHIS cells compared to control
cells. Moreover, pre-ligation of CD72 rescues the cells
from apoptosis (Fig. 2B). These results indicated that
CD72 mediated signals promoted anti-apoptotic response
in WEHIS cells.

Cross-Linking of CD72 with K10 Ab Sustains Expression
Levels of c-myc mRNA and Protein

We and others have shown that ligation of mIgM in
WEHI231 and WEHIS cells causes a temporal increase
in the expression of the c-myc gene, followed by a rapid
loss (8, 27, 32). Then, mRNA expression levels of the c-
mye gene were analyzed by Northern blot experiments.
To avoid the negative effect of FcyRIIB, we used Fc
blocking 2.4G2 Ab prior to the addition of cross-linking
Abs. Pre-ligation of CD72 resulted in a marked increase
in c-myc mRNA expression compared to mIgM engage-
ment alone (Fig. 3, A and B). Next, we investigated the
changes in c-Myc protein expression. The expression
level of c-Myc protein before mIgM cross-linking was
high suggesting that ¢-Myc protein in WEHID cells
without mIgM ligation was stable. The expression level
of ¢-Mye protein was considerably decreased in WEHID
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Fig. 3. Cross-linking of CD72 enhances c-myc gene and protein
expression. {A) Cells were cultured and treated with Bet-2 Ab or
Bet-2 Ab + K10 Ab for the indicated times. RNA was prepared
from cells and samples were analyzed for c-myc gene expression
by Northern blot. 18s rRNA is presented as a contrel for equal
loading. (B) Densitometry data of Northern blot results are
shown. Calculations are expressed as fold increase when com-
pared to zero time results. (C) Cells (2X 10%ml) were cultured for
indicated time with Bet-2 Ab in either the presence or absence of
K10 Ab and were lysed in 1% NP-40 lysis buffer. Equal volume
proteins were loaded in each lane. Levels of e-Myc proteins
were determined by Western blot analysis.

cells following cross-linking of mlIgM after 4 hr, however
the decrease was attenuated when CD72 was pre-ligated
(Fig. 3C). We speculate that pre-ligation of CD72 is able
to prevent apoptosis by sustaining c-Myc expression.

Cross-Linking of CD72 with K10 Ab Generates Anti-
Apoptotic Signaling through a Pathway of NF-kB, c-
Myc and p27%

Cyclin-dependent kinase (CDK)/cyclin complexes,
Cdk2/cyclin A, Cdk2/cyclin E, Cdk4/cyclin D and
Cdké6/cyclin D are responsible for the G1 to S transition
(8). CDK enzymatic activity is regulated by cyclin
expression and CDK inhibitors (CKIs) (9). Kip/Cip
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Anti-CD72+

Control Anti-IgM Anti-IgM

Blot: Anti.p27%i1

Blof: Anti-c-Myc

Fig. 4. CD72 pre-ligation prevents c-Myc down-regulation and
p27°" accumulation in WEHIS cells. Cells (2 X10%/ml) were
cultured for 24 hr with Bet-2 Ab in either the presence or absence
of K10 Ab and were lysed in 1% NP-40 lysis buffer, Equal vol-
urne proteins were loaded in each lane. Levels of ¢-Mye and
p27°* proteins were determined by Western blot analysis using
the indicated Abs.

group that includes p27**', p57°%* and p21™***™ is one of
the CKI family. p27** up-regulation leads to a decreased
Cdk2 activity, retinoblastoma protein hypophosphory-
lation, G1 arrest and apoptosis (9). It was shown that
p27%! is up-regulated in WEHI231 cells upon mIgM
cross-linking (8). We examined an effect of CD72 pre-
ligation on the expression level of p27°" (Fig. 4). No
induction of p27**' was observed when CD72 was pre-
ligated compared to a considerable accumulation of the
same protein in mIgM stimulated WEHIS cells without
pre-ligation of CD72. The changes in p27**' expression
vary inversely with the pattern of ¢-Myc expression.
Notably, ¢-Myc protein expression was maintained in the
cells with pre-ligation of CD72 after 24 hr. In contrast,
mlgM cross-linking without CD72 pre-ligation resulted
in a remarkable decrease in the accumulation of c-Myc
protein (Fig. 4).

NF-kB is speculated to be involved in the modulation
of anti-apoptotic signaling (10, 15, 25). Activity of NF-
KB was investigated by gel shift assay (Fig. 5). Pre-lig-
ation of CD72 sustained NF-kB activity considerably
compared to mIgM engagement alone. These results
suggest the anti-apoptotic signaling mediated via CD72
is delivered through the NF-kB, c-Myc and p27**' path-
way. '

Discussion

BCR mediated signaling is modulated either posi-
tively or negatively by co-receptor molecules (6, 30,
34). In this report, we investigated the molecular mech-
anism involved in modulation of BCR stimulation
induced apoptosis by the B cell co-receptor molecule,
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Fig. 5. IgM cross-linking inactivates NF-kB in WEHIS cells,
and CD72 pre-ligation prevents NF-xB inactivation, (A) Cells
(2X10% were cultured with Bet-2 Ab in the presence or absence
of K10 Ab for 30 min. Nuclear extracts were prepared, and
equal volumes of nuclear proteins were loaded on each lane.
NF-xB activity was determined by EMSA., The arrow indicates
NF-xB. (B) Densitometry data of EMSA results are shown. The
intensity of each band is expressed relative to that of non-stimu-
lated sample (control) as 100%.

CD72. Components of antigen recognizing receptor
complexes such as BCR and T cell receptor carry
immunoreceptor tyrosine-based activation motif (ITAM)
(29, 36). Negative regulators controlling antigen recep-
tor-mediated signals have ITIMs in their cytoplasmic
domains (34). Several reports including our own
described how ITIM functions as a scaffold or a substrate
of SHP-1 (2, 41). CD72 is of considerable interest from
the point of a view of the regulation mechanisms, since
the molecule may exert the dual regulatory functions
(both positive and negative) (21).

The experiments with CD72 deficient mice have
demonstrated that B cells from the mice are hyper-
responsive to BCR stimulation (20). These results sug-
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gest CD72 plays a negative regulatory role in modulation
of BCR mediated signaling. In addition, expression of
CD72in a B lymphoma line deficient in CD72 molecule
was reported to down-regulate BCR generated signaling
2).

Several investigators have reported a possible positive
modulation of BCR signaling by CD72 (28, 35, 42).
In particular, pre-ligation of CD72 partially rescues
splenic B cells from apoptosis induced by hyper-cross-
linking of BCR (19). We have reported a similar phe-
nomenon following CD72 ligation in apoptotic
WEHI231 cells (41). Venkataraman et al. reported that
CD72 ligation activates the src-family kinases such as
Lyn, Blk and Fyn, but not Syk (35). The proliferation
response of B cells through CD72 was shown to be
blocked by cycrosporin A and FK506, suggesting
involvement of Ca** regulated activation pathways in
CD72 mediated signaling (35).

BCR engagement with anti-IgM Ab causes growth
arrest and apoptosis in WEHI231 cells (Figs. 1 and 2).
The expression level of the c-myc gene is initially Iow
and rapidly down-regulated after transient up-regula-
tion by BCR stimulation (8, 27, 32). We have shown that
ligation of CD72 sustains the expression levels of c-
Myc protein and mRNA (Figs. 3 and 4). We have pre-
viously demonstrated that cross-linking of mlgD
expressed in WEHIS cells is not able to evoke apoptotic
response (32). The expression leve] of the c-myc gene is
increased temporally upon mlIgD ligation, but the sub-
sequent decline below the original expression level was
not observed, unlike in mIgM stimulation. Further-
more, microinjection of an anti-sense oligenucleotide for
the c-myc transcripts induced apoptosis in WEHI231
cells (39). It has been reported that the cell cycle is
blocked at the G1 stage in apoptotic WEHI231 cells
(40). Down-regulation of c-Mye protein expression was
shown to lead to G1 growth arrest (27, 37). Therefore we
speculate that resistance to apoptosis after ligation of
CD72 is due to the sustained expression of c-Myec.

A major functional role of NF-xB is in the regulation
of anti-apoptotic signaling (38). The NF-xB dependent
gene products interfere with molecules involved in apop-
totic cascades, such as Bcl-xL. (4). Cross-linking of
CD72 sustained NF-xB activity compared to anti-IgM
cross-linking (Fig. 5). These results strongly suggest that
CD72 generated anti-apoptotic signaling is mediated
through the NF-kB pathway.

Increased ¢-Myc level promotes CDK activity leading
to the cell cycle and cell proliferation. p27** which is
located down-stream of c-Myc functions as CKI. The
protein level of the molecule is high in a variety of cells
at the G1 to S transition {14). The results described in
this paper suggest that CD72 generated signaling may

rescue apoptotic WEHIS cells from G1 arrest by declin-
ing the protein level of p27** (Fig. 4). We are not able,
however, to rule out the possibility that a decrease in
p27%* is the result of rescue from apoptosis rather than
the cause.

Recently, CD100 (a semaphorin family molecule)
was identified as a ligand for CD72 (16, 26). The mol-
ecule is expressed on T cells. Binding of CD100 to
CD72 results in de-phosphorylation of CD72 and pre-
vents negative signaling, leading to enhanced B cell
activation. The association of the ligand and the recep-
tor is speculated to play a significant role in T cell-B cell
interaction.

CD40 stimulation is able to prevent apoptosis induced
by BCR stimulation in WEHI231 cells (13, 17, 23, 26,
33). As well, CD40 stimulation causes down-modulation
of p27% protein level (8, 13, 39). At present, we do not
know where the apoptosis preventing signaling path-
ways of CD72 and CD40 merge. Currently, we are
investigating the CD72 signaling pathway upstream of
NF-xB. CD100 mediated CD72 stimulation to splenic B
cells synergistically enhances CD40 induced B cell acti-
vation responses (16). The signaling mechanisms medi-
ated via CD72 and CD40 may cross-talk to each other. It
is quite interesting to elucidate and compare the signal-
ing pathways mediated via CD72 and CD40.

In summary, pre-ligation of CD72 preventing apoptotic
response in WEHIS cells was demonstrated to exert an
effect on the G1 to S transition influencing the signaling
pathway of NF-xB, c-Myc, p27**' and cyclin for the
first time. Further elucidation of the positive signaling
pathway involved in apoptosis prevention will bring a
new insight into a homeostasis mechanism in the immune
system.

This work was supported by grants from the Ministry of Edu-
cation, Science, Sports and Culture, Japan and the Japan Health
Sciences Foundation. We thank Susan Adlam for improving
the English of the manuscript.
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In this study, we investigated the relationship between the
expression levels of self-antigen and the function of self-reac-
tive T cells in the periphery. To this end, we used two rat insulin
promoter-ovalbumin (RIP-OVA) transgenic mice (RIP-QVAhIgh,
RIP-OVA'®%} in which was produced only in pancreatic p-islet
cells. The OVA-producing transgenic mice were crossed to
D0.11.10 {DO) mice expressing a T cell antigen receptor specific
for OVA323-339. The responsiveness of peripheral €D4* T cells in
the double transgenic mice was examined. We demonstrated
that hyporesponsive but highly 1L-10-producing T cells were
developed in DO x OVANSh mice only, notin DO x OVA™Y mjce.
These IL-10-producing T cells exhibited regulatory activity both
in in vitro and in vivo experiments. Moreover, these IL-10-
producing regulatory T (Tr) cells expressed high levels of induc-
ible costimulator {1COS) before in vitro stimulation. Blockade of
ICOS-signaling inhibited the production of 1L-10 and abrogated
the inhibitory function of these Tr cells. Thus, these results
suggested that the development of IL-10-producing Tr cells
depends on the expression levels of self-antigen in vivo and that
ICOS signal plays a critical role in immune regulation by IL-10-
producing Tr cells in self-tolerance.

S elf-tolerance is mediated by central and peripheral mech-
anisms. Clonal deletion in the thymus and the induction of

unresponsivencss {anergy} are well characterized mechanisms

for the establishment and maintenance of tolerance (1). How-
ever, it is now clear that these processes are imperfect, In
addition to these mechanisms. active suppression by regulatory
T (Tr) cells has been proposed for tolerance to both self and
foreign antigens. Various subsets of Tr cells have been de-
scribed, and much effort has been focused on understanding
their ontogeny, function, and mechanisms of action. Within the
CD4™ T cell subsets, at least three different types of cells with
suppressive function may exist: CD4™ CD257 T cells (2-4). T
helper type 3 cells (3), and type 1 Tr (Trl) cells (6, 7). These
T cell subsets appear to be distinguishable based on their
cytokine production profiles and their ability to suppress
immune responses through direct cell-to-cell interaction.
CD4* CD25* T cells are well characterized Tr cells among
these subsets. Depletion of CD4™ CD25™* T cells results in the
development of severe autoimmunity, which can be prevented
by the injection of CD4* CD25* T cells {2, 8, 9). In addition
to CD25 expression, they express cytotoxic T lymphocyte-
associated antigen 4 and glucocorticoid-induced tumor necro-
sis factor receptor at higher levels (10, 11), and antibody
against glucocorticoid-induced tumor necrosis factor receptor
abolishes the suppressive activity (12). Moreover, the tran-
scription factor Foxp3 is highly expressed, and this is associ-
ated with the suppressive ability and phenotype of these cells
(13-15). T helper type 3 cells were identified in studies of orat
tolerance. These cells secrete transforming growth factor type
B (TGF-B), and their suppressive ability is mediated through
a TGF-B-dependent mechanism (16, 17). Trl cells were ini-
tially defined in studies of CD4* T cells, which were activated
in the presence of IL-16 and rendered anergic (6). The Trl
cells produce high levels of IL-10 and TGF-8, moderate
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amounts of TFN-y and IL-5, but litde or no IL-2 or IL-4.
Importantly, Trl cells were shown to be involved in the
down-regulation of immune responses in vitro and in vive
through the production of the immunosuppressive cytokines
IL-10 and TGTF-8 (6). Similarly, IL-10-producing Tr cells were
also induced in virre by culturing T cells with immature
dendritic cells (18, 19) by using immunosuppressive drugs (20)
or by stimulation with CD2 (21). The importance of suppres-
sion by IL-10-producing Tr cells is noteworthy; however,
specific cell markers or instances of specific gene expression
have not been clarified.

The importance of costimulatory molecules, such as CD28,
cytotoxic T lymphocyte-associated antigen 4, or PD-1 (pro-
grammed death 1), for the activation of T cells is well known
(22). A new member of the CD28 family, inducible costimu-
lator (ICOS) is a T cell-specific cell-surface molecule struc-
turally related to CD28 and cytotoxic T lymphocyte-associated
antigen 4 (23, 24). Both CD28 and ICOS molecules are able to
amplify the secretion of several cytokines, but only CD28
induces substantial amounts of IL-2, whereas 1COS shows a
certain preference for the induction of IL-10 (23). Recently, Tr
cells with the ability to produce IL-10 were reported in the
respiratory tolerance system (25). In that report, FL-10-
producing Tr cells developed by means of the 1COS signaling
pathway, More recently, Lohning ¢f ol (26) suggested a
correlation between stable ICOS expression and T cell effector
capacity: they showed that the expression of ICOS in vivo was
strongly biased to CD4~ T cells for IL-10. production but did
not provide any dircet information on the regulatory function
of these cells.

Another important problem to be solved is the relationship
between expression levels of self-antigens and the mechanisms
of self-tolerance. It was reported that the distribution and
amount of self-antigen influcnced the induction and mechanisms
of tolerance in self-antigen-specific CD4+ T cells (27). Depend-
ing on the pattern of self-antigen expression, deletion of double-
positive thymoeytes ranged from minimal to complete, and
peripheral CD4* T cells exhibited graded reduction in T cell
antigen receptor (TCR) expression and in vifro proliferation.
However, the relationship between the amount of self-antigen
and the function of these CD4* T cells in the periphery remains
to be clarified. ‘

In this report, we investigated the relationship between the
expression levels of self-antigens and the function of self-reactive
CD4* Tcells in the periphery by using two rat insulin promoter-
ovalbumin (RIP-OVA) mouse lines in which OVA is produced
only in pancreatic B-islet cells as a self-antigen (28). We dem-
onstrate that the development of IL-10-secreting cells depends

Abbreviations: ICOS, inducible costimulator; RIP, rat insulin promoter; OVA, ovalbumin; Tg,
transgenic; Tr, regulatory T; DO, DO.11.10; TGF-, transforming growth factor type g; TCR,
Tcell antigen receptor; OVAp, OVAsa.329; CFSE, carboxyfluorescein diacetate succinimidyl
ester.
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on the expression levels of self-antigen and that the 1COS
molecule is the critical factor for IL-10 production from self-
antigen-specific Tr cells,

Materials and Methods

Mice. BALB/c mice were purchased from CLEA Japan (Tokyo).
RIP-OVAYh (hereafter referred to as OVAPER) and RIP-
OVAYY (hereafter referred to as OVA¥) transgenic (Tg) mice
on a C57BL/6 background were donated by W, R. Heath (The
Walter and Eliza Hall Institute of Medical Research, Mel-
bourne) (28). Both OVA Tg mice on a BALB/c background
were produced by crossing OVA Tg C57BL/6 mice to BALB/c
mice for more than six generations. D0.11.10 (DO) Tg mice
carrying a TCR specific for OVAj23_230 (OVAp) were kindly
provided by M. Kubo (Research Institute for Biological Sciences,
Tokyo University of Science). DO X OVA double-Tg mice were
bred in our animal facility.

Preparation of CD4+ T Cells, CD4* T cells were purified with CD4
microbeads (Miltenyi Biotec, Bergish Gladbach, Germany) as
described (29). The purity of CD4* T cells was routinely
estimated to be ~94-98%,

Flow Cytometry Analysis for Cell-Surface Molecules. Biotin-
conjugated anti-TCOS mAb (15F9) was purchased from eBio-
science (San Diego). Phycoerythrin- or FITC-labeled anti-CD4
mAbs, biotin-conjugated-CD45RB (RA3-6B2), CD44 (IM7),
CD25 (7D4), and CD69 (H1.2F3) mAbs were purchased from
BD Pharmingen. Clonotype-specific KJ1.26 mAb was purified
from ascites and conjugated with FITC in our laboratory. Anti-
B7h mAb (HK5.3, rat Ig(G2a) was prepared as described (30}

T Cell Proliferation Assay. The T cell proliferation assay was
performed in 96-well flat-bottom plates. CD4* T cells (5 % 10¢
per well) in a total volume of 200 pl were stimulated with ~=0-3
uM OVAp in the presence of irradiated syngeneic spleen cells
{2 % 10° per well). The cells were cultured for 54 h. Proliferation
was assessed by measuring the incorporation of [*H]thymidine
{1 pCi per welly added for the final 18 h of culture.

Cytokine ELISA. CD4* T cells (1 X 10%) in a total volume of 1 ml
were cultured with 0.5 pM OVAp in the presence of antigen-
presenting cells (2 X 109 in 24-well plates. The cultured
supernatants were recovered 24 h later for measurement of 1L-2
or 72 h later for measurement of IFN-v, IL-10, and IL-4. The
cytokine content was determined by means of a two-site ELISA.
All Abs used in ELISA were purchased from BD Pharmingen.

In Vitro Assay of Suppressive Activity. Target CD4™ T cells (5 X 104
cells per well} from DO mice and effector CD4* T cells (1 X 10°
cells per well) from DO X OVAbsh were cultured with irradiated
syngeneic spleen cells (3 > 107 cells per well) in the presence of
5 uM OVAp for 54 h with or without anti-B7h mAb. Prolifer-
ation was assessed as described above.

In Vive Assay of Suppressive Activity. CD4* T cells from DO mice
were labeled with carboxyfluorescein diacetate succinimidyl
ester (CFSE: Molecular Probes) at a final concentration of 0.1
puM. A total of 4 X 105 CFSE-labeled CD4* T cells with 4 X 108
CD4* KJ1.26% T cells from DO X OVA" mice were trans-
ferred into the taif vein of BALB/¢ mice. Some mice received 0.5
mg of anti-B7h mAb or isotype control IgG. Two days after the
transfer, mice received one ip treatment of OVA in complete
Freund's adjuvant. Division of CFSE-labeled CD4* T cells in the
spleen was monitored 2 d later.
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Fig. 1. Changes in cell-surface molecules on CD4* KI1.26* T cells of DO X

OVA mice. {a) Decreased expression of transgenic KJ1.26* TCR on spleen CD4*
T cells from DO X OVA double-Tg mice. (b) Expression of CD44, CD4588, CD2S,
and CD6Y on spleen CD4 and Ki1.26 double-positive T cells. One representa-
tive data set of five is shown.

Results

Altered Numbers and Phenotypes of Peripheral CD4* T Cells in
Tolerant Mice. Previously, for the study of reactivity of self-
antigen specific CD8* T cells, two RIP-OVA Tg mouse lines
(OVAPER mice and OVAM mice) that expressed different
amounts of OVA under the control of RIP were generated (28).
OVANEh mice expressed 1.0 = 0.4 ng of OVA per pg of protein
in the pancreatic B-islet cells, and OVA™ mice expressed a
lower level of antigen that was <0.03 ng of OVA per pug of
protein (28). Both CD8* T cells (28) and CD4™ T cells (Fig. 6,
which is published as supporting information on the PNAS web
site) of these RIP-OVA mice were tolerant to OVA. To compare
the fate of scif-reactive CD4* T cells recognizing OVA ex-
pressed in the pancreas, OVAPE" mice and OVAY™ mice were
crossed to DO mice. Numbers and phenotypes of peripheral
CD4* T cells were changed in DO X OVA double-Tg mice. In
DO X OVAP mice, the number of spleen CD4™* T cells was
reduced 3- to 5-fold compared with DO mice. However, in DO X
OVALY mice, the change was minimal, and the number of CD4*
T cells in the spleen was only reduced by |.5- to 2-fold. Both
DO x OVA double-Tg mice carried CD4 subsets which ex-
pressed low levels of KJ1.26 (Fig. 1). CD4* T cells from DO X
OVA double-Tg mice expressed increased levels of CD44 and
decreased levels of CD45RB compared with DO mice, and the
change was more dramatic in DO X OVAN* mice (Fig. 1).
These results indicated that peripheral CD4* T cells from DO X
OVA double-Tg niice displayed a phenotype of previously
activated cells in proportion to the amount of self-antigen
expression. Moreover, in DO X OVAPh mice, some CD4* T
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Fig.2, Proliferation and cytokine production of CD4' T cells from DO, DO x

Ovakw, and DO x OVAhi9h mice after antigenic stimulation in vitro. CD4' T
celis were purified from splenocytes of DO, DO x OVAI®¥, or DO x QVAMh
mice, {a) CD4* T cells were stimulated with irradiated splenocytes in the
presence of the indicated amounts of OVAp. Total cpmvalues were divided by
the number of K11.26* cells as determined by flow eytometry. (b} CD4* Tcells
were stimulated with irradiated splenocytes in presence of 0.5 M OVAp.
Cytokines in the culture supernatant were measured by ELISA. The amount of
cytokines was divided by the number of KJ1.26" cells as determined by flow
cytometry, Data are representative of five separate experiments with similar
results.

cells also expressed the early activation markers CD69 and CD23
(Tig. 1).

CD4+* T Cells from DO x OVAbish Mice Produce High Levels of IL-10, To
compare the functional ability of peripheral CD4* T cells from
DO x OVA double-Tg mice, the proliferation ability and
cytokine production in response to OVAp were examined.
Corresponding to the different degrees of TCR expression
described above (IMig. 1), CD4™ T cells from the different DO X
OVA double-Te mice displayed reduced proliferative ability
when stimulated with OVAp (Fig. 24). To assess whether the
observed hyporesponsiveness could be reversed by the addition
of IL-2, as in the case with anergic T cells in viro (31),
recombinant IL-2 was added to the culture when stimulated with
OVAp. However, proliferative capacity of CD4* T cells from
these DO X OVA double-Tg mice was not recovered (data not
shown). To further characterize the functional difference of
CD4~ T cells. purified CD4~ T cells were examined for cytokine
production. To this end, CD4* T cells from either DO or DO X
OVA double-Tg mice were purified from spleen cells and
stimulated with OVAp (Fig. 2b). IL-2, IFN-vy, IL-4, and IL-10
were detected in all mice, whereas TGF-B1 was not (data not
shown). IL-4 production was increased in both of the DO X
OVA double-Tg mice compared with DO mice. The maost
significant differcnce was observed in IL-2 and IL-10 produc-
tion. CD4™ T cells from DO X OVANSP mice produced low levels
of IL-2 but very high levels of IL-10 (Fig. 20). Thus, CD4™ T cells
in DO X OVA" nijce are hyporesponsive and are able to
produce high amounts of IL-10.
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Fig. 3. CD4* KN.26* T cells from DO X OVANSM mice highly express 1COS.

DA+ Tcells fromthe spleen of DO, DO X OVALY, and DO x OVAhish mice were
stimulated with 0.5 ¢ M OVAp, and the expression levels of ICOS were exam-
ined at the indicated times after stimulation in vitro. CD4"* T ce!ls were stained
with mAb against (D4, Ki1.26, and ICOS. ICOS expression was analyzed by
gating on CD4 and KJ1.26 double-positive T cells. One representative exper-
iment of three is shawn

$CO0S Expression Is Highly Correlated with IL-10 Production in CD4* T
Cells from DO x OVAMSh Mice. It has been suggested that stimu-
lation of 1COS on CD4™ T cells preferentially promotes IL-10
production {23, 32, 33). Moreover, the importance of the 1COS
molecule in [L-10-producing Tr cells was reported in respiratory
tolerance (25). To clarify the relationship between 1L-10 pro-
duction and ICOS expression in our self-tolerance system, we
analyzed ICOS expression in CD4™ T eells. CD4™ T cells isolated
from DO mice and DO X OVAMY mice expressed low levels of
1COS, but from DO X OVAMN mouse expressed a high level of
ICOS (Fig. 3). When these cells were stimulated with OVAp in
vitro, the expression of 1COS was enhanced in all mice after
24-72 h. Interestingly, at any time point after stimulation,
induced ICOS expression was significantly higher in DO x
OVAPiEh mice compared with other Tg mice.

To determine the contribution of the ICOS signaling pathway
to IL-1G production in our system, we examined whether block-
ing 1COS signaling reversed 1L-10 production in CD4* T cells
from DO X OVA™" mice. As shown in Fig. 4, the blocking of
ICOS signaling by the mAb to B7h, 3 ligand of 1COS, reduced
TL-10 production of CD4* T cells from DO x OVAPE" mice but
had no effect on CD4* T cells from DO mice. In addition, IFN-y
production was decrcased and IL-4 production was increased,
but the cffect was not as prominent. The blocking of the 1COS
signaling pathway had no effect on proliferation {(data not
shown). These results suggest that the ICOS signaling pathway
is specifically involved in IL-10 production of CD4* T cells from
DO »x OVAd mice,

iL-10-Producing CD4+ T Cells from DO x QVAh9h Mice Inhibit T Cell
Proliferation. We investigated whether IL-10-producing T cefls in
our double-Tg mouse system had the ability to suppress the
activation of T cells in virro. CD4* T cells from DO X OVA bigh
micc and DO mice were cocultured with irradiated syngeneic
spleen cells in the presence of OVAp. CD4™* T cells from DO x
OVA high mice inhibited the proliferation of CD4* T cell from
DO mice (Fig. 5¢). The inhibitory ability of CD4* T cells from
DO X OVAPEP mice depended on IL-10 production, because the
addition of anti-IL-10 mAb reversed the inhibitory effect. More-
over, the blockade of the ICOS signaling pathway abrogated the
in vitro suppressive function. Next, we examined the in vivo
suppressive ability. CFSE-labeled CD4” T celis from DO mice
were transferred into BALB/c mice with CD4* T cells from

Kohyama et al.
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Fig. 4. Blocking the ICOS signaling pathway inhibits IL-10 production of
CD4* T celis from DO x OVAPYh mice after antigenic stimutation in vitro, CD4*
T cells were purified from splenocytes of DO, DO X OVARW, or DO x OVAblgh
mice.CD4* T cells were stimulated with irradiated splenocytes in the presence
of 0.5 pM OVAp with or without o-B7h mAb. Cytokines in the culture super-
natant were measured by ELISA. The amount of cytokines was divided by the
number of KJ1.26* cells as determined by flow cytometry. Data are represen-
tative of three separate experiments with similar results.

DO X OVA M mice or DO mice by i.v. injection, Two days after
cell transfer, the recipient mice were immunized with OVA/
complete Freund's adjuvant. The splenic cells from these recip-
jent mice were harvested 4 d after transfer. Fluorescence-
activated cell sorter analysis of these populations was performed
gaiting on the CD4, KI1.26, and CFSE triple-positive cells. As
shown in Fig. 5k, CFSE-labeled cells cotransferred with CD4* T
cells from DO mice divided readily in response to OVA, with
only 38% remaininE undivided. The same cells cotransferred
with DO X OVA beh mijce also divided: however, a greater
proportion of these cells (~=80%) did not undergo cell division.
To investigate the role of 1COS in mediating this in vive
suppression, recipient mice transferred with CD4* T cells from
DO X OVA Heh mice were treated with anti-B7h mAb 1 h before
antigen challenge. The suppression of proliferation was signifi-
cantly reduced when the ICOS signal was blocked (Fig. 5¢).
These results suggested that CD4* T cells from the DO X OVA
bigh mjce contained the Tr cells and that their suppressive activity
on proliferation was mediated by ICOS-induced IL-10.

Discussion

Here we demonstrate that the expression levels of self-antigen
determine the function of self-reactive CD4* T cells in the
periphery and that IL-10-producing Tr cells developed in mice
expressing high levels of self-antigen. Furthermore we show that
1L-10 production and the inhibitory activity of these Tr cells are
mediated by ICOS stimulation. Although IL-10-producing Tr
cells have been reported in another self-tolerance system (34),
we demonstrated that JCOS is crucial for 1L-10 production by
self-antigen specific Tr cells.

Previously, the effect of distribution and expression levels of
self-antigen to tolerance induction of self-reactive CD4* T cells
has been examined by using several types of hen egg lysozyme
(HEL) expressing Tg mouse lines: e.g., expression on the thyroid
epithelium, the pancreatic B-islet cell, or systemically (27). These
HEL Tg mice were crossed to TCR Tg mice specific for HEL.
The analysis of the double-Tg mice has revealed that the deletion
of double-positive thymocytes, reduction of TCR expression,
and proliferative response of peripheral CD4™ T cells were
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Fig.5. CD4* T cells from DO X OVANSP mice suppress the proliferation of
CD4* Tcells from DO mice. (2) CD4* T cells from DO x OVAN@h mice and DO
mice were cultured with irradiated syngeneic spleen cells in the presence
of 0.5 pM OVAp with or without both anti-IL-10 or anti-B7h mAb. One
representative experiment of three isshown. {b and ¢} CD4* T cells frem DO
were labeled with CFSE and transferred with CD4* T cells from DO X
Ovabih mice or from DO into BALB/¢ mice, Some mice received anti-B7h
mAb or control IgG before OVA injection, Two days after the transfer, the
recipient mice were injected with OVA in complete Freund’s adjuvant. Twa
days after immunization, spleen cells were collected from the recipients
and stained with anti-CD4 and anti-KJ1.26 mAb. Fluorescence-activated
cell sorter analysis was performed, gating on the CD4, KJ1.26, and CFSE
triple-positive cells. The results are representative examples of experimen-
tal groups containing three mice. The experiments have been repeated
three times with similar resufts.
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influenced by the distribution and amount of the self-antigen.
However, the cytokine production profile and regulatory func-
tion of the T cells involved in tolerance were not examined. In
this study, we clearly demonstrated that the proliferative re-
sponse of T cells from both DO X OVAMS® and DO x OVA™
mice was suppressed in proportion to the expression levels of the
self-antigen (Fig. 2¢), which is in accordance with a previous
report {27). These hypoproliferative T cells from the double-Tg
mice produce high amounts of 1L-4 in response to in viro
antigenic stimulation. 1lowever, enhanced IL-10 production was
detected only in CD4* T cells from DO X OVAPEh mice, which
show a greater suppression of proliferation, These results led us
to hypothesize that sclf-specific T cells in the periphery become
hypoproliferative irrespective of the expression level of self-
antigen, but they gain the ability to produce the immunosup-
pressive cytokine (IL-10) and regulatory function when the
sclf-antigen is expressed at a Ievel beyond a certain threshold,
and, as a result, chronic antigen stimulation occurs. This hy-
pothesis is in agreement with Buer's work (34) showing that
deeply anergic, but IL-10-producing, T cells were generated in
the double-Tg tolerance mouse model in which a specific antigen
was expressed in hematopoietic cells. Furthermore, TL-10 pro-
duction by anergic T cells has also been induced by the repeated
administration of superantigen (33, 36) or repeated intranasat
administration of a high-affinity MHC-binding analog (37).

Our results clearly demonstrate the specific role of the ICOS
signal in 1L-10 production and immune regulation by Tr cells.
Blocking of the 1COS signal with anti-B7h mAb inhibited
preduction of IL-10 but not of 1L-4 and IFN-y from Tr cells in
DO X OVAME mice (Fig. 4). Furthermore, the treatment
abrogated the inhibition of proliferation by Tr cells in both in
virre and in vivo experiments (Fig. 5). These data are in agree-
ment with recent studics showing that the regulatory function of
IL-10-producing T cclls in intranasal tolerance completely de-
pends on ICOS (25). Thus, the 1COS signal scems to be critical
for Tt cell-mediated self and nonself tolerance. 1COS knockout
mice showed enhanced susceptibility to experimental autoim-
mune encephalomyclitis, suggesting that ICOS signaling is in-
volved in protection from autoimmune discase (38). CD4+ T
cells from the ICOS knockout mice. however, have produced
comparable levels of IL-10 to those from WT mice. The role of
1COS in IL-10 production may depend on the nature of the T
cells: e, T helper or Tr, and this point should be clarified in
future experiments.

A recent study has also demonstrated a clear correlation
between the ability of T cells to produce IL-10 and the levels of
their ICOS expression. Lohning ef al. (26) have shown that =~ 19
of splenic CD4™ T cells from nonimmunized mice express 1COS,
These T cells show an activated/memory phenotype and that a
proportion of their 1COS expression is linked to their IL-10
production ability; i.e., IL-10 is the dominant cytokine produced
by T cetls with high levels of ICOS. These findings are consistent
with our present study in that CD4* T cells in DO X QVAhh
mice express high levels of ICOS before in vitre stimulation {Fig.
3). Thus, TCOS cxpression could be one of the molecular
markers of T cclls with IL-10-producing ability. 1t remains
unclear why IL-10-producing T cells express high levels of ICOS
and how these high levels are maintained. Taking into account
that ICOS is one of the activation markers of T cells, continuous
stimulation of self-antigens in vivo may sustain [COS expression.

HL.-10-producing Tr cells have been generated by culturing T
celis in the presence of large quantities of exogenous IL-10 (6),
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(1988} Narere A3, T42-746.
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3. Themton, A. M. & Shevach, B M. (1998) 1. fap, Mod, 188, 287-296,
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culturing T cells with immature IL-10-producing dendritic cells
(19), or by using immunosuppressive drugs (20). These studies
suggested that the presence of IL-10 was critical for the devel-
opment of IL-10-producing cells. From these observations, the
differentiation of IL-10-producing Tr cells in our double-Tg
mouse system might be also induced by IL-10-producing den-
dritic cells presenting OVA as the self-antigen. Induced 11-10
production from T cells lends credence to the finding that, after
exposure to intranasally applied OVA pulmonary, dendritic cells
produced TL- 10 transiently (23}, On the other hand, this study
has also demonstrated the involvement of ICOS itself in the
development of 1L-10-producing T cells, In future studies, it will
be important to clarify whether a signal by means of 1COS is also
required for the development of self-specific Tr cells with
IL-10-producing ability,

Usually, 1L-10 production from normal mouse T cells can be
ohserved 48-72 h after antigenic stimulation, but CD4™ T cells
producing IL-10 in the DO X OVANE" mouse were detected
immediately, and significant levels of IL-10 were observed only
24 h after stimulation (Fig. 7, which is published as supporting
information on the PNAS web site). The characteristics of rapid
IL-10 production and the dependency of suppressive ability on
IL-10 are reminiscent of Tr T cells (39). However CD4* T celis
in the DO x OVAM mouse differed from conventional Trl
cells in other cytokine production profiles. Trl cells produced
high levels of 1L-10, TGF-81, and moderate amounts of IFN-v,
but little or no 1L-2 or 1L-4 (6). On the other hand, Tr cells in
DO X OVAME mice produce high levels of IL-4 in addition to
fL-10 (Fig. 3b). It may be possible that Tr cells from DO x
OVAbER mice consist of several types of cells, such as Tr cells
producing IL-10 alone, IL-10 plus IL-4-producing T helper type
2 cells, and T cells producing TL-4 alone. Nonetheless, it is
important that the regulutory activity of the Tr cells depends on
IL-10 production. This point should be clarified by future
experiments.

Sakaguchier af. (2) reported that CD4*CD25* T cells exhibit
suppressive activity by cell-to-cell contact. These cells highly
express Foxpd, and the introduction of the Foxp3 gene is able to
convert naive T cells toward Tr cells (13). Although the inhib-
itory activity of Tr cells in our double-Tg mice is mediated by
IL-10 (Fig. 5). we found higher levels of Foxp3 mRNA expres-
sion in CD4* T cells of DO X OVAM mice than those of DO
mice {data not shown). Papicrnik ef ol. (40) reported that
CD4~CD25" Tr cells seereted higher levels of IL-10 than did
CD4-CD25™ T cells, and CD4*CD25* Tr cells suppressed
inflammatory bowel discase through an IL-10- and TGF-g-
dependent mechanism (10, 41). From our findings and these
previous reports, we are not able to rule out the possibility that
at least a population of Tr cclls in our system consist of so-called
CD4*CD23* Tr cells.

In conclusion, this study demonstrates that the development of
self-specific IL-10-producing Tr cells depends on the amount of
self-antigen expressed and the critical role of ICOS for the active
function of these cells, The 1ICOS signaling pathway may be a
novel target for the treatment of autoimmune disease, because
ICOS costimulation seems to be specifically linked to 1L-10
production of Tr cells.

We thank Susan Adlam for improving the English of the manuscript.
This work was supporied in part by gramts from the Miniswy of
Education, Science, and Culture of Japan.
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