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Fig. 2 Histopathological of the CNS region in EAE-
induced mice. Brains and spinal cords from EAE mice were
removed on Day 14 after immunization as described in Material
and methods. Thinly sliced (10 pm) frozen sections of the brains
obtained from vehicle-treated mice (A and B) or celecoxib-ureated
mice (C and D) ware d with h ylin and eosin (B and
D), or Luxol fast blue (A and C).

post-EAE-induction.  Although indomethacin  suppressed
EAE 10 some extent, all mice died around Day 30 afier
immunization owing to intestinal ulcer. In contrast, oral
administration of nimesulid, another COX-2 inhibitor, did
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not suppress either the incidence or the severity of EAE
(Fig. 1B). Composite data from experiments is shown In
Tables | and 2.

Celecoxib inhibits MOG-specific

Thl response

To determine the mechanisms by which celecoxib inhibits
EAE, we examined the level of MOG-specific IgG1 and IgG2a
in the serum samples collected from individual EAE-induced
mice on Day 3. It is generally accepted that elevation of
antigen-specific IgG2a antibody results from augmentation
of a Thl immune response to the antigen, whereas a higher
level of 1gG1 antibody would reflect a stronger Th2 response
to the antigen. There was a significant elevation of the level of
MOG 5 s5-specific 1gG1 and a slight reduction in the level of
MOG-specific 1gii2a in celecoxib-treated group compared
with vehicle-treated group (Fig. 3A). In contrast, there
was no significant difference in the level of either 1gG1 or
1gG2a in nimesulid-treated mice compared with vehicle-
treated group (Fig. 3B).

To further investigate the response of T cells to MOGays 55
in celecoxib-treated mice, we examined the proliferative
response and cytokine production of draining LN cells
in viiro. Mice were immunized with MOG;q 55 and were
administered celecoxib or vehicle on the day of immuniza-
tion. Ten days after immunization, draining LN cells were
collected and cultured with MOGy; g5 peptide. As shown in
Fig. 4A, there was no significant difference in a proliferative
response of MOG-reactive T cells between celecoxib-treated
and vehicle-treated groups. We next examined the levels of
cytokines in the culture supernatant by ELISA. The level of
IFN-y was reduced in the culture supernatants of LN cells
obtained from mice treated with celecoxib compared with
that from control mice (Fig. 4B). IL-4 and IL-10 were not
detected in either culture supernatant. These results indicate
that celecoxib reduces Thi
MOG-reactive T cells.

cytokine  production from

Celecoxib prevents EAE even in
COX-2-deficient mice

Since another COX-2 inhibitor, nimesulid, did not have the
inhibitory effect on EAE, we examined whether celecoxib could
inhibit EAE in COX-2-deficient mice. As shown in Fig. 5A, the
maximum EAE score, the day of onset and the sevenity of FAE
were not significantly different between COX-2 " and wild-
type mice. Administration of celecoxib prevented the develop-
ment of EAF in COX-2 " mice as well as in wild-type mice.
Consistent with the severity of EAE, the levels ol MOG-specific
IgGlandIgGlainCOX-27"" micewere not different compared
with wild-type B6 mice (Fig. 5B). Moreover, celecoxib treat-
ment increased the level of MOG-specific IgGl even in
COX-2 " mice, resulting in the elevation of IgG] : 1gG2a
ratio similar to that in wild-type mice (CMC = 0.29, celecoxib
= 3.00) and COX-2™"" mice (CMC = 0.42, celecoxib = 2.52).
These results indicate that the effect on the inhibition of EAE
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Table 2 Clinical scores of EAE treated with celecoxib or other non-steroidal ant-inflammatory drugs

Max. score Day of onset Incidence (%) Cumulauve score Death (%)
Control (CHMC) 305 = 020 1310 = |16 100 (10/10) 2647 = 513 10 (1/10)
Celecoxib 1.02 = 053 14.30 = |.77 90 (9/10) 7.58 * 672¢ 0 (0/10)
Nimesulid 254 = 068 1350 = |56 100 (10/10) 22,15 * 475 0 (0/10)
Indomethacin 1.70 £ 0.83 1390 £ 193 100 (10/10) 1521 + 389 100 (10710)*

Each mouse was immunized with MOG,; g5 peptide for induction of EAE. The control CMC solution, or 5 pg/g of drugs diluted

in CMC, was orally administered via a cannula every other day. Mean

4 SEM of the following parameters are shown: maximum score

of EAE (Max. score), the days of EAE onser, incidence of paralysed mice amang sensitized rats (Incidence), summation of the clinical
scores from Day 0 to 30 (Cumulative score) and the incidence of death during EAE (Death), *P < 0.05 versus control,
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Fig. 3 Analysis of MOG;s 55 1gGl and 1gG2a in EAE-induced mice. The relative tters of anu-MOG IgGl and IgG2a in serum samples from
individual mice (n = 10) on Day 30 after immunization were analysed as indicated in Methods. Dam represent mean * SEM. *P < 0,05 versus
control. (a) Control = vehide alone, CELS = 5 pg/g of celecoxib, CELS# = 5 pglg of celecoxib from Day 8 after the immunization,
CELIO = 10 pp/g of celecoxib. (b) Control = vehide alone, CEL = celecoxib, NIM = nimesulid, IND = indomethacin.

and Thl response by celecoxib is mediated by a COX-2-
independent pathway (Table 3)

Celecoxib inhibits an infiltration of

immune cells into CNS
To characterize the infiltrated cells into CNS, we isolated

mononuclear cells from CNS obtained from celecoxib-
treated or vehicle-treated mice. Mononuclear cells isolated
from the CNS of vehicle-treated mice include CD3" T cells
that comprised >80% of CD4' cells. In mice treated with
celecoxib, the number of infiltrated cells was less than
one-seventh compared with vehicle-treated mice (Table 4).
In addition, we analysed apoptotic cells from CNS, spleen
and draining LNs using annexin-5 staining. There was no
difference in the frequency of apoptotic cells in all organs
examined from celecoxib-treated and vehicle-treated mice
(data not shown). These results suggest that celecoxib inhi-
bits an infiltration of inflammatory cells into the CNS rather
than induction of a|,lu|'ltusi-. of autoreactive T cells.

Celecoxib suppresses the expression of
adhesion molecules and a chemokine
related to cell infiltration into CNS

For the recruitment of autoreactive T cells into the brain
through the blood-brain barrier (BBB), some adhesion
molecules such as 1CAM-1, VCAM-1 and P-selectin, and
chemokines such as MCP-1 are required (Engelhardt
et al, 1997; Hofmann et al, 2002). We performed an
immunohistostaining of sliced brain sections from mice
with EAE using antibodies against adhesion molecules.
ICAM-1, VCAM-1 and P-selectin (Fig. 6A, C and E) were
expressed on choroid plexus in the brain obtained from
EAE-induced mice. In contrast, in brains obtained from
celecoxib-treated mice, the expression level of P-sclectin
and 1CAM-1 was lower compared with the control
(Fig. 6B, D and F). In additon, we examined the level of
MCP-1, which is an important chemokine involved in
recruiting autoreactive T cells into the brain. As shown in
Table 5, the level of MCP-1 in the serum obtained from
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Fig. 4 Comparison of MOG;; ss-specific T-cell response after reatment with celecoxib. Popliceal and inguinal LN cells from treated and
control animals were incubated in the presence of MOG;; g5 for 48 h. Proliferative response was determined by the uptake of [)H]
thymidine (A), and IFN-vy was detected by ELISA (B). Represenmtive daa of two independent experiments are shown (n = 5 for each

group). Error bars represent SEM. *P < 0.05 versus control
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Fig. 5 Effect of celecaxib on actively induced EAE in COX-2-deficient mice. B6 mice and COX-2-deficient mice were immunized with
MOGys g5 in CFA as described in Material and methods. (A) Mice were onally administered celecoxib (5 pg/g) every 1 days starting from the
day of the immunization. Statistical analysis is shown in Table 3. Closed squares = vehicle alone for wild-type mice; closed circles = 5 pglg of
celecoxib for wild-type mice, open squares = vehicle alone for COX-2-deficient mice, open circles = 5 pglg of celecoxib for COX-2-
deficient mice. (B) The relative titres of anti-MOG IgG | and 1gG2a in serum samples from individual mice on Day 30 after immuniztion
were analysed as indicated in Material and methods. Data represent mean £ SEM. *P < 0.05 versus control. Control = vehicle alone, CEL =
celecoxib, One representative experiment of two independent experiments is expressed as mean L SEM

celecoxib-treated mice was significantly lower compared with
that obtained from vehicle-treated mice. These findings sug-
gested that celecoxib inhibits an infiltration of immune-
mediated cells into CNS through the BBB by suppression
of P-selectin, ICAM-1 and MCP-1.
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Discussion

In the present study, we have demonstrated that a new
generation sclective COX-2 inhibitor, celecoxib, strongly
inhibited the development of EAE as compared with vehicle
treatment or a traditional COX-2 inhibitor, nimesulid. The
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Table 3 Clinical scores of EAE in COX-2-deficient mice
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Mouse Treatment Max. score Day of onset Incidence (%) Cumulative score

Wild-type cMC 354 £ 028 1260 = 115 100 (10/10) 2485 & 637
Celecoxb .13 £ 039 13,20 + 1,80 B0 (8/10) 629 + 402*

cox-27"" cMC 375 £ 044 12.78 + |.57 100 (8/8) 2988 + 562
Celecoxib 146 = 051" 14.13 £ 1.96 B7.5 (7/8) 539 = 336*

Wild-type and COX-2~'" mice were immunized with MOG;s g5 peptide to induce EAE. The control CMC solution. or 5 pglg of

celecoxib diluted in CMC, was administered every other day. Mean

SEM of the following parameters are shown: maximum

score of EAE (Max. score). the days of EAE onset. incidence of paralysed mice among sensitized mice (Incidence) and summation
of the clinical scores from Day 0 to 30 (Cumulative score). *P < 0.05 versus conurol.

Table 4 Cell infiltration into the CNS of EAE-induced

mice

Mononuclear CD3" cD4" coDiy
cell cell cell cell
EAE mice
Control (CMC) 667 = I76 203 = 69 |58 =50 6+ |
Celecoxib 90 = 57* 128 95 0x0
Naive mice 206 522 3x2 | x0

CMS dssues from each group mouse were homogenized on Day |8
after immunization with MOGjg_ss peptide. Mononuclear cells were
isolated by Percoll salution. The cells were stained with cell markers
and analysed by flow cy _Mean + SEM of cell number (10*
cellsimouse) is shown. Representative data of two independent
experiments are shown (n = 5 for each group). *P < 0.05 versus
control.

inhibitory effect on EAE by celecoxib was also evident in
COX-2-deficient mice, indicating that celexoxib suppressed
EAE in a COX-2-independent mechanism. In celecoxib-
treated mice, MOG-specific Th1 responses were reduced
and infiltration of immune cells was significantly inhibited
compared with vehicle-treated mice, which were associated
with lower expression of ICAM-1 and P-selectin on the
choroid plexus in the brain.

Since EAE is an autoimmune inflammatory disease,
administering COX-2 inhibitor was expected Lo inhibit dis-
ease as well as other COX inhibitors. Recently, Muthian et al
(2006) showed that some COX-2 inhibitors such as N5398
and LMO1 suppressed EAE, when administered intraperito-
neally every other day. In our study, we could not observe the
inhibitory effect of nimesulid on EAE when orally adminis-
tered every 2 days using the same conditions in which cel-
ecoxib exhibited a strong inhibitory effect. The route and
timing of administration might be critical to modulate dis-
cases, The inhibitory effect mediated by celecoxib was stron-
ger compared with other COX inhibitors, suggestng that
different mechanisms may be occurring in addition to the
suppression of production of prostanoids that occurred at
sites of disease and inflammation. In fact, COX-2 was not
required for the celecoxib-mediated inhibitory effect on EAE,
Recent studies have suggested that COX-2-independent
pathways may contribute to celecoxib-mediated anti-tumour
or anti-arthritic effect through enhanced apoptosis of
wmour cells or synovial cells (Kusunoki er al, 2002;

ICAM-1 VCAM-1 P-selectin

Fig. 6 Immunochistochemical swining with ICAM-], YCAM-| and
P-selectin of the brain in EAE-induced mice. Brains from EAE mice
were removed on Day |4 after immunizaton as described in
Material and methods. Thinly sliced (10 um) frazen sections of the
brain were immunostained with and-ICAM-| antibody (A and B),
anti-VCAM-| antibody (C and D) and anu-P-selectin antibody

(E and F}. Figure shows choroid plexus region. Bar = 100 pm.

Shishodia et al, 2004). In our study, enhancing apoptosis
of immune cells was not detected, indicating that different
COX-2-independent mechanisms might be important for
celecoxib-mediated inhibition of EAE. We observed that cel-
ecoxib treatment inhibited Th1 responses of MOG-reactive T
cells. In the regulation of Th1/Th2 responses, prostaglandin
E2 synthesized by COX has been reported to suppress 11.-2
and IFN-y production by a Thl clone (Snijdewint er al,
1993). In addition, Meyer et al. (2003) reported that admin-
istration of COX-2 inhibitor, NS398, increased Helicobacter-
stimulated [L-12 and IFN-y production, suggesting that
COX-2 inhibition resulted in enhanced Thl responses. In
contrasi, celecoxib inhibited Th1 responses of autoreactive T
cells. Therefore, this COX-2-independent effect on immune
system may be a mechanism to explain why celecoxib sup-
presses EAE 10 a greater degree compared with that of other
COX-2 inhibitors. Allonza er al. (2006) reporied that
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Table 5 Serum level of MCP-|
treatment with celecoxib

in EAE mice after

Day 0 Day7 Day 10 Day |4
EAE mice

Control (CMC) ND 600 + 21.0 426 £170 ND

(n=18)

Celecoxib (n = 16) ND B5 50" 12985 ND
Maive mice (n = I10) ND ND ND ND

Bra:n (2006). 129. 19841992 1991

Acknowledgement
This study was supported by the [apan Research Foundation
for Clinical Pharmacology.

References

Alloza [, Baxter A, Chen Q, Matthiesen R, Vanderbroeck K. Celecoxib inhibits
imn!eukm 12 nﬂ and B2 wldu:g and secretion by a pove COX2-

dent sm hap of the dopl

reticul \mnummw:m-sr

Bé mice were immunized with HOG;; 53 peptide as described in
Material and methods. Serum from individual mice were
collected on Day 0, 7, 10 and 14 after immunization. Serum con-
cenuation of MCP-| was measured by ELISA. Data represent mean
*+ SEM (pg/ml). ND = not detectable. *P < 0.05 versus control.

celecoxib inhibits IL-12 aff and B2 folding and secretion in
association with the increased interaction of 1L-12 with cal-
reticulin, an endoplasmic reticulum-resident chaperone in
retention of misfolded cargo proteins, while blocking inter-
action with Erp44. They also demonstrated that an analogue
of celecoxib lacking the COX-2 inhibitor activity showed
identical effects to that of celecoxib on folding and seeretion
of IL-12, indicating that the effect is COX-2-independent.
Since IL-12 is a key cytokine to provoke Thl immune
response, reduction in MOG-specific Thl response is con-
sistent with these previous findings,

The infiltration of immune cells in the CNS was signifi-
cantly inhibited in celecoxib-treated mice. Celecoxib has
been reported to reduce expression of P-sclectin and
ICAM-1 in experimental inflaimmatory models such as
experimental colitis (Cuzzocrea et al, 2001, 2002). In our
study, we observed that celecoxib suppressed expression of
P-selectin and [CAM-1 in the brain of EAE mice. Since
P-selectin and 1CAM-1 are the adhesion molecules involved
in the recruitment of inflammatory cells inte CNS
(Engelhardt er al, 1997; Dietrich, 2002; Scott et al., 2004),
inhibition of cellular infiltration by celecoxib might be
mediated by the downregulation of the expression of
adhesion molecules.

Chemokines are also required lor recruitment of immune
cells into the CNS. MCP-1 is reported to be an essential
chemokine in EAE (Hofmann et al, 2002). In the mouse
model of atherosclerosis, Wang er al. (2005) reported that
celecoxib decreased the inflammatory response and
hyperplasia following vascular injury through inhibition of
MCP-1 induction. We detected a decreased level of MCP-1
in the serum in celecoxib-treated mice on EAE. The suppres-
sion of MCP-1 by celecoxib might also contribute to the
reduction of infiltrating cells into the CNS.

In conclusion, celecoxib has a potent therapeutic potential
for EAE by inducing a Th2 bias and suppressing infiltration
of inflammatory cells into the CNS through a COX-2-
independent mechanism, Further analysis of celecoxib-
mediated suppression of EAE will help drug development
for multiple sclerosis. Celecoxib is hoped to be a new choice
of the treatment of multiple sclerosis.

Arico 5, Pattingre S. Rauvy (_ Guane I’ Harbat r\ (..nd.n‘m P, & al. Celecoxib
induces apop by i i ph de-d d protein
kinase-1 activity in the human mlun canu.-r HT-29 cell I.mc 1 Biol Chem
2002; 277 27613-21.

Curzocrea 5, Mazon E, Serraina 1, Dugo I, Centorring T, Ciccolo A, et al
LCelecoxib, a selective ovclo-oxygenase-2 inhibitor reduce the severity of
experimettal calitis induced by dinitrobenzene sulfonic acid in rat. Eor |
Pharmacal 2001; 431: 91-102

Currocrea S, Mazron E, Sautebin L, Dugo L, Serraino [, De Sarro A, et al
Protective effects of celecoxib on lung injury and red blood cells
modification induced by carmageenan in the rat. Biochem Pharmacol 2002;
63 7E5-93,

Deininges MH, Schl H). Cyclooxygenases-1 aml -2 are Jiff fally
localized to microglia and endothelium in rat EAE and pglioma.
| Nenrolmmunal 1999, 95: 202-%

Dictrich JB. The adhesion molecule ICAM-1 and itv regulation in relation
with the blood-brain barrier. | Neurolmmunol 2002; 128: 5568,

Engelbardt B, Vestweber I, Hallmuann B, Schule M, E- and P-seectin are not
invelved in the rccmam\cm of inflammatory cells across the blood-brain
barrier in 1 phalomyelitis. Blood 1997; 90:
H58-72

Grasch 5, Tegeder [, Niederberger E, Bramtigam L. Gelsalinger G. COX-2
independent induction of cell cycle arrest and apoptosis in colon cancer
cells by the selective COX-2 inhibitor celecoxib. FASEB ) 2001: 15: 27424

Hotmann N, Lachnit N, Streppel M, Witrer B, Neiss WF, Guntinas-Lichius O,
etal. Increased expression of TCAM-1, VCAM-1, MCP-1, and MIP-1 alpha
by spinal perivascular macrophages during experimental allergic encepha-
lomvelitis in rats. BMC Immunaol 2002; 6: 11

Hiw AL, Ching TT, Wang DS, Song X, Rangnekar VM. Chen C5. The
cvclooxygenase-2 inhibitar celecoxib induces apoprosis by blocking Ak
activarion in human prostate cancer cells independenmtly of Bel-2. | Biol
Chem 2000, 275: 11397404

Krakowski ML, Owens T. The central nervous system environment controls
elfecior CTH+ T cell gytokine profile in expenimenial allergic encepha-
lomyelitis. Eur | Immunol 1997; 27: 2840-7

Kumuar V, Anz F, Sercarz B Miller A. Regulatory T cells speaific for the same
framewnrk 3 region of the VBE2 chain are wvolved in the control of
callagen [l-induced arthritis and cxperimental autoimmune encephia-
lomyelitis. ) Exp Med 1997; 185 1725-33

Kusunoki N, Yamaraki R, Kawal 5. Induction of apoptosis in rheamatoid
synovial fibroblasts by celecoxib, but not by other selective cyclooxygenase
2 inhibitors. Arthritis Rheum 2002; 46: 315467,

Liv X, Yue P, Zhou Z, Khuri FR, Sun 5Y. Death receptor regulation and
celecoxib-induced apoptosis in hurnan lung cancer cells. 1 Natl Cancer lnst
2004; 96 1765-K0

Meyer F, Ramanujam K35, Gobert AP, James 5P, Wilson KT. Curting edpe:
cyclooxygenase-2 activation suppresses Thl polarization in response in
Helicobacter pylori, | Immunol 2008, 171: 3913-7,

Miyamato K, Oka N, Kawasaki T, Satoi H, Akiguchi I, Kimura ]. The effect of
cycloaxy -2 inthil on al allergic neuritis. Neuroreport
1998; %: 2341-4

Miyamoto K, Oka N, Kawasaki 1, Satoi H, Matsuo A, Akiguchi L The action
mechanism of cyclooxygenase-2 inhibitor for trestment of experimental
allergic neuritis. Muscle Nerve 1999; 12 1704-9.

Miyamoto K, Oka N, Kawasaki T, Miyake S, Yamamura T, Akiguchi . New
cyclouxygenase-2 inhibitor for 1ceatmient of experimental autoimniune
neuritis. Muscle Nerve 2002; 25 280-2

F

— 99 —




1992 Broin (2006), 129, 1984-1992

Muthian G, Raikwar HP, Johnson C, Rapsingh |, Kalgutkar A, Marnen LI,
et al. COX-2 inhibitors modulate IL-12 signaling through JAK-STAT
pathway leading to Thl response in experimental allergic encephalimy-
elitis. | Clin Immunul 2006; 26: 73-45.

Nakutsaji S, Teruda N, Yoshimura T, Horie Y. Furukawa M. Effects of
nimesulide, a preferential cyclooxygenase-2 inhibitor, on carrageenan-
Induced pleurisy and stress-induced gastric lesions in rats. Prostaglandins
1996; 55: 395-402

Nichalson LB, Kuchroo VK. Manipulation of the Th/Th balance in
autoimmune disease. Curr Opin Immunol 1996; & 83742

Penning TD, Talley J1. Bertenshaw SR, Carter ]5, Collins PW, Docter §, et al
3}‘11111:51.5 and b:ulug.l.ll r\mlumml of the 15-diarylpyrazole class of

fication of 4-[5-14-methylphenyl}-3-
(trifluoromethiyl ) IH-pyrazal-1-yl| benzenc sulfonamide (SC-58635, cele-
coxib). | Med Cher 1997; 40: 1347-65.

Prosiegdl M Neu [, Mallulper J, Wildfeuer A, Mehlber T, Viogl 5, et al
Supp of encephalomyelitis by doal cyde-

YE and 5 " Ve inhibition. Acta NeurolScand 1989, 79: 2216,

Scott G5, Kean RB, I-nhu M), Mikheeva T, Brimer CM, Phares TW, et al
ICAM-1 upregulation in the spinal cords of PLSIL mice with experimental
allergic encephal fitis is dependent upon TNF-alpha production
triggered by the Ima of blood-brain barrier integrity. | Neurvimmunol
2004; 155 32-42.

Shishodia S, Koul D, Aggarwal BB. Cyclooxygenase [COX)-2 ll:h‘bm:r

cych vgenase-1

K. Miyameota et al.

non-small cell lung carcinoma: correfation wath suppression of COX
2 synthesis. | Immunol 2004; 173 2011-22

Simmons RD, Hugh AR, Willenborg DO, Cowden WH. Suppression of active
but not passive encephalomyelitis by dual cyclo-oxygenase
and 5-lipoygenuse inhilinon, Acta Nearol Scand 1992; K5: 197-9

Snidewimt F, Kalinski P, Wicrenga E Bos ], Kay berg M. Pr landin B2
differentially modulate ¢ytokine secretion profiles of human 1 helper
lymphocyias. | Immunol 1993; 150: 5321,

Vane IR, Mitchell 1A, Appleton 1, Tomlinson A, Bishop-Bailer D, Craxall J,
et al. Inducible isofurmis of cydooxygenase and nitric oxide synthase in
inflammuation. Proc Natl Acad Sci USA 1994 91: 2046-50

Wang K. Tarakii K. Zhou Z, Zhang M. Forudl F, Zhou X, et al. Celecoxih, a
selective eycloonygenuse-2 inhibitor, decreates monocyte chemoanractam
protein-1 cxpression and neointimal hyperplasia in the rabbit athero-
scleratic balloon injury model. | Cardiovase Pharmacol 2005; 45; 61-7.

Warner TD. Mitchell JA Cycloonygenases: new forms, new inhibitors, and
lessons from the clinic. FASEB | 2004; 18: 790-804.

Weber F, Mevermann R, Hempel K. Experimental allergic encephalomyelitis-
prophylactic and therapeutic treatment with the cyclooxygenase inhibitor
piroxicam (Feldene ). Int Arch Allergy Appl Immunol 19913 95: 136-41.

Xie WL, Chipman G, Hoh:ﬂson DL, Erikson RL. Simmons DL Expression
af ami gene eacoding prostaglandin synthase is regulated
by mRNA q-ln:ui,g Proc Natl Acad Sci USA 1991; 88: 2692-6

Zhang B hmnmur‘a T. Kondo T, Fujiwara M, Tabira T. Regulation of

m‘-uh

celecoxib  abrogates TNF-induced NF-kappa B a
inhibition of activation of | kappa B alpha kinase and Akt in humn

Jomyelitis by natural killer (NK) cells
1 I.:;l Med 1997; 186 167747




Cutting Edge: Human Th17 Cells Are Identified as
Bearing CCR2"CCR5~ Phenotype'

. ) . . & 2
Wakiro Sato, Toshimasa Aranami, and Takashi Yamamura®

Recent reports have shown that [L-17 -producing cogt T
cells (Th17 cells) belong to a distinct belper T cell lineage
and are critically invalved in the pathogenesis of autoim-
mune diseases and allergies. However, the chemakine re-
ceptor profile of Thi7 cells remains to be clarified. In this
study, we report that human Th17 cells are identified as
CCR2™CCR5™ memory CD4" T cells. Analysis of
PBMC from healthy donors showed that CCR2” cells pro-
duce much larger amounts of IL-17 than CCR2™ cells,
indicating the preferential expression of CCR2 on Thi7
cells. Notably, CCR2* CCRS™ memory CD4" T cells
produced a large amount of IL-17 and lirtle IFN-y,
whereas CCR2™ CCRS™ cells reciprocally produced an
enormous amount of IFN-y but little IL-17. Moreover, a
higher expression of T-bet was seen in the CCR5* memory
T cells. These results indicate that absence of CCRS dis-
tinguishes human Thl7 cells from Thl cells. The Jour-
nal of Immunology, 2007, 178: 7525-7529.

D4" Th cells are essential regulators of adaptive im-

mune responses. Th cells have been classified as either

Thl or Th2 according to the cytokine production pro-
file and functional properties. However, recent studies have
demonstrated that IL-17-producing T cells, rather than Thi
cells, play a pivoral role in the pathogenesis of autoimmune
disease models, including experimental autoimmune en-
cephalomyeliris (EAE)® (1-4). IL-17 is a cytokine mainly
produced by acrivated memory T cells and could recruir and
expand neutrophils through induction of various chemo-
kines and GM-CSF (5-7).

Numerous studies have provided evidence thar IL-17-pro-
ducing T cells belong ro a distiner lineage of Th cells whose
developmentis severely hampered in 1L-23 knockout but not in
IL-12 knockour mice (8, 9). Although IL-23 was initially
thoughr ro induce differentiation of the IL-17-producing cells,
it now seems that 1L-23 is not involved in differentiation bur

propagation of Th17 cells (10). In fact, recent studies have
shown thar a combinarion of TGF-f1 plus [L-6 promotes the
differentacion of Th17 cells in vitro (11-13). Differentiation of
Th17 cells is prohibited by IFN-y or IL-4 (11-13), further sup-
porting the concepr that Th17 cells comprise a distinct popu-
lation cross-regulated by Th1 or Th2 cells. Notably, the inde-
pendent natre of Thi7 cells has been further highlighted by
the recent discovery that the transcription factor RORyt is erit-
ically involved in the development of Th17 cells (14).

During the critical process whereby naive CD4 " T cells dif-
ferentiate, they acquire reciprocal sets of chemokine receptors
(15), which would endow them a unique character of homing
or migration to corresponding ligand chemokines. Namely,
Th1 cells preferentially express CCR5 and CXCR3 and migrate
to inflammatory milicu expressing the corresponding ligand
chemokines, whereas Th2 cells cxpress CCR4, CCRS, and
CRTh2 indicative of a distinctive homing property (16-19). It
is conceivable that Th17 cells may also possess unique chemo-
tactic and migratory property. However, chemokine recepror
expression by Th17 cells has not been characterized yet, at least
1o our knowledge.

In this study, we artempred to identify chemokine recepror
expression by human Th17 cells by examining cytokine pro-
ducrion profiles of T cell subpopulation-bearing chemokine re-
cepror(s) of interest (16, 20). We started by comparing CCR2”*
and CCR2™ memory CD4" T cells, because CCR2 and its li-
Eand CCLZ wCic 5'1(]\-\'" (4] I."_' Cl&ﬂn[iﬂj f[lr d:\'rlnpmcn[ ()FEAE
(21,22). We found that only the CCR2 " subpopulation would
produce IL-17. Further analysis has demonstrated that CCRS
cells among the CCR27CD4™ memory T cells produce IL-17,
whereas 2 CCR5 ™ subpopulation produces IFN-y. Thus, hu-
man Thl7 cells are identified as uniquely bearing the
CCR2'CCR5™ phenotype.
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Materials and Methods

Rengents

Anti-CCR2-biotin mAb, anti-CCRS-FITC mAb, and goar anu-11-23R poly-
clonal Abs were purchased from R&D Systems. Streptavidin-PE, anti-CID4-
PCS mAb, and anti-CD45RA-energy-coupled dye (ECD) mAb were obrined
from Beckman Coulter, ant-CCRS-allophyeocyanin mAb from BD Pharmin
gen, and donkey anti-goat [pG-FITC from Jackson ImmunoResearch Labwra-
tories. Anti-T-ber mAb and isotype contral Ab (mouse lgGla) purchased from
Santa Cruz Biotechnalogy were used for intracellular staining, RPMI 1640 me-
dium (Invitrogen Life Technologics) was supplemented with 0.05 mM 2-ME,
2 mM -glutamine, 100 U/ml penicillin/streptomycin, and 10% FBS.

Cell preparation

Peripheral blood was obrained from healthy human volunteers (24 -42 years of
age) from whom informed consent was obtained. The Ethics Commitres of the
National Center of Neurology and Psychiatry approved the study. PEMC were
freshly isolaced by density gradient centrifugation using Ficoll-Pague Plus (Am-
enham Biosciences). To purify whole T cells or memory CID4™ T cells from
PRMC, we used a PPan T cell isalation kie 11 or Memory CD4 7 T cell isolation
kit (Miltenyi Biowee), respectively. Bricfly, PBMC were labeled with a mixiure
of biotin-conjugated mAbs direcred against cither non-T o non-memory
CD4" T eells and then reacted with magnetic microbead-conjugated anti-
biotin mAbs. The magnetically labeled non-T or non-memory CIM4° T cells
were depleved with auroMACS (Miltenyi Biotec), which yiclded =95% puriry
of whole T cells or memory CL4 T cells as assessed by tlow cyromerry tor the
proportion of CD3 ™ cells or CD4 "CDASRA ™ cells.

' further separate the purified cells according o CCR2 or CCRS expres-
sion. they were labeled with ani-CCR2 pravidin-PE. and anu-PE

2-bioti
micrabeads (Miltenyi Bioted) or anti-CORS-FITC and and-FITC microbeads
{Miltenyt Biotee). The ma lrmlu.lll\ labeled cells were separated into positive
(CCR2™ and CCR5 ™) and negative (CCR2™ and CCRS ™) fractions with au
1uMACS (>99% punty of CCR2 “or CCRS™ cells and =90% purity of
COCR2™ or CCRS™ cells). To obain CCR2TCCRS™ and CCR2TCCRS”
memary CD4 " T eells, COR2 " memory CD4 ™ T cells were labeled with ano-
CCRS-allophycocyanin and separated into COR2TCCRS™ (=80% purity)
and CCR2°CCRS ™ eells (295% puriyd by flow cymmerric cell suner Epics
Alrra (Beckmun Coulter),

Cell culrsre and cyrokine measuvemens by ELISA

Puritied T cell populations were resuspended at § # 10 Yml and stmulated
with I'MA (50 ng/ml) and ionomycin (1 pg/ml) in 96-well U-bottom plates tor
24 h. The concentrations of IFN-y and 1L-17 in the wpernarants were mea-
sured by using 4 Human IFN-v ELISA Set (BD Pharmingen) and 1 Human
IL-17 DuoSet (R&LD Systems),

Flow cytometric analysis of chemokine receprors

T'o evaluate the expression of chemokine receptors, purified memory CD4 T
cells  were  smined  with  ann-CDA4-PCS,  ant-CD45RA-ECD, anri
CCRS-FITC and PE-conjugated mAbs against anti-CCR2-biotin were ana-
lyred with Epics How cytometry (Beckman Coulier). To examing the expresion
of IL-23R, memory CD4 ™ T cells were stained with goat anti-1L-23R and anri-
goar-1gG-FITC and were anabazed with a FACSCalibur {BD Pharmingen).

Intvacellular staivung of T-ber

Purified memory CD4 " T cells were finst stained with biotin-conjugated ann-
CCR2, srrepravidin-PE, and allophycocyamn-CCRS, then fised in PRS con-
raining 2% paratormaldehyde and permeabilized with 0, 1% saponin solunon,
Subsequently, the cells were stained with FITC-anti-T-bet. Mouse 150 1a was
used as an isorype control.

Stiristics
An unpaired Student’s ¢ test or one-way ANOVA was ysed tor sratistical anal-

ysis, We considered p < 0.01 as significant.

Results and Discussion
Both Thi 7 cells and Thi cells are enriched in CCOR2™ €D
cells

Previous reports on the CCR2 requirement for development of

l._f\l ( ’I. ..,'_) Pn)l“'p[{,‘l us to l.ll"'lplrt. |I1l, t-\lllklllt i)lllduL]Il!'
ability of CCR2 " and CCR2 - eells isolared from whole T cells,
The results showed that CCR2 ™ cells produced a largeramount

of IFN-y and 1L-17 as compared with CCR2 ¢ells, whereas
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unseparated whale T cells showed intermediate values (Fig. 14.
upper panels). This indicates that CCR2" cells contain the vast
majority of Thl and Th17 cells. We nextseparated the whole T
eells into CCR5 ' and CCRS ™ populations to compare the cy-
wkine profile. Although CCR5™ cells produced a larger
amount of [FN-y as compared with CCR5™ or the whole T

pe/ml

CCR2°CCR2 wholeT CCR2' CCR2- wholeT

ng/iml pe/ml
20 m
15 1500
10 1000 A
s 00| e T

CCRS5* CCR5 wholeT CCR5° CCR5 wholeT
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o | $ [ | 0.2% |

T

CD45RA

0
CCR2* CCR2° Memory
co4'T
FIGURE 1. Thi7 cells are enriched in CCR2"CIE CIMIRA™ cells. 4
1L 17-producing cells are seleerively enriched in the CCR2”

0ccr2: ccrz: Memory
cD4'T

. hut not an g
COURS " population. From PBMC of healthy donors, whole T cells were pun-
fied |u:|l'_|n'mn”v by neyative selection using a Pan T cell jsolation kit 11 with
sutoMACS, The purity of the cells was gencrally =98%. as determined by
FACS analysis. Purified COR2 " and COR2 ™ T cells for CCRS and CCRS

T cells) were stimulared with PMA and ionomycin for 24 h before the super-
matanty were collecred, The IFN-y and 1LA17 proein in cach supernatant was
measured using ELISA. Results are expressed as mean = 5D of a representarive
of tive independent experiments. B Chemuokine recepror (CCR2 or CCRS)
expressing T cells are largely confined o CD4SRA - memary T cells: PBMC
froms healthy subjects were stained with anti-CCR2 (PE), ant-CCRS (FITC),
anti-C 1A (PCS), and wnt- CDGSRA (ECLY) and analyzed after being gated for

CLM. Shown is a representative of five individual data sers. € ThI7 cells are
entiched in CCR27CDE "CDASRAT edls. Memory CD47 T cells were pu-
rified by a memory CE™ T cell solaton ke with anroMACS. COR2 and
CUR2 T cells wore further iolated by ant-CCR2-biotin, streptavidin-PE.
anti-PE microbeads. and autoMACS. Punlicd cells were stimulared wirh ’MA
and ionomyein for 24 h before collecting supernanns. Resuls are expressed as

mean = S of a representanve of five independent experuments, =, p < 0,01,
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cells (Fig. 14, lower panels), production of IL-17 did not in-
crease after enrichment for CCR5 ' cells. These results suggest
that Th17 cells may be selectively enriched in CCR2 ", but not
in CCRS " populations. However, because the CCR2" T cell
preparation also contains CD8 7 T cells and 87 cells. capable
of producing 1L-17 (23-25), it remained possible that the ma-
jor source of IL-17 could be CD8 " T or y8T cells. Therefore,
we next needed to assess the production of IFN-y and 1L-17
from purified CD4" T cells. Preparatory experiments showed
that CCR2" or CCR5"CD4 " populations are mainly con-
fined ro the CD45RA™ memory T cell population (Fig. 158).
Consequently, we decided to use memory CD4™ T cells that
could be obrained after deleting CD8 ", 8, and naive CD4 ™ T
cells for further analysis. Analysis of the purified memory
CD4" T cells has also demonstrated that the CCR2” popula-
tion produced a significantly larger amount of both IFN-y and
IL-17 compared to the CCR2™ population, with the values of
unseparated cells being intermediate (Fig. 1C). These resulis
strongly indicate that Th17 cells as well as Thi cells are en-
riched in CCR27CD4 " memory T cells. However, since Thl
and Th17 cells are thought to belong ro distinet T cell lincages,
we speculated that they might be further divided into two sub-
populations based on expression of chemokine receptors.

CCR2' CCRS™ memory CD4" T vells predominanly produce [L-17
bur nor IFN-y

Simultancous staining of CCR2 and CCR5 showed that the
CCR2' memory T cell population could be divided into
CCR5™ (CCR2 single positive (SI) and CCR5" (CCR2
and CCR5 double positive (DP)) subpopulations (Fig. 2).
Since CCRS is reported to be expressed predominantly on Thl
cells (16—-18), we hypothesized that SP and DP cells might cor-
respond to Th17 and Th1 cells, respectively. To correlate cyto-
kine production profile and chemokine receptor expression in
T cell populations, we first thought of swining toral unsepa-
rated T cells to detect intracellular cyrokines as well as surface
CCR; however, the cell activation process required for intracel:
lular cytokine staining was found to down-regulate CCR2 and
CCRS significantly (data not shown), as reported previously
{26). To accurately correlate the expression of CCR2 or CCRS

10!

CCR2

od

4

CCRS

FIGURE 2. CCR2Z™ memory CD4" T celli consist of CCRS " and CCRS
sulssers. Purified memary CD4" T cells were stained with anni-CCR2-biorin
and srepravidin: PE as well as anti-CCRS-FITC 1 he separation of positive and
nogative populations was determined by histogram plots.
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with the cytokine profile ex vivo, we decided to first isolate SP
and DP cells from memory CCR2" T cells by using a flow cy-
tometric cell sorter and stimulate them with PMA and ionomy-
cin. We then measured IFN-y and IL-17 in the supernatant
(Fig. 34). Remarkably, the sorted T cell subpopulations exhib-
ited different cytokine production paterns: SP cells produced a
large amount of IL-17 and a small amount of IFN-v, whereas
DP cells produced a small amount of IL-17 and a large amount
of IFN-v (Fig. 3B). These results suggest that Th17 cells are
largely confined to SP cells, whereas DP cells contain a majority
of Thl cells.

T-bet and IL-23R expression in memory CO4™ T cells

Finally. we assessed whether SP and DP cells are distincrive in
expression of transcription factor T-berand IL-23R. T-betisan
essential transcription factor for Thl differentiation (27),
whereas it was reported to be redundant for Th17 cells (3,8, 9,
11, 14). [L-23 has been shown to play a pivotal role in the sur-
vival and expansion of Th17 cells (2, 10). Magnetically purified
memory CD4" T cells were first stained with biotin-conju-
gated CCR2, strepravidin-PE, and allophycocyanin-CCRS,
and then were intracellularly stained with FITC-anti-1-bet or
were stained with goat anti-IL-23R Ab and andi-goat IgG-
FITC. We compared T-bet expression in SP vs DP cells by eval-
uating the mean fluorescence intensity (MFI) (Fig. 4. A and B).
T-bet was significantly expressed by SP as well as
CCR2™CCR5 ™ double-negative (DN) cells, but its expression
was much higherin DP cellsand CCR2 CCRS * cells, suggest-
ing that Th1 cells may be confined to CCR5 " populations. On
the other hand, the frequency of IL-23R " cells was highest in
the SP fraction, compared with the others (Fig. 4, Cand D).

. CCR2°CCRS";SP

. CCR2'CCRS5';DP
98%

SP DP SP DP
FIGURE 3. CCR2 CCRS™ (5P} and CCR2'CCRS " (DI cells corre.
spond m Thi7 and Thi celly, respectively. SPand DP subwers were sorted from
memory CD4* T cells by flow cyromerry and stimulared with PMA/ionomy-
cin. A, A representative of five individual data sets showing the purity of the
sorted cells. 8, SP and DP cells were stimnulated with PMAfionamycin for 24 h
Then the amounts of [FN-yand 11-17 in the supernatant were measured using

S ol a repre deg

ELISA. Rosults arc expressed as mean = ntative of five

dent experiments. =, p < 0.01
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FIGURE 4. T-ber expression of memory CD4 ' T cells, A, Histogram plots
of T-bet expression within memory CD4" T cells. 5P DP, DN
(CCR2™CCRS ™). and CCR2TCCRS ™ T cells were stained wath anni- T-ber or
isotype control Ab. Shown is a representative of five individual data sets. B, The
MFI1 of cach histogram plot. Data for the MF1 of T-ber expression subiracted by
thar of contrel Ab are calculared and shown as bar graphs with error bars show-
ing the SDY of four individual dam sers. €, Histogram plots of 11-23R expression
within memory CD4 7 T ells. The eclls were stained with goar ana-10-23R
polyclonal Ab and anri-goat-FITC Ab. A representative of seven individual dara
sets is shown, =, p < 0.01. 1), The frequency of 1L-23R-pasitive eclls of cach
histogram plot. Dara are shown as bar graphs with error bars showing the SD of
seven individual data sews, », p < 0,01,

Given the distinguished ability to produce 1L-17 as well as
higher 1L-23R and lower T-bet expression, we propose that
Th17 cells are confined to SP cells. whereas Thi cells are either
DP or CCR2™ CCRS ", It has recently been reported thae T-bet
dirc\'t{y rr.:gu!a'[cs the tr:ulscrlpli(m of TL-23R in mice (28). Tvis
possible that weak expression of 1L-23R by non-Th17 cells
(DP, DN, and CCR2 CCR5 ") may result from baseline acti-
vation of I-ber,

CUTTING EDGE: Th17 CELLS EXPRESS CCR2 BUT NOT CCRS

Additional remarks

Using freshly isolated healthy human lymphocytes, we showed
here that CCR2'CCRS memory T cells would produce 4
large amount of 1L-17 bur not IFN-y, whereas CCR2™ mem-
ory T cells produced IFN-v, but not [L-17. Although we pre-
sented the data obrained after stimulation with PMA/ionomy-
cin, polyclonal stimulation by ani-CD3/CD28 also gave
similar results (data not shown). Moreover. when we sumulated
CCR2'CD4" memory T cells by IFN-v. 1L-4, 1L-2, or [1-23
in addition w PMAfionomycin, 1L-17 production was not
changed (data not shown).

The frequency of Th17 cells among this subset is an impor-
tant issue to be investigated. By using the ELISPO'T assay, we
found that =200 spots of 1L-17-producing cells could be de-
tected among 1 X 10° memory CCR2TCD4™ T cells
{~0.2%). whereas the numbers of TFN-y-producing cells were
abour 5-fold higher (—1.0%). Although this needs to be sys-
wematically verified, the lower frequency of 1L-17-producing
cells is consistent with the lower value of 1L-17 than IFN-y in
supernatants detected by ELISA.

I'he unique chemokine receptor expression pattern of Th17
cells provides a basis for their recruitment o specialized inflam-
matory conditions in vivo, which should be relevant for under-
standing the pathogenesis of autvimmune discases.
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Invariant NKT Cells Biased for IL-5 Production Act as
Crucial Regulators of Inflammation’

Kaori Sakuishi,*" Shinji Oki,* Manabu Araki,* Steven A. Porcelli,’ Sachiko Miyake,*
and Takashi Yamamura™*

Although invariant NKT (INKT) cells play a regulatory role in the pathogenesis of autoimmune diseases and allergy, an initial
trigger for their regulatory responses remains elusive. In this study, we report that a proportion of human CD4" INKT cell clones
produce enormous amounts of 11.-5 and 1L-13 when cocultured with CD1d" APC in the presence of 11-2. Such 1L-5 bias was never
obhserved when we stimulated the same clones with a-galactosylceramide or anti-CD3 Ab. Suboptimal TCR stimulation by plate-
bound anti-CD3 Ab was found to mimic the effect of CD1d* APC, indicating the role of TCR signaling for selective induction of
IL-5. Interestingly, DNA microarray analysis identified /L-5 and IL-13 as the most highly up-regulated genes, whereas other
cytokines produced by iINKT cells, such as 1L.-4 and IL-10, were not significantly induced. Mareover, INKT cells from BALB/c mice
showed similar [L-5 responses after stimulation with IL-2 ex vivo or in vive. The iNKT cell subset producing 1L-5 and 1L-13 could
play a major role in the development of allergic disease or asthma and also in the immune regulation of Thl inlammation.  The

Journal of Immunology, 2007, 179: 3452-3462.

nvariant NKT (INKT)" cells are a nonconventional popula-
tion of T cells. expressing a canonical invanant TCR a-chain
(Vixld-Ja |8 for mice and Va24-Jal8 for human) and TCR

VAL in humans) (1-4). They are selected and restricted by CDId,
a nonclussical MHC class I-like molecule, and proliferate vigor-
ously in response w0 a-galactosylceramde (aGC), a prototypical
INKT cell ligand, originally isolated from marine sponge (5). Al-
though most iNKT cells express NK cell markers such as CD161.
they also contain a small population of cells that are negative for
NK cell markers (6). lmportantly, CDId-restricted T cells also
contain T cells that neither express the canonical TCR a-chain nor
respond o oGC (7. 8). To avord confusion, it has recently been
recommended that INKT cells should be defined by their reactiviy
to GO loaded onto CD1d multimers, instead of expression of NK
cell markers (6. INKT cells comprise CD4° and CD4™ cells,
which show differential expression of regulatory cytokines. In hu-
mans, studies have shown that the former produce both Thi and
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Th2 cytokines. whereas the latter predominantly produce proin-
flammatory cytokines such as IFN-y and TNF-a (9. 101, Accord-
ingly. the CD4 " cells are thought W be the major source of Th
cytokines for controlling Thi cell-mediuted inflammation or pro-
moting Th2-dependent pathologies.

Although earlier studies have tended 1o focus on the ability of
INKT cells w down-modulate infllammalory responses, imore re-
cent works huve shown that they could promote joint inflammation
in models of arthritis (11-13) or mediate airway inflammation in
bronchial asthma (14, 15). The divergent effects of INKT cells in
inflammatory pathologies are thought o reflect a broad spectrum
of their lunctions in vivo, In fuct, INKT cells explosively produce
a number of pro- and anti-inflammatory cytokines afier nonphysi-
ological stimulation with «GC (2, 5, 16) or anti-CD3 mAb (17),
although stimulation with aliernative ligands such as aGC ana-
logues my lead to selective Thl (18) or Th2 eytokine production
(19, 20}, Regarding the molecular mechanism for iINKT cell-me-
diated immune regulation. previous studies have suggested the role
of iINKT cell-derived 1L-4 or IL-10 in controlling Thl-mediated
inflammation (16, 19, 20), whereas the role of 1L-13 secreted by
INKT cells has recently been highlighted in the pathogenesis of
asthma (14, 13) and ulcerative colitis (21). The published results,
however. do not exclude the possible role of other cytokines se-
creted by INKT cells. In fact, it 15 not clear whether iNKT cells
could produce specific cywokines that are truly needed o exen
regulatory functions or whether they produce cytokines in n re-
dundant way . Another imporiant question 15 what would trigger the
regulatory iINKT cells to promote u cytokine response in vivo dur-
ing the natural course of disease, Although TCR and/or costimu-
latory molecule signaling are likely to be the triggers involved,
direct evidence for s postalate so far has not been provided.

Based on the vhservation of neonatal INKT cells expressing
memory-activated phenotype (CD45SRO'CD62L CD25") (22,
23) and resting adult INKT cells containing preformed transenpts
of IFN-y and L= (24), it has been suggested that INKT cells are
preactivated by endogenous ligands. If endogenous ligands for
INKT cells are to exist in vivo, we speculite that they transmil a
relutively weak signal through TCR (25). Supportive of this idea,
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Table 1. IL-5 versus IFN-y secretion profile of CD4 ™ INKT cell clones generated from HS and MS™
Chone Age Primary Stimulation { [ IL-%0FN-y Ratin Melicatron
HS
1 Kai.l 32 alGC 73365 2629
2 Sk 32 aGC 19500 9.81
3 On.1 R wGC B 0.001
4 Okl 39 oG 33 009
5 Kai2 1n OCH 2796.1 160,70
6 Ar 35 OCH 191.7 0.78
7 2 34 OCH 917 007
] Nn 28 OCH 87.3 0.04
9 Ln 35 OCH T9.6 0.08
10 Yk 3 OCH T0.1 .98
L Ok.2 k) OCH 3.1 017
M5
12 Kn.1 2 alC 29983 59.53 PsL"
13 Oz 31 alGC 22523 14.62 IFN-f
15 Kk 31 alGC 1095 .6 2067 PSL
14 Og 2 aGC 1769 021 IFN-H
16 Sd 37 woGC 950 0.19 Nooe
17 Ich 37 aGC M 0.26 None
18 Nkj.| 61 aGC 484 [N E] None
19 Tj 31 wliC 440 0n.0s None
20 Miz.1 47 w(GC 41.2 0.65 None
21 Yta 35 aCC 15.1 w17 None
23 Kn2 13 OCH 46360 b PSL
Lk} Nkj.2 61 OCH 23534 i None
e ] Miz.2 47 OCH 133.7 025 None
25 Ag LR OCH 6.3 0.01 None
26 Ko 35 OCH [HE}] 00000052 Niome

* The clone cells were cocubturcd with 1DCs in the proscice of exogenous 1L-2 The amount of 1L-5 and IFN-y from day 2

supematant was measured by UBA
* PSL, Prodnisolon

Brigl et al. (26) have recently shown that human iINKT cell clones
us well as freshly separated rodent INKT cells could exert an enor-
mous IFN-y response, when they react 1o an endogenous ligand in
the presence of costimulatory 1L-12 (26). As such, a very weak
autoreactive INKT cell response to CDId-positive cells could be
remarkably augmented by various additional signals such as cyuw-
kines and costimulatory molecules. Several candidates for endog-
enous ligands have been previously reported {27-29). More recent
studies have Jemonstrated that lysosomal glycosphingolipid iso-
globotrihexosylceramide (iGb3) is a possible endogenous ligand
naturally presented to INKT cells in the context of CD1d (30, 31)
Notably, Mattner et al. (31) has shown that (NKT cell activation
following bacterial infection could be elicited either by stimulation
with bacterial glycolipids or by endogenous 1Gb3 bound 10 CD1d.
depending on the strain of bacteria. This indicates that recognition
of endogenous ligand may be critical in riggering ut least certain
INKT cell responses in vivo. However, it is unclear whether
recognition of endogenous ligand by INKT cells may lead 1o pro-
duction of Th2 cytokines required for iINKT cell-mediated Th2
immune deviation, Taking these into consideration, we have at-
tempted to re-examine the functional properties of human CD4'
iNKT cell clones by exploring the effects of cywkines on the au-
toreactive INK'T cell responses to CDId® DCs

We report here that although none of the INKT cell clones re-
sponded o CDId" DCs after coculture, addition of exogenous
IL-2 could wgger the production of enormous amounts of 1L-5 and
IL-13 from some of the clones. Comprehensive analysis nsing
DNA microarray has shown that [L-5 and /L-/3 Th2 cytokine
genes are almost exclusively and robustly induced from the clones
in response o CDIJ™ DCs and IL-2. IL-2 alone did not induce
IL-5 production, but IL-2 together with suboptimal TCR stimula-
tion by anti-CD3 Ab could provoke a striking IL-5 response. Be-
cause # similar Th2 bias was reproducibly demonstrated by using

INKT cells freshly isolated from BALB/c mice, we propose that
the combination of IL-2 and a weak TCR stimulus by endogenous
ligand/CD1d could be o mechanism by which CD4" INKT cells
could start producing Th2 cytokines 1L-5 and 1L-13 in awoim-
mune disenses and allergy.

Materials and Methods
Subjects

Venous samples of nine healthy subjects (HS) and 13 multiple sclerosis
patients (MS) were used for study (Table 1. All the patients had conven-
vonal MS, fulfilled standard criteria for the diagnosis of relapsing-remitting
MS, and were in remission at examination based on clinical and magnetic
resonance imaging assessment, Four patients were on medication for >3
mo: two on low-dose corticosteroids and the other two on IEN-f, HS
(339 = 2.2 years old) and M5 (37.53 = |1 1.8 years old) were age matched
Written informed consent was obtained [rom all subjects and the Ethics
Committee of the National Center of Neurology and Paychiatry approved
this study

Abs und reagents

PE-labeled anti-Va24, FITC-anti-V @1 |, phycoerythrin-Texas Red X-anti
CD4, PCS-anti-CD¥, PE-anti-CD206, and anti-mouse 1gM were purchased
from Immumotcch and PE-anti-iINKT cella (specific for invariant Va24-
Jal8 TCR: 6B11) (32), PE-anti-human L4, FITC-anti-human 1FN-y.
moase CD1d dimer (dimer X} FITC-ami-mouse TCRA, PE-anti-mouse
NKI.l. and PE-rat anti-mouse 1gGl were purchased from BD Bio-
seiences/BD Pharmingen. All human recombinant cytokines were obtained
from PeproTech and microbeads coated with anti-CD14, antl-CIMSRO, or
anti-PE and the CD4 T cell solution kil were obtained from Miltenyi
Biotee. Flow cytometry was performed on an Epics XL and analyzed with
EXPO 32 soltware (Coulier). Cell soning was conducted on an Epics Altra
(Coulter) or autoMACS cell sorter (Miltenyi Biotec). aGC and OCH (19)
were solubilized in DMSO (100 pg/ml). Anti-CD1d mAb (aCDId 5%
IgMy was prepared in the laboratory of S, A, Porcelli
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Human iNKT clones

PBMCs were solated by densty gradient ceninfugation and suspended o
I = 10%ml in AIM-Y mediom (Invitrogen Life Technologies), supple-
mented with 2 mM C-glutamine, 100 Utml penicillin, 100 ug/ml strepto-
mycin, and [0 FCS (hercafter referred 1o as “basic medium™), Cells were
stimulated with aGC or OCH (100 ng/ml) in the presence of IL-2 (50
IUfmi) and IL-7 (10 ng/ml). After 7 days. half of the medium was changed
every 3-5 days with basic medium containing IL-2 (10 1L/ml) and IL-7 (%
ng/ml). Fourteen 1o 18 days after stimulation, CD4° or double-negutive
(DN} iNKT cells were sorted afier staining with the Nuorescence-labeled
anti-VE1 1, anti-INKT, anti-CD4, and anti-CDE Abs. The sorted cells were
cultured with fresh allogenic X-irmadiated (100 Gy j PBMC at a cell rato of
1:3, stimulated with | 0 pgiml PHA-P (PHA; Sigma-Aldrich), IL-2 (50
1Ufml). and IL-7 (10 ng/mi) for 3 days and then maintained by basic me-
dium supplemented with 1L-2 (10 IU/ml) and IL-7 (5 ng/ml). iNKT cell
sorting and PHA stimulation was repeated every 4 -5 wk. Two to 3 wk after
the most recent stimulation. the clones were used for assays, before which
they were cultured in cytokine-free medium for at least 4 days

Coculture experiments

Immature dendritic cells (iDCs) as APCs were derived from CD14 " mono-
cyles (33) The iDCs were X-irmadiated (55 Gy) and seeded a 3 % 10
cellvwell with or without «GC (100 ng/ml) in U-bottom 96-multiwell
plates. Six hours later, they were washed and added with iINKT cells a1 a
1:1 ratio, with or without IL-2 (10 1U/ml). Cytokines in the day 2 super-
natant were 1 by the Cy Beads Array (CBA) kit from BD
Biosciences/BD Pharmingen as previously described (34). CDI1d-trans
fected (CD1d Hela) and mock-transfected Hela (mock Hela) cells were
also used for coculture after mitomycin C reatment (50 pg/ml. 30 min). To
block the CD1d moleeule, anti-CD1d mAb (aCD1d 59} was added to iDC
and cultured for an hour. After washing oul nonbinding mAb, iINKT cells
were added at a 1:1 ratio and incubated with or without IL-2 (1 or 5 1U/ml)
for 48 h. IL-5 in the supernatant was measured by CBA.

Microarray analvsis

After 24 hof culture with iDCs. iNKT cells were negatively separated from
the cell mixture with 95% purity. The IDCs wer stained with PE-anti-
CD206 and depleted using secondary anti-PE microbeads, mRNA was pu-
rified from the INKT cells and then pooled at —B80°C, The mRNA was
labeled with biotin by using the Ovation Biotin System (Nugen Technol
ogies). The tugets conaming fragmented and biotin-labeled cDNA were
hybnidized and analyzed on GeneChip Human Genome U1 33A amrays (Af-
fymetrix). The array probes were scanned and gene transcript levels were
determined using algorithms in the GeneChip Analysis Suite software
Ciene transcnp of IL-2-stimulated (IL-2 sample) and vehicle-stimu-
lated INKT cells (negative control) was separately compared for cach
clone, and thosc significantly elevated by IL-2 stimulation were selected by
paired ¢ test. All of the genes elevated in any of the clunes were analy eel
by iworlactor ANOVA w0 investigale a suatistical significance

Intracellnlar cytokine analyss

We salated pauve CD4° T cells Trom PBMC of HS by positive (CD4 T cell
wolatien kit) followed by negative selection (CD45RO microbeads). The
wolabed cells were stimulated by plate-bound anti-CD3 mAb (incubated at
10 pgfml overnight) with soluble anti-CD28 mAb (2 pg/mii in AIM-V in
the presence of INKTARDC supernatant. with or without neutralizing anti-
IL-5 mAb (10 pg/ml). Three days later. the cells were transfemed onto a
new plate. Half of the medium was changed every second day. On day 7.
the intracellular IFN-y and 1123 were stained alter restimulating the cells
with PMA (10 ng/ml) and jonomycin (500 ng/mi) for 6 h in the presence
of monensin (1 pg/mi) Appropriute control Abs were used w define the
background immunoffuorescence

Analvsis of BALB/c iNKT cells

BALB/c mice in specific pathogen-froe conditions were used at B—13 wk
of age. Animal care and use were in accordance with institutional guide-
lines. Lymphocytes were separated from liver and spleen by gradient cen-
trifugation and staned with FITC-anti-TCRE and aGC-loaded CDId
dimer (dimer X) with secondury staiming by PE-conjugated rat anti-mouse
lgGl. Then TCRY™ aGC-loaded dimer X™ cells were sorted by using the
Altra cell soner. DCs were isolated from splenocytes by using CDI e
microbeads and were used alter being X-irradiated (30 Gy). The iNKT
cells and the DCs were cocultured for 72 b in U-bottom 96-plates at 2 1]
ratha (1.5 % 10" cells for each) with or without 1L-2. The supernatants were
analyzed by CBA. To evaluate in vivo effects of IL-2 on iNKT cells,
BALB/c mice were injected i.v. with 5000 IU of 1L-2. Two hours later, the
mice were sactificed and thewr liver lymphocytes were isolated. The iso-
lated cells were carefully stained with «GC-loaded dimer X and TCR# on
ice 1 avoid direct activation by these reagents, The stained cells were fixed
and perforated for staining intracellular IL-5 or IFN-v according 10 BD
Biosciences protocol, except without any udd I in vitro Jati

Results
A distiner group of CD4" iNKT cell clones produce IL-5 in the
presence of IL-2

We have used u total of 26 CD4 " iNKT cell clones derived from
HS or patients with MS 1o evaluate their self-reactvity. Because
we were initially interested in comparing MS with HS regarding
the functions of INKT cells, we used a punel of INKT cell clones
from HS and MS. In the presence of iDCs as APCs, all of the
clones vigorously responded o aGC by producing a large amount
of IFN-y (> 1000 pg/ml) und variable amounts of IL-4 and IL-5
(500-2500 pg/ml), confirming that they maintained the essential
property of INKT cells o react with oGC. These INKT cell clones
showed very little background response to the iDCs in the simple
coculture, However. to our surprise, when we added 1L-2 (10 1U/ml),

FIGURE 1. Production of 1L-5 by human iNKT cell clones in the presence of exogenous IL-2. iNKT cell clones were cultured with the same number of
allogenic iDCs (3 % 10" of each/well) in the presence or ahsence of exogenous I1L-2 (10 IU/ml). The iDCs were preincubated for 6 h with aGC (100 ng/mi)
or DMSO (vehicle) then washed before adding INKT clones. Afier 48 h. concentrations of cytokines (IFN-y. TNF-a. IL-5. IL-4, and IL-10) in the
supernatant were determined by CBA. All data represent mean cytokine concentration from triplicate samples with error bars indicating +5D. A, Exogenous
IL-2 induces IL-5 production from some INKT cell clones, Shown arg the representative experiments using two clones from HS 1Sk and Kai.2) and four
clones from MS (Kn |, Kn.2, O« and Nkj.2). Clones in the left panely were stimulated with 1L-2 alone, whereas those in the right parels were stimuluted
with IL-2 or «GC for comparison. 8, IL-2 or «GC responses of each iNKT clone evaluated by production of IL-5 and IFN-y, All D4 iNKT cell elones
from HS (©) or MS () were stimulated with IL-2 (eft panels) or aGC Lrighr), and the content of 1L-5 and IFN-y in the supesnatant was measured hy
CBA_ In cach pancel, results of individual clones are plotted according to the production of 1L-5 {picograms per milliliter) vs IL-5-IFN-v ratio (upper panels)
or IFN-y production vs IFN-y-1L-5 ratio tlower panels). By conducting this analysis, we could identify a distinctive group of clones that produced high
IL-5 in response to IL-2 and presented with a high IL-S-IFN-y ratio (lefl. upper panehr. €. DN INKT cell clones respond to oGC but not to IL-2.
CD47CDE™ DN INKT cells were derived from HS and MS in parallel with CD4 7 iNKT clones, und the assay was conducted exactly the same as CD4
INKT cell clones. Their cytokine responses to IL-2 and aGC were compared. Shown are the data of two clones fram HS (Kai 2. DN, and Nn.DN) and one
from MS (Nkj.2.DN). The counterpart CIM ™ clones of Kai2 DN and NKj2.DN produced 1L-5 in response 1o 11L-2 (A), whereas the Nn.DN counterpan did
not (data pot shown). Data represent mean cytokine concentration from triplicate samples and error bars indivate +SD. The sume legend for cytokine is
used as in A, D, IL-15 also stimulates IL-5 production Trom the clones responsive to IL-2 iNKT el clones producing TL-5 in response 1o IL-2 were cultured
with iDCs for 48 h in presence of IL-3, -4, -5, -7, -9, -12. -15, GM-CSF (10 ng/ml), or IL-2 (10 IUAul). Cytokines in the coculture supernatant were
measured by CBA. Experiments using three clones (Kn, 1. Kai.l. and Kai.2) gave similar results, Shown here s the cytokine production induced by
exogenous 1L-2 (10 1U/mi) and IL-15 and TL-5 (10 ng/ml) by clone Kn 1. Note that 1L-5 dam for exogenous IL-5 (1716.4 pg/m) is eliminated from the
graph, Data represent mean cytokine concentration from tiplicate samples with error bars indicating + 5D,
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instead of aGC, 1o the coculture. 8 of the 26 clones produced an
excessive amount of 1L-5 (15007500 pg/ml: Fig. 1A; Table ).
Remarkably, the level of IL-5 induced by IL-2 equaled or ex-
ceeded the amount that was induced by aGC (Fig. 1A, right pun-
els). Although aGC induced large guantities of proinflammatory
(IFN-y, TNF-a) and Th2 cytokines from all the clones, exogenous
-2 induced only a modest amount of the promnilammatory cylo-
kines (20700 pg/ml) and vanous amounts of [L-4 (0 pg/ml in
Sk.1, 70-230 pg/ml i six other clones) from the eight clones
capable of producing 11.-5. To obtain deeper insights into this dis-
crepancy, we plotted the ratios for [L-5 to IFN-y or IFN-y to IL-5
(vertical axis) vs quantities of IL-5 or IFN-y in the supernatant
(horzontul axis) (Fig. 18). Regarding the ability to induce pro-
duction of IFN-y, aGC stimulation was much more potent than
IL-2 and induced uniformly high responses from oll the clones
tested (Fig. 1B, lower right panel). A much wider range of 1L-5 in
quantity was produced after sumulation with IL-2 or aGC (Fig.
LB, upper panels). Interestingly, IL-2 stimulation revealed the
presence of a disunct group of clones capable of producing an
outstanding amount of IL-5 (1000 pg/ml<C), also showing higher
IL-5-1FN-y ratios (Fig. 18, lefi upper panel). In contrast, aGC
stmulation could not elicit such a clear separation (right upper
panel). The addition of a blocking Ab 1o IL-2R w-chain (anti-
CD25 mAb) completely abohshed the cytokine production tng-
gered by IL-2 (data not shown). These resulls sugpest that iINKT
cells possess i previously unrecognized property to selectively
produce an enormous amount of 1L.-5, which is probably restricted
to a subset of CD4 ™ INKT cells. In parallel, we have generated
three CD47CDE™ DN iNKT cell clones and examined their reac-
tivity to aGC or [L-2 in the same assay. These DN clones pro-
duced a large amount of [FN-y and a lesser amount of TNF-u or
Th2 cywkines in response o «GC. Although o large majority of
CD4” iNKT clones produced IL-5 and/or IFN-v in response to
IL-2, none of the DN clones showed a significant response to 1L-2
as measured by the production of eywkines (Fig. 1),

When we evaluated the profile of IL-5 and IEN-vy secretion (Fig.
| B), there wus no noticeable difference between INKT cell clones
derived from HS (<) and MS (W). Furthermore, the clones pro-
ducing 4 large amount of 1L-5 could be generated at 4 similar
frequency from HS and MS: 3 of 1] clones from HS (27.3%) vs §
ol 15 from MS (33.3%) (Table 1). We used aGC or ils synthenic
analog OCH for primary stimulation to generate iNKT cell clones.
OCH has o shorter sphingosine chuin compared with «GC and has
been shown 1o induce a selective production of Th2 cytokines from
INKT cells (19). To evaluate whether functional differences exist
between aGC-derived and OCH-denived clones, we used both
aGC and OCH as primary stimulus on PBMCs [rom all donors,
always expanding every sanple separately by each ol these 1wo
glycolipids. A total of 26 iNKT cell clones were derived from 22
donors: pairs of «GC- and OCH-primed clones could be obtained
only from 4 of the 22 donors (Nkj. Kai, Kn, and OR). Although the
sample size is nol large enough to make any conclusive reinarks,
it seems that the choice of «GC or OCH is not a key factor in
generating the IL-5-producing iNKT clones. Five of 14 clones gen-
erated by oGC stimulation (35.7%) produced a large amount of
IL-5 in response w 1L-2. and sumilarly 3 of 12 clones simulared by
OCH (25%) were able 1o do so. Moreover, when we closely ex-
amined the four pairs of aGC- and OCH-primed clones generated
from the same donors, we still could non find any constant 1en-
dency conceming the ability of IL-5 production within these two
types of clones (Table 1)

The next important task was W evaluate the actual lreguency ol
IL-3-producing iINKT cells within each individual, For this pur-
pose, we freshly isolated PBMCs, stimulated them with 1L-2. and

IL-2 INDUCES 1L.-5 FROM CD4" iNKT CELLS

Table 1. List of all genes signifrcantly up-regulated after iDC and 1L-2
stimulation”

e Fuold Gene Name

1 1886 11-5 (colony-stimulating factor, cosinophil)

r] 1370 1L-2R, a

o 140 IL-13

A4 Y40 IL-1TR B

5 793 Chemokine (CC motif) ligand 4

ft 6.79  Granzyme A (CTL-associated serine
esterase 3)

T 6.76  Matrix metalloproteinase 12 (macrophage
elustase)

4 613 HEG homolog

L 605  Pim-1 oncogene

10 557  NK cell transcript 4

1 547  Hypothetical protein MACH)

12 546 Protein tyrosine phosphatase, receptor 1ype, K

13 5.31  Arginine-rich, mutated in carly stage tumors

4 500 A dissmegnn and metalloprotemase domain 1Y
(meltrin [§)

15 491 Cyclin D2

16 488 Hepatoma-derived growth factor, nelated
protein 3

17 461 fiStwbulin

I8 447 Chemokine (CC motif) receplor 2

19 4,12 Suppressor of varl, 3dike | (Succharomyces
COreVENie )

20 191 Siderofiexin |

21 3E0 CD48 Ag (B cell membrune proteing

2 370 Phasphoglycerate Kinase |

23 3163 Bromodomaln adjacent to zing finger
domain, 1B

24 352 Gluamic-oxtloacetic transaminase 2,
mitochondrial (aspariate aminotransterase 2)

25 352 Karyopherin timportin} B1

26 346 Chromosome 4 ppen reading frame 9

27 345 Emopamil-binding protein (sierol isomerase)

% 337 Nucleoporin 50 kDa

o 335  Lactate dehydrogenase B

K] 329 UDP-Gal:BGIcNAc B | A-palactosyhransierase,
polypeptide 5

th 328 Proteasome (prosonie. macropain) subunit o
type. |

32 126 RAS puanyl-releasing protein | (calcium and
DAG regulated)

i3 120 Proteasome (prosome, macropain) subunit. o
Type, |

34 07 Proleasome (prosome, macropaind activator
subunit 2 (PA28 f3)

15 317 Heat shock 60-kDa protein | (chaperoning

16 300 Proteasome (prosome, mgeropain) activato
subunit | (PA28 a)

3 294 “haperonin containing TCPL, subunit 4 (8)

I8 286 Synaptotagmin XI

9 284 Protcasome (prosome. macropain) subunit. o
type. 1

40 280 IL-2R, ¥ (severe combined i leficiency )

4l 261 Polypynimidine tract-binding protein |

42 155 Polypynmidine tract-binding protein |

43 232 Ribosomal protein 54, X-linked

“CdINKT coll elones were cocutiured with allogeme (DCs m the presence ar
absence of eaogenous IL-2 The iINKT cells were scparated and examined by uning
DINA microwray Listed are all the genes that were significantly ugeregulated (paired
Frest o 008 in e INK T clone cells by the presence of cangenous IL-2. The penes
are listed m order by Tolid iserease of contml. Domune-related genes ane highlighted
i heald

examined the frequency of the IL-5-producing Va24 "VBI1" cell
population hy How cytometric demanstration of intracellular [L-5
However, for unknown reason, we could not reveal the presence
ol 1L-5-producing INKT cells by this method. Then, we decided
t generate o number of CD4" INKT cell clones from same
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FIGURE 2. Exogenous IL-2 also triggered IL- 13 production, CD4’
INKT cell clones Kn.l. Kai.2. Nkj.2, and Kn.2 as well as DN clones
Kui.2. DN and Nkj.2. DN were stimulated with iDCs in the presence of
IL-2. Supernatants were collected 48 b later and used for measurement
of IL-5 (CBA) and -13 (ELISA). All of the data represent mean cyto
Kine concentration from triplicate samples with error bars indica-
ting +SD.

donors by the single-cell sorting method, and estimate the fre-
quency of IL-5-producing cells. Although the method is feasi-
ble, because it is laborious and time consuming, we selected
two donors from whom we could reproducibly generate 1L-5-
producing clones. We found that two of five single cell-sorted
clones devived from one donor efficiently produced 11.-5 in re-
sponse to IL-2. In another donor, the number was one of four
(data not shown), This data implies that the frequency of 1L-5-
producing iNKT cell clones may reach 25-40% of towal CD4’
INKT cells in individuals who have a higher number of 1L-5-
producing iNKT cells.

IL-15 could repluce TL-2 in mediating the IL-5 production

To determine whether any cytokines other than IL-2 could also
induce IL-5 production, representitive |L-5-proclucing  clones
Kn.1, Kni.l, and Kai.2 were stmulated with IL-4, IL-7. IL-9, IL-
15. IL-12. IL-3, or GM-CSF in the presence of iDCs. Among these
cylokines examined, only 1L-15 showed an IL-2-like potential 1o
provoke the production of IL-5 from the iNKT cells (Fig. 10). O1
nole, receptors for IL-4, IL-7, IL-9, and IL-15 share y-chain of
IL-2R referred to as the common y-chain, whereas IL-15R also
shares B-chain with 1L-2R. This implies that the mtermediate al-
finity IL-2R complex composed of the 8- and y-chains would me-
digte signals needed for IL-5 production. Of further interest, an
addition of exogenous [L-5 induced o low but significant amount
of IL-4 production. This raises a possibility that, at least in some
clones. IL-5 produced by INKT cells in response to IL-2 may
subsequently rigger IL-4 production from the same cells in an
auwtocrine fashion or from other INKT cells in the close vicinily.
thereby augmenting the ability of iNKT cells 1o polarize the Th
cell toward Th2
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FIGURE 3. TCR-CDId imeraction was required for IL-2-mediated IL.-5

prinduction from INKT clones. A, Presence of iIDCs is critical Tor IL-5
production, CD4" INKT clone cells Sk and Nkj.2 were cultured with or
without iDCs in the presence or ahsence of IL-2 (10 IL7ml). Cytokines in
the supernatant were measured by CBA after 48 h coculiure, B, Compar-
ison of CD1d- and Mock-transfected Hela cells for 1L-5 induction. The
cytokine production of CD4 " INKT clone cells (Kn.| and Kn.2) in re-
sponse 1o TL-2 (10 [LYm1) and oGC (100 ng/ml) was evaluated by culturing
them with CDld-transfected or mock-transfected Hela cells. For oGC
stimulation. HeLa cells were loaded with oGC or DMSO (vehicle) for 12 h
before incubation with INKT cells. C, Suppression of [L-5 production by
anti-CD1d blocking Ab. IL-5 production of CD4™ INKT clone cells (Kai. 1
and Kk) in response to [L-2 stimuli (1 1U/ml, 5 1U/ml) was evaluated in the
coculture with iDCs. To eviluate the involvement of CDId. we added
ant-CDId mAb (2CD1d 59, 10 pgfml) or sty pe conirol Ab from the start
of culture, Data represent mean eytoking concentration from triplicate sam
ples with emror bars indicating =350, Although not indicated here, this
blocking Ab signincanily suppressed 1FN-y production induced by oGC

stimulation by the same clones (=, p < D01, one-facior ANOVA)

Gene expression profile of INKT cells responding 1o 11.-2

To further confirm that pur observalions represent o previously
overlooked property of INKT cells, we conducted a comprehensive
gene expression analysis. An Affymetrix DNA microarray was ap-
plied to characterize the mRNA expression of four IL-5-producing
clones Kn.l, Kn.2, Kai.2. and NKj.2. The results showed that 43
genes were significantly up-regulated following IL-2 stimulation
in the presence of IDCs (Table 11), Most notably, /LS was identi-
fied as the gene with the highest increase of expression after sim-
ulation (fold increase = 18.86). As the direct consequence of 1L-2
stimulation, 11-2Ra (JL2RA) was ranked as the second (fold
increase = 13.70) and IL-2Ry (JL2ZRG) as the 40th (fold in-
crease = 2.8). Furthermore, [L/3 was ranked as the third (fold
increase — 11.4), whereas neither IL4 nor IFNG was among the
senes significantly up-regulated in the examined culture condi-
non. The increased expression of IL13 prompted us lo measure the
content of the encoded protein in the supernatant by using ELISA.
Consistent with the microarray data, the 1L-5-producing clones
were found to secrete a large amount of IL-13 as well (Fig. 23
These results indicate thal the selective production of IL-5 and
IL-13 1n response w IL-2 could be a sigmhcant property of a sub-
set of CD4 - INKT cells
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Comparison of the ability 10 induce 11-5 between iDC and
mature [XCs. The ability of iDCs and mature DCs 10 induce IL-5 from
CD47 INKT cells in the presence of 1L-2 was compared, To obtain mature
DCs, iDCs were further stimulated with TNF-a (10 ng/mly or LPS (2
|lg-’mli for 12 h (designated as TNF-a-DC and LPS-DC, respectively)

ve IL-5 producing clones, SK. | and Oz, were stimuluted with
IL- 2 (10 1W/ml) or nGC (Im ng/ml) using these DC populations. Similar
results were obtained by both clones. Shown here is the representative data
of SKk.1. Supernatams were collected after 48 h and IL-5/IL-4 production
wis measured by CBA.

FIGURE 4.

Requirement of TCR-CDId interaction for the selective IL-5
production by iNKT cells

We have further addressed whether the IL-5 production from the
INKT cell clones may be induced in the absence of iDCs. When we
stimulated iNKT cells with exogenous 11.-2 in the absence of iDCs,
only a trace amount of IL-5 was detected (Fig. 3A), elucidating the
requirement of iDCs, To determine whether iNKT cells would
interact with iDCs via TCR or accessory molecules, we next cul-
tured the INKT cell clones with CD ld-transfected or mock-trans-
fected Hela cells and aguin examined the effect of IL-2. The re-
sults showed that CDd-ranstected cells could serve as elficient
APCs for the IL-5 production induced by IL-2 (Fig. 38), whereas
mock-treated cells could not. To clunify whether IL-5 production
after INKT cell interaction with iDC also depends on CDI1d, we
examined the effect of the CDId-blocking Ab (aCD1d59) on IL-5
production from the INKT-IDC coculture. As shown in Fig. 3C,
addition of the anti-CD1d Ab significantly reduced 1L-5 produc-
tion in response o [L-2. This indicues that TCR-CDI1d interaction
is critical Jor INKT cell clones 1o produce IL-5, supporting the
mvolvement of TCR signaling. Autoreactive INKT cells are gen-
erully thought to recognize endogenous ligands loaded onto CD1d
molecules. Therefore, we tried to stimulate iNKT cells with CD1d
dimer (dimer X) loaded with (Gb3, a reeently identified endoge-
nous higand for iNKT cells (30, 31). However, loading iGb3 10
dimer X was not successful in inducing IL-5 production. When
cultured on a plastic plate precoated simply with unloaded dimer
X, INKT cells did not respond 1o 1L-2 (data not shown). We also
used TNF-a- or LPS-induced mature DCs as APCs for comparison
with iDCs, assuming that up-regulated costimulatory molecules in
mature DCs may help further promote 1L-5 producuon (Fig. 4)
Regarding aGC-induced 1L-5 or I1-4 production, TNF-a-induced
mature DCs appeared 1o be more potent than iDCs. In contrast,

IL-2 INDUCES IL-5 FROM CD4" INKT CELLS
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FIGURE 5. Suboptimal amti-CD3  stimulation mimics the eifect of

CINA™ APCs for IL-5 induction from CID4™ INKT clones in the presence
of IL-2. CD47 iNKT cell clones Kn.2 and Kai 2 were stimulited by plae-
bound anti-CD3 mAb (000110 gg/mi) in the presence or absence ol 1L-2
(10 1UMml), IL-5 and IFN-v in the supernatamt were measured by using
ELISA. Clones Kn.2 and Kai.2 gave similar resulis. Shown are represen-
tative data obtarned from Kn.2. Data represent mean cylokine concentra-
tion from trplicate samples and error bars indicate +SD. AL Production of
IL-5 and IFN-y when stimulated with various concentrations of plate
bound anti-CD3 Ab. Horizontal axis indicales concentration of anti-CDJ
mAb used (micrograms per milliliter), whereas amount of the cytokines
(nunograms per millilitery are shown in vertical axis, 8, The effect of ex-
ogenous IL-2 on the cytokine values. To evaluate the sugmenting effect of
exogenous 1L-2 on cyokine production. the amounts of cyokine produced
at the presence of IL-2 were divided by those obtained at the absence of
IL-2. This 1L-27-1L-2" ratio was obtalned using the data shown in A,
Exogenous IL.-2 induced IL-5 most efficiently and selectively when iNKT
clones were stimulated at a suboptimal dose of anti-CD3 (0.01 ug/ml)

iDCs seemed as potent as mature DCs in the induction of 1L-5
production by iINKT cells in response to IL-2, indicating that the
IL-2-induced IL-5 response is not heavily influenced by the mat-
uration state of DCs,

Suboptimal anti-CD3 stimulation with exogenous 1L-2 promotes
IL-5 provluction

As demonstrated above, CD1d expression on APCs (Fig, 38) as
well as the presence ol exogenous IL-2 is critically required for
IL-5 induction from iINKT cells. Our speculation is that IL-5-pro-
ducing iNKT cells are autoreacuve to CD1d ligand. but they can-
not mount the detectable 1L-3 response unless accessory IL-2 sig-
naling is provided, This is based on the premise that the
endogenous ligand expressed by DCs could not provide suffi-
ciently strong TCR signals able 1o provoke 1L-5 production. To
test this hypothesis. we explored whether suboptimal cross-linking
of TCR in the presence of IL-2 could induce selective 1L-5 pro-
duction, We stimulated INKT cells with plate-bound anti-CD3
mAb in the presence of IL-2. Using this APC-free system, we
found that even without adding 1L-2, the INKT clone cells produce
a large amount of 1L-5 und somewhat o lesser amount of IFN-y at
higher concentrations of amti-CD3 mAb (0.1, 1.0, and 10 pg/ml)
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FIGURE 6. iNKT/DC coculture supernatant induced Th2 CD9 T cell diff ion i an [L-5-dependent way. Here, we stimulated naive CD4 T cells

with plate bound-anti-CD3 mAb (10 pg/ml) and soluble anti-CDZE mAb 12 pg/ml) and evaluated the effect of adding 1L-2-imduced 1L-5-enriched
supernatant from INKTADC coculiure (Kn.2). The presence of 1L-5 in TL-27 sup and its absence in IL-27 sup was conflirmed by CBA belore the assay.
To evaluute the effect of IL-5 in the iINKTADC supernatant, assays were ilso conducted in the presence of unti-IL-5-neutralizing mAb. Seven days after
culture, cells were harvested and intracellulur cytokines (IL—4 and IFN-v) were stained after 6 h PMAfionomycin stimulation, A, Flow eytometry analysis
of intracellular IL-4/1FN-v staining of CD47 T cells following CD3/CD2R stimulation. The numbers indicate the percentage of cells in the given quadrant
More IL-4-producing cells were generuted in the presence of IL-27 sup compared with IL-27 sup. The number of IL-4-producing T cell was reduced when
anti-1L-5 mAb was given, In contrast, the number of IFN-y-producing cells remained unaffected, Shown here 15 a representative data of 1wo separate
experiments with consistent results. 8, Effect of anti-IL-5 mAb on the induction of IL-4" or IFN-y" T cells. The frequency of IL<4- or IFN-y-producing
cells atter culture with IL-2 ° sup was determined as in A. In the presence of anti-1L-5 mAb. IL-3-producing cells were signiticantly reduced (the mcan
frequency dropped to 4.3% from 5.76%) (», p < 0.05. one-fuctor ANOVA). whereas the frequency [FN-y-producing cells stayed the same (the mean
frequency was 27.0% and 28.2%,).

(Fig. 5A). In this range of high Ab concentration, production of compared with 1L-27 sup (5.9 vs 3.7% in Fig, 6A, left). In contrast,
both 1L.-5 and IFN-y was almost equally augmented by adding IFN-y "' CD4" T cells did not ditfer sigmificamly (27.0 vs 26.3%).
exogenous IL-2 (Fig. 58), as judged by IL-2 "-IL-2" ratios. As Similar results were obtained in repeated experiments, indicating
expected, the lower concentration of anti-CD3 (0.001 and 0.01 that IL-2" sup possess the biological activity to induce significant
pug/ml) withour 1L-2 induced only trace amounts of 1L-5 or IFN-y Th2 polarization of Th cells. To assess the role of IL-3 in the
from iINKT cell clones. However, when exogenous 1L-2 was supernutant. we added neutralizing IL-5 Ab to the IL-2" sup and
added, the production of the cywkines was greatly augmented then evaluated ity effect in the same culture system. The results
(Fig. 5A). In particular, IL-5 production at 0.01 pg/ml anti-CD3 showed that presence ol anti-1L-5 sigmificantly lowered the fre-
was greatly and selectively induced. The I1.-2 "-1L-2 — ratio for quency of the IL-4 CD4" T cells on day 7 (Fig. 68, upper),
1L-5 was 140,2, whereas that for IFN-y was —23.0 (Fig. 58). As whereas it did not change the percentage of IFN-y~ T cells (Fig.
such. a suboptimal TCR sumulation with anu-CD3 could mimic 6B. upper). Collectively, these results suggest that the IL-5 se-
the stimulation with CD1d " APCs, supporting our hypothesis that creted by INKT cells could contribute to mediating Th2 bias, al-
the suboptimal TCR and IL-2 signaling would cause 1L-5 produc- though other lactors such as IL-13 may ulso play soime role.

tion from autoreactive iNKT cells.
Th2 cytokine deviation by IL-2 in BALB/c iNKT vells

IL-5 from iINKT cells promores Th2 differentiation of naive

AP The present results demonstrate that predominant production of
CD4" T cells

IL-5, which has not been appreciated as un important property of
Given that some CD4 " INKT cells selectively produce IL-5, it is iINKT cells, would characterize a proportion of autoreactive iNKT

important to know whether the iNKT cells may actively modulate cell clones. Interestingly, the 1L-5 response could be elicited by a
an immune response by producing IL-5. To clanfy this point fur- weak TCR stimulus together with 1L-2 or 1L-15, which mught oc-
ther, we have collected the supematant from iNKT cells that were cur during in vivo inflammatory reactions. However, one could
stimulated with CDId " iDCs and IL-2 (IL-2" sup), or from those argue that we might have seen an artifuct ansing from use of the
stimulated with the iDCs alone (11L-27 sup). Then. we examined INKT cell clones that were repeatedly stimulated and expanded in
the effect of adding these supernutants on in vitro ditferentiation of vitro. To challenge this criticism, we examined the responsiveness
naive T cells induced with plate-bound anti-CD3 mAb stimulation of freshly separated mouse iNKT cells to CDId" iDCs in the
Alter 7 days of culture with the supernutant, the percentage of presence of IL-2. At the beginning., we tried to reproduce the re-
1L-4- or IFN-y-producing CD4 " T cells was enumerated by intra- sults by using fresh human INKT cells, but the low [requency of

cellulur eytokine staining. The results showed that the addition of INKT cells (0.01-0.1% of the PBMC) precluded our attempt
IL-2" sup induced higher [requencies of IL-4"CD4" T cells, as Therefore, freshly isolmed INKT cells and CDIle" DCs from
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FIGURE 7. Freshly isolated iNKT cells from BALB/c mice produced
IL-5 in the presence of IL-2 INKT cells were isolated from livers and
spleens pooled from six BALB/e mice of the same age by using nGC
loaded-CD1d dimer X, INKT cells were cocultured with magnetically iso-
lated CD1le” splenoeyies and stimulated with 1L-2 or aGC for 72 h
Cytokines in the supematant were evaluated by CBA. Dt reprosent mean
cytokine concentration from triplicate samples with error bars indicating
+81). Shown here is the representative data from three separate experi-
ments, which gave similar results, A, Cytokine values (picograms per mil-
liliter). B, Cytokine induction evaluated by fold increase from the bascline.

BALB/c mice were cocullured in the presence of 1L-2 or aGC.
Compared with human iNKT clone-iDC cocultures, the mouse co-
cultures showed a relatively high background response in any cy-
tokine measured. However, as seen in humans, exogenous IL-2
apparently augmented the production of IL-5 from liver and spleen
INKT cells (Fig. 7). whereas neither IFN-y nor TNF-a was alwered
by 1L-2 stimulation. In contrast to 11.-2, aGC stmulation induged
a massive production of IFN-y from liver and spleen INKT cells
and some TNF-« from spleen iNKT cells. However, IL-5 wiggered
by aGC was negligible.

To further convince ourselves of the signiticance of the physi-
ological effect of IL-2 on iNKT cells, we invesugated the effect of
IL-2 on iNKT cells in vivo, We injected the cytokine iv. to
BALB/c mice. Two hours later, we separated liver lymphocytes
und analyzed the intracellular expression of IL-5 by flow cytom-
etry analysis. Consistent with the ex vivo IL-2 stimulation data, a
significant increase in the number of [L-5-producing iNKT cells
was observed in the BALB/c miuce injected with 1L-2. while a
sumilar increase in the number of IFN-y-producing iINKT cells
could not be found (Fig. 8), These data imply thit rodent iNK'T
cells are able to produce 1L-5 ex vivo as well as in vivo m response
to IL-2 as demonstrated in human INKT clones. Taken together.
we propose that this selective IL-5 production could represent
physiological INKT cell response.
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FIGURE 8. Increase of IL-5-producing iNKT cell by in vivo adminis-
tration of IL-2. Liver lymphocyte were isolated after i.v, IL-2 sdministra-
tion and stained for intracellular 1L-5 or 1EN-y production. The frequency
of (GC-loaded CDIA dimer X~ TCRA™ INKT cells was plotted for 1L-5.
and IFN-y-producing cells. Each dot represents data obtamed from one
mouse. Three mice were used for each condition. IL-5-producing iINKT
cells were significantly increased in 1L-2 Lv, mice (p << (.05, Welch's 1
test) though no significam difference was observed in TFN-y-producing
INKT cells.

Discussion

The cardinal propenty of INKT cells to produce regulatory cyto-
kines has been well-documented in prior studies. It is, however, of
nute that the reagents used for inducing cylokines were either
aGC, an unnatural ligand for INKT cells, or anti-CD3 Ab in most
cuses, These reagents would transimit potent TCR signaling,
thereby provoking production of a very wide range of Thl und Th2
eytokines from iNKT cells. Therefore, it is still unclear as to which
eytokines are naturally secreted and which are not involved
physiological immune regulation duning the natural course of dis-
cases. In this study. we have reported that some human CD4”
INKT cell clones could selectively produce enormous amounts of
11.-5 and 1L-13 when culured with CD1d" APCs in the presence
of IL-2 or LL-15. Importantly, the amount of IL-5 was even higher
than that induced by aGC. Moreover, DNA microarmay analysis
wlentified FI5 and LI as the genes thalt were most highly up-
regulated during their response to CDId ' APCs in the presence of
IL-2. Subsequent analysis showed that plate-bound anti-CD3 Ab
could replace the CDIA™ APCSs, suggesting that iNKT cells may
exhibit the [L-5-producing lunclion alter recognizing an endoge-
nous self-ligand expressed by APCs, Also. the IL-5-enriched su-
pernatant from the INKT cells showed a Th2-biasing effect in
vitro, which could be blocked by neutralizing anti-IL-5 mAb. Fi-
nally. we showed that freshly isolated INKT cells could also pro-
duce 1L-5 in response 0 CDId" DCs in the presence of IL-2.
These results indicate that a subset of CD4 - INKT cells may use
IL-5 and 1L-13 as important mediators to regulate Th cell re-
sponses in vivo. It is likely that the INKT cells producing these
eytokines may play a decisive role in the control of Thl-mediated
pathogenesis or mediating allergic conditions,

It has been well-recogmzed [reshly isolated INKT cells express
activation markers such as CD69 even shonly after binth (23, 35).
Together with the recent discovery that iGb3 could serve as an
endogenous ligand for iINKT cells (30, 31), it is generally accepted
that iNKT cells are autoreactive cells thut are being constantly
stimulated by self-ligand(s). Consistent with this concept, studies
have shown that a propontion of INKT cell clones exhibit various
degrees of self-reactivity as measured by proliferative responses
against CD1A " APCs (29, 36). However, it hus remained unclear
what percentage ol INKT cells may exhibit such an autoreacuve
response as demonstrated by simple proliferation assays. In this
regard, it 1s noteworthy that the self-reactivity of our iINKT cell
clones could be demonstrated by using their ability to produce 1L-5

- []I -




