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A practical and efficient total synthesis of (28,38,4R)-1-0-
(a-D-galactosyl)-2-tetracosanoylamino-1,3,4-nonanetriol, OCH
1b, a potential therapeutic candidate for Thl-mediated
autoimmune diseases, is described. The synthesis incorpo-
rates divect alkylation onto epoxide B and stereospecific
halide ion catalyzed o-glycosidation reaction. A key inter-
mediate 10 was obtained in only eight steps and 37% overall
yield from commercially available b-arabitol 2, and the total
synthesis of 1b was accomplished in~12 steps and 19%
overall yield. This method will enable the synthesis of a
variety of phytosphingolipids, especially that with the
shorter sphingosine side chain than 1a, in a highly stereo-
selective manner.,

Natural killer (NK) T cells are potent producers of
immunoregulatory cytokines and specific for glycolipid
antigens bound by a nonpolymorphic major histocom-
patibility complex (MHC) class I-like molecule, CD1d.?
The glycolipids, an a-galactosylceramide named KRN7000
1a? and an altered analogue, OCH 1b,? possessing a
shorter C5 sphingosine side chain, have been identified
as NKT cell ligands (Figure 1). Whereas 1a has been
shown to cause both interferon (IFN)-y and interleukin
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FIGURE 1. Structure of KRN7000 ia and OCH 1b.

(IL)-4 production, 1b induces a predominant production
of IL-4, a key Th2 cytokine controlling autoimmunity.
Compound 1b is significantly effective in animal models
of Thl-mediated autoimmune diseases such as experi-
mental autoimmune encephalomyelitis (EAE) and col-
lagen-induced arthritis (CIA), while 1a showed only a
minor effect.®# It has recently been demonstrated that
conversion of 1a to its C-glycoside analogue leads to
striking enhancement of activity on in vivo animal models
of malaria and lung cancer.’? Furthermore, similar sub-
stances including a tetraglycosylated glycolipid have
recently been isolated from Agelas Clathrodes.® Conse-
quently, considerable attention has been generated among
synthetic chemists toward 1a, 1b, and their derivatives
as new synthetic targets because of their distinctive
biological and pharmacological properties as well as
unique structural features. We present herein a practical
and efficient total synthesis of immunosuppressive gly-
colipid 1b.”

The significant structural difference between 1a and
1b is the length of a sphingosine side chain R?. Reported
procedures?8 for the syntheses of 1a and its sphingosine
derivatives, which essentially utilize Wittig-type or aldol-
type reaction for the installation of the sphingosine side
chain, gave low overall yields for 1b and its analogues
with a chain length shorter than C5 for R? and proved to
he impractical.® Our strategy for resolving this problem
is based upon the direct alkylation on epoxide 5, which
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@ Reagents and conditions: (a) PhCHO, dry HCI, rt, 91%; (b)
p-TsCl, EtsN, cat. BupSnO, CHyCly, rt, quant; (c) £-BuOK, THF,
rt, 91%; (d) n-BupCuli, THF, —40 °C, 98%; (¢) MsC], pyridine, —40
°C, 93%; (f) Hy, cat. Pd(OH)y, EtOH, rt, quant; (g) NaNg, DMT, 95
°C, 66%; (h) (i) cat. p-TsOH, 2,2-dimethoxypropane, rt; (ii) MeOH,
rt, 75%.

has adequate stereocenters for the desired sphingosine
side chain.!0

Upon treatment of compound 3,'' which was readily
prepared from D-arabitol 2 and benzaldehyde in 91%
yield, with p-toluenesulfonyl chloride (p-TsCl) and tri-
ethylamine in the presence of a catalytic amount of
dibutyltin oxide (BugSnO),? regiospecific tosylation pro-
ceeded at the primary alcohol moiety to give 4 quanti-
tatively (Scheme 1). The use of BuySnO not only reduced
the cost of this transformation but also greatly simplified
the purification process since the yield was decreased to
less than 30% when the reaction was carried out in the
absence of BuySnO. Treatment of 4 with £-BuOK pro-
duced the requisite epoxide 5 in 91% yield. Direct
n-butylation onto 5§ using organocopper lithium reagent
in THF at —40 to —20 °C afforded 1,3-O-benzylidene-
1,2,3,4-nonanetetrol 6 in 98% yield as the single product,
Regioselective mesylation of the axial-OH in 6 with 1
equiv of methanesulfonyl chloride (MsCl) in pyridine at
—40 °C to room temperature afforded 7 in 93% yield.

(9) According to the procedure reported in ref 2a, periodate oxidation
of readily available tri-O-benzyl-D-galactose followed by Wittig-type
reaction with a 5-fold molar excess of butylidene(triphenyl)phosphorane
gave the desired (2R,35,4R)-1,3,4-tri-O-benzyl-5-nonane-1,2,3,4-tetraol
in less than 20% yield and consequently gave 1b in low overall yield;
see ref 3b. Also, when the more practical method for 1a reported by
Wong et al.? was pursued for 1b, similar Wittig reaction employing
3,4-di-O-benzyl-2-deoxy-6-O-triisopropylsilyl-n-galactopyranoside and
propylidene(triphenyl)phosphorane resulted in complex mixtures con-
taining an unavoidable byproduct in which the 3-benzyloxy group of
galactopyranoside was eliminated. Therefore, our method is more
efficient and practical for the synthesis of 1b than those previously
reported; however, this might not be the case for the synthesis of 1a.

(10) During the preparation of this manuscript, Savage et al, have
reported an alternative and efficient route for 1b, although it requires
the separation step of a 2:1 mixture of diastereomeric diols: Goff, R.
D.; Gao, Y.; Mattner, J.; Zhou, D.; Yin, N,; Cantu, C., III; Teyton, L.;
Bendelac, A,; Savage, P. B. J. Am. Chem. Soc. 2004, 126, 13602. .

(11) (a) Hudson, C. S.; Hann, R. M.; Haskins, W, T. JJ. Am. Chem.
Soc. 1948, 65, 1663. (b) Hough, L.; Theobald, R. S. Methods Carbohydr.
Chem. 1963, 1, 94. (c) Dew, K. N.; Church, T. J,; Basu, B.; Vuorinen,
T.; Serianni, A. S. Carbohydr. Res. 1996, 284, 135,
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@ Reagents and conditions: (a) 11a, BFyEtz0, MS4A, CHCls,

=50 °C, 57% for 12a, 25% for 12b; (b) 11b, n-Bu,NBr, MS4A,
DMF-toluene (1:2.5), rt, 68% for 12a; (c) Hp, Lindlar catalyst,
EtOH, rt, quant; (d) n-Ce3HgCOOH, EDCI, HOB, i-ProNEt,
DMF-CHsCls (1:3.5), 40 °C, 89%; (e) (i) HCl-dioxane, rt; (ii) Hy,
cat. Pd(OH)z, MeOH—-CHC]; (3:1), rt, 84%
Deprotection of the benzylidene acetal in 7 by hydrogen-
ation at atmospheric pressure in the presence of pal-
ladium hydroxide [Pd(OH),] in EtOH and subsequent
azidation of 8 with sodium azide in DMF afforded 8 in
66% overall yield. Protection of the vicinal diols in 9 with
a catalytic amount of p-toluenesulfonic acid (p-TsOH) in
2,2-dimethoxypropane at room temperature and quench-
ing with MeOH afforded 3,4-isopropylidene acetal 10 in
75% yield.

As the key intermediate 10, a glycosyl acceptor, was
available, we next examined o-selective glycosidation
reaction employing a variety of Lewis acids, After exten-
sive experimentation, we found that glycosidation cata-
lyzed by BFy+Et,0 or n-Bu,NBr with molecular sieves 4A
(MS4A) worked well, but AgClO, reported for the syn-
thesis? of 1a gave only the undesired S-glycosylated
product. Thus, treatment of 10 with benzyl protected
galactosyl fluoride 11a (1.8 equiv) in the presence of BFy-
Et,0 and MS4A in CHC); at —50 °C afforded a-galacto-
sylceramide 12a in 57% yield along with its 8-isomer 12b
in 25% yield (Scheme 2). The stereochemistry of galac-
toside linkage was unambiguously determined by their
NMR spectra!® as well as conversion of 12a into 1b.(vide
infra). Surprisingly, when benzyl protected galactosyl
bromide 11b2 (1.8 equiv) and n-BuNBr (3 equiv) with
MS4A were employed in toluene—DMF (2.5:1) at room
temperature, 12a was exclusively obtained in 68% yield.
The corresponding S-galactosylated isomer 12b could not
be detected on TLC and NMR spectra. Upon using other
ammonium bromides such as n-Hex,NBr and Et,NBr, the
isolated yield of 12a was decreased. ‘

(13) In the 3C NMR (100 MHz, CDCly), the signal attributable to
the anomeric carbon of 12a appeared at 6 99,3, whereas that of 12b
was at 6 104.1. For 3C NMR of glycosides: Pretsch, E.; Buhlmann,
P.; Affolter, C. In Structure Determination of Organic Compounds, 8rd
ed.; Springer-Verlag: 2000; pp 152—153, Also, in the 'H NMR (400
MHz, CDCly/CD3;0D 3:1) of 1b derived from 12a, the signal assignable
to the hydrogen on the anomeric position was at 6 4.71 (d, 1H, J = 3.8
Hz), showing a-glycosidation product.

(14) Halide ion catalyzed glycosidation reaction was reported for the
synthesis of a-linked disaccharide: (a) Spohr, U.; Le, N,; Ling, C.-C.;
Lemieux, R. U. Can. J. Chem. 2001, 79, 238, (b) Lemieux, R. U,
Hendriks, K. B.; Stick, R. V,; James, K. J. Am. Chem. Soc. 1975, 97,
4056. Similar glycosidation methodology although in lower yield was
reported: (c) Vo-Hoang, Y.; Micouin, L.; Ronet, C.; Gachelin, G.; Bonin,
M. ChemBioChem 2003, 4, 27.
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Selective reduction of the azido group of 12a was
achieved by hydrogenation with Lindlar catalyst in EtOH
at room temperature to give amine 13 quantitatively.
Compound 13 was acylated with n-tetracosanocic acid in
the presence of 1-[3-(dimethylamino)propyl]-3-ethylcar-
bodiimide hydrochloride (EDCI), 1-hydroxybenzotriazole
(HOBt) and N,N-diisopropylethylamine (i-Pr,NEt) at 40
°C in DMF-CH,Cl, (1:3.5) to afford amide 14 in 89%
yield. Finally, deprotection of the isopropylidene acetal
of 14 under acidic conditions and subsequent removal of
the benzyl groups by hydrogenation with Pd(OH), in
MeOH~CHClI; (3:1) at room temperature furnished 1b
in 84% yield. The synthetic sample displayed satisfactory
1H and ¥C NMR spectra, FABMS, and elemental analy-
sis [mp 142-145 °C (recrystalized from EtOH/H,0), [a]3p
+53.9 (¢ 0.5, pyridine)].

In conclusion, we have developed an efficient and
practical protocol for the synthesis of 1b involving 12
steps starting from commercially available p-arabitol 2
in 19% overall yield. The key intermediate 10 as a
glycosyl acceptor was obtained in only eight steps and
37% overall yield. Our method, amenable for large-scale
synthesis, can provide a dozen grams of 1b and enables
the synthesis of a variety of phytosphingolipids related
to 1a and 1b, especially those with the shorter sphin-
gosine side chain or substituents other than aliphatic
alkyl groups, in a highly stereoselective manner. The
synthesis and structure—activity relationships of this
series of compounds will be reported elsewhere in due
course,’

Experimental Section

1,3-0-Benzylidene-D-arabitol (8). According to the reported
procedures,i! dry HCl was slowly bubbled into a mixture of
p-arabitol 2 (98.8 g, 649 mmol) and benzaldehyde (78.8 mL, 775
mmol) for 16 min at room temperature. The mixture was allowed
to stand at room temperature for 18 h. The resulting solid
crystalline mass was broken up and placed in an evacuated
desiceator containing KOH and HpSO4 for 24 h. The mass was
triturated with Et20, neutralized with sat. NaHCO; aq., and
filtered and washed with HoO until the pH of the filirate was
neutral. The product was washed with Et;O and recrystallized
from 2-PrOH containing 0.5% v/iv NH4OH to give 3 (142.2 g,91%
yield) as colorless crystals; mp 130131 °C; 'H NMR (CD3;0D)
8 7.51—1.30 (m, 6H), 5.68 (s, 1H), 4.18 (d, 1H, J = 12 Hz), 4.11
(d, 1H, J = 12 Hz), 3.87-3.28 (m, 51); HRMS caled for C12H1705
[M -+ H]* 241.1078, found 241.1086.

1,3-0-Benzylidene-5-0-toluenesulfonyl-d-arabitol (4). To
a suspension of 8 (84.0 g, 141 mmol) in CH,Cla (1200 mL) were
added p-toluenesulfonyl chloride (27.0 g, 141 mmol), triethyl-
amine (19.7 mL, 141 mmol) and dibutyltinoxide (702 mg, 2.82
mmol) at 0 °C. After being stirred for 21 h at room temperature,
the mixture was concentrated in vacuo. The obtained residue
was purified by column chromatography (CHzCly/MeOH 20:1)
to give 4 (66.8 g, quant) as a white solid: *H NMR (DMSO-de)
§17.18(d, 2H, J = 8.2 Hz), 7.37-17.24 (m, TH), 5.43 (s, 1H), 5.34
d, 14, J = 6,1 Hz), 4.77 (d, 1H, J = 6.6 Hz), 4.11 (dd, 1H, J =
9.8, 1.9 Hz), 4.04—3.86 (m, 4H), 3.71 (d, 1H, J = 9.2 Hz), 3.59
(d, 1H, J = 5.7 Hz), 2.32 (s, 3H); 3C NMR (CDCl3) 6 145.1, 137.3,
132.5, 129.9, 129.1, 128.2, 128.0, 125.8, 101.0, 77.9, 72.4, 70.9,
617.8, 62.7, 21.6; MS-ESI (m/z) 395 [M + HI*; HRMS-FAB (m/
2) [M + H)* caled for CygH230+S, 3956.1164, found 395.1189.

4,5-Anhydro-1,3-0-benzylidene-p-arabitol (5). To a solu-
tion of 4 (51.1 g, 130 mmol) in dry THF (800 mL) was added
potassium tert-butoxide (18.1 g, 161 mmol) at 0 °C. The reaction
mixture was stirred for 38 h at room temperature and then
quenched with water. After being extracted with ethyl acetate,
the organic layer was washed with brine, dried over anhydrous
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NagS0y4, and concentrated in vacuo. The residue was purified
by column chromatography (n-hexane/EtOAc 1:1) to give 5 (26.2
g, 91%) as a white solid: H NMR (CDCl3) 6 7.52~17.34 (m, 5H),
5.57 (s, 1H), 4.25 (dd, 1H, J = 12, 1.8 Hz), 4.08 (dd, 1H, J = 12,
1.2 Hz), 3.78-3.75 (m, 2H), 3.35-3.31 (m, 1H), 2.93--2.84 (m,
3H); 13C NMR (CDCly) 6 137.4, 129.3, 128.4, 126.0, 101.4, 79.7,
72.3,64.4,50.8, 45.9; MS-ESI (m/z) 223 (M + H]*; HRMS-FAB
(mfz) IM + HI]* caled for Ci12H 1504, 223.0971, found 223.0895.

(2R,3S,4R)-1,3-0-Benzylidene-1,2,3,4-nonanetetrol (6).
To a suspension of cupper iodide (I) (42.9 g, 225 mmol) in dry
THF (560 mL) was added dropwise a solution of n-butyllithium
(341 ml, 900 mmol, 2.64 M in hexane) at —40 °C under a
nitrogen atmosphere. The reaction mixture was stirred for 30
min at —30 °C and then a solution of epoxide 5 (50.0 g, 225
mmol) in dry THF (400 mL) was added dropwise at —40 °C. After
being stirred for 8 h at —20 °C, sat. NaHCOj aq. was added and
the product was extracted with EtOAc. The organic layer was
washed with brine, dried over anhydrous MgS0Oy, and concen-
trated in vacuo to give 6 (61.7 g, 98%) as a white solid: 'H NMR
(CDClg) 6 7.52-17.50 (m, 2H), 7.42—7.38 (m, 3H), 5.60 (s, 1H),
4.28 (dd, 1H, J = 12, 1.8 Hz), 4.05 (14, dd, J = 12, 1.3 Hz),
3.956—3.88 (m, 2H), 3.71 (dd, 1H, J = 6.6, 1.3 Hz), 3.25 (d, 1H, J
= 8.7 Hy), 2.34 (d, 1H, J = 4.5 Hz), 1.73~1.53 (m, 2H), 1.40—
1.30 (m, 6H), 0.90 (t, 3H, J = 6.7 Hz); 13C NMR (CDCl3) 6 129.1,
128.3, 126.0, 105.0, 101.2, 81.3, 72.6, 71.2, 63.8, 32.8, 31.8, 25.2,
22.6, 14.0; MS—FAB (m/z) 281 [M + H]+; HRMS—FAB (m/z) [M
4+ H]* caled for C1gHa504, 281.1753, found 281.1658.

(2R,35,4R)-1,3-0-Benzylidene-2-O-methanesulfonyl-
1,2,3,4-nonanetetrel (7). To a solution of 6 (3.90 g, 13.9 mmol)
in dry pyridine (142 mL) was added methansulfonyl chloride
(1.05 mL) at ~40 °C under a nitrogen atmosphere. The mixture
was stirred at the same temperature for 5 h and then gradually
warmed to room temperature over 16 h. Azeotropic removal of
pyridine by using toluene twice gave a residue that was
subjected to column chromatography (n-hexane/EtOAc 3:2) to
give 7 (4.65 g, 93%) as a white solid: H NMR (CDCl3) 6 7.51~
7.48 (m, 2H), 7.42—7.35 (m, 3H), 5.59 (s, 1H), 4.99 (d, 1H, J =
1.4 Hz), 4.53 (dd, 1H, J = 13, 1.6 Hz), 4.18(dd, 1H,J =13, 1.1
Hz), 8.84—8.75 (m, 2H), 3.19 (s, 3H), 1.60~-1.27 (m, 8H), 0.90 (t,
3H, J = 6.8 Hz); 13C NMR (CDC13) 6 129.3, 128.4, 126.1, 101.1,
80.9, 70.4, 70.0, 68.7, 38.7, 33.0, 32.0, 25.1, 22.8, 14.2; MS—FAB

omfz) 369 (M + H]*; HRMS—-FAB (m/z) M + H]* caled for
C17H27OGS, 359‘1528, found 359.1448.

(2R,35 4R)-2-0-Methanesulfonyl-1,2,3,4-nonanetetrol (8).
To a solution of 7 (87.0 mg, 242 umol) in EtOH (5.0 mL) was
added palladium hydroxide (Pd(OH)z) (45 mg). After hydrogena-
tion of the mixture for 16 h at atmospheric pressure, the catalyst
was filtered off and the filtrate was concentrated in vacuo to
give 8 (65.7 mg, quant) as a white solid: 'H NMR (CDCls) 4
5.03~5.00 (m, 1H), 4.02—-4.00 (m, 2H), 3.62—3.60 (m, 2H), 3.19
(s, 3H), 1.76~1.72 (m, 1H), 1.56—1.28 (m, 7TH), 0.90 (t, 3H, J =
6.7 Hz); 13C NMR (CD3OD) 6 83.8, 74.1, 71.3, 62.6, 38.6, 34.6,
33.2, 26.1, 23.8, 14.4; MS-ESI (m/z) 293 [M + Na}*; HRMS~
FAB (m/z) M — OHI* caled for CioH21058, 253.1110, found
253.1069.

(28,38,4R)-2-Azido-1,3,4-nonanetriol (9). To a solution of
8 (36.9 mg, 136 pmol) in dry DMF (1.0 mL) was added NalN3
(17.7 mg, 272 ymol) under a nitrogen atmosphere. The mixture
was stirred for 3 h at 95 °C and then quenched with water. After
being extracted with ethyl acetate, the organic layer was washed
with brine twice, dried over anhydrous NapSO,, and concen-
trated in vacuo. The residue was purified by column chroma-
tography (CHgCly/MeOH 15:1) to give 9(19.5 mg, 66%) as a white
solid: 'H NMR (CDCl;) 6 4.06~3.98 (m, 1H), 3.91~3.74 (i, 3H),
3.71-8.66 (m, 1H), 2.67 (brs 1H), 2.52 (d, 11, J = 4.4 Hz), 2.20
(brs, 1H), 1.61-1.52 (m, 2H), 1.40-1.31 (m, 6H), 0.91 (t, 3H, J
= 6.6 Hz), 13C NMR (CDCly) 6 74.8, 72.7, 63.3, 61.9, 32.0, 81.9,
25.6,22.7, 14.2; MS—FAB (mm/z) 218 [M + HI*; HRMS-FAB (m/
z) (M + HI™* caled for CoHgoN3O3, 218.1505, found 218.1469.

(28,35,4R)-2-Azido-3,4-0-isopropylidene-1,3,4-nonane-
triol (10). To a solution of 9 (4.00 g, 18.4 mmol) in dimethox-
ypropane (73 mL) was added a catalytic amount of p-toluene-
sulfonic acid monohydrate (175 mg, 92 umel) at 0 °C. Stirring
was continued for 2 h at room temperature. The mixture was



quenched with MeOH and then stirred for 1 h at room temper-
ature. Removal of the solvent gave a residue, which was purified
by column chromatography (n-hexane/EtOAc 4:1) to give 10 (3.61
g, 75%) as a colorless oil: *H NMR (CDCls) 6 4.21-4.16 (m, 1H),
"4.02-3.95 (m, 2H), 3.90-3.84 (m, 1H), 3.50—8.45 (m, 1H), 2.11
(t, 1H, J = 5.6 Hz), 1.63~1.54 (m, 2H), 1.43 (s, 3H), 1.40-1.34
(m, 9H), 0.91(¢, 3H, J = 6.9 Hz); 13C NMR (CDCl3) 6 108.6, 77.8,
76.6, 63.9, 61.2, 31.8, 29.4, 28.0, 26.2, 25.6, 22.6, 14.0; MS-ES]
(m/z) 280 M + Nal*; HRMS—FAB (m/z) [M + H]* caled for
012H24N303, 258.1818, found 258.1737,
(25,35,4R)-2-Azid0-8,4-O-isopropylidene-1-0+(2,3,4,8-tetra-
O-benzyl-a-pD-galactosyl)-1,3,4-nonanetriol (12a). To a sus-
pension of 10 (100 mg, 389 umol), 11b (428 mg, 710 ymol), and
molecular sieves 4A (powder, 340 mg) in dry toluene (3.4 mL)
and dry DMF (1.4 mL) was added tetra-n-butylammonium
bromide (n-BusNBr) (377 mg, 1.17 mmol) under a nitrogen
atmosphere. The reaction mixture was stirred for 5 days at room
* temperature, The mixture was quenched with MeOH (0.1 mL)
and stirred for 1 h at room temperature. After being passed
through Celite, the filtrate was washed with sat, NaHCOj aq,
and brine and then dried over anhydrous MgSQ;4. Removal of
the solvent gave a residue, which was purified by column
chromatography (n-hexane/EtOAc 7:1) to give 12a (206 mg, 68%)
as a colorless oil: 'H NMR (CDCls) 6 7.40-7.26 (m, 20H), 4,97—
4.93 (m, 2H), 4.87—4.79 (m, 2H), 4.74-4.70 (m, 2H), 4.57 (4, 1H,
J = 12 Hz), 4.49 (d, 1H, J = 12 Hz), 4.41 (d, 1H, J = 12 Hz),
4.10—3.94 (m, 7TH), 3.75--3.70 (m, 1H), 3.56-3.44 (m, 3H), 1,69—
1.49 (m, 2H), 1.40-1.26 (m, 12H), 0.91 (t, 3H, J = 6.6 Hz); 3C
NMR (CDCl3) 6 139.3, 139.1, 138.5, 128.8, 128.8, 128.7, 128,7,
128.7,128.2, 128.1, 128.1, 128.0, 127.9, 108.6, 99.3, 79.1, 78.2,
77.0,756.8,75.7,75.2,73.9, 73.8, 73.3, 70.3, 70.0, 69.6, 60.3, 82.3,
29.7, 28.6, 26.7, 26.2, 23.0, 14.5; MS-ESI (m/z) 803 [M + Nal*:
HRMS~-FAB (m/z) [M d N2]+ caled for C46H57N08, 751.4084,
found 751.4134,
(285,35,4R)-2-Azido-3,4-O-isopropylidene-1-0-(2,3,4,6-tetra.
O-benzyl-f-p-galactosyl)-1,3,4-nonanetriol (12b), To a sus-
pension of 10 (100 mg, 389 umol), 11a (285 mg, 524 gmol), and
molecular sieves 4A (powder, 400 mg) in dry CHCl; (5 mL) was
added BF3:Et;0 (47 4L, 368 umol) in dry CHCl3 (2 mL) at ~50
°C under a nitrogen atmosphere. After stirring was continued
for 14 h at the same temperature, the workup in the same
manner for the reaction of 10 and 11b provided 12a (173 mg,
57%) along with 12b (76 mg, 25%) as a colorless oil. Data for
12b: H NMR (CDCl3). 6 7.38~7.23 (m, 20H), 4.96—4.90 (m, 2H),
4.83-4.61 (m, 4H), 4.46—4.39 (m, 3H), 4.12-4.04 (m, 2H), 8.92—
3.77 (m, 4H), 8.62—3.51 (m, 5H), 1.64—1.23 (m, 14H), 0.91 (,
3H, J = 6.3 Hz); I3C NMR (CDCl3) § 138.9, 138.6, 138.5, 187.9,
128.5,128.4, 128.3, 128.3, 128.2, 128.0, 127.9, 127.8, 127.6, 127.6,
127.6, 108.3, 104.1, 82.2, 79.7, 77.8, 75.8, 75.3, 14.6, 73.6, 73.8,
73.5,73.1,70.6, 68.7, 60.5, 31.9, 29.4, 28.2, 26.1, 25.7, 22.8, 14.1;
MS-ESI (m/2) 803 [M + Na]*; HRMS—FAB (m/z) [M — Ny* ealed
for C45H57N03, 751,4084, found 751.4005,
(25,35,4R)-2-Amino-3,4-O-isopropylidene-1-0-(2,8,4,8-
tetra-O-benzyl-a-D-galactosyl)-1,3,4-nonanetriol (13), To a
solution of 12a (2.58 g, 3.31 mmol) in EtOH (260 mL) was added
palladium on calcium carbonate poisoned with lead (Lindlar
catalyst) (2.60 g). After hydrogenation was carried out for 16 h
at atmospheric pressure, the catalyst was filtered off and the
filtrate was concentrated in vacuo to give 13 (2.46 g, quant) as
a colorless oil: H NMR (CDClg) 8 7.40~7.25 (m, 20H), 4.96—
4,92 (m, 2H), 4.84—4.64 (m, 4H), 4.58 (4, 1H, J = 11 Hz), 4.50
(d, 1H, J = 12 Hz), 4.41 (d, 1H, J = 12 Hz), 4.13-3.86 (m, 6H),
3.58-3.51 (m, 2H), 3.42—-3.37 (m, 1H), 3.07-3.01 (m, 1H), 1.65—
1.20 (m, 14H), 0.90 (t, 3H, J = 5.6 Hz); ¥*C NMR (CDCl3) ¢ 138.8,
138.7,138.6,138.0,128.4, 128.4, 128.2, 127.8, 127.8, 127.7, 127.86,
127.6,127.5,127.4, 107.9, 99.0, 79.1, 79.0, 77.9, 74.9, 74.8, 73.5,
73.3,73.0, 72.4, 69.5, 69.0, 50.7, 31.9, 29.8, 28.3, 26.0, 25.9, 22.6,
14.1; MS-ESI (m/z) 754 [M + H]*; HRMS—FAB (m/z) [M + H)*
caled for CseHeoNQs, 754.4319, found 754.4194.
(25,35,4R)-3,4-O-Isopropylidene-1-0-(2,3,4,6-tetra-0-ben-
zyl-a-D-galactosyl)-2-tetracosanoylamino-1,3,4-nonanetri-
ol (14). To a suspension of n-tetracosanoic acid (1.22 g, 3.31
mmol) in DMF (90 mL) and CH,Cl; (210 mL) were added 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDCI)

JOCNote

(761 mg, 3.97 mmol) and 1-hydroxybenzotriazol (HOBt) (536 mg,
3.97 mmol) at 0 °C. After the mixture was stirred for 30 min at
room temperature, 13 (2.46 g, 3.26 mmol) and i-Pr,NEt (1.38
mL, 7.97 mmol) in CHyCl (120 mL) were added and stirred for
16 h at 30 °C. The mixture was diluted with EtOAc/Et,0 (4:1)
and sat. NaHCO; aq,, and then the organic layer was separated
and washed with 1 M HCl aq. and brine, and dried over
anhydrous Mg80,. Removal of the solvent gave a residue, which
was purified by column chromatography (n-hexane/EtOAc 8:1)
to give 14 (3.25 g, 89%) as a white solid; H NMR (CDCly) &
7.41-17.24 (m, 20H), 6.28 (d, 1H, J = 8.4 Hz), 4.95~-4.90 (m, 2H),
4.83~4.73 (m, 2H), 4.75 (d, 1H, J = 12 Hz), 4.66 (d, 1H, J = 11
Hz), 4.58 (d, 1H, J = 12 Hz), 4.49 (4, 1H, J = 12 Hz), 438 (d,
1H, J = 12 Hz), 4.13-4.03 (m, 4H), 8.98 (t, 1H, J = 6.2 Hz),
3.93-3.90 (m, 8H), 3.63-3.53 (m, 2H), 3,39 (dd, 1H, J = 9.4,
5.7 Hz), 2.08~1.95 (m, 2H), 1.55—1,25 (m, 50H), 1.40 (s, SH),
1.32 (s, 3H), 0.80—0.84 (m, 6H); 13C NMR (CDCly) 6 172.4, 138.7,
138.4,137.6, 128.5, 128.4, 128.4, 128.4, 128,83, 128.0, 127.9, 127.8,
127.7,127.6,1217.5, 107.8, 99.9, 79.0, 77.8, 78.8, 75,5, 74.8, 74.7,
73.6,73.5, 73.0, 70.8, 89.9, 69.6, 48,7, 86,8, 31.9, 31.8, 29.7, 29.7,
20.6,29.5,29.4, 20.3, 28,9, 28.2, 26.2, 26.0, 26,7, 22,7, 22.6, 14.1,
14.1; MS—FAB 1105 [M + HI*; HRMS-FAB (m/z) M + H]*
caled for CqoH 106N Qy, 1104.7868, found 1104,7589,

(2S,BS,4R)-1-Ov(uvaGalactosyl)vatetracosanoylaminm
1,3,4-nonanetriol (1), To a solution of 14 (89 mg, 81 umol) in
MeOH (1.0 mL) and CHyCl (5.0 mL) was added 4 M HCl aq, in
dioxane (100 xL) at 0 °C, After the mixture was stirred for 2 h
at room temperature, evaporation of the solvent gave a residue,
which was purified by column chromatography (CH;ClyMeOH
30:1) to give the product by which the acetal group was
deprotected. To a solution of the obtained diol in MeOH (3.0 L)
and CHCl; (1.0 mL) was added Pd(OH); (35 mg). After hydro-
genation was carried out for 3 h at atmospheric pressure, the
catalyst was filtered off and the filtrate was evaporated to give
1b (46 mg, 84%) as colorless crystals, mp 142—145 °C (recrystal-
lized from EtOH/HgOQ 10:1); (@)% +53,9 (¢ 0.5, pyridine); 'H
NMR (CDCl/CD30D 8:1) 8 4.71 (d, 1H, J = 3.8 Hz), 4.01-3.98
(m, 1H), 8.74—8.65 (m, 2H), 3.62—3.45 (m, 6H), 3.35~3,31 (m,
2H), 2.00 (t, 2H, J = 7.6 Hz), 1.51-1.01 (m, 50H), 0.71-0.67
(m, 6H); ¥C NMR (pyridine-ds) d 178.8, 102,1, 77.8, 73.8, 73.0,
72.2,71.8,70.9, 69.2, 63,2, 52.0, 37.4, 34,9, 93,0, 32.7, 30.6, 30.6,
30.5, 30.4, 30.4, 30.3, 30.2, 7.0, 26.7, 23,8, 28.5, 14.8; MS-FAB
(mlz) 704 IM + H]*; HRMS—-FAB (m/z) [M + HI* caled for
CaoH7sNO,g, 704.5677, found 704.5687, Anal, Caled for CaoH7y-
NOg'H0: C, 64.87;H, 11.03; N, 1.94, Found: C, 64,71; H, 10.88;
N, 1.94,
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A form of a-galactosylceramide, KRN7000, activates CD1d-re-
stricted Vald-invariant (Va14i) natural killer (NK) T cells and
initiates multiple downstream immune reactions. We report that
substituting the 26:0 N-acyl chain of KRN7000 with shorter,
unsaturated fatty acids modifies the outcome of Va14i NKT cell
activation. One analogue containing a diunsaturated C20 fatty acid
(C20:2) potently induced a T helper type 2-biased cytokine re-
sponse, with diminished IFN-y production and reduced Va14i NKT
cell expansion. C20:2 also exhibited less stringent requirements for
loading onto CD1d than KRN7000, suggesting a mechanism for the
immunomadulatory properties of this lipid. The differential cellular
response elicited by this class of Ve14i NKT cell agonists may prove
to be useful in immunotherapeutic applications.

cytokines | inflammation | autoimmunity | immunoregulation

atural killer (NK) T cells were. defined originally as lym-
phoeytes coexpressing T cell receptors (TCRs) and C-type

lectin receptors characteristic of NK cells. A major subset of

NXT cells recognizes the MHC class I-like molecule CD1d by
using TCRs composed of an invariant TCR-« chain (mouse
Vald-Jal8, human Va24-Jal8) paired with TCR-S chains with
markedly skewed V3 usage (1). These CDld-restricted Val4-
invariant { Valdi) NKT cells are highly conserved in phenotype
and {unction between mice and humans (2). Veld4i NKT cells
influence various immune responses and play an important role
in regulating autoimmunity (3. 4). One example is the nonobese
diabetic mouse. When compared with normal mice, nonobese
diabetic mice have fewer Valdi NKT cells, which are defective
in their capacity to produce antiinflammatory cytokines like 11.-4
(5. 6). Deficiencies in NKT cells have also been observed in
humans with various autoimmune discases (7, 8).

Valdi NKT cells have been manipulated to prevent or treat
autoimmune discase, mostly through the use of KRN7000, a
synthetic a-galactosyleceramide («-GalCer, Fig. [4) that binds 1o
the hydrophobic groove of CD1d and then aclivates Val4i NKT

cells by means of TCR recognition (9). KRN7000 treatment of

nonobese diabetic mice blocks development of T helper (Ty)
(ype l-mediated autoimmune destruction of pancreatic islet
B-cells, thus delaying or preventing disease (10-12). There has
been considerable interest in methods that would allow a more
selective activation of these cells. In particular. the ubility to
trigger I1L-4 production without eliciting strong IFN-y or other
proinflammatory cylokines may reinforce the immunoregula-
tory functions of Val4i NKT cells. This cffect is detected alter
Valdi NKT cell activation with a glyeolipid designated OCIHL
which is un @-GalCer analogue that is structurally distinet from
KRN7000 in having a substantially shorter sphingosine chain and
functionally by its preferential induction of 1L-4 secrction
(13, 14).

In this study. we investigated responses 1o a-GalCer analogues
produced by abteration of the length and extent of unsaturation

www.pnas.org cgi/doi 10.1073/pnas.0407488102

of their N-aeyl substituents. Such modifications altered the
outcome of Valdi NKT cell activation and, in some cases, led to
a Tp2-biased and potentially antiinflammatory cyvtokine re-
sponse. Thischange in the NKT cell response was likely the resull
ol an alteration of downstream steps in the cascade of events
triggered by Valdi NKT cell activation, including the reduction
of secondary activation of IFN-y-producing NK cells. These
findings point to a class of Verl4i NKT cell agonists that may have
superior properties for the treatment of auloimmune and in-

-flammatory diseases.

Materials and Methods

Mice and Cell Lines. C57BL/6 mice (8- to 15-wk-old females) were
obtained either {rom The Jackson Laboratery or Taconic Farms.
CDId™ 7 mice were provided by M. Esxley and S. Balk (Beth
Isracl-Deaconess Medical Center, Harvard Medical School.
Boston) (15). Val4i NKT cell-delicient Jo187 7 mice were a gift
from M. Taniguchi and T. Nakayama (Chiba University. Chiba.
Japan) (16). Both knockout mice were in the C57BL./6 buck-
ground. Animals were kept in specific pathogen-free housing.
The protocols that we used were in accordance with approved
institutional guidelines.

Mouse CDBld-transfected RMA-S cells (RMA-S.mCDI1d)
were provided by S. Behar (Brigham and Women’s Hospital,
Harvard Medical School) (17). WT or cytoplasmic tail-deleted
CDld-transfected A20 cells and the Valdi NKT hybridoma
DN3A4-1.2were provided by M. Kronenberg (La Jolla Institute
for Allergy and Immunology. La Jolla, CA) (18, 19). Hybridoma
DN32D3 was u gift from A. Bendelac (University of Chicago.
Chicago) (1). Cells were cultured in RPMI medium 1640
(GIBCO) supplemented with 109 heat-inactivated FCS (Gem-
ini Biological Products. Calabasas, CA)/10 mM Hepes/2 mM
L-glutamine/0.} mM nonessential amino acids/35 uM 2-mer-
captoethanol /100 units/m} penicillin/ 100 pg/ml streptomycin
(GIBCO) in a 37°C humidified incubator with 5% COx.

Glycolipids. BF1508-84 was synthesized by Biomira (Edmonton.
Canada). OCH [(25, 35, 4R)-1-O-(«-D-gatactopyranosyl)-N-
tetracosunoyl-2 amino-1,3.4-nonanetriot] was synthesized us de-
seribed (13). An overview of the methods for synthesis of
KRN7000 {(2S, 38, 4R)-1-O-(a-n-galactopyranosyl }-N-hexaco-
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Fig. 1. Induction of a Tu2-polarized cytokine response by an unsaturated
analogue of n-GalCer. (A) Glycolipid structures, (8) [2Hlthymidine incorpora-
tion and supernatant IL-4 and IFN-+ levels in 72-h splenocyte cuitures with
graded amounts of glycolipid. Means from triplicate cu'tures are shown; SEMs
were typically -710% of the mean. (C) SerumiL-d and IFN- levels (at 2 and 20h)
of C57BL 6 mice injected i.p. with 4.8 or 24 nmol of glycolipid. KRN7000 was
the only glycolipid that induced significant IFN-+ levels at 20 h (*, P - 0.05,
Kruskall-Wallis test, Dunn's posttest). Means = SD of two or three mice per
group are shown.

sanoyl-2-amino-1,3 4-octadecanetriol] and other N-acyl ana-
logues used in this study is shown in Fig. 7. which is published as
supporting information on the PNAS web site. Lipids were
dissolved in chloroform/methanol (2:1 ratio) and stored at
—20°C. Aliquots from this stock were dried and reconstituted to
cither 100 uM in DMSO for in vitro work or to 500 1M in .57
Tween-20in PBS for in vivo studies.

In Vitro Stimulations, Bulk splenocyles were plated at 300,000 cells
per well in 96-well [lat-bottom Gssue culture plates with glveo-
lipid diluted in 200 pl of medium. After 48 or 72 h at 37°C, 150
w1l of supernatant was removed for eytokine measurements. and
0.5 nCi (1 Ci = 37 GBy) [*H}thymidine per well {specific activity
2 Ci/mmotl; PerkinElmer) was added for an 18-h pulse. Prolif-
eration was estimated by harvesting cells onto 90-well filter mats
and counting B-scintillations with a 1450 Microbeta Trilux
(Wallac, Gaithersburg, MD: PerkinElmer).

Supernatant levels of 1L-2, TL-4, TL-12p70. and IFN-y were
measured by ELISA using capture and biotinylated detection
antibody pairs (BD PharMingen) and streptavidin—horseradish
peroxidase (Zymed) with TMB-Turbo substrate (Pierce) or
streptavidin-atkaline phosphatase (Zymed) with 4-nitrophenyl
phosphate substratey(Sigma). 1L.-2 standard was obtained from
R & D Systems; 11.-4. [L-12p70 and IFN-y were obtained from
PeproTech (Rocky Hill, NJ).

Hybridoma Stimulations, CID 1d” RMA-S or A20 cells (50,000 cells
in 100 gl per well) were pulsed with graded doses of glyeolipid
for 6 h at 37°C. After three washes in PBS, Valdi NKT
hybridoma cells (50,000 cells in 100 ul) were added for 12 h.
Supernatant 1.2 was assayed by ELISA. Alternatively, CD1d-
transfected cells (RMA-S.mCDI1d) were lightly fixed cither
before or after exposure to antigen (20). Cells were washed twice
in PBS and then fixed in 0.05% glutaraldehyde (grade 1, Sigma)
in PBS for 30 s at room temperature. Fixative was quenched by
addition of (.2 M c-lysine (pH 7.4) for 2 min, foHowed hy (wo
wushes with medium before addition of responders,

For cell-free presentation. recombinant mouse CDI1d (1
pe/ml in PBS) purified from a buculovirus expression system
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(21) was adhered Lo tissue culture plates-for 1 b at 37°C. Alter

“the washing off of unbound protein, glycolipids were then added

al varying concentrations for 1 h at 37°C. Lipids were added in
a 150 mM NaCl/10 mM sodium phosphatebuffer (pH 7) with
or without 0.025% Triton X-100. Wells were washed before
addition of hybridoma cells.

In Vivo Studies. Mice were given 1.p. injections of 4.8 nmol of
glycolipid in 0.2 ml of PBS plus 0.025% Tween-20 or vehicle
alone. Sera were collected and tested for IL-4, IL-12p7(. and
IFN-v, as described above. Alternatively. mice were Killed at
various limes for FACS analysis.

Flow Cytometry. Splenocytes or thymocytes were isoluted and
used without further purification. Nonspecific staining was
blocked by using FACS buffer (0.1% BSA/0.05% NaNiin PBS)
with 10 pg/ml rat anti-mouse CD16/32 (2.4G2: The American
Type Culture Collection). Cells (=10°) were stained with phy-
coerythrin or allophycocyanin-conjugated glycolipid/mouse
CDI1d tetramers (21) for 30-90 min at room temperature and
then with fluorescently labeled antibodies {{rom Caltag. South
San Francisco. CA, or PharMingen) for 30 min at 4°C. Data were
acquired on either a FACSCalibur or LSR-II flow cytometer
(Becton Dickenson) and anulyzed by using WINMDI 2% (Scripps
Research Institute, La Jolla. CA). For some experiments. dead
cells were excluded by using propidium iodide (Sigmu} or
4',6-diamidino-2-phenylindole (Roche).

FACS-bhased cytokine secretion assays (Miltenyi Biotec. Au-
burn, CA) were used to quantitatively detect single-cell produc-
tion of TL.-4 or IFN-y. Splenocytes were aseptically collected
from mice that were previously injected Lp. with glycolipid
analogues and not subjected to further stimulation. When ap-
plicable, 10 cells were prestained with labeled tetramer for 30
min at room temperature and then washed in PBS plus 0.1
BSA. Cells were then stained with the eviokine cateh reagent
according to the manufacturer’s instructions. [ollowed by incu-
bation with rotation in 2 ml of medium at 37°C for 45 min. Cells
were then washed, stained with {luorescently [abeled antibodies
to cell-surface antigens. phycoerythrin-conjugated anti-IFN-yor
IL-4. und propidium iodide, as described above.

Results »

Tn2-Skewing Properties of an «-GalCer Analogue. During screening
of a panel of synthetic glycosyl ceramides, we identificd «
compound that showed Tp2-skewing of the cytokine profile
generated by Valdi NKT cell activation. Glyveolipid BF1508-84
differed structurally from both OCH and KRN7000 by having a
shortened, unsaturated fatty-acid chain (C20:4 arachidonale)
anda double bond in place of the 4-hydroxy in the sphingosine
base (Fig. 1.4). Despite these modifications. BF1508-84 activated
prolileration and cytokine seeretion by mouse splenocytes (Fig.
153). Thesc responses were Va4 NKT cell-dependent. as dem-
onstrated by their ubsence in both CDId™ and T8 7 mice
(duta not shown). Maximal proliferation and 1L-4 levels were
comparable with those obtained with KRN7000 and OCH.
although u higher concentration of BFIS08-84 wus required (o
reach similur responses. Interestingly. 1IFN-y secretion stimu-
lated by BFISOS-840 even at higher tested concentrations. did not
reach the levels scen with KRN7000. This profile of cyvtokine
responses suggested that BFISO8-84 cun clicit a Ty 2-biased
Vealdi NKT cell-dependent cytokine production. similar 1o
OCH (13).

We measured serum evtokine levels at various tmes alter u
single injection of cither KRN7000 or BFI508-84 into C37BL/6
mice. Qur studies conlirp published reports that a single ip.
injection of KRN7000 leads to o rapid 2-h peak of serum -4
(Fig. 1C and data not shown). However. TFN-y fevels were
refatively low at 2 h but rose to a plateau at 12=24 h (13, 22). With
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Fig. 2. Recognition of a panel of unsaturated analogues of KRN7000 by a
canonical Va 141 NKT hybridoma. (A) Analogue structures. (B) Dose~response
curves showing IL-2 production by hybridoma DN3A4-1.2 after stimulation
with RMA-S.mCD1d cells pulsed with various doses of glycolipid. Maximal 1L-2
concentrations in each assay were designated as 100%. Four-parameter lo-
gistic equation dose~-response curves are shown; the dotted line denotes the
half-maximal dose. (C) Relative potencies of the analogue panel in Vo 141 NKT
cell recognition, plotted as the reciprocal of the effective dose required to
elicit a haif-maximal response (1 EDsyg). Similar resuits were obtained by using
another Vi 14i NKT hybridoma, DN32D3.

BFI1508-84, production of 11-4 at 2 h was preserved, whereas
IFN-y was barely detectable at 20 h (Fig. 1C). This pattern was
identical to that reported for OCH (13, 22) and was not due to
the lower potency of BFI508-84 because a 5-fold greater dose
did not change the Ty2-biased cytokine profile (Fig. 1C).

Systematic Variation of Fatty-Acy! Unsaturation in «-GalCer. The
cytokine response to BFIS08-84 suggesled that altering the
{atty-acid length and unsaturation of a-GalCer could provide an
clfective strategy for creating Valdi NKT cell activators with
modified functional properties. We used a synthetic approach
(Fig. 7. und G.S.B. and P.A.L. unpublished data) 1o gencrate
lipids in which 20-carbon acyl chains with varying degrees of
unsaturation were coupled onto the a-galactosyluted sphin-
gasine core structure (Fig. 24). These compounds were [irsl
sereened for the ability to activate a canonical Vald-Jal8/
VBR.2", CDId-restricted NKT cell hybridoma-cocultured with
CDI1d" antgen-presenting cells. Hybridoma DN3A4-1.2 recog-
nized all C20 analogues of a-GalCer with various potencies when
presented by CDId-transfected RMA-S cells, and it failed to
recognize an azido-substituted analogue lucking a fally-acid
chain (Fig. 2 B and C). As reported (9), mere shortening of the
fatty-acid chain allected Valdi NKT cell recognition, and
reduction of saturated fatty-acid length from C26 to C20 was
associated with a =2 log deereuse in potency. However, insertion
of double bonds into the €20 acyl chain augmented stimulatory
activity. One lipid in particutar. with unsuturations at carbons 11
and 14 (C20:2), was more potent than other analogues in the
puncl. This increase in potency seemed to be a direct result of the
two double bonds, because an independently synthesized ana-
fogue with a slightly shorter diunsaturated acyl chain (C18:2)
showed a potency similar to that of C20:2 (Fig. 2C).

We also studied i viro splenocyte eytokine polarization
resubting from Valdi NKT cell stimulation by cach lipid in the
puncl. Supernatant TL-40 IFN-y. and H.-2 levels were measured
over a wide range of gheolipid concentrations. All C20 variants
induced IL-4 production comparable with that of KRN7000 (Fig,
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Fig. 3. Tu2-skewing of in vitro and in vivo cytokine responses to C20:2. (A)
Dose-response curves reporting 48 h IL-4, IFN-+, or IL-2 production, and cell
proliferation of splenocytes in response to KRN7000, C20:2, and OCH. Means
of dupticate cultures are shown; SEM were - 10% of the means. (B) Cytokine
and proliferation measurements on splenocytes exposed to s submaximal
dose (3.2 nM) of the panel of «-GalCer analogues shown in Fig. 2. Mean - 5EM
from duplicate cuitures shown. (C) SerumiL-4 and IFN-- levels in mice given 4.8
nmol of KRN7000, C20:2, or OCH, Mean = SD of two or three mice are shown.
Vehicle-treated mice had cytokine levels below limits of detection. The results
shown are representative of two or more experiments.

3 A4 and B. and data not shown). However, TFN-vy levels Tor ull
but one C20 anulogue (C20:] cis) were markedly reduced o
one-Tourth of the maximal levels observed with KRN7000 and
the closely related C24:0 analogue. or less. In addition, C26:1-civ.
C20:2, and CI8:2 were unique in this class of compounds in

‘inducing strong 11-2 production and cellular proliferation sim-

ilur (o that seen with KRN7000 und C24:0 vet with much lower
IFN-vy induction. This i vitro Ty2-bias was also evident in vivo.
Mice given C20:2 and C20:4 showed systemic eytokine produc-
tion that resembled stimulation by OCH or BFIS08-84, Thus. a
rapid burst of serum IL-4 was observed without the delayed and
sustained production of IFN-+y typical of KRN7000 (Fig. 3C and
data not shown). No significant difference between the glveo-
lipids was scen in serum HL-12p70 levels at 6 h after treatment
(data not shown).

ldentification of Cytokine-Producing Cells in Vivo, Previous reports
(23-25) cstublished that Valdi NKT cells are a predominant
source of TL-4 and TFN-y in the carly (2 h) response to KRN7000
and that by 6 h after injection these cells become progressively
undetectable because of receptor down-modulation. whercas
secondarily activated NK cells begin to.actively produce TFN-y.
Gating on cither a-GalCer-loaded CDId tetramey™ or NKILT
T cells. we ohserved similar strong cytokine sceretion for both
[1-4 (data not shown) and IFN-yin Valdi NKT cells at 2 halter
injection of KRN7000 or C20:2 (Fig. 4 4 und 7). We concluded
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Fig. 4. Sequelae of KRN7000 and C20:2-induced Va14i NKT cell activation.
(A) V141 NKT cell (tetramer* CD3:im), NK cell (NK1.1* CD3e~), and NK1.1° T .
cell (NK1.1' CD3cin) identification by FACS in splenocytes from mice given
KRN7000, C20:2, or vehicle i.p. 2 h earlier. Lymphocytes gated as negative for
B220 and propidium iodide are shown. (8) Histogram profiies for IFN-y secre-
tion of splenic Va14i NKT, NK1.1* T, or NK cells from mice 2 or 24 h after
treatment with glycolipid. IFN-wstaining in C24:0-stimulated samples was
identical to that of KRN7000-stimuiated samples. (€) CD69 levels of splenic NK
cells (gated as CD3c~ NK1.1*) or B cells (CD3¢™ NK1.1"B220%)at 12, 24, or48h
after injection of glycolipid. (D) Splenic Vir14i NKT cell (8220~ CD3c!™ tet-
ramer*) frequency, measured as either percentages of T cells or as total NKT
cell number, in mice 1, 2, or 3 days after glycolipid administration. The results
shown are representative of three independent experiments.

that cytokine polarization observed after C20:2 administration
was not due to differences in the initial Vol4i NKT cell response
but, rather, reflected altered downstream events such as the
relatively late IFN-y production by activated NK cells.

Secreted cylokine staining confirmed that in both KRN7000-
and C20:2-treated mice, NK cells were IFN-y* at 612 h after
treatment (26, 27). However, whereas splenic NK cells from mice
that received either KRN7000 or the closely relaled C24:0
analogue strongly produced IFN-vy as late as 24 h after initial
activation, NK cells from C2(:2-treated mice showed substan-
tially reduced staining (Fig. 4B). Together, these results pointed
to a less sustained secondary IFN-y production by NK cells
{rather than-a change in the initial cytokine response of Vel
NKT cells) as the major [actor responsible for the T2 bias of the
systemic cytokine response to C20:2.

Sequelae of Va14i NKT Cell Activation by €20:2. Sccondary activa-
tion of bystander B and NK cells after KRN7000 administration
has been studied by using expression of the activation marker
CD69 (26, 28-30). We followed CDGY expression of splenic NK
and B cell populations for several hours alter KRN7000 or C20:2
administration. Both populations began to up-regulate CD69 at
4-6 h alter injection (data not shown). Paradoxically, C20:2
inducced slightly higher CD69 levels on both cell populations up
until 12 h, although this trend was reversed from 24 h onwards,
suggesting an earlier up-regutation yet faster subsequent down-
regulation of the marker (Fig. 4C). NK cell forward scatter

3386 | www.pnas.org. cgi doi. 10.1073 pnas.0407488102
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Fig.5. Recognition of KRN7000, C24:0, and C20:2 by the same population of
Va14i NKT ceils. (A) Costaining of C57BL /6 splenocytes or thymocytes with
aliophycocyanin-conjugated CD1d tetramers assembled with €24:0, and phy-
coerythrin-labeled CD1d tetramers assembled with various analogues. (8)
Thymocytes were stained with C24:0, C20:2, KRN7000, or vehicle-loaded CD1d
tetramers-phycoerythrin, and with antibodies to B220, (D3¢, V57, V38.1-8.2,
or NK1.1. Dot plots show gating for tetramer® T cells, after exclusion of B
lymphocytes, and dead cells. (C) TCR V/i and NK1.1 phenotype of tetramer”
CD3¢iM thymocytes. Analogous results were obtained with splenocytes. The
results shown are representative of three or more experiments.
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likewise remained higher in KRN7000-treated mice at days 1-3
compared with C20:2-treated mice (data not shown).

It is established that Veldi NKT cells expand beyvond homeo-
static levels 2 or 3 days after KRN7000 stimulation (24, 25). In
our study, a 3- to 5-fold expansion in splenic Valdi NKT cell
number occurred in KRN7000-treated mice at day 3 after
injection. Interestingly, after in rivo administration ol C20:2,
only a minimal ransient expansion was observed on day 2, with
no expansion of the Ve ]4i NKT cell population thereaiter, even
as lute as day 5 (Fig. 4D and data not shown). Together, our
findings indicated pronounced alterations in the late sequelue of
Valdi NKT cell activation with the C20:2 analogue compared
with KRN7000.

Recognition of KRN7000 and C20:2 by Identical Cell Populations,
CD Id complexes containing the «-GalCer anafogue OCH have
been shown to have significantly reduced avidity for TCRs of
Valdi NKT cells compured with binding of KRN7000-loaded
complexes (21). This finding suggests the possibility that the
Tii2-biased response of C20:2 could be a result of preferential
stimulation of Valdi NKT cell subsets with TCRs of higher
alfinity for lipid-loaded CDI1d. In fact, phenotypically defined
subsets of murine and human NXT cells have been described that
show a bias toward increased production of IL-4 relative to
IFN-y upon stimulution (32-36). However, by costaining of
splenic and thymic Valdi NKT cells by using CD1d letramers
loaded with different lipids, we demonstrated that identical
populations recognized C24:0, C20:2. and KRN7000 (Fig. 54).
Single staining with these reagents revealed no difference in Vi3
usage or NKLI status of cells reactive with the diflerent
analogue tetramers (Fig, S B and C). Interestingly. C20:2-loaded
tetramers stained NKT cells more strongly than tetramers loaded
with KRN7000, reflecting u slightly higher aflinity of the C2(:2-
CDld complex to the Voldi TCR (1S.1 und S.A.P.. unpublished
results). Together, these findings demonstrated that the aliered
cytokine response to C20:2 cannot be the result of preferentiul
activation of a subsel of Valdi NKT cells.

Yu et al.
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Fig.6. Differential requirements for CD1d loading with KRN7000 and C20:2.

1L-2 response of hybridoma DN3A4~1.2 to glycolipid presentation in three in
vitro CD1d presentation systems: platebound CB1d loaded with varying
amounts of KRN7000Q or C20:2 in the presence or absence of the detergent
Triton X-100 (A), RMA-5.CD1d cells pulsed with glycolipid before or after
glutaraldehyde fixation (B), or WT or cytoplasmic tail-deleted (TD) CD1d-
transfected A20 cells, loaded with either KRN7000 or €20:2 (C).

Loading Reguirements of a-GalCer Analogues onte CD1d. To {ind an
alternative explanation {or the Tu2-biased response to C20:2, we
studied requirements for handling of different forms of «-Gal-
Cer by antigen-presenting cells. We employed a cell-free system
in which platebound mouse CDId was loaded with doses of
KRN7000 or C20:2 in the presence or absence of the detergent
Triton X-100 (37). By using IL-2 production by DN3A4-1.2 as
a readout for glycolipid loading of CDJd. we cbserved a marked
dependence on detergent for loading of KXRN7000 but not for
C20:2 (Fig. 64). This result suggested a significant difference in
yequirement for cofactors. such as acidic pH or lipid transfer
proteins, that facilitate lipid loading onto CD1d in endosomes
(38-41). We assessed this hypothesis further by using glutaral-
dehyde fixation of CD1d* antigen-presenting cells, which blocks
antigen uptake and recycling of CD1d between endosomes and
the plasma membrane. Vual4i NKT cell recognition of KRN70(00
was markedly redueed if lipid loading was done afler {ixation of
RMA-S.mCD1d cells, whereas recognition of C20:2 was unim-
paired (Fig. 653).

Similar conclusions were drawn from experiments by using
A20 eells transfecled with either WT or cytoplasmic Lail-deleted
CD1d (Fig. 6C). The tail-deleted CD1d mutam lacks the intra-
cellular tyrosine-based sorting motif required for internalization
and endosomal Jocalization of CD1d (19). As was the case with
RMA-S.mCD1d, WT CDIld-transfected A20) cells presented
KRN7000 mere potently than C20:2. However, the tail-deleted
mutant presented C20:2 with at least 20-fold greater efficiency
than KRN7000. Together, these results point to the conclusion
that the Tiy2-skewing C20:2 analogue had substantially less
dependence on endosomal loading for presentation by CDld
when compared with compounds that produced a more mixed
response with streng IFN-y production, such as KRN7000.

Discussion

This study details in vitro and in vivo consequences of activation
of Valdi NKT cells with €20:2. a diunsaturated N-acyl substi-
(uted unalogue of the prototypical a-GalCer. KRN7000. The
T2 eytokine bias observed with C2(:2 is not unigue: OCH and
other shortened fully saturated lipids have been shown (o have
this effect (13. 42). C20:2 dilfers from these other compounds in
two potentially important respects. First, the in virro potency of
C20:2 for stimulation of certain Val4i NKT cell functions (e.g.,
proliferation and secretion of -4 and 1L.-2) approaches that of
KRN7000, whereus OCH appears to be u much weaker Verldi
NKT cell ugonist. Second, staining with C20:2-loaded CDId
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tetramers, as opposed to OCH, is undiminished compared with
KRN7000. This finding would suggest that, as a therapeutic
agent, C20:2 will be recognized by the identical global Valdi
NKT cell population (as KRN7000 is) and not limited to
higher-affinity NKT cell subsets, as suggested for OCH (31).

A recent study showed that one mechanism by which OCH
may induce a Ty2-biased cytokine response involves changes in
IFN-vy production by Val4i NKT cells themselves. OKi ef al. (43)
reported that the transcription factor gene ¢-Rel, a member of
the NF-«B family of transcriptional regulators that is a crucial
component of IFN-y productian, is inducibly transcribed in
KRN7000-stimulated but not OCH-stimulated Vel4i NKT cells.
Although we have not assessed ¢-Rel induction or other factors
involved in IFN-vy production in response to C20:2, our findings
did not suggest that early IFN--y production by Verl4i NKT cells
was different after activation with C20:2 versus KRN7000. Both
lipids induced identical single-cell IFN-vy staining in Val4i NKT
cells and serum IFN-y levels at 2 h after injection. However, in
contrast to the apparent similarity in Val4i NKT cells, NK cell
IFN-v production was significantly reduced and less sustained
after in vivo administration of C20:2 compared with KRN7000.
Hence, failure of C20:2 to fully activate downsiream events
leading to optimal NK cell secondary stimulation by activated
Veridi NKT cells appears to be the most likely mechanism by
which C20:2 induces reduced IFN-vy and an apparent Ti2-biased
systemmic response.

C20:2 administration resulted also in a more rapid but less
sustained CDG69 up-regulation in NK and B cells, as well as a lack
of a substantial Val4i NKT cell expansion. These findings were
surprising, given that TCR down-modulation observed on Veldi
NKT cefls within the first few hours after C20:2 stimulation was
similar to or greater than that induced by KRN7000 (Fig. 4.4 and
data not shown), indicating strong TCR signaling in response (0
the analogue. These features of the response to C2(0:2 may be a
further reflection of the failure of C20:2 to induce a full range
of downstream events afler Valdi NKT cell activation. including
the production of cytokines or other factors required to support
the expansion of Valdi NKT cells.

What mechanism can then be invoked to account for the
altered cytokine response to C20:2 and other N-acyl variants of
KRN7000? One intriguing possibility is provided by our analysis
of requirements for presentation of C20:2 compared with
KRN7000, which revealed marked differences between these
glycolipids in their need for endosemal loading onto CDId.
CDId and other CDJ proteins undergo transport into the
endocytic pathway. leading 10 intracellular louding with lipid
antigens and subsequent recycling to the cell surface (39). The
importance of endosomal loading for KRN7000 most likely
reflects the impact of fuctors in these compartments that facil-
itate the insertion of lipids into the CD1d ligand-binding groove.
These [actors include the acidic pH ol the endosomal environ-
ment, as well as lipid transport proteins, such as saposins and
GM2 activator protein (38, 40, 41). Our findings indicate that
C20:2 can elficiently load onto CD1d in the absence of these
endosomal cofactors. Consequently, we speculate that C20:2
may be strongly presented by any cell type that expresses.surface
CDId, regardless of its ability to efficiently endocytose lipids
from the extracellular space. This more widespread presentation
could lead o a more pronounced presentation of C20:2 by
nonprofessional antigen-presenting cell types compared with
KRN7000. Because many cell types express CD1d, including all
hematepoietic lineages and various types of epithelia (44-48),
presentation of C20:2 by nonprofessional anligen-presenting
cells may explain the more rapid trans-activation of bystander
cells observed with C20:2. An alternative hypothesis is that the
endosomal loading requirements of KRN7000 result in its prel-
erential localization into CDId molecules contained in mem-
brane lipid rafts, whereas the permissive loading propertics of
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C20:2 would result in a more uniform glycolipid distribution
across the cell membrane. Evidence of lipid raft localization of
CDIld and raft influence on the Tu-bias of MHC class II-
restricted CD4" T cells lend support to this model (49, 50).
Either scenario would be expected to result in decreased delivery
of costimulatory signals associated with professional antigen-
presenting cells (e.g., dendritic cells) and, thus, lead to quanti-
tative and qualitative differences in the outcome of Val4i NKT
cell stimulation. Consistent with both models, Valdi NKT cell
activation with KRN7000 int vitro in the presence ol costimula-
tory blockade (anti-CD86) can polarize cytokine production to
a Tw2 profile (22).

- We have shown that structurally modified forms ol a-GalCer
with alterations in their N-acyl substituents can be designed to
generate potent immunomodulators that stimulate qualitatively
altered responses from Valdi NKT cells. Our results confirm
and extend several basic observations and principles established
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IFN-y-mediated negative feedback regulation of NK'T-cell function

by CD9%/NKG2

Tsuyoshi Ota, Kazuyoshi Takeda, Hisaya Akiba, Yoshihiro Hayakawa, Kouetsu Ogasawara, Yoshinor! lkarashi, Sachiko Miyake,
Hiro Wakasugi, Takashi Yamamura, Mitchell Kronenberg, David H. Raulet, Katsuyuki Kinoshita, Hideo Yagita,

Mark J. Smyth, and Ko Okumura

Activation of invariant natural killer T
(INKT) cells with CD1d-restricted T-cell
receptor (TCR) ligands is a powerfui
means to modulate various immune re-
sponses. However, the iINKT-cell response
is of limited duration and iNKT cells ap-
pear refractory to secondary stimulation.
Here we show that the CD94/NKG2A in-
hibitory receptor plays a critical role in
down-regulating iNKT-cell responses.
Both TCR and NK-cell receptors ex-
pressed by iNKT cells were rapidiy down-
modulated by priming with a-galactosyl-
ceramide («-GalCer) or its analog OCH

[(25,35,4 A)-1-O-{c-D-galactopyranosyl)-N-

tetracosanoyl-2-amino-1,3,4-nonanetriol)]. -

TCR and CD28 were re-expressed more
rapidly than the inhibitory NK-cell recep-
tors CD94/NKG2A and Ly49, temporally
rendering the primed INKT cells hyperre-
active to ligand restimulation. Of interest,
«a-GalCer was inferior to OCH in priming
iNKT cells for subsequent restimulation
because a-GalCer-induced interferon b
(IFN-y) up-regulated Qa-1> expression and
Qa-1¥ in turn inhibited iNKT-cell activity
via its interaction with the inhibitory CD94/
NKG2A receptor. Blockade of the CD94/

NKG2-Qa-1* interaction markedly aug-
mented recall and primary responses of
iNKT cells. This is the first report to show
the critical role for NK-cell receptors in
controlling iNKT-cell responses and pro-
vides a novel strategy to augment the
therapeutic effect of iINKT cells by prim-
ing with OCH or blocking of the CD%4/
NKG2A inhibitory pathway in clinical ap-
plications. (Blood. 2005;106:184-192)

© 2006 by The American Society of Hematology

Introduction

Natural killer T (NKT) cells are a special T-cell population
coexpressing the T-cell receplor (TCR) and NK-cell receptors such
as NKI1.1.'* Invariant NKT (INKT) cells express a Valdlel8
chain {(Va24J«15 in humans) and a semivariant TCR 3-chain that
is largely biased toward V(382 (VP11 in humans), VB2. and
VR7.'+ This TCR recognizes glycolipid antigens, such as a-galac-
tosylceramide (a-GalCer), ils analogs including OCH (a sphin-
gosine-truncated analog of «-GalCer; (28,35,4R)-1-0-(c-D-
galactopyranosyl)-N-tetracosanoyl-2-amino- 1.3,4-nonanetriol ). and
isoglobotrihexosylceramide (iGb3), presented on the major histo-
compatibility complex (MHC) class [-like molecule CD1d.""1% In
addition, costimulatory signals, mediated through antigen-present-
ing cells that express CD80/86 interacting with CD28 expressed by
iNKT cells, critically regulate iNKT-cell activation in a similar
manner lo conventional T cells.12 One of most striking character-
istics of iNKT cells is their ability to promptly secrete various
cytokines, including both interferon y (IFN-v) and interleukin 4
(IL-4), after their encounter with antigens (Ag's),!™ which is
reminiscent of effector/memory T cells. Accordingly, iNKT

cells are thought to be potent immunoregulatory cells and their
activation by ligands, such as «-GualCer and OCH, has been
shown to be a powerful means to modulate various immune
responses, including protective immunity, autoimmunity, and
antilumor immunity,'6911.15.14

Despite an accumulation of studies concerning iNKT-cell
activation of bystander immune cells. relatively little is known
about the fate of Ag-primed iNKT cells themselves. Previous
studies have shown that iNKT cells disappear quickly after their
activation following TCR ligation or IL-12 stimulation.!317 This
phenomenon was initially attributed to increased activation-
induced cell death (AICD) of iNKT cells, consistent with repopula-
tion and homeostatic proliferation of peripheral iNKT cells after
their rapid recruitment from the bone marrow.’> More recently,
however, several studies have reported that down-regulation of
TCR and NKI1.1 cell surface expression on iNKT cells is the
primary reason for the apparent disappearance of iNKT cells
following «-GalCer treatment.!®? Indeed a substantial iINKT-cell
proliferation was observed in peripheral lymphoid organs following
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a-GalCer treatment.’®20 These findings suggested an interesting
possibility that Ag-primed iINKT cells may develop an effectoy/
memoty subpopulation, which exerts even more potent function
than unprimed iNKT cells. Here, we now demonstrate that priming
of INKT cells with their TCR ligands induces a dynamic modula-
tion of TCR, NK-cell receptors (NK1.1, CDO4/NKG2, NKG2D,
and Ly49), and a costimulatory receptor (CD2§). Differential
kinetics of re-expression of these molecules on the cell surface
temporally renders the primed iNKT cells hyperresponsive to
secondary Ag stimulation. Of importance. the recall response of
a-GalCer—primed iNKT cells is strictly regulated by an IFN-y-
dependent negative feedback mechanism where [FN-y up-
regulates Qa-1® expression and subsequent ligation of CD94/
NKG2 inhibits iNKT-cell activity. Although Qa-1® can interact
with NKG2A, NKG2C, and NKG2E, it has been previously
reported that the majority of CD94/NKG?2 expressed in mice is the
inhibitory CD94/NKG2A receptor and that the Qa-1*-CD94/
NKG2A interaction plays a critical role in negative regulation of
NK-cell responses to self.21-23 We confirm that iNKT cells preferen-
tially express CD94/NKG2A and hence blockade of the Qa-1°-
NKG2A interaction markedly augmented recall responses of
primed iNKT cells and primary responses of naive iNKT cells to
o-GalCer. These findings are an important step to improve the
efficacy of iNKT-cell-targeting therapeutics against tumor, infec-
tion, and autoimmune diseases since they demonstrate a means to
modulate the adjuvant nature of iNKT cells by combined treatiment
with iNKT-cell glycolipid ligands and antagonistic monoclonal
antibodies (mAbs).

Materials and methods

Mice

Wild-type (WT) C57BL/6 (BG) mice were obtained from Charles River
Japan (Yokohama, Japan). IFN-y-deficient (IFN-y~=) B6 mice were
kindly provided by Y. Iwakura (University of Tokyo).? All mice were
maintained under specific pathogen-free conditions and used in accordance
with the institutional guidelines of Juntendo University.

Reagents

A synthetic form of a-GalCer was obtained from Kirin Brewery (Gunma,
Japan) and OCH was derived as described previously.® In most experi-
ments, mice were intraperitoneally injected with 2 jug of w-GalCer or OCH
in 200 pL of phosphate-buffered saline (PBS) for priming and boosting.
Dimethyl sulfoxide (DMSO: 0.1%) was used. as the vehicle control,
Phycoerytivin (PE)-conjugated tetrameric CD1d molecules Joaded with
@-GalCer (a-GalCer/CD1d) were prepared as described.'? The anti-NKG2A/
C/E (NKG2) mAb, 20d5. and the anti-NKG2D mAb (CX5) were generated
as described previously2l? Fab fragments of 2045 and anti-Qa-1* mAb
(BD Pharmingen. San Diego, CA) were prepared using the Fab preparation
kit (Pierce, Rockford. 1L} as described.®

Flow cytometric analysis

Mononuclear cells (MNCs) were prepared from spleen and liver as
described.!! Cells were first preincubated with antimouse CD16/32 (2.4G2)
mAb to avoid nonspecific binding of mAbs to FeyR. Surface and
intraccllular expression of molecules by iNKT cells were analyzed on
clectronically gated «-GalCer/CDI1d tetramer® cells on 4-color flow
cytometry using a FACSCaliber (BD Bioscience, San Jose. CA). Intraceilu-
lar staining was performed with a BD Cytefix/Cytoperm kit (BD Pharmin-
gen) according to the manufacturer’s instructions. Intracellular TCR in
NKT cells was detected with a mixture of PE-conjugated antimouse VB2
TCR mAD (B20.6), anti-VB7 TCR mADL (TR310). and anti-VBES TCR mAb
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(F23.1), or a-GalCer-loaded recombinant soluble dimeric mouse CD1d:
immunoglobulin (CD1d:Ig: BD Pharmingen) and PE-conjugated anti-
mouse 1gGl mAb (A85-1; BD Pharmingen). Swface and intracellular
molecules were analyzed on clectronically gated intraceliular V32/7/8%
cells 1 day after «-GalCer or OCH injection. Surface and intracellular
molecules were stained with fluerescein isothiocyanate (FITC)- or allophy-
cocyanin (APC)—conjugated NK1.1 mAb (PK136), FITC- or biotin-
conjugated antimouse CD9%4 mAb (18d3); FITC- or biotin-conjugated
antimouse NKG2A/C/E (NKG2) mAb (20d5): biotin-conjugated antimouse
NKG2AP (16a11). FITC-conjugated antimouse Ly49 mAbs (anti-Ly49D
mAb [4E5] or a mixture of anti-Ly49AB¢ [A1]. anti-Ly49C/T mAb [SE6).
anti-Ly49G2 mADb [4D11]. and antimouse Ly49] mAb [Y1.1-90]): biotin-
conjugated anti-NKG2D mAb (CX5): APC- or biotinconjugated anti-
mouse CD28 mAb (37.51): biotinconjugated antimouse Qa-1° mAb
(6A8.6F10.1A6); FITC-, PE-, PE—cyanin 5 (PE-Cy5)-. APC-, or biotin-
conjugated isotype-matched control mAbs (G155-178, MOPC-31C, R35-
95, A95-1, R3-34, and Had/8): and Cy3-conjugated swreptavidin. All of
these reagents were purchased from BD Pharmingen, except for antimouse
CD94 mAb, anti-NKG2APS mAb, anti-NKG2D mAb. and anti-CD28 mAb
from eBioscience (San Diego, CA).

Cell preparation and in vitro stimuiation

Freshly isolated splenic MNCs from vehicle-. a-GalCer—, or OCH-primed
mice (5 X 10%) were cultured in RPMJ 1640 medium supplemented with
10% heat-inactivated fetal calf serum (FCS). 2 mM L-glutamine, and 25
mM NaHCO; in humidified 5% COa at 37°C in 96-well U-bottom plates
(Corning. Corning. NY) as previously described.!? Cells were stimulated
with 100 ng/mL «-GalCer, OCH. or vehicle (0.1% DMSO) in the presence
or absence of 10-pg/mL Fab fragments of isotype-matched control mAbs.
anti-NKG2 mAb, or antimouse Qa-1* mAb. or intact antimouse CDSO
(16-10A 1) and antimouse CD86 (PO 3.1) mAbs (eBioscience). After 24 to
48 hours, cell-free culture supernatants were harvested to determine IFN-y
and [.-4 levels by enzyme-linked immunosorbent assay (ELISA).

Coculture of iNKT cells and DCs

Freshly isolated hepatic MINCs were stained with PE-conjugated «-GalCer/
CD1d tetramer, and positive cells were enriched by autoMACS using
anti-PE microbeads (Miltenyi Biotec, Bergisch Gladbach. Germany j accord-
ing to the manufacturer’s instructions. Enriched iNKT cells were then
sorted on a FACS Vantage (BD Bioscience) to obtain highly purified
(98%-99%) INKT cells. Splenic dendritic cells (DCs) were prepared
according to the reported method. 2" Purified iNKT cells (10%) and DCs
(5 X 10%) were cocultured as previously described!' ¥ with 100 ng/mL
a-GalCer or vehicle (0.1 DMSQ) in the presence or absence of 10-p@/mL
Fab fragments of isotype-matched control mAbs. anti-NKG2A mAb. or
anti-Qa-1" mAb. After 24 to 72 hours. cell-fiee culture supematants were
harvested to determine IFN-y and IL-4 Jevels by ELISA.

ELISA

IFN-y and IL~4 levels in the culture supernatants or the sera were
determined by using mouse IFN-y- or IL-4—specific ELISA kits (OptE1A;
BD Bioscience Pharmingen) according to the manufacturer’s instructions.

Cytotoxicity assay

Cytoloxic activity was tested against NK-cell-sensitive YAC-1 cells and
NK-cell-resistant P815 cells by a standard 4-howr S!'Crrelease assay as
previously described.”! Effector cells (hepatic and splenic MNCs) were
prepared from mice 24 hours afier the last intraperitoneal injection of
a-GalCer. OCH. or vehicle. Some mice were administered with 300 pg of
isotype-matched control lg or anti-NKG2 mAb intraperitoneally 2 days
before the Jast a-GalCer injection. Specilic cytotoxicity was calculated as
previously described. !

Experimental lung metastases

B6 mice were intraperitoneally injected with OCH. a-GalCer. or vehicle.
and then intravenously inoculated with B16 melanoma cells (1 X 105,
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3 % 105, or 5 X 10%200 wL) 2 hows Jater on day 0. B16 melanoma cells
were prepared as previously described.’t Some mice were primed 2.5
days earlier with OCH or «-GalCer. Some mice were administered with 300
g of isotype-matched control Ig or anti-NKG2 mAb intraperitoneally 2
days before the last a-GalCer injection. On day 14, the number of tumor
colonies on the lungs was counted under a dissecting microscope (Olym-
pus. Tokyo. Japan).

Statistical analysis

Data were analyzed by a 2-tailed Student f test, P values less than .05 were
considered significant.

Results

Modulation of costimulatory and NK-cell receptors on iNKT
cells upon priming with TCR ligands

We analyzed the modulation of TCR, inhibitory NK-cell receptors
(CD94/NKG2 and Lyd49A/C/I/G2), activating NK-cell receptors
(NK1.1, NKG2D, and Ly49D). and a costimulatory receptor
(CD28) on iNKT cells after in vivo priming with synthetic TCR
ligands, a-GalCer or OCH. Amongst liver iNKT cells from B6 WT
mice, approximately 50% expressed CD94/NKG2 and NKG2D,
less than 10% expressed Ly49A/C//G2, less than 2% expressed
Ly49D, and all constitutively expressed CD28 (Figure 1A). Stain-
ing with an NKG2A-specific mAb showed that CD94/NKG2
expressed on iNKT cells was mainly composed of NKG2A (data
not shown) but not NKG2C or NKG2E, as previously reported.”?
Upon priming with a-GalCer or OCH, a-GalCer/CD1d tetramer?
iNKT cells seemingly began to disappear within 6 hours (data not
shown) and almost completely disappeared at 16 to 24 hours, as
previously reported.'*2 Consistent with recentreports,’**" intracel-
lular staining with anti-V{2/7/8 mAbs, detecting the predominant
TCR f-chains expressed by iNKT cells, clearly showed the
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presence of liver iNKT cells expressing intracellular TCR at 24
hours after a-GalCer or OCH priming. NK-cell receptors and
CD28 were also internalized, although some retention of cell
surface CD28 was still detected (Figure 1A). Although staining
intensily was relatively weak, intracellular staining with o-GalCer—
loaded recombinant soluble dimeric mouse CD1d:Ig also demon-
strated the internalized «-GalCer/CD1d-specific TCR coexpressed
with intracellular NK1.1 one day after «-GalCer (Figure 1B) or
OCH injection (data not shown). Similar results were obtained with
spleen MNCs afiter in vivo priming and with liver MNCs afler in
vitro priming (data not shown).

After 2 to 3 days, the primed iNKT cells re-expressed TCR and
CD28 on their surface. By contrast, a reduced level of suiface
NK-cell receptors (NK1.1, CD94/NKG2, Ly49, and NKG2D) was
maintained for at least 3 to 4 days. After 5 to 7 days, some INKT
cells still expressed a low level of surface NKI1.1, but another
iNKT-cell population expressed relatively higher levels of NK1.1
compared with naive iNKT cells. After activation, the proportions
of CD94/NKG2-, Ly49-, or NKG2D-expressing iNKT cells in-
creased, and the expression levels of CD94/NKG2 and Ly49 were
relatively higher than those found on naive iNKT cells. Again,
CD94/NKG2 on these iNKT cells was mainly composed of
NKG2A as estimated by staining with NKG2A-specific mAb.
Consistent with previous reports,”*#2 TCR lLigand priming in-
duced iNKT-cell expansion. although the expansion level was
reduced following OCH priming (1.5-3 fold) compared with
«-GalCer priming (5-8 fold) (data not shown). Similar results were
obtained with spleen MNGCs after in vivo priming and with liver
MNCs after in vitro priming (data not shown).

Consistent with a previous report that OCH selectively induced
T-helper 2 {Th2) cytokine production by iNKT cells,* a minor but
significant seram IL-4 elevation was observed 3 to 5 hours after
priming with OCH, but serum IEN-y was not detected (Figure 2A).
Moreover, we observed a similar modulation of iNKT-cell surface
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fion, Liver MNCs were intracellulatly stained with o-Gal-
Cer—oaded recombinani soluble dimeric mouse CD1d:lg
and PE-conjugated anti-mouse 1gGt mAb, or PE-
conjugated anti-mouse 1gG1 mAb logether with FITC-
conjugated anti-NK1.1 mAb, 1 day after o-GalCer injec-
tion. Quadrant gates were sei by staining with FITC-
conjugated isotype-maiched control and PE-conjugated
anti-mouse IgGt mAD.
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Figure 2. Augmented serum IFN-y and IL-4 following «-GalCer treatment in
OCH-primed mice. (A) Mice were primed with intraperitoneal injection of a-GalCer
{0) or OCH (D) and then boosted with o-GalCer or OCH on the indicated day. Serum
samples were obtained from 3 to 10 mice in each group 5 hours after the boost or the
priming. Serum IFN-y and IL-4 levels of primed naive mice were indicated on the
y-axis (%), and the dotted hotizontal line in each panel shows the mean level of the
primary response. Serum IFN-y or iL-4 in the vehicle-injected mice were not
detectable (data not shown). (B) Kinetics of serum IFN-y (circles) and 1L-4 (triangles)
levels following o-GalCer boost of vehicle-primed (open symbols) or OCH-primed
{closed symbols) mice on day 2.5. Data are represented as thie mean = SD of 5 mice
in each group. Similar results were obtained from 3 independent expeliments.

receptors by «-GalCer or OCH priming in IFN-y™ mice or in
anti—IFN-y mAb- and/or anti-1L-4 mAb-treated WT mice (data
not shown). Taken together, these results indicated that priming of
iNKT cells with TCR ligands resulted in a dramatic modulation of
not only TCR and NKI1.1 but also CD28 and inhibitory or
activating NK-cell receptors on their surface. and this modulation
was independent of IFN-vy or IL-4 production.

Augmented recall responses of OCH-primed iNKT cells
to a~-GalCer in vivo

Since the modulation of surface receptors on INKT cells by Ag
priming might modify iNKT-cell responses to subsequent Ag
challenge, we next examined the responses of «-GalCer- or
OCH-primed mice to secondary «-GalCer orr OCH administration.
We measured serum IFN-y and 1L-4 5 hours after «-GalCer or
OCI injection to avoid the contribution of NK cells, since it has
been previously reported that NK cells are activated after iNKT-
cell activation and contribute significantly to IFN-y production
within 12 hours afler a-GalCer injection.)3 Of interest, serum
IFN-vy and IL-4 levels were dramatically increased (10-30 fold) by
secondary «-GalCer injection 2 to 4 days after OCH priming
compared with primary «-GalCer injection (Figure 2A). By
contrast, serum IFN-y and 1L-4 levels were only slightly increased
by secondary «-GalCer injection in «-GalCer—primed mice com-
pared with primary «-GalCer injection (Figure 2A). Very little
serum 1FN-y and 11-4 were detected in mice injected with
«-GalCer 1 day after «-GalCer or OCH priming, possibly due (o
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the initial internalization of TCR in iNKT cells. OCH administra-
tion after ¢-GalCer or OCH priming did not augment serum [L-4
levels compared with primary administration of OCH, and serum
IFN-y was never detected (Figure 2A). We also examined the
kinetics of serum IFN-y and IL-4 induction by a-GalCer injection
2.5 days after OCH priming. Both IFN-y and 1L-4 levels were
dramatically increased by the OCH priming and peaked at 5 hours
after secondary a-GalCer injection (Figure 2B).

We next examined the a-GalCer-induced cytotoxic activity and
antitumor effect in &-GalCer— or OCH-primed mice. OCH priming
markedly augmented the ¢-GalCer-induced cytotoxic activities of
liver and spleen MNCs against either NK-cell-sensitive YAC-1 or
NK-cell-resistant P815 target cells compared with priming with
the vehicle (Figure 3A). However, the iNKT—ell proportions in
MNCs were similar among the groups when the mice were boosted
by secondary «-GalCer injection (Table 1). In contrast, «-Gal-
Cer priming did not significantly augment the secondary
«-GalCer—induced cytotoxicity (Figure 3A). Moreover, «-Gal-
Cer administration 2.5 days after OCH priming markedly
augmented the antimetastatic effect against B16 melanoma
compared with other prime/boost regimens (eg, a-GalCer/a-
GalCer; Figure 3B). These results indicated that iNKT cells
were hyperresponsive 10 secondary «-GalCer stimulation 2 to 3
days after OCH priming in vive, resulting in a dramatic
augmentation of effector functions, including 1FN-~v and 1L-4
production, cytotoxicity, and antitumor effect.
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Figure 3. Induction of cytotoxic activity and antimetastatic effect by priming
and boosting with a-GalCer and OCH. (A) Cylotoxic activity of liver and spleen
MNCs was tested against NK-cell-sensitive YAC-1 cells or NKcell-resisiani P815
celis 24 hours after a-GalCer injection into mice primed 2.5 days eatier with vehicle
(2), «GalCer (CJ), or OCH (7). Control mice were ptimed and boosted with vehicle
(). Proportion of INKT cells (%) in respective MNC poptiations at the time of
boosting injection is indicated in Table 1. Data are represented as the mean = SD
of triplicate samples. Similar results were obtained from 3 independent experi-
ments. E/T indicales eflector-to-target ratio. (B) Antimetastatic effect. Mice were
primed and boosted wilh «-GalCer, OCH, or vehicle on days -3 and 0 as
indicated. Then, the indicaled humber of B16 melanoma cells were iniravenously
inoculated imo the mice 2 hours after the boost. On day 14, the numbet of tumor
metastatic colonies in the fungs was counled. Data are represenled as the
mean = SD of 5 mice in each group. Similar resulls were obfained from 3
independent experiments.
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Table 1. Proportion of iNKT cells in respective MNC populations
at the time of boosting injection

Liver MNCs, %

Spleen MNCs, %

Veicle primed 2744 17%08
«-GalCer primed 245 x34 33x18
OCH primed ‘236 5.1 2615

Suppression of a-GalCer-induced iNKT-cell activation
by Qa-1P and CD24/NKG2A interaction

To evaluate the priming effects more precisely, spleen MNCs were
periodically isolated from naive, «-GalCer—primed, or OCH-
primed mice and then stimulated with «-GalCer or OCH in vitro
(Figure 4A). At 24 hours after the in vitro stimulation with
«-GalCer or OCH, spleen MNCs from naive mice did not produce
either IFN-vy or IL-4 at detectable levels, but by contrast spleen
MNCs from «-GalCer— or OCH-primed mice produced substantial
amounts of IFN-y and IL-4 (Figure 4A). Maximal cytokine
secretion was obtained from spleen MNCs isolated 2.5 days after
priming. Consistent with the in vivo data (Figure 2), OCH-primed
spleen MNCs secreted greater amounts of cytokines compared with
«-GalCer—primed spleen MNCs. At 48 to 72 houss after the in vitro
stimulation, naive splenic MNCs produced substantial amounts of
IFN-y and 1L-4 in response to «-GalCer, but the OCH-primed
MNCs still produced increased levels of both IFN-y and IL-4 in
response to «-GalCer restimulation compared with naive or
a-GalCer—primed MNCs (data not shown). These results indicated
that OCH priming sensitized iNKT cells to secondary a-GalCer
stimulation more effectively than «-GalCer priming.

We next explored the mechanism by which OCH or a-GalCer
priming sensitized iNKT cells to a-GalCer restimulation. We first
examined whether the CD94/NKG? inhibitory receptor might
regulale the hyperresponsiveness of INKT cells, since CD94/
NKG?2 was down-modulated on the sensitized iNKT cells 2 to 3
days after a-GalCer or OCH priming (Figure 1). Blockade of the
CD94/NKG2 and Qa-1* interaction by Fab fragments of anti-
NKG2 mAb or anti-Qa-1* mAb markedly enhanced IFN-y and
IL-4 production by a-GalCer—primed MNCs in response (o restimu-
lation in vitro with a-GalCer (Figure 4B). Albeit to a lesser extent,
IFN-y and IL-4 production by OCH-primed or naive MNCs was
also significanty enhanced by the blockade of Qa-1* or CDO¥/
NKG?2. Notably, while «-GalCer—primed MNCs produced lower
levels of IFN-vy and 1L-4 than OCH-primed MNCs in response to
«-GalCer restimulation in vivo, this difference was abrogated by
the blockade of Qa-1 or CDY94/NKG2. The contribution of
activating CD94/NKG2C/E NK-cell receplors may be negligible,
since blockade of the Qa-1"-CD94/NKG2 interaction did not
inhibit cytokine production by «-GalCer—activated iNKT cells in
all cocultures. even if anti-NKG2 mAb or anti-Qa-1* mAb
inhibited the function of activating CD94/NKG2C/E. Blockade of
the CDEO/CDS6 interaction with CD28 abolished the cytokine
production by naive or primed MNCs, irrespective of Qa-1v or
CD94/NKG?2 blockade. These results indicated that the Qa-1" and
CDY94/NKG? interaction suppressed the TCR- and CD28-mediated
activation of iINKT cells by a-GalCer, especially when the iNKT
cells had first been primed with o-GalCer.

We also examined the impact of OCH or a-GalCer priming on
antigen-presenting cells (APCs) by coculturing of purified iNKT
cells and purified splenic DCs separately isolated 2.5 days after
priming with «-GalCer. OCH. or vehicle (Figure 4C). Neither
IFN-vy nor IL-4 was detected when iNKT cells were cocultured
with any DCs in the absence of «-GalCer (data not shown).
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Notably, a-GalCer—primed DCs induced significantly lower levels
of IFN-y and IL-4 production by vehicle-primed iNKT cells
compared with vehicle- or OCH-primed DCs. Of importance, this
difference was abrogated by the blockade of CD94/NKG2. More-
over, OCH-primed iNKT cells produced significantly higher levels
of IFN-y and IL-4 compared with vehicle- or «-GalCer~primed
iNKT cells. Again, the difference of cytokine production between
OCH-primed and a-GalCer—primed iNKT cells was abrogated by
CDY4/NKG2 blockade. Significantly higher levels of IFN-y and
IL-4 were attained by both types of primed iNKT cells compared
with vehicle-primed iNKT cells. A similar level (approximately
200 pg/mL) of IL-12 p40 was detected in the supernatants of all
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Figure 4. NKG2 and CD28 regulate activation of naive or primed iNKT cells by
«-GalCer, (A) Mice were primed with intraperitoneal injection of o-GalCer {dJ) or
OCH (:2Y). Splenic MNCs were prepared on the indicated days after priming and
stimulated with a-GalCer or OCH in vitro for 24 hours. Data are represented as the
mean = SD of friplicate welis. Similar results were oblained from 3 independent
expetiments. (B) Mice were primed with intraperiloneal injection of a-GalCer, OCH, or
vehicle on day —2.5. Then, splenic MNCs were prepared on day 0 and stimulated
witl a-GalCerin vitro for 24 or 48 hours in the presence of absence of the indicated
mAbs. Data are represented as the mean = SD of tiiplicale wells. Simitar results were
obtained from 3 independent expetiments. (C) Liver iNKT cells and splenic DCs were
isolated from naive mice or primed with o-GalCer or OCH 2.5 days before and then
cocullured with o-GalCer for 48 hours in the presence or absence of anti-NKG2 mAb.
Data are represented as the mean = SD of triplicate wells. Similar results were
obtained from 2 independent experiments.
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Figure 5. IFN-y~induced Qa-1® inhibits reactivation of a-GalCer-primed iNKT
cells by e-GalCer. (A) Qa-1b expression on splenic MNCs isolated from WT and
IFN-y~-'- mice was analyzed 2.5 days after intraperitoneal administration of a-GalCer
or OCH. Thin lines indicate the staining of MNCs from vehicle-treated mice with
anti~Qa-1" mAb; bold lines, the staining of MNCs from a-GalCer— or OCH-treated
mice wilh anti-Qa-1°> mAb; and dotted lines, the staining with isotype-matched control
Ig. Similar results were oblained from 3 independent experiments. (B) Kinetics of
serum IL-4 induction after a-GalCer injection into vehicle-primed wild-type mice (V),
vehicle-primed IFN-y~/~ mice (A}, «-GalCer—primed IFN-y~~ mice (1), or OCH-
primed FN-y~/= mice (O). Priming was performed 2.5 days before, Serum IL-4 was
not detectable in the vehicle-injected mice (data notshown). Data are represented as
the mean = SD of 5 mice in each group. Similar results were obtained from 3
independent experiments.

coculiures (data not shown), which suggested that DC function was
not impaired by «-GalCer or OCH priming. These results sug-
gested that the recall responses of iNKT cells in a-GalCer~primed
mice were more strictly regulated by Qa-1" and CD94/NKG2-
mediated suppression than in naive or OCH-primed mice. Consis-
tent with this notion. Qa-1® expression on splenic MNCs was

A
50 geo; 100
. N 1 ]
Faol °e° Igg o4
E ® el = [
B @ 8 12 [
L] 81 £ e
£307 e glZe0 6 &
A e 012 1 e
=201e 'k ang o
E L] ‘e 18
=)
5107 o L2207
e |5 Bfa k $ 16 Heo o
0246810 0246810
r
c

control Ig
anti-NK G2}

contro! lg—+ a-GedCer [

anli-NK GZ— «-GalCer|;

a-GalCol -»contrd 1g-» a-GalCe
a@-GalCer-+ani-NK G2-+ o-Gal Cerf]

0

number of melastatic nodules

A
50 100 150

REGULATION OF NKT-CELL ACTIVATION BY CD94/NKG2 189

markedly up-regulated in w-GalCer~primed mice compared with
naive or OCH-primed mice (Figure 5A).

IFN-y-induced Qa-1* expression hegatively regulates recall
NKT-cell responses in vivo

Although iNKT cells primed with «-GalCer strongly up-regulated
the Qa-1® expression on splenic MNCs, those primed with OCH
did so only weakly (Figure 5A). Notably, the «-GalCer—induced
Qa-1* up-regulation was not observed in IFN-y~'~ mice (Figure
SA). Moreover, a-GalCer priming increased the secondary «-Gal-
Cer~induced serum IL-4 10 a level comparable with that induced by
OCH priming in IEN-y™~ mice (Figure 5B). These results
indicated that IFN-+y induced by «-GalCer priming was responsible
for Qa-1' up-regulation, which in turn resulted in CD94/NKG2-
mediated suppression of recall iNKT-cell response in «-GalCer—
primed mice.

We finally evaluated whether the blockade of CD94/NKG2
could augment the a-GalCer—induced iNK T-cell function in o-Gal-
Cer—primed mice. The in vive treatment with anti-NKG2 mAb
alone did not induce cytokine production or cytotoxicity and did
not deplete NK cells or iNKT cells (data not shown). The
CD94/NKG?2 blockade dramatically increased «-GalCer—induced
serum IFN-y and IL-4 levels, particulaily in a-GalCer—primed
mice (Figure 6A). It was notable that high levels of serum IFN-vy
and 1L-4 were inducible 10 days after @-GalCer priming if
CDY94/NKG2 was blocked at the time of boosting. Moreover, the
CD94/NKG?2 blockade also significantly augmented the a-GalCer—
induced cytotoxicity of liver and spleen MNCs and the antimeta-
static effect of treatment, particularly in «-GalCer—primed mice
(Figure 6B-C). Even if anti-NKG2 mAb possibly inhibited the
function of activating CD94/NKG2C/E, the contribution of activat-
ing CDY4/NKG2C/E NK-cell receptors may be negligible, since
blockade of the Qa-1"-CD94/NKG?2 interaction did not inhibit
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Figure 6. Blockade of NKG2 enhances activation of naive and a-GalCer-primed iNKT cells by a-GaliCer in vivo, (A) Mice were primed with a-GalCer on day 0 and then
boosted with o-GalCer on the indicaled day. Anti-NKG2 mAb (@) or contro! Ig ¢ ) was administered 2 days before the boost. Serum samples were obtained 5 hours after the
boost. The mice indicated on day O were treated once with a-GaiCer injection on day 0. (B) Cylotoxic activity of liver and spleen MNCs was tested against NK-sensilive YAC-1
cells and NK-resistant P815 cells 24 houwss after the last o-GalCer injection, Mice were intraperitoneally injected with -GalCer on day 0 (squares) o1 days ~ 3 and 0 {citcles), or
injected with vehicle on days ~3and 0 (filangles), and intraperitoneally administered with anti-NKG2 mAb (closed symbols) or control 1g (open symbaols) on day -2. Data are
represented as the mean = SD of triplicate samples. Similar results were obtained from 3 independent experiments. (C) Antimetastatic effect. Mice wee intrapetitoneally
injected with o-GalCer on day 0 or days -3 and 0, and then intravenously inoculated with 3 . 105 B16 melanoma cells 2 hours later. Anti-NKG2 mab or contral Ig was
intrapesitoneally administered on day ~2. On day 14, the number of tumor colonies in ihe lungs was counted under a dissecting microscope. Data are represenied as the
mean = SD of 5 to 8 mice in each group. Similar results were oblained from 3 independent experiments,
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cytokine production, cylotoxic activity, or the antimetastalic
effect caused by the a-GalCer injection. These results indicated
that the iNKT-cell activation by «-GalCer was limited by
CD94/NKG2-mediated suppression and blockade of CD9%4/
NKG2 could significantly improve the antitumor effect of a
secondary a-GalCer treatment.

Discussion

In this study, we have shown that activation of iNKT cells is
critically regulated by CD94/NKG2. In addition to TCR and CD28,
naive iNKT cells express activating (NK1.1, NKG2D, and Ly49D)
or inhibitory (CD94/NKG2 and Ly49A/C/U/G2) NK-cell receptors.
Al of these cell surface receptors were rapidly down-modulated
upon priming of iNKT cells with their TCR ligands (a-GalCer or
OCH). Two lo 3 days after the priming, iNKT cells re-expressed
TCR and CD28 on their surface. but CDY94/NKG2 and Ly49
remained down-modulated. This patlern of expression enabled the
primed iNKT cells to produce a larger amount of cytokines upon
secondary stimulation with «-GalCer. Of interest, OCH was
superior to «-GalCer in priming iNKT cells for a secondary
response to a-GalCer, resulting in a markedly enhanced antimeta-
static effect. We found that IFN-v induced by «~GalCer priming
up-regulated Qa-1", which in turn suppressed the secondary
iNKT-cell activation via CD94/NKG2. Thus, the blockade of
CDY%4/NKG2 markedly enhanced the antimetastatic effect of
a-GalCer after a-GalCer priming. These findings revealed a
negative feedback regulation of iNKT-cell activation by IFN-y-
inducible Qa-1% and provided a novel strategy to improve the
antimetastatic effect of «-GalCer by priming with OCH or by
blocking CD94/NKG2-mediated suppression.

It was unexpected that OCH was far more effective than
«-GalCer in priming the secondary iNKT-cell responses 1o «-Gal-
Cer, since OCH and «-GalCer similarly modulated iNKT-cell
surface receptors and OCH was rather inferior 1o «-GalCer in
expanding iNKT cells upon priming (data not shown) as recently
reported.®? We hypothesized that IFN-y produced by iNKT cells
upon priming with a-GalCer might be responsible for this differ-
ence, since OCH did not induce IFN-y production in vivo. We
found that «-GalCer priming up-regulated the expression of Qa-1%
in an IFN-y—dependent manner, which suppressed iNKT-cell
activation in response to secondary «-GalCer stimulation in vitro
and in vivo. Qa-1*is an MHC class 1b molecule broadly expressed
on leukocytes and it predominantly presents a canonical signal
peptide of classical MHC class a molecules, called Qa-1 determi-
nant modifier (Qdm), in a transporter associated with antigen
presentation (TAP)—~dependent manner, thereby indirectly represent-
ing cellular MHC class la Jevels. 3 The up-regulation of Qa-1"
expression by IFN-y might be due to increased transcription of
Qa- ' and/or increased TAP-mediated loading of Qdm onto Qa-1%.
The Qdm/Qa-1" complex is recognized by inhibitory CDY4/
NKG2A and activating CD94/NKG2C or E receptors.?** The
CD94/NKG2 receptors expressed on naive and primed iNKT cells
were predominantly CD94/NKG2A as estimated by staining with
an NKG2A-specific mAb as previously reported.®? It has been
shown that CD94/NKG2A expressed on NK cells and CD8* T eells
suppressed their activation.™ However, our present results are the
first indication that iINKT-cell activation is critically regulated by
CDY94/NKG2A. Similarly, inhibitory Ly49 receptors, which recog-
nize MHC class Ia molecules directly, have been reported fo
suppress a-GalCer—induced iNK T-cell activation. 3% Since CD9/
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NKG2A is more frequently expressed on iNKT cells than Ly49, it
may play a more dominant role in regulating iNKT-cell activation.
The IFN-y-mediated Qa-1® up-regulation may be a nepative
feedback mechanism to maintain self-tolerance of iNKT cells and
avoid a pathogenic effect of INKT cells.*®3 [t will be interesting to
explore the iNKT-cell functions in Qa-1"deficient®® or CD94-
deficient? mice in future studies.

Consistent with recent reports,'®20 we observed a rapid down-
modulation of TCR and NK1.1 on the surface of iNKT cells upon
priming with their TCR ligands, which mostly accounted for the
apparent disappearance of INKT cells. However, intracellular
staining 1 day afler a-GalCer priming demonstrated a 20% to 30%
reduction of iNKT-cell numbers compared with untreated mice
(data not shown), and some annexin V-positive iNKT cells were
detected in the liver and spleen promptly after a-GalCer injection
as we reported previously.!® Therefore, some minor {raction of
iNKT cells appeared to be susceptible to AICD upon «-GalCer
priming. A significant increase of CD94/NKG2* iNKT cells after
a-GalCer priming suggested that these cells were more resistant to
AICD than CDS4/NKG2~ iNKT cells. This preferential survival
and/or expansion of CD94/NKG2* iNKT cells might be at least
partly responsible for the higher sensitivity of primed iINKT cells to
Qa-1" and CDY4/NKG2-mediated suppression.

We and others have recently shown that the expansion of iNKT
cells is maximal 3 days after «-GalCer priming and then iNKT-cell
numbers gradually return to normal levels by homeostatic mecha-
nisms within 7 to 10 days.™%2 Tls is consistent with the kinetics
of recall responses of w-GalCer— or OCH-primed mice to «-Gal-
Cer, suggesting that the enhanced secondary responses were
mainly due fo expansion of iNKT cells after priming. However. the
enhanced secondary responses were mostly maintained up to 10
days after «-GalCer priming if CD94/NKG2-mediated suppression
was blocked at the secondary «-GalCer stimulation. This suggests
that, the primed iNKT cells with a high capacity to produce
cytokines upon restimulation persist (typical of effector/ memory T
cells), although they are under a strict regulation by CD94/NKG2A-
mediated suppression.

A recent study has shown that the recognition of «-GalCer
analogues was influenced by the TCR Vf repertoires of iNKT
cells: OCH was preferentially recognized by V{38+ iNKT cells,
which also have a higher avidity for «-GalCer than VB7* iNKT
cells.’! Thus, a preferential expansion of VR8* iNKT cells afier
OCH or o-GalCer priming might also be responsible for the
cnhanced responses of primed iNKT cells to «-GalCer restimula-
tionin vitro and in vivo.

We have previously shown that «-GalCer-administration into
naive mice induces sustained IFN-y production and cytotoxic
activity, which were mediated by NX cells secondarily activaredby
IFN-y derived from iNKT cells and IL-12 derived from D(s, 162931
Thus, depletion of NXK cells mostly abrogated the sustained
«-GalCer response and consequently impaired (he antimetastalic
effect of «w-GalCer. In contrast, «-GalCer administration into
OCH-primed mice induced a greatly enhanced JFN-y production at
5 hours but not at 16 to 20 hours, which was not reduced by
NK-cell depletion (data not shown). This indicated that OCH
priming mainly enhanced IFN-y production by iNKT cells them-
selves, rather that secondary activated NK cells. upon the second-
ary «~-GalCer stimulation, However, the markedly enhanced cyto-
toxic activity of Liver and spleen MNCs 24 hours afler «-GalCer
boogt in OCH-primed mice was mostly abropated by NK-cell
depletion (K.T., unpublished data, May 2004). In addition, the
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significantly augmented antimetastatic effect of @-GalCer in OCH-
primed mice was significantly inhibited by NK-cell depletion
(K.T,, unpublished data, May 2004). These data suggested that
[FN-y-activated NX cells were mainly responsible for the antimeta-
static effect of w-GalCer in the OCH-primed mice. In this context,
the CD94/NKG?2 blockade might augment the antimetastatic effect
of a-GalCer by enhancing the activation of not only iNKT cells but
also NK cells, since NK cells also express CD94/NKG2A inhibi-
tory receptors. Thus, blockade of the CD94/NKG2A suppressive
pathway may be effective at either the induction or effector phase
of the a-GalCer—induced antitumor effect.

The most notable finding of this study is that the antimetastatic
effect of w-GalCer was greatly improved by the OCH-priming or
the CD94/NKG2A blockade. OCH was a weak inducer of iNKT-
cell expansion and 1L-4 production but did not induce IFN-y
production or antimetastatic activity by itself.* However, OCH
modulated iNKT-cell surface receptors as efficiently as a-GalCer.
These OCH-primed iNKT cells produced a huge amount of IFN-y
upon secondary «~GalCer restimulation in vivo, resulting in a
potent antimetastatic effect. The inability of OCH to induce IFN-y
was a beneficial property for priming secondary «-GalCer re-
sponses because IFN-y down-regulated the secondary iNKT-cell
responses by up-regulating Qa-1" and thus CD94/NKG2A-
mediated suppression. Recent studies have demonstrated quantita-
tive and qualitative differences in the in vivo response of iNKT
cells to distinet «-GalCer analogues, including OCH and 3-Gal-
Cer.® Like OCH, in our preliminary experiments, priming with
B-GalCer a26.° another weak iNKT-cell ligand inducing poor
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cytokine production, also potently enhanced iNKT-cell responses
to a-GalCer restimulation {data not shown). a-GalCer and OCH
have been shown to activate human V24 iNKT cells in a similar
manner to murine V14 iNKT cells in vitro,>* and «-GalCer is
now in ealy clinical frals in cancer patients. % Therefore,
priming with OCH may be a novel strategy to improve the
therapeutic effect of a-GalCerin such patients. Further exploration
of an «-GalCer analog with a better priming effect is also
warranted. CD94/NKG2A blockade might be also applicable to
improve the antitumor effect of ¢-GalCer in humans. In addition to
an antitumor effect, «-GalCer has been shown to protect mice
against infections and autoimmune diseases.!-*1314 Therefore, the
priming with OCH and the blockade of CD94/NKG2A may also be
applicable to improve the therapeutic effect of a-GalCer in these
diseases. However, it has also been shown that ¢-GalCer occasion-
ally exacerbated autoimmune diseases, depending on the model
and/or administration protocol.* Moreover, overactivation of iNKT
cells can induce tissue pathologies.?®3% Therefore, further studies
are needed to determine the optimal prime/boost protocol or
blockade of NK-cell receptors in iNKT-cell-tarpeting therapy for
the safe treatment of tumor. infections. and autoimmune diseases.
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