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Figure 3. In vivo IL-4/IFN-y production profile of 2 and 4 after iv administration to C57BL/6 mice. The data are expressed as mean + SD (N = 4-5). **p <0.01, *p <0.05 compared

with vehicle group (Student’s t-test).

the crystal structure of 1/hCD1d complex'? was performed utiliz-
ing MaEsTR0® program. Contrary to our expectation, the optimized
structure of 2 in the complex had only a subtle, insignificant differ-
ence from 1 (Fig. 2). Some of the above derivatives were also calcu-
lated in silico, including aromatic derivative 111 in expectation of
aromatic interaction(s), but no significant difference was observed
either (data not shown). No significant conformational change in
the a1 and o2 helices of CD1d was observed in the minimization
initiated from the X-ray structure. Molecular dynamics simulation
might be more appropriate for the understanding of this exquisite
signaling system.!?

C-Glycoside derivative (4) of 2 was prepared and evaluated for
its cytokine inducing profile. Conversion of 1 to its C-glycoside ana-
log 3 is reported to lead to striking enhancement of activity in
in vivo animal models of malaria and lung cancer.® It is the only
example of the C-glycoside which is more potent than correspond-
ing O-glycoside. C-Glycoside (3) is shown to somehow stimulate
prolonged IL-12 secretion from dendritic cells, followed by pro-
longed IFN-vy stimulation from NK cells. Compound 4 did not show
induction of either cytokines in vitro (Table 2), and in contrast to 3
did not elevate cytokine levels in vivo when administered intrave-
nously to C57BL/6 mice (Fig. 3). In addition, 4 was co-administered
intravenously with 2 to evaluate its antagonistic activity. Com-
pound 4 did not antagonize the elevation of IL-4 or IFN-y levels
caused by 2 (Fig. 3). Although the anomeric oxygen does not partic-
ipate in the hydrogen bond network in the ternary complex with
CD1d and NKT T-cell receptor,'? subtle difference from O to CH,
was shown to have great influence on the signal transduction.

3. Conclusion

Several analogs related to 1 have been prepared to date, and
many of them are equipotent to or even more potent than 1 in
the aspect of IFN-y secretion. In this study, a series of analogs
based on 2 with altered ceramide moiety was prepared for its
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Th2-biased response, and evaluated in the context of IL-4/IFN-y ra-
tio. Compound 2 in terms of chain length was shown to be one of
the optimal compounds for the desired profile. First examples of
phytosphingosine-modified analogs were discovered with non-lin-
ear hydrocarbon chain or ether linkage that show similar cytokine
inducing profile to 2. Expected aromatic interaction in the sphingo-
sine chain may be of use in the future derivatization. Unprece-
dented C-glycoside of 2 was prepared and evaluated, which was
shown to have no cytokine production effect in vitro or in vivo.
In the course of this study, versatile syntheses were developed
which allowed preparation of unprecedented derivatives and
new findings on Th2 biased immunomodulation. The method and
the possibility of structure modification proven in this study
should allow future access to the analogs improved in their phar-
macological and physicochemical properties.

4. Experimental
4.1. Chemistry

Proton nuclear magnetic resonance spectra ('"H NMR) and car-
bon nuclear magnetic resonance spectra (>*C NMR) were recorded
on Brucker ARX-400 or Brucker Avance 11l (400 MHz) spectrometer
in the indicated solvent. Chemical shifts (6) are reported in parts
per million relative to the internal standard tetramethylsilane.
High-resolution mass spectra (HRMS) and fast atom bombardment
(FAB) mass spectra were recorded on JEOL JMS-700 mass spec-
trometer. Electro-spray ionization (ESI) mass spectra were re-
corded on Agilent G1956A MSD spectrometer system. Other
chemical reagents and solvents were purchased from Aldrich, To-
kyo Kasei Kogyo, Wako Pure Chemical Industries, Kanto Kagaku
or Nacalai tesque and used without purification. Flash column
chromatography was performed using Merck Silica Gel 60 (230-
400 mesh) or Purif-Pack® SI 30um supplied by Shoko Scientific.
The experimental procedure for alkyl chain derivative 2 is reported
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previously.'® Exemplified procedure for aryl derivative 111, alkoxy
derivative 11p and C-glycoside 4, along with compound data for all
compounds 11a-11r are described.

4.1.1. (2R,3R,4R)-1,3-0-Benzylidene-2-0-methanesulfonyl-5-
phenyl-1,2,3,4-pentanetetrol (61)

To a suspension of Cul (4.28 g, 22.5 mmol) in THF (45 ml) was
added 1.06 M PhLi in THF (85 ml, 90.1 mmol) dropwise at —40 °C
and the mixture was stirred for 1h. A solution of 5 (5.01¢g,
22.6 mmol) in THF (15 ml) was added via cannula, and the reaction
was slowly allowed to warm to rt over 6h, The reaction was
quenched with satd NH4Cl aq, extracted with EtOAc and washed
twice with half-satd NH4Cl aq. The organic layer was filtered
through Celite, dried over Na;SO4 and concentrated. The precipita-
tion formed was filtered and purified by silica gel column chroma-
tography (CH,Cl,/MeOH; 3%) to give a colorless solid (6.47 g, 96%).
To the solution of this diol (6.40 g, 21.3 mmol) in pyridine (70 ml)
was added methanesulfony! chloride (1.65 ml, 21.3 mmol) at 0 °C,
and the mixture was gradually warmed to rt. Pyridine was re-
moved under reduced pressure after consumption of the starting
diol, and the residue was diluted with EtOAc, washed twice with
water and brine, dried over Na;SO,4 and concentrated. The residue
was purified by silica gel column chromatography (hexane/EtOAc;
50%) to yield 6l as a colorless solid (2.75 g, 34%). 'H NMR (400 MHz,
CDCly) 6 = 7.55-7.52 (m, 2H), 7.44-7.20 (m, 8H), 5.59 (s, 1H), 4.91
(d, J=1.3 Hz, 1H), 4.52 (dd, ] = 1.5, 13.2 Hz, 1H), 4.12 (dd, /= 1.2,
13.3 Hz, 1H), 4.10-4.05 (m, 1H), 3.77 (dd, ] = 1.2, 9.0 Hz, TH), 3.18
(dd, J=2.8, 13.9 Hz, 1H), 3.13 (s, 3H), 2.78 (dd, J=7.7, 13.8 Hz,
1H), 2.61 (d, J=5.2 Hz, TH).

4.1.2. (25,35,4R)-2-Azido-3,4-0-isopropylidene-5-phenyl-1,3,4-
pentanetriol (71)

A mixture of 6l (2.70g, 7.14 mmol) and NaN; (5.57g,
85.7 mmol) in DMF (35 ml) was stirred at 110 °C for 17 h. The reac-
tion was diluted with EtOAc, washed with water and brine, dried
over Na,SOy, and concentrated. The residue was purified by silica
gel column chromatography (hexane/EtOAc; 40-66%) to yield the
azide (892 mg, 38%). To this azide (860 mg, 2.65 mmol) in MeOH
(14 ml) was added 6 N HCl (1.3 ml, 7.95 mmol) at 0°C, and the
mixture was stirred for 4 h. The reaction was neutralized with solid
K3CO3, then filtered, concentrated and purified by silica gel column
chromatography (hexane/EtOAc; 40-66%) to yield the triol
(434 mg, 69%). The triol (430 mg, 1.81 mmol) was dissolved in
2,2-dimethoxypropane (7 mi), catalytic amount of p-toluenesul-
fonic acid monohydrate (174 mg, 0.092 mmol) was added, and
the mixture was stirred for 2 h. MeOH was added and the reaction
was stirred for 1h. The mixture was concentrated and directly
purified by silica gel column chromatography (hexane/EtOAc;
17%) to yield 71 as a colorless oil (350 mg, 70%). 'H NMR
(400 MHz, CDCl3) 8=7.35-7.17 (m, 5H), 4.45 (ddd, J=3.1, 5.6,
10.2 Hz, 1H), 4.12-4.00 (m, 2H), 3.98-3.88 (m, 1H), 3.65-3.55 (m,
1H), 3.01 (dd, J = 3.0, 14.1 Hz, 1H), 2.81 (dd, J = 10.4, 14.0 Hz, 1H),
2.07 (dd, J = 5.4, 6.8 Hz, 1H), 1.53 (s, 3H), 1.49 (s, 3H).

4.1.3. (25,35,4R)-2-Azido-3,4-0-isopropylidene-5-phenyl-1-0-
(2,3,4,6-tetra-0-benzyl-o-p-galactosyl)-1,3,4-pentanetriol (91)
To a mixture of 71 (175mg, 0.633 mmol), 8a (446 mg,
0.822 mmol) and molecular sieves 4 A in CHCl; (14 ml) under Ar
was added dropwise at —50°C a solution of BFs;-OEt; (80 pl,
0.631 mmol) in CHCl; (2.7 ml). After 1 h of stirring the reaction
was quenched with satd NaHCOs; aq, extracted with CH,Cly,
washed with brine, dried over Na,SO,4, concentrated and purified
by silica gel column chromatography (hexane/EtOAc; 12.5%) to
give 91 as a colorless oil (108 mg, 21%). "H NMR (400 MHz, CDCl3)
6=7.40-7.15 (m, 25H), 4.96 (d, ] =3.7 Hz, 1H), 495 (d, J=11.2 Hz,
1H), 4.84 (d, J=12.2 Hz, 1H), 4.81 (d, J=13.0Hz, 1H), 4.72 (d,

J=11.8 Hz, 1H), 4.71 (d, J = 12.0 Hz, 1H), 4.57 (d, ] = 11.5 Hz, 1H),
448 (d, J=11.9 Hz, 1H), 441 (d, [ =12.1 Hz, 1H), 4.42-4.33 (m,
1H), 4.20-3.90 (m, 6H), 3.77 (dd, J = 6.5, 10.8 Hz, 1H), 3.65-3.45
(m, 3H), 3.00 (dd, J = 2.8, 14.1 Hz, 1H), 2.78 (dd, ] = 10.5, 14.0 Hz,
1H), 1.44 (s, 3H), 1.23 (s, 3H).

4.1.4. (25,35,4R)-3,4-0-Isopropylidene-5-phenyl-1-0-(2,3,4,6-
tetra-0-benzyl-o-p-galactosyl)-2-tetracosanoylamino-1,3,4-
pentanetriol (101)

A mixture of 91 (98.2 mg, 0.123 mmol) and Lindlar catalyst
(98 mg) in EtOH (5 ml) was stirred under H, atmosphere for 24 h.
Additional Lindlar catalyst (96 mg) was added and the mixture
was stirred for another 24 h. Insolubles were removed by filtration
through membrane filter and the filtrate was concentrated to give
an oil. The oil was diluted with CH,Cl, (2 ml) and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (26.8 mg,
0.140 mmol) was added. This mixture was added at 0 °C to the pre-
mixed suspension of Lignoceric acid (44.8 mg, 0.122 mmol), 1-
hydroxybenzotrilazole (20.3 mg, 0.150 mmol) and Hunig's Base
(49 pd, 0.281 mmol), in DMF (2.5 ml) and CH,Cl; (5 ml), and the
mixture was stirred at rt for 24 h. The reaction mixture was diluted
with [Et,0/EtOAc = 1:1] solution, quenched with satd NaHCOj5 agq,
washed with 1 N HCl and brine, dried over Na,SO4, concentrated
and purified by silica gel column chromatography (hexane/EtOAc;
25-33%) to give 101 as a colorless solid (90.0 mg, 65% in two steps).
'"H NMR (400 MHz, CDCl;) &=7.40-7.08 (m, 25H), 6.32 (d,
J=8.4Hz, 1H), 4.924 (d, /= 11.4 Hz, 1H), 4.919 (d, ] = 3.9 Hz, 1H),
482 (d, J=114Hz, 1H), 481 (d, J=11.7Hz, 1H), 4.74 (d,
J=11.7 Hz, 1H), 4.66 (d, /] = 11.5 Hz, 1H), 4.58 (d, J=11.6 Hz, 1H),
4.47 (d, J=11.8 Hz, 1H), 4.37 (d, J=11.8 Hz, 1H), 4.25-4.05 (m,
4H), 4.06 (dd, J = 3.3, 9.7 Hz, 1H), 3.98 (t, ] = 6.1 Hz, 1H), 3.95-3.90
(m, 2H), 3.65 (d, J = 11.2 Hz, 1H), 3.55 (dd, J = 7.0, 9.5 Hz, 1H), 3.38
(dd, J=5.6, 94 Hz, 1H), 2.75-2.70 (m, 2H), 2.18-1.93 (m, 2H),
1.60-1.50 (m, 2H), 1.47 (s, 3H), 1.28 (s, 3H), 1.35-1.20 (m, 40H),
0.87 (t,] = 6.5 Hz, 3H).

4.1.5. (25,35,4R)-1-0-(o-p-Galactosyl)-5-phenyl-2-tetracosanoy
lamino-1,3,4-pentanetriol (111)

To a solution of 101 (90.0 mg, 0.0801 mmol) in CH,Cl; (5 mli)
and MeOH (1 ml) was added 4 M HCl in dioxane (100 pl, 0.4 mmol)
at 0°C and the mixture was stirred at rt for 3 h. Silica gel was
added to the reaction mixture, then volatiles were removed under
reduced pressure. The residue was purified by silica gel column
chromatography (hexane/EtOAc; 25-33%) to give a colorless solid
(68 mg, 78%). A mixture of this solid (67 mg, 0.062 mmol) and
Pearlman’s catalyst (26.8 mg) in CHCl3 (1 ml) and MeOH (3 ml)
was stirred under H; atmosphere for 1.5 h. Insolubles were re-
moved by filtration through membrane filter and the filtrate was
concentrated to give compound 111 as a colorless solid (43.6 mg,
98%). 'TH NMR (400 MHz, Pyr-ds) 6 =8.53 (d, J = 8.8 Hz, 1H), 7.62
(d, J=6.8 Hz, 2H), 7.32-7.27 (m, 2H), 7.20-7.17 (m, 1H), 6.83 (d,
J=4.6 Hz, 1H), 6.58-6.44 (m, 3H), 6.33 (d, J = 6.7 Hz, 1H), 6.27 (d,
J=4.0Hz, 1H), 5.51 (d, J=3.9 Hz, 1H), 5.27 (qd, J=4.7, 89 Hz,
1H), 4.69-4.59 (m, 2H), 4.58-4.31 (m, 8H), 3.70 (dd, J=1.8,
13.5Hz, 1H), 3.14 (dd, J=9.3, 13.7 Hz, 1H), 2.49-2.38 (m, 2H),
1.81 (quin, J = 7.5 Hz, 2H), 1.39-1.18 (m, 40H), 0.87 (t, /= 6.7 Hz,
3H); *C NMR (101 MHz, Pyr-ds) 6 =173.4, 130.5, 128.5, 101.8,
76.6, 74.0, 73.1, 71.6, 71.0, 70.4, 69.3, 62.7, 51.7, 40.7, 36.8, 32.1,
30.0,30.0, 29.9, 29.9, 29.8, 29.6, 26 .4, 23.0, 14.3; HRMS (FAB) Calcd
for C41H73NNaOy*: 746.5178; Found: 746.5157.

4.1.6. (2R,3R4R)-1,3-0-Benzylidene-2-0-methanesulfonyl-6-
oxa-1,2,3,4-nonanetetrol (6p)

NaH (1.82 g, 45.4 mmol) was added to 1-propanol (60 ml) at
0°C and stirred for 5 min. To the solution was added 5 (2.00g,
9.01 mmol), and the mixture was stirred at rt for 20 h. To the reac-
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tion mixture was added water (200 mL), and the product was
extracted with EtOAc (200mL x 1, 50 ml x 2). The combined
organic layer was dried over Na,SO,, filtered, concentrated and
purified over silica gel column chromatography (hexane/EtOAc;
50-67%) to yield the ether as a colorless solid (2.12 g, 83%). To
the solution of above ether (451 mg, 1.60 mmol) in pyridine
(15 ml) was added methanesulfonyl chloride (118 pl, 1.51 mmol)
at —40°C, and the mixture was gradually warmed to rt. After
36 h of stirring pyridine was removed azeotropically with heptane.
The residue was directly purified by column chromatography (hex-
ane/EtOAc; 40-66%) to yield 6p as a colorless solid (357.0 mg, 62%).
'H NMR (400 MHz, CDCl3) 6 =7.52-7.44 (m, 2H), 7.41-7.35 (m,
3H), 5.58 (s, 1H), 4.88 (dd, J=1.5, 3.0 Hz, 1H), 4.59 (dd, J=1.6,
13.2Hz, 1H), 4.16 (dd, J=1.3, 13.2Hz, 1H), 4.04 (dd, J=1.5,
9.2 Hz, 1H), 4.00-3.93 (m, 1H), 3.67 (dd, J=2.9, 9.8 Hz, 1H), 3.63
(dd, J=4.4, 9.8 Hz, 1H), 3.47 (ddd, J=6.7, 9.5, 13.8 Hz, 2H), 3.17
(s, 3H), 2.76 (d, J=6.4Hz, 1H), 1.61 (sxt, J=7.1 Hz, 2H), 0.93
(t,J=7.5 Hz, 3H); MS (ESI) 361.1 (M+H)".

4.1.7. (25,35,4R)-2-Azido-3,4-0-isopropylidene-6-oxa-1,3,4-
nonanetriol (7p)

A mixture of 6p (325 mg, 0.901 mmol) and Pearlman’s catalyst
(61.3 mg, 0.437 mmol) in EtOH (10 ml) was stirred under H, atmo-
sphere at rt for 90 min. Insolubles were removed by filtration
through membrane filter and the filtrate was concentrated to give
a colorless oil which contained EtOH (281.3 mg, calculated from 'H
NMR to contain 242 mg of the triol, 99%). EtOAc was added and re-
moved under reduced pressure repeatedly for three times to re-
move EtOH. The residue was dissolved in DMF (5 ml), NaN3
(236 mg, 3.63 mmol) was added and the mixture was stirred under
Ar at 95 °C for 3 h. To the reaction mixture was added half-satd
NaHCO; (100 mL), and the product was extracted with EtOAc
(100 mL x 1, 50 mi x 8). The combined organic layer was dried
over Na,S0,, filtered, concentrated and purified by silica gel col-
umn chromatography ([hexane/EtOAc = 1:1]/MeOH; 2-5%) to give
the azido-triol as a colorless oil {119.0 mg, 60%). The residue was
dissolved in 2,2-dimethoxypropane (2 ml), catalytic amount of p-
toluenesulfonic acid monohydrate {5 mg, 0.026 mmol) was added
at 0°C, and the mixture was stirred for 21 h during which ice in
the cooling bath gradually melted. MeOH was added and the reac-
tion was stirred for 2 h. To the mixture was added half-satd NaH-
COs aq (75ml), and the product was extracted with EtOAc
(75 mL x 1,40 ml x 2). The combined organic layer was dried over
Na,SO,, filtered, concentrated and purified by silica gel column
chromatography (hexane(EtOAc; 20-50%, then to [hexane/
EtOAc = 1:1}/MeOH; 5%) to yield 7p as a colorless oil (36.9 mg,
26%). 'H NMR (400 MHz, DMSO-dg) =5.10 (br s, 1H), 4.23 (q,
J=5.8Hz, 1H), 3.93 (dd, J=5.9, 9.0Hz, 1H), 3.80 (dd, J=1.5,
11.0Hz, 1H), 3.62 (dd, j=5.0, 10.5Hz, 1H), 3.60-3.49 (m, 2H),
3.46 (dd, J=5.8, 10.5Hz, 1H), 3.39 (t, J=6.7 Hz, 2H), 1.53 (sxt,
J=7.1Hz, 2H), 1.34 (s, 3H), 1.25 (s, 3H), 0.87 (t, J=7.4 Hz, 3H);
13C NMR (101 MHz, DMSO-dg) 6=107.8, 75.6, 74.5, 72.3, 68.7,
62.2,61.6,27.4, 25.2, 22.2, 10.4; MS (ESI) 232.2 (M—Np+H)".

4.1.8. (25,35,4R)-2-Azido-3,4-0-isopropylidene-6-oxa-1-0-
(2,3,4,6-tetra-0-benzyl-a-p-galactosyl)-1,3,4-nonanetriol (9p)
To a solution of 7p (36.9 mg, 0.142 mmol) in toluene (3 ml) un-
der Ar were added molecular sieves 4 A (151.3 mg), a solution of
tetra-O-benzyl-galactosyl chloride 8b (162 mg, 0.29 mmol) in tolu-
ene (7ml), tetra-n-butylammoniumn bromide (140.9 mg,
0.437 mmol) and Hunig’s Base (50 pl, 0.286 mmol) at rt. The mix-
ture was stirred at rt for 45 min, at 60 °C for 45 h, and at 80 °C for
15 h. MeOH was added at 50 °C and stirred for 6 h. The reaction
mixture was passed through Celite pad to remove insolubles, and
to the filtrate was added half-satd NaHCO3 aq (100 ml). The prod-
uct was extracted with EtOAc (100ml x 1, 50ml x 1), and the
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combined organic layer was dried over Na,SQ,, filtered, concen-
trated and subjected to silica gel column chromatography (hex-
ane/EtOAc; 11% to 14%) to give 9p as a colorless oil (98.0 mg) as
a mixture with tetra-O-benzyl-1-methoxygalactose. Tetra-O-ben-
zyl-1-methoxygalactose was removed in the next step. MS (FAB)
804 (M+Na)*.

4.1.9. (28,35,4R)-3,4-0-Isopropylidene-6-oxa-1-0-(2,3,4,6-tetra-
0-benzyl-a-p-galactosyl)-2-tetracosanoylamino-1,3,4-
nonanetriol (10p)

The crude 9p obtained in 4.1.8 was divided into two portions.
One portion was dissolved in EtOH (3 ml) and stirred with Lindlar
catalyst (20.8 mg) under H, atmosphere for 22 h. Insolubles were
removed by filtration through membrane filter and the filtrate
was concentrated to give an oil. The oil was diluted with CH,Cl,
(1 ml) and DMF (1 ml), and to the solution was added premixed sus-
pension of Lignoceric acid (10.5 mg, 0.028 mmol), 3H-[1,2,3]-triaz-
olo[4,5-b]pyridin-3-0l (4.5 mg, 0.033 mmol) and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (7.4 mg,
0.039 mmol) in DMF (1 ml) and CH,Cl, (1 ml), then Hunig’s Base
(12 pl, 0.069 mmol), and the mixture was stirred at 35 °C for 17 h.
To the reaction mixture was added half-satd NaHCO3 aq (100 mL),
and the product was extracted with [hexane/EtOAc = 1:1] solution
(100 mL x 1,50 ml x 2). The combined organic layer was dried over
Na,SO0y,, filtered, concentrated and purified by silica gel column
chromatography (hexane/EtOAc; 25%) to give 10p as colorless oil
(17.8 mg). The same procedure was applied to the other portion
of the crude 9p, and the products from both portions were com-
bined to yield 35.1 mg (22% from 7p) as a colorless oil. '"H NMR
(400 MHz, CDCl3) 6 = 7.42-7.19 (m, 20H), 6.36 (d, J = 9.4 Hz, 1H),
493 (d, J=11.5Hz, 1H), 4.89 (d, J=3.8Hz, 1H), 4.81 (d,
J=11.4Hz, 1H), 4.80 (d, J= 11.4 Hz, 1H), 4.74 (d, J = 11.7 Hz, 1H),
466 (d, J=11.5Hz, 1H), 4.58 (d, J=11.5Hz, 1H), 4.48 (d,
J=11.8 Hz, 1H), 4.38 (d, J = 11.9 Hz, 1H), 4.23-4.02 (m, 5H), 3.98-
3.88 (m, 3H), 3.61 (dd, J=2.6, 11.4Hz, 1H), 3.54 (dd, J=6.8,
9.3 Hz, 1H), 3.45-3.34 (m, 4H), 3.30 (td, J= 7.0, 9.4 Hz, 1H), 2.10-
1.94 (m, 2H), 1.61-1.52 (m, 4H), 1.44 (s, 3H), 1.33 (s, 3H), 1.32-
1.19 (m, 40H), 0.88 (t, J = 7.2 Hz, 3H), 0.87 (t, J= 7.3 Hz, 3H); 3C
NMR (101 MHz, CDCl3) §=138.3, 128.5, 128.4, 1284, 128.3,
128.3, 128.0, 127.9, 127.7, 127.6, 127.5, 108.7, 99.6, 78.9, 74.7,
74.6, 73.5, 73.4, 73.0, 36.8, 31.9, 29.7, 29.7, 29.6, 29.4, 294, 25.8,
25.6,22.7,14.1, 10.4; MS (FAB) 1128 (M+Na—1)".

4.1.10. (2S,35,4R)-1-0-(a-p-Galactosyl)-6-0xa-2-tetracosanoy
lamino-1,3,4-nonanetriol (11p)

To a solution of 10p (16.4 mg, 0.015 mmol) in CH,Cl, (4 ml) and
MeOH (0.8 ml) was added 4 M HCl in dioxane (80 pl, 0.320 mmol)
and the mixture was stirred at rt for 2 h. EtzN (90 pl, 0.646 mmol)
was added, then volatiles were removed under reduced pressure to
give solid, which was purified by silica gel column chromatography
(hexane/EtOAc; 33% to 44%) to give colorless solid (13.8 mg, 87%).
A mixture of above solid (12.5 mg, 0.012 mmol) and Peariman’s
catalyst (7.5 mg) in CH,Cl; (1 ml) and MeOH (3 ml) was stirred un-
der H, atmosphere for 3.5 h. Insolubles were removed by filtration
through membrane filter and the filtrate was concentrated to give
compound 11p as a colorless solid (8.8 mg, quant.) 'H NMR
(400 MHz, Pyr-ds) 6=8.45 (d, J=8.7 Hz, 1H), 6.86 (d, J=6.7 Hz,
1H), 6.53 (d, /=6.1 Hz, 1H), 6.50-6.41 (m, 2H), 6.34 (d, J=6.4 Hz,
1H), 6.27 (d, J=4.1 Hz, 1H), 5.54 (d, J = 3.8 Hz, 1H), 5.30-5.21 (m,
1H), 4.69-4.59 (m, 2H), 4.57-4.53 (m, 1H), 4.53-4.34 (m, 7H),
4.12 (dd, J=2.7, 9.9 Hz, 1H), 3.99 (dd, J=6.0, 9.9 Hz, 1H), 3.45
(tq, J=6.7, 9.1 Hz, 2H), 2.42 (dt, J=1.8, 7.5 Hz, 2H), 1.79 (quin,
J=7.5Hz, 2H), 1.54 (sxt, J = 7.1 Hz, 2H), 1.39-1.15 (m, 40H), 0.87
(t,J=6.8 Hz, 3H), 0.82 (t, J= 7.5 Hz, 3H); **C NMR (101 MHz, Pyr-
ds) 6=173.4, 101.6, 74.2, 74.1, 73.3, 73.1, 72.1, 71.7, 71.0, 704,
68.7, 62.7, 51.6, 36.8, 32.1, 30.0, 30.0, 29.9, 29.9, 29.8, 29.8, 29.6,
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26.4, 23.3, 23.0, 14.3, 10.8; HRMS (FAB) Calcd for C3sHysNNaO,*:
728.5283; Found: 728.5311.

4.1.11. (25,35,4R)-1-0-(a-p-Galactosyl)-2-tetracosanoylamino-
1,3,4-heptanetriol (11a)

'H NMR (400 MHz, Pyr-ds) 6 = 8,40 (d, J = 8.5 Hz, 1H), 6.91 (d,
J=6.1Hz, 1H), 6.59 (d, | = 6.1 Hz, 1H), 6.48 (t, /] = 5.6 Hz, 1H), 6.38
(d, J=6.1 Hz, 1H), 6.26 (d, ] =3.9 Hz, 1H), 6.03 (d, /= 5.9 Hz, 1H),
557 (d, J=3.8 Hz, 1H), 530-5.21 (m, 1H), 4.70-4.61 (m, 2H),
4.58-4.53 (m, 1H), 4.53-4.47 (m, 1H), 4.47-4.34 (m, 4H), 4.33~
4.23 (m, 2H), 2.43 (t, ] = 7.5 Hz, 2H), 2.27-2.14 (m, 1H), 1.94-1.75
(m, 4H), 1.74-1.57 (m, 1H), 1.41-1.14 (m, 40H), 0.96 (t,
J=7.3Hz, 3H), 0.87 (t, ] = 6.9 Hz, 3H); '>C NMR (101 MHz, Pyr-ds)
§=173.2, 101.6, 76.9, 73.1, 72.2, 71.7, 71,0, 70.3, 68.7, 62.7, 51.4,
36.8, 36.6, 32.1, 30.0, 30.0, 29.9, 29.9, 29.8, 29.8, 29.6, 26.4, 23.0,
19.6, 14.6, 14.3; HRMS (FAB) Calcd for C37H73NNaQ,*: 698.5178;
Found: 698.5151.

4.1.12. (25,35 ,4R)-1-0-(a-p-Galactosyl)-2-tricosanoylamino-
1,3,4-octanetriol (11b)

"H NMR (400 MHz, Pyr-ds) 6 = 8.42 (d, ] = 8.7 Hz, 1H), 5.57 (d,
J=3.8 Hz, 1H), 5.31-5.21 (m, 1H), 4.70-4.62 (m, 2H), 4.58-4.54
(m, 1H), 4.54~4.48 (m, 1H), 4.46-4.35 (m, 4H), 4.32-4.24 (m,
2H), 2.44 (t, ] = 7.2 Hz, 2H), 2.32-2.17 (m, 1H), 1.90-1.74 (m, 4H),
1.70-1.53 (m, 1H), 1.46-1.16 (m, 40H), 0.91-0.80 (m, 6H); *C
NMR (101 MHz, Pyr-ds) 6=173.3, 101.6, 76.8, 73.1, 72.5, 71.6,
71.1, 70.3, 68.7, 62.7, 514, 36.8, 34.1, 32.1, 30.0, 29.9, 29.9, 29.8,
29.8, 29.6, 28.6, 26.4, 23.3, 23.0, 14.4, 14.3; HRMS (FAB) Calcd for
Cy7H73NNaO,*: 698.5178; Found: 698.5161.

4.1.13. (25,35,4R)-1-0-(0-p-Galactosyl)-2-tetracosanoylamino-~
1,3,4-octanetriol (11c)

TH NMR (400 MHz, Pyr-ds) 6 = 8.41 (d, ] = 8.7 Hz, 1H), 6.96-6.86
(m, 1H), 6.65-6.53 (m, 1H), 6.53~6.43 (m, 1H), 6.37 (d, ] = 6.1 Hz,
1H), 6.31-6.20 (m, 1H), 6.03 (d, J = 5.1 Hz, 1H), 5.57 (d, = 3.9 Hz,
1H), 5.31-5.21 (m, 1H), 4.71-4.62 (m, 2H), 4.55 (br s, 1H), 4.53~
448 (m, 1H), 4.47-4.35 (m, 4H), 4.32-4.22 (m, 2H), 2.43 (t,
J=7.2Hz, 2H), 2.32-2.18 (m, 1H), 1.91-1.72 (m, 4H), 1.67-1.53
(m, 1H), 1.47-1.15 (m, 42H), 0.87 (t, J=6.8 Hz, 3 H), 0.85 (t,
J=6.9 Hz, 3H); '3C NMR (101 MHz, Pyr-ds) 6 = 173.2, 101.6, 76.9,
73.1, 72.5, 71.7, 71.1, 70.3, 68.7, 62.7, 51.4, 36.8, 34.1, 32.1, 30.0,
30.0, 29.9, 29.9, 29.8, 29.8, 29.6, 28.6, 26.4, 23.3, 23.0, 14.4, 14.3;
HRMS (FAB) Calcd for C3sH7sNNaOg*: 712.5334; Found: 712.5316.

4.1.14. (28,35,4R)-1-0-(a-p-Galactosyl)-2-icosanoylamino-1,3,4-
nonanetriol (11d)

TH NMR (400 MHz, Pyr-ds) é = 8.42 (d, ] = 8.7 Hz, 1H), 6.91 (d,
J=6.4Hz, 1H), 6.57 (d, ] = 4.8 Hz, 1H), 6.49 (t, J = 5.5 Hz, 1H), 6.39
(d, J=6.1 Hz, 1H), 6.26 (d, J = 3.6 Hz, 1H), 6.03 (d, /= 5.8 Hz, 1H),
5.57 (d, J=3.9Hz, 1H), 530-5.21 (m, 1H), 4.71-4.61 (m, 2H),
4.55 (br s, 1H), 4.53-4.48 (m, 1H), 4.47-4.35 (m, 4H), 4.34-4.23
(m, 2H), 2.44 (t, J=7.2 Hz, 2H), 2.30-2.17 (m, 1H), 1.93-1.74 (m,
4H), 1.70-1.56 (m, 1H), 1.41-1.15 (m, 36H), 0.87 (t, J=6.8 Hz,
3H), 0.81 (t, J = 7.0 Hz, 3H); "3C NMR (101 MHz, Pyr-ds) § = 173.3,
101.6, 76.8, 73.1, 72.5, 71.7, 71.0, 70.4, 68.7, 62.7, 51.5, 36.8,
34.4, 32.5, 32.1, 30.0, 30.0, 29.9, 29.9, 29.8, 29.8, 29.6, 26.4, 26.1,
23.0, 23.0, 14.3, 14.3; HRMS (FAB) Caled for CssHggNNaOQ,,:
670.4865; Found: 670.4880.

4.1.15. (25,35,4R)-1-0-(a-p-Galactosyl)-2-docosanoylamino-
1,3,4-nonanetriol (11e)

TH NMR (400 MHz, Pyr-ds) & = 8.42 (d, ] = 8.7 Hz, 1H), 6.90 (br s,
1H), 6.57 (d, J=4.4Hz, 1H), 6.49 (t, J=5.3Hz, 1H), 6.39 (d,
J=5.9Hz, 1H), 6.26 (d, J=3.9Hz, 1H), 6.03 (d, J=5.5Hz, 1H),
5.57 (d, J=3.8 Hz, 1H), 531-5.20 (m, 1H), 4.71-4.61 (m, 2H),

4.55 (br s, 1H), 4.53~-4.48 (m, 1H), 4.47-4.36 (m, 4H), 4.33-4.24
(m, 2H), 2.44 (t, ] = 7.2 Hz, 2H), 2.30-2.18 (m, 1H), 1.93-1.75 (m,
4H), 1.70-1.54 (m, 1H), 1.45-1.11 (m, 40H), 0.87 (t, /=6.8 Hz,
3H), 0.81 (t, J = 7.0 Hz, 3H); *C NMR (101 MHz, Pyr-ds) § = 173.3,
101.6, 76.8, 73.1, 72.5, 71.7, 71.1, 704, 68.7, 62.7, 51.5, 36.8,
344, 32.5, 32.1, 30.0, 30.0, 29.9, 29.9, 29.8, 29.8, 29.6, 26.4, 26.1,
23.0, 23.0, 14.3, 14.3; HRMS (FAB) Calcd for Ci;H73NNaOg*:
698,5178; Found: 698.5145.

4.1.16. (25,35,4R)-1-0-(a-p-Galactosyl)-2-tricosanoylamino-
1,3,4-nonanetriol (11f)

'H NMR (400 MHz, Pyr-ds) 6 = 8.42 (d, J = 8.5 Hz, 1H), 5.58 (d,
J=3.9Hz, 1H), 530-5.22 (m, 1H), 4.71-4.62 (m, 2H), 4.58-4.54
(m, 1H), 4.54-4.49 (m, 1H), 4.47-4.36 (m, 4H), 4.33-4.25 (m,
2H), 2.44 (t, /= 7.3 Hz, 2H), 2.31-2.18 (m, 1H), 1.94-1.76 (m, 4H),
1.69-1.56 (m, 1H), 1.41-1.18 (m, 42H), 0.87 (t, /=6.9 Hz, 3H),
0.81 (t, J=7.2Hz, 3H); '>C NMR (101 MHz, Pyr-ds) &=101.6,
76.8, 73.1, 72.5, 71.7, 71.0, 70.3, 62.7, 51.5, 36.8, 34.4, 32.5, 32.1,
30.0, 29.9, 29.8, 29.6, 26.4, 26.1, 23.0, 23.0, 14.3, 14.3; HRMS
(FAB) Calcd for C3gHzsNNaOy*: 712.5334; Found: 712.5302.

4.1.17. (25,35,4R)-1-0-(a-p-Galactosyl)-2-pentacosanoylamino-
1,3,4-nonanetriol (11g)

'H NMR (400 MHz, Pyr-ds) & = 8.43 (d, J = 8.7 Hz, 1H), 6.92 (d,
J=4.0Hz, 1H), 6.58 (d, J = 3.6 Hz, 1H), 6.50 (t, /= 5.3 Hz, 1H), 6.40
(d, J=6.0Hz, 1H), 6.27 (d, ] = 3.4 Hz, 1H), 6.03 (d, /] = 5.6 Hz, 1H),
5.58 (d, J=3.8Hz, 1H), 5.32-5.20 (m, 1H), 4.71-4.61 (m, 2H),
4.55 (br s, 1H), 4.54-4.48 (m, 1H), 4.47-4.35 (m, 4H), 4.29 (br s,
2H), 2.44 (t, ] = 7.3 Hz, 2H), 2.30-2.18 (m, 1H), 1.94-1.75 (m, 4H),
1.70-1.56 (m, 1H), 1.38-1.20 (m, 46H), 0.87 (t, J=6.8 Hz, 3H),
0.81 (t, J=7.1Hz, 3H); '*C NMR (101 MHz, Pyr-ds) &=173.3,
101.6, 76.8, 73.1, 72.5, 71.7, 71.0, 70.4, 68.7, 62.7, 51.5, 36.8,
34.4, 32.5, 32.1, 30.1, 30.0, 29.9, 29.9, 29.8, 29.8, 29.6, 26.4, 26.1,
23.0, 23.0, 14.3, 14.3; HRMS (FAB) Calcd for C4H7gNNaOg*:
740.5647; Found: 740.5618.

4.1.18. (25,35,4R)-1-0-(0-p-Galactosyl)-2-hexacosanoylamino-
1,3,4-nonanetriol (11h)

TH NMR (400 MHz, Pyr-ds) § = 8.43 (d, ] = 8.7 Hz, 1H), 6.92 (br s,
1H), 6.58 (br s, 1H), 6.49 (br s, 1H), 6.39 (d, J = 5.9 Hz, 1H), 6.27 (br
s, 1H), 6.03 (d, J = 4.5 Hz, 1H), 5.58 (d, ] = 3.9 Hz, 1H), 5.30-5.22 (m,
1H), 4.71-4.62 (m, 2H), 4.55 (br s, 1H), 4.54-4.48 (m, 1H), 4.48-
4.34 (m, 4H), 4.33-4.24 (m, 2H), 2.44 (t, ] = 7.2 Hz, 2H), 2.31-2.18
(m, 1H), 1.94-1.76 (m, 4H), 1.70-1.55 (m, 1H), 1.42-1.16 (m,
48H), 0.87 (t, J=6.9Hz, 3H), 0.81 (t, J=7.1Hz, 3H); >C NMR
(101 MHz, Pyr-ds) 6=173.3, 101.6, 76.8, 73.1, 72.5, 71.7, 71.0,
70.4, 68.7, 62.7, 51.5, 36.8, 34.4, 32.5, 32.1, 30.1, 30.0, 29.9, 29.9,
29.8, 29.8, 29.6, 26.4, 26.1, 23.0, 23.0, 14.3; HRMS (FAB) Calcd for
Cs1HgiNNaOy *: 754.5804; Found: 754.5757.

4.1.19. (25,35,4R)-1-0-{o-p-Galactosyl)-2-octacosanoylamino-
1,3,4-nonanetriol (11i)

'H NMR (400 MHz, Pyr-ds) & =8.42 (d, J=8.7 Hz, 1H), 6.90 (d,
J=4.1Hz, 1H), 6.57 (d, ] = 4.9 Hz, 1H), 6.49 (t, /= 5.3 Hz, 1H), 6.39
(d, J=6.1Hz, 1H), 6.26 (d, J=3.5Hz, 1H), 6.02 (d, /=5.6 Hz, TH),
5.57 (d, /=3.9Hz, 1H), 5.30-5.20 (m, 1H), 4.71-4.61 (m, 2H),
4.57-4.48 (m, 2H), 4.47-4.36 (m, 4H), 4.33-4.25 (m, 2H), 2.44 (¢,
J=7.2Hz, 2H), 2.30-2.19 (m, 1H), 1.93-1.77 (m, 4H), 1.69-1.56
(m, 1H), 1.38-1.22 (m, 52H), 0.87 (t, J=6.8 Hz, 3H), 0.81 (t,
J=7.1Hz, 3H); *C NMR (101 MHz, Pyr-ds) 6 = 173.3, 101.6, 76.8,
73.1,72.5,71.7, 71.0, 704, 68.7, 62.7, 51.5, 36.8, 344, 32.5, 32.1,
30.1, 30.0, 29.9, 29.9, 29.8, 29.8, 29.6, 26.4, 26.1, 23.0, 23.0, 14.3,
14.3; HRMS (FAB) Calcd for Cs3HgsNNaOy*: 782.6117; Found:
782.6116.
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4.1.20. (28,354R)-1-0-(a-p-Galactosyl)-2-tricosanoylamino-
1,3,4-decanetriol (11j)

"H NMR (400 MHz, Pyr-ds) 6 =8.43 (d, J = 8.7 Hz, 1H), 6.92 (d,
J=6.3Hz, 1H), 6.58 (d, J = 6.0 Hz, 1H), 6.49 (t, J = 5.6 Hz, 1H), 6.40
(d, J=6.1Hz, 1H), 6.27 (d, J=4.0 Hz, 1H), 6.04 (d, J=5.9 Hz, 1H),
5.58 (d, J=3.9Hz, 1H), 531-5.21 (m, 1H), 4.71-4.61 (m, 2H),
4.58-4.54 (m, 1H), 4.54-4.49 (m, 1H), 4.47-4.35 (m, 4H), 4.34-
4.25 (m, 2H), 2.44 (t, ] = 7.2 Hz, 2H), 2.31-2.19 (m, 1H), 1.94-1.75
(m, 4H), 1.70-157 (m, 1H), 1.44-1.16 (m, 44H), 0.87 (t,

J=6.8 Hz, 3H), 0.80 (t, ] = 7.1 Hz, 3H); 13C NMR (101 MHz, Pyr-ds) -

§=173.3, 101.6, 76.8, 73.1, 72.5, 71.7, 71.1, 70.4, 68.7, 62.7, 51.5,
36.8, 34.4, 32.2, 32.1, 30.1, 30.0, 29.9, 29.9, 29.8, 29.8, 29.6, 26.4,
23.0, 22.9, 14.3, 14.3; HRMS (FAB) Calcd for C3sH77NNaOg*:
726.5491; Found: 726.5509.

4.1.21. (25,35,4R)-5-Cyclopentyl-1-O-(a-p-galactosyl)-2-
tetracosanoylamino-1,3,4-pentanetriol (11k)

'H NMR (400 MHz, Pyr-ds) 6 = 8.41 (d, J=8.7 Hz, 1H), 6.91 (d,
J=4.9Hz, 1H), 6.60 (d, ] =4.3 Hz, 1H), 6.49 (t, = 5.5 Hz, 1H), 6.37
(d, J=6.4Hz, 1H), 6.26 (d, J=3.9 Hz, 1H), 5.97 (d, J=6.5 Hz, 1H),
5.57 (d, J=3.9Hz, 1H), 5.29-5.19 (m, 1H), 4.71-4.61 (m, 2H),
4.56 (br s, 1H), 4.54-4.49 (m, 1H), 4.47-4.25 (m, 6H), 2.51-2.35
(m, 3H), 2.20-2.11 (m, 1H), 2.01-1.88 (m, 2H), 1.88-1.76 (m,
3H), 1.61-1.49 (m, 2H), 1.49-1.16 (m, 44H), 0.87 (t, J=6.9Hz,
3H); 3C NMR (101 MHz, Pyr-ds) 6 = 173.2, 101.6, 77.2, 73.1, 71.7,
71.1, 704, 68.7, 62.7, 51.4, 37.3, 36.8, 34.1, 32.4, 32.1, 30.0, 30.0,
29.9, 29.9, 29.8, 29.8, 29.6, 264, 25.5, 25.4, 23.0, 14.3; HRMS
(FAB) Calcd for CqoH77NNaOg*: 738.5491; Found: 738.5444.

4.1.22. (28,35,4R)-1-0-(a-p-Galactosyl)-6-phenyl-2-tetracosa
noylamino-1,3,4-hexanetriol (11m)

TH NMR (400 MHz, Pyr-ds) 5 = 8.35 (d, J = 8.7 Hz, 1H), 7.38-7.27
(m, 4H), 7.20-7.17 (m, 1H), 7.05 (br s, 1H), 6.59 (br s, 1H), 6.52~
6.41 (m, 2H), 6.29 (br s, 1H), 6.22 (d, J=5.9Hz, 1H), 5.57 (d,
J=3.8Hz, 1H), 5.31-5.22 (m, 1H), 4.69-4.59 (m, 2H), 4.56 (br s,
1H), 4.48-4.25 (m, 7H), 3.21 (ddd, J=4.5, 9.8, 13.9 Hz, 1H), 3.00
(ddd, J=6.8, 9.7, 13.5 Hz, 1H), 2.66-2.55 (m, 1H), 2.47-2.33 (m,
2H), 2.23-2.10 (m, 1H), 1.80 (quin, J = 7.6 Hz, 2H), 1.40-1.14 (m,
40H), 0.87 (t, J=6.9Hz, 3H); '*C NMR (101 MHz, Pyr-ds)
6=173.2, 143.6, 129.1, 128.7, 125.9, 101.5, 76.8, 73.0, 71.7, 71.6,
71.0, 70.3, 68.4, 62.7, 51.3, 36.8, 36.5, 32.7, 32.1, 30.0, 29.9, 29.9,
29.8, 29.8, 29.6, 26.4, 23.0, 14.3; HRMS (FAB) Calcd for
C4H75sNNaOy+: 760.5334; Found: 760.5322.

4.1.23. (25,35,4R)-1-0-(a-p-Galactosyl)-5-(p-tolyl)-2-tetracosano
ylamino-1,3,4-pentanetriol (11n)

TH NMR (400 MHz, Pyr-ds) =8.51 (d, J=8.5 Hz, 1H), 7.51 (d,
J=8.0Hz, 2H), 7.08 (d, J = 7.7 Hz, 2H), 6.92-6.12 (m, 6H), 5.52 (d,
J=4.0Hz, 1H), 5.28 (qd, J=4.7, 8.9 Hz, 1H), 4.71-4.58 (m, 2H),
4.58-4.47 (m, 3H), 4.47-4.30 (m, 5H), 3.67 (dd, J=1.8, 13.5Hz,
1H), 3.12 (dd, J=9.2, 13.8 Hz, 1H), 2.43 (dt, J=3.3, 7.5 Hz, 2H),
2.21 (s, 3H), 1.81 (quin, J = 7.6 Hz, 2H), 1.43-1.10 (m, 40H), 0.87
(t, J=6.8 Hz, 3H); >C NMR (101 MHz, Pyr-ds) 6 =173.4, 138.2,
130.3, 129.1, 101.8, 76.5, 74.1, 73.1, 71.6, 71.0, 704, 69.2, 62.7,
51.7, 36.8, 32.1, 30.1, 30.0, 29.9, 29.9, 29.8, 29.8, 29.6, 26.4, 23.0,
21.0, 14.3; HRMS (FAB) Calcd for C4,H7sNNaOg*: 760.5334; Found:
760.5358.

4.1.24. (25,35,4R)-1-0-(a-p-Galactosyl)-6-0xa-2-tetracosanoy
lamino-1,3,4-heptanetriol (110)

TH NMR (400 MHz, Pyr-ds) 6 = 8.47 (d, J = 8.7 Hz, 1H), 5.54 (d,
J=3.9Hz, 1H), 5.30-5.22 (m, 1H), 4.69-4.61 (m, 2H), 4.57-4.47
(m, 3H), 4.46-4.33 (m, 5H), 4.07 (dd, J=2.7, 9.9 Hz, 1H), 3.94 (dd,
J=6.1, 9.8 Hz, 1H), 3.35 (s, 3H), 2.42 (dt, J= 1.5, 7.5 Hz, 2H), 1.79
(quin, J= 7.5 Hz, 2H), 1.38-1.14 (m, 40H), 0.87 (t, J=7.0 Hz, 3H);
13C NMR (101 MHz, Pyr-ds) 6 = 173.4, 101.6, 76.0, 74.0, 73.1, 72.0,

71.6, 71.0, 70.3, 68.5, 62.7, 59.0, 51.5, 36.8, 32.1, 30.0, 30.0, 29.9,
29.9, 29.8, 29.8, 29.6, 26.4, 23.0, 14.3; HRMS (FAB) Calcd for
C36H71NNaO,,*: 700.4970; Found: 700.4920.

4.1.25. (2S,35,4R)-1-0-(a-p-Galactosyl)-6-oxa-2-tetracosanoy
lamino-1,3,4-octadecanetriol (11q)

TH NMR (400 MHz, Pyr-ds) 6 = 8.47 (d, J = 8.7 Hz, 1H), 6.86 (br s,
1H), 6.62-6.42 (m, 3H), 6.36 (d, J= 6.3 Hz, 1H), 6.28 (br s, 1H), 5.54
(d,J=3.8 Hz, 1H), 5.31-5.22 (m, 1H), 4.71-4.60 (m, 2H), 4.58-4.33
(m, 8H), 4.17 (dd, = 2.6, 9.9 Hz, 1H), 4.04 (dd, J = 6.1, 9.9 Hz, 1H),
3.62-349 (m, 2H), 243 (dt, J=1.6, 7.5Hz, 2H), 1.80 (quin,
J=7.6Hz, 2H), 1.64-1.55 (m, 2H), 1.40-1.16 (m, 58H), 0.90-0.85
(m, 6H); 3C NMR (101 MHz, Pyr-ds) 6 = 173.4, 101.6, 74.3, 74.1,
73.1,72.1, 71.9, 71.7, 71.0, 70.4, 68.7, 62.7, 51.6, 36.8, 32.2, 30.3,
30.1, 30.0, 29.9, 29.9, 29.8, 29.8, 29.6, 26.6, 26.4, 23.0, 14.3; HRMS
(FAB) Caled for C47Ho3NNaO,,*: 854.6692; Found: 854.6697.

4.1.26. (2S,35,4R)-1-0-(a-p-Galactosyl)-5-phenoxy-2-tetracosa
noylamino-1,3,4-pentanetriol (11r)

TH NMR (400 MHz, Pyr-ds) § = 8.56 (d, J = 8.7 Hz, 1H), 7.29-7.23
(m, 2H), 7.09-7.03 (m, 2H), 6.96-6.91 (m, 1H), 6.70 (br s, 1H), 5.56
(d,J = 3.8 Hz, 1H), 5.37-5.30 (m, 1H), 4.77-4.58 (m, 5H), 4.58-4.49
(m, 3H), 4.47-4.35 (m, 4H), 2.44 (dt, ] = 2.1, 7.5 Hz, 2H), 1.80 (quin,
J=7.6Hz, 2H), 1.38-1.17 (m, 40H), 0.87 (¢, J = 6.9 Hz, 3H); 13C NMR
(101 MHz, Pyr-ds) 6 = 173.5, 160.1, 129.8, 120.8, 115.2, 101.6, 73.7,
73.1, 71.7, 71.6, 71.4, 71.0, 70.3, 68.6, 62.7, 51.5, 36.8, 32.1, 30.0,
30.0,29.9,29.9,29.8,29.8, 29.6, 26.4, 23.0, 14.3; HRMS (FAB) Calcd
for C41H73NNaO,,*: 762.5127; Found: 762.5139.

4.1.27. (3RA4S,5R)-4,5-0-Isopropylidene-1-(2,3,4,6-tetra-0-
benzyl-a-p-galactosyl)-1-decyne-3,4,5-triol (14)

To a solution of 12 (92.7 mg, 0.17 mmol) in THF (2 ml) was
added dropwise a solution of 1.57 M n-Buli in hexane (120 pl,
0.19 mmol) at —45°C, and the reaction temperature was raised
to 0 °C. After 30 min of stirring the mixture was cooled to —48 °C
and a solution of 13 (117 mg, 0.584 mmol) in THF (1.5 ml) was
added. After 90 min of stirring the mixture was allowed to gradu-
ally warm to —30 °C. The mixture was quenched with 0.1 M phos-
phonate buffer (2 ml, pH 7.4) at —30 °C and allowed to warm to rt.
Satd NaCl aq (5 ml) and water (40 ml) was added, and the product
was extracted with EtOAc (40 ml x 1, 30 ml x 2). Combined organ-
ic layer was dried over Na,SO,4, concentrated and purified by silica
gel column chromatography (hexane/EtOAc; 9-25%) to yield 14 as
a pale yellow oil (43.7 mg, 35% (47% based on recovered starting
material)), along with its epimer (27.9 mg, 22% (30% br sm)) and
recovered 12 (24.5 mg, 26%). 'H NMR (400 MHz, CDCl;) & = 7.38-
7.21 (m, 20H), 491 (d, J=11.4Hz, 1H), 4.86 (dd, J=1.6, 5.7 Hz,
1H), 4.81 (d, J=11.8Hz, 1H), 4.74 (d, J=11.8 Hz, 1H), 4.73 (d,
J=11.8 Hz, 1H), 4.67 (d, J= 11.8 Hz, 1H), 4.55 (d, J=11.4 Hz, 1H),
448 (d, J=12.2 Hz, 1H), 440 (d, J=11.8 Hz, 1H), 4.38-4.33 (m,
1H), 4.15-4.04 (m, 4H), 3.96 (d, J=1.6 Hz, 1H), 3.82 (dd, J=2.8,
10.1 Hz, 1H), 3.55-3.49 (m, 2H), 2.65 (d, J=3.7 Hz, 1H), 1.47 (s,
3H), 1.69-1.41 (m, 3H), 1.37 (s, 3H), 1.30-1.19 (m, 5H), 0.82 (t,
J=6.9 Hz, 3H); MS (FAB) 749 (M+H)".

4.1.28. (3R4R,5R)-4,5-0-Isopropylidene-3-0-methanesulfonyl-
1-(2,3,4,6-tetra-0-benzyl-a-p-galactosyl)-3,4,5-decanetriol (15)
To a warmed solution of 14 (15.6 mg, 0.021 mmol) and p-tolu-
enesulfonylhydrazine (38.8 mg, 0.208 mmol) in dimethoxyethane
was added 1 N NaOAc ag solution in 10 portions over 5 h. The mix-
ture was stirred at 85 °C for 4.5 h after the final addition. After
cooling to rt, the reaction was diluted with water (10 ml) and ex-
tracted with CH,Cl; (30ml x 1, 20ml x 1, 10 ml x 1). Combined
organic layers was dried over Na,SO,4, concentrated and purified
by silica gel column chromatography (hexane/EtOAc; 25%) to yield
saturated alcohol as a colorless oil (14.2 mg, 91%). The alcohol was
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dissolved in CH.Cl, (1ml) and pyridine (0.5ml), and to the
solution was added methanesulfonyl chloride (four drops) at
0°C. After overnight stirring at rt the reaction was diluted with
EtOAc (30 ml) and washed with satd NH4Cl aq (20 ml) and water
(10 ml). The organic layer was dried over Na,SOy4, concentrated
and purified over silica gel column chromatography (hexane/
EtOAc; 25%) to yield compound 15 as a colorless oil (14.7 mg,
94%). "H NMR (400 MHz, CDCly) §=7.35-7.22 (m, 20H), 4.78-
4.70 (m, 2H), 4.68 (s, 2H), 4.60 (s, 2H), 4.55 (d, /= 11.8 Hz, 1H),
449 (d, J=11.4Hz, 1H), 443 (d, J=11.8 Hz, 1H), 4.11-4.04 (m,
2H), 3.99-3.92 (m, 2H), 3.88 (br s, 2H), 3.77-3.70 (m, 2H), 3.56
(dd, J=4.7, 10.3 Hz, 1H), 3.08 (s, 3H), 1.97-1.46 (m, 5H), 1.44 (s,
3H), 1.33 (s, 3H), 1.32~1.22 (m, 7H), 0.88 (t, J = 6.9 Hz, 3H); MS
(FAB) 831 (M+H)*.

4.1.29. (35,45,5R)-4,5-0-1sopropylidene-1-(2,3,4,6-tetra-0-
benzyl-o-p-galactosyl)-3-tetracosanoylamino-4,5-decanediol
(16)

To a solution of 15 (14.7 mg, 0.0177 mmol) in DMF (1 ml) was
added NaN; (18.0 mg, 0.277 mmol) at 0 °C, and the mixture was
stirred at 90 °C for 17 h. After cooling to rt the mixture was diluted
with EtOAc (50 ml), washed with water (30 ml x 3), dried over
Na,S0,, concentrated and passed through silica gel column to give
the crude azide. The crude azide was stirred overnight with Lindlar
catalyst (14.6 mg) in EtOH (2 ml) under H, atmosphere. Insolubles
were removed by passing through membrane filter, and the filtrate
was concentrated to give amine as a pale yellow oil. A mixture of
this amine, Lignoceric acid (11.7 mg, 0.0317 mmol), 1-hydroxy-7-
azabenzotriazole (5.8 mg, 0.0426 mmol), Et;sN (3 drops), and 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(9.0 mg, 0.0469 mmol) in DMF (1 ml) and CH,Cl; (1 ml) was stirred
overnight at rt. The reaction was diluted with EtOAc (40 ml) and
washed with satd NaHCO5 aq (30 ml) and water (30 ml). The or-
ganic layer was dried over Na,SOy, concentrated and purified by
silica gel column chromatography (hexane/EtOAc; 17% to 20%) to
yield 16 as a colorless solid (9.3 mg, 48%). "TH NMR (400 MHz,
CDCl3) 6=7.35-7.22 (m, 20H), 5.68 (d, /=8.9Hz, 1H), 4.74 (d,
J=114Hz, 1H), 4.68 (d, J=12.2 Hz, 1H), 4.64 (d, /= 11.8 Hz, 1H),
4.63 (d, J=11.8 Hz, 1H), 4.57-4.48 (m, 3H), 4.45 (d, J=11.8 Hz,
1H), 4.06-3.99 (m, 2H), 3.99-3.92 (m, 4H), 3.87-3.74 (m, 2H),
3.68 (dd, j=2.4, 7.7 Hz, 1H), 3.54 (dd, J=4.3, 10.3 Hz, 1H), 2.10~
1.99 (m, 2H), 1.40 (s, 3H), 1.30 (s, 3H), 1.83-1.13 (m, 54H), 0.88
(t,J=6.5Hz, 3H), 0.86 (t, ] = 6.5 Hz, 3H); MS (FAB) 1103 (M+H)".

4.1.30. (35,4S,5R)-1-(a-p-Galactopyranosyl)-3-
tetracosanoylamino-4,5-decanediol (4)

A mixture of 16 in 80% AcOH was stirred at 60 °C for 3 h, after
which all of the volatiles were removed and the residue was puri-
fied by silica gel column chromatography (hexane/EtOAc; 33% to
50%) to yield diol as a colorless solid (7.9 mg, 88%). A mixture of
this diol and Pearlman’s catalyst (10.6 mg) in MeOH (2.5 ml) and
CH,Cl; (1 ml) was stirred under H, atmosphere for 4.5 h. Insolubles
were removed by passing through membrane filter, and washed
thoroughly with mixed solution of MeOH and CH,Cl,. The filtrate
was concentrated to give compound 4 as a coloriess solid
(5.4 mg, quant.). "H NMR (400 MHz, Pyr-ds) 6 = 8.41 (d, ] = 9.0 Hz,
1H), 6.81-5.71 (m, 6H), 5.17-5.07 (m, 1H), 4.72 (dd, J=5.5,
8.9 Hz, 1H), 4.57-4.45 (m, 3H), 4.36 (dd, J=4.6, 11.2 Hz, 1H),
4.29-4.11 (m, 4H), 2.78-2.65 (m, 1H), 2.65-2.53 (m, 1H), 2.53-
2.38 (m, 2H), 2.38-2.13 (m, 3H), 1.97-1.76 (m, 4H), 1.74-1.57
(m, 1H), 1.49-1.09 (m, 44H), 0.87 (t, J=6.8 Hz, 3H), 0.81 (t,
J=7.2Hz, 3H); 3C NMR (101 MHz, Pyr-ds) § = 173.4, 78.5, 77.0,
73.8, 72.7, 72.2, 70.6, 704, 62.8, 52.7, 37.0, 34.5, 32.5, 32.1, 30.1,
30.0, 29.9, 29.9, 29.8, 29.6, 26.6, 26.2, 23.1, 23.0, 14.3; HRMS
(FAB) Calcd for CyoH7oNNaOg*: 724.5698; Found: 724.5693.

4.2. Biological evaluation

4.2.1. In vitro cytokine production

Splenocytes were prepared from the spleens of C57BL/6 mice
(6~8 weeks old, female) and suspended in a RPMI1640 medium
(purchased from Nacalai) containing 10% fetal bovine serum (pur-
chased from GIBCO), 5 = 10™°M 2-mercaptoethanol (purchased
from GIBCO), 1mM pyruvate (purchased from SIGMA), and
25 mM HEPES (purchased from SIGMA). The cells (5 x 10° cells/
well) were stimulated with glycolipid derivatives at a concentration
of 100 ng/ml for 72 h at 37 °C in a 96-well flat bottom plate (pur-
chased from IWAKI), and the concentration of 1L-4 and IFN-y in
the culture supernatant were measured by ELISA (BD Pharmingen
EIA Kit). Compound 2 was always included in the assay as a control
and the cytokine release were expressed as relative to that of 2 for
the mean of at [east three experiments.

4.2.2. In vivo cytokine production

Each glycolipid was dissolved in 0.5% DMSO in saline. To clarify
the antagonist activity of 4, the compound was injected intrave-
nously into C57BL/6 mice (9 weeks old, female) though tail vein
at 0.1 pg/mouse, 15 min before OCH injection (0.1 jig/mouse). 3,
6, 9 h after second injection, sera were collected, and the content
of serum IL-4 and IFN-y were measured by ELISA (BioLegend ELISA
Set). The data were presented as mean + SD (N =4-5). Statistical
analysis was performed by Student’s t-test by using JMP9.0.2
(SAS Institute Inc., Cary, NC).

4.2.3. In silico optimization of 2/hCD1d complex

Both acyl and phytosphingosine chain of 1 bound to hCD1d in
the crystal structure was truncated in silico to correspond to 2,
and the complex thus obtained was further optimized. Optimiza-
tion of the complex was performed stepwise as follows, utilizing
Macromodel Ver. 9.0% [force field OPLS2005/solv. Water] (conver-
gence threshold .05 kj/mol/A): (i) main chain, Asp80, Asp151,
Thr154 and ligand fixed, (ii) main chain, Asp80(0s1, 082), As-
p151(081, 082), Thr154(0y) and oxygen atoms of the ligand fixed,
(iii) main chain, distances among selected ligand atoms and Asp80,
Asp151, Thr154 fixed, (iv) main chain fixed, (v) optimization of all
the atoms.

Acknowledgements

Authors thank Dr. Y. Tanaka, Dr. K. Yamaoka-Kadoshima, Ms. F.
Nakanishi-lzumi, and Ms. M. Nakajima-Komori for performing
cytokine assays. Dr. T. Nishihara is acknowledged for support and
encouragement throughout this study.

References and notes

1. For recent reviews: (a) Joyce, S.; Girardi, E.; Zajonc, D. M. J. Immunol. 2011, 187,
1081; (b) Venkataswamya, M. M.; Porcelli, S. A. Semin. Immunol. 2010, 22, 68;
(c) Van Kaer, L. Immunol. Res. 2004, 30, 139; (d) Wu, L.; Gabriel, C. L.; Parekh,
W.; Van Kaer, L. Tissue Antigens 2009, 73, 535; (e) Cohen, N. R.; Garg, S.;
Brenner, M. B. Adv. Immunol. 2009, 102, 1.

2. (a) Wu, D.; Xing, G.-W.; Poles, M. A.; Horowitz, A.; Kinjo, Y.; Sullivan, B.;
Bodmer-Narkevitch, V.; Plettenburg, O.; Kronenberg, M.; Tsuji, M.; Ho, D. D.
Proc. Natl. Acad. Sci. US.A. 2005, 102, 1351; (b) Zajonc, D. M.; Kronenberg, M.
Immunol. Rev. 2009, 230, 188.

3. Zhou, D.; Mattner, J.; Cantu, C., lIIl; Schrantz, N.; Yin, N.; Gao, Y.; Sagiv, Y.;

Hudspeth, K.; Wu, Y.-P.; Yamashita, T.; Teneberg, S.; Wang, D.; Proia, R. L.;

Levery, S. B.; Savage, P. B.; Teyton, L.; Bendelac, A. Science 2004, 306, 1786.

Wu, D.; Fujio, M.; Wong, C.-H. Bioorg. Med. Chem. 2008, 16, 1073.

. (a) Morita, M.; Motoki, K.; Akimoto, K.; Natori, T.; Sakai, T.; Sawa, E.; Yamaji, K.;
Koezuka, Y.; Kobayashi, E.; Fukushima, H. J. Med. Chem. 1995, 38, 2176; (b)
Morita, M.; Sawa, E.; Yamaji, K.; Sakai, T.; Natori, T.; Koezuka, Y.; Fukushima,
H.; Akimoto, K. Biosci., Biotechnol., Biochem. 1996, 60, 288; (c) Takikawa, H.;
Muto, S.; Mori, K. Tetrahedron 1998, 54, 3141; (d) Graziani, A.; Passacantilli, P.;
Piancatelli, G.; Tani, S. Tetrahedron: Asymmetry 2000, 11, 3921.

6. Yu, K. O. A;; Porcelli, S. A. Immunol. Lett. 2005, 100, 42. and references cited

therein.

EFN



10.

11.

12.

13.

14.

T. Toba et al./Bioorg. Med. Chem. 20 (2012) 2850-2859

. Liang, P.-H.; Imamura, M.; Li, X.; Wu, D.; Fujio, M.; Guy, R. T.; Wu, B.-C.; Tsuji,

M.; Wong, C.-H. J. Am. Chem. Soc. 2008, 130, 12348.

. (a) Yang, G.; Schmieg, J.; Tsuji, M.; Franck, R. W. Angew. Chem., Int. Ed. 2004, 43,

3818; (b) Schmieg, J.; Yang, G.; Franck, R. W.; Tsuji, M. J. Exp. Med. 2003, 198,
1631.

. (a) Miyamoto, K.; Miyake, S.; Yamamura, T. Nature 2001, 413, 531; (b)

Yamamura, T.; Miyake, S. PCT Int. Appl. WO 2003/016326, 2003; Chem. Abstr.
2003, 138, 205292m.; (c) Yamamura, T.; Miyamoto, K; llles, Z.; Pal, E.; Araki,
M.; Miyake, S. Curr. Top. Med. Chem. 2004, 4, 561; (d) Oki, S.; Chiba, A.;
Yamamura, T.; Miyake, S. J. Clin. Invest. 2004, 113, 1631.

Chiba, A.; Oki, S.; Miyamoato, K.; Hashimoto, H.; Yamamura, T.; Miyake, S.
Arthritis Rheum. 2004, 50, 305.

Borg, N. A.; Wun, K S.; Kjer-Nielsen, L.; Wilce, M. C. J.; Pellicci, D. G.; Koh, R.;
Besra, G. S.; Bharadwaj, M.; Godfrey, D. L.; McCluskey, J.; Rossjohn, ]J. Nature
2007, 448, 44.

Koch, M.; Stronge, V. S.; Shepherd, D.; Gadola, S. D.; Mathew, B.; Ritter, G.;
Fersht, A. R.; Besra, G. S.; Schmidt, R. R.; Jones, E. Y.; Cerundolo, V. Nat. Immunol.
2005, 6, 819.

Henon, E.; Dauchez, M.; Haudrechy, A.; Banchet, A. Tetrahedron 2008, 64,
9480.

McCarthy, C.; Shepherd, D.; Fleire, S.; Stronge, V. S.; Koch, M.; lllarinov, P. A.;
Bossi, G.; Salio, M.; Denkberg, G.; Reddington, F.; Tarlton, A.; Reddy, B. G.; van
der Merwe, P. A.; Bersa, G. S.; Jones, W. Y.; Bartisa, F. D.; Cerundolo, V. J. Exp.
Med. 2007, 204, 1131.

. Murata, K.; Toba, T.; Nakanishi, K.; Takahashi, B.; Yamamura, T.; Miyake, S.;

Annoura, H. J. Org. Chem. 2005, 70, 2398.

— 81

16.

17.
18.

21.
22.

23.

24,

25.
26.

2859

Toba, T.; Murata, K.; Nakanishi, K.; Takahashi, B.; Takemoto, N.; Akabane, M.;
Nakatsuka, T.; Imajo, S.; Yamamura, T.; Miyake, S.; Annoura, H. Bioorg. Med.
Chem. Lett. 2007, 17, 2781.

Schmidt, R. R.; Maier, T. Carbohydr. Res. 1988, 174, 169.

The anomeric diastereomers were separable by column chromatography over
silica gel. The stereochemistry of the galactoside linkage was determined by 'H
NMR spectra. The anomeric proton of the a-isomer appears more downfield
than p-isomer (typically ~0.5 ppm) and shows smaller coupling constant
(typically less than 5 Hz). Example data of the anomeric proton (400 MHz,
CDCl3): For the o-isomer 9 (R=n-Bu): § 4.94 (d, J=3.5Hz, 1H), and its
corresponding B-isomer: § 441 (d, /= 7.7 Hz, 1H).

. Taniguchi, M.; Kawano, T.; Koezuka, Y. PCT Int. Appl. W01998/044928A, 1998,

129, 310889.

. Toba, T.; Murata, K.; Yamamura, T.; Miyake, S.; Annoura, H. Tetrahedron Lett.

2005, 46, 5043.

Dondoni, A.; Mariotti, G.; Marra, A. J. Org. Chem. 2002, 67, 4475.

Ohtani, L; Kusumi, T.; Kashman, Y.; Kakisawa, H. J. Am. Chem. Soc. 1991, 113,
4092-4096.

Annoura, H.; Murata, K.; Yamamura, T. PCT Int. Appl. W02004/072091, 2004;
Chem. Abstr. 2004, 141, 225769n.

Michieletti, M.; Bracci, A.; Compostella, F.; De Libero, G.; Mori, L.; Fallarini, S.;
Lombardi, G.; Pnaza, L. J. Org. Chem. 2008, 73, 9192.

maestro Ver. 7.5.112; Schrodinger, LLC: New York.

Macromodel Ver. 9.0 (Schrodinger, LLC): Mohamadi, F.; Richards, N. G. J.;
Guida, W. C; Liskcamp, R.; Lipton, M.; Caufield, C.; Chang, G.; Hendrickson, T.;
Still, W. C. J. Comput. Chem. 1990, 11, 440.



Chiba et al. Arthritis Research & Therapy 2012, 14:R9
http://arthritis-research.com/content/14/1/R9

RESEARCH ARTICLE Open Access

A 4-trifluoromethyl analogue of celecoxib inhibits
arthritis by suppressing innate immune cell

activation

Asako Chiba', Miho Mizuno', Chiharu Tomi', Ryohsuke Tajima’, Iraide Alloza®, Alessandra di Penta®,
Takashi Yamamura', Koen Vandenbroeck?® and Sachiko Miyake'"

Abstract

as a new therapeutic agent for arthritis.

recruitment were also evaluated.

induced peritonitis.

of arthritis, such as rheumatoid arthritis.

Introduction: Celecoxib, a highly specific cyclooxygenase-2 (COX-2) inhibitor has been reported to have COX-2-
independent immunomodulatory effects. However, celecoxib itself has only mild suppressive effects on arthritis.
Recently, we reported that a 4-trifluoromethyl analogue of celecoxib (TFM-C) with 205-fold lower COX-2-inhibitory
activity inhibits secretion of IL-12 family cytokines through a COX-2-independent mechanism that involves Ca®
*-mediated intracellular retention of the IL-12 polypeptide chains. In this study, we explored the capacity of TFM-C

Methods: To induce collagen-induced arthritis (CIA), DBA1/J mice were immunized with bovine type Il collagen
(@) in Freund's adjuvant. Collagen antibody-induced arthritis (CAIA) was induced in C57BL/6 mice by injecting
anti-Cll antibodies. Mice received 10 ug/g of TFM-C or celecoxib every other day. The effects of TFM-C on clinical
and histopathological severities were assessed. The serum levels of Cli-specific antibodies were measured by ELISA.
The effects of TFM-C on mast cell activation, cytokine producing capacity by macophages, and neutrophil

Results: TFM-C inhibited the severity of CIA and CAIA more strongly than celecoxib. TEM-C treatments had little
effect on Cli-specific antibody levels in serum. TFM-C suppressed the activation of mast cells in arthritic joints. TFM-
C also suppressed the production of inflammatory cytokines by macrophages and leukocyte influx in thioglycollate-

Conclusion: These results indicate that TFM-C may serve as an effective new disease-modifying drug for treatment

Introduction

In the past decade, a series of potent new biologic thera-
peutics have demonstrated remarkable clinical efficacy
in several autoimmune diseases, including rheumatoid
arthritis (RA). In the case of RA, a chronic progressive
autoimmune disease that targets joints and occurs in
approximately 0.5 to 1% of adults, biologic agents, such
as TNF inhibitors, have proven effective in patients not
responding to disease-modifying anti-rheumatic drugs,
such as methotrexate. However, about 30% of patients
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treated with a TNF inhibitor are primary non-respon-
ders. Moreover, a substantial proportion of patients
experience a loss of efficacy after a primary response to
a TNF inhibitor (secondary non-responders) [1-3]. More
recently, as new therapies have become available, includ-
ing biological agents targeting IL-6, B cells and T cells,
it has become clear that a notable proportion of patients
respond to these new biological agents even among pri-
mary and secondary non-responders to TNF inhibitors
[3-10]. These individual differences in response to each
agent highlight the difficulty and limit of treating multi-
factorial disease by targeting single cytokine or single
cell type. Patient-tailored therapy might be able to

© 2012 Chiba et al,; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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overcome this issue, but good biomarkers to predict
treatment responses have not yet been elucidated.

Therefore, as described above, biological drugs have
limited values. In addition, such drugs may be accompa-
nied by serious side effects [11,12]. Furthermore, the
high cost of these biological drugs may make access to
these reagents prohibitive for the general public. Alter-
native therapeutic options, such as small molecule-based
drugs, continue to be an important challenge.

The involvement of prostaglandin pathways in the
pathogenesis of arthritis has been shown in animal mod-
els by using mice lacking genes, such as cycolooxygen-
ase-2 (COX-2), prostaglandin E synthase, or prostacyclin
receptor [13-15]. As COX-2 knockout mice normally
develop autoreactive T cells in collagen-induced arthritis
(CIA) [13], prostaglandin pathways appear to be
involved mainly in the effector phase of arthritis. How-
ever, treatment with celecoxib, a prototype drug belong-
ing to a new generation of highly specific COX-2
inhibitors has been reported to have only mild suppres-
sive effects on animal models of arthritis, and strong
inhibition of arthritis was achieved only when mice were
treated in the combination of celecoxib with leukotriene
inhibitors [16-19]. In humans, although celecoxib is
widely used as an analgesic agent in patients with RA or
osteoarthritis, there is no evidence that celecoxib ther-
apy modulates the clinical course of RA. In addition,
recently it has been shown that celecoxib enhances
TNFa production by RA synovial membrane cultures
and human monocytes [20].

Celecoxib has been reported to exhibit COX-2-inde-
pendent effects, such as tumor growth inhibition and
immunomodulation [21,22]. Previously, we demon-
strated that celecoxib treatment suppressed experimen-
tal autoimmune encephalomyelitis (EAE) in a COX-2
independent manner [22]. We recently developed a tri-
fluoromethyl analogue of celecoxib (TFM-C; full name:
4-[5-(4-trifluoromethylphenyl)-3-(trifluoromet-hyl)-1H-
pyrazol-1-yl]benzenesulfonamide), with 205-fold lower
COX-2-inhibitory activity. In studies using recombinant
cell lines, TFM-C inhibited secretion of the IL-12 family
cytokines, IL-12, p80 and IL-23, through a COX-2-inde-
pendent, Ca**-dependent mechanism involving chaper-
one-mediated cytokine retention in the endoplasmic
reticulum coupled to degradation via the ER stress pro-
tein HERP [23,24]. In the present study, we demonstrate
that TFM-C inhibits innate immune cells and animal
models of arthritis, including CIA and type II collagen
antibody-induced arthritis (CAIA), in contrast to the
limited inhibitory effect of celecoxib. TEM-C suppresses
the activation of mast cells in arthritic joints. Moreover,
TFM-C treatment suppresses the production of inflam-
matory cytokines by macrophages and leukocyte recruit-
ment. These findings indicate that TFM-C may serve as
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an effective new drug for the treatment of arthritis,
including RA.

Materials and methods

Differentiation and stimulation of U937 cells

Human U937 cells were obtained from the American
Type Culture Collection (Rockville, MD, USA) and cul-
tured in RPMI 1640 supplemented with 10% FCS. To
differentiate U937 cells, 5 x 10° cells were treated with
PMA (25 ng/ml) for 24 hours. At 22 hours of PMA
treatment, 50 pM of TFM-C was added for 2 hours.
Subsequently, cells were stimulated with 5 pg/ml of LPS
and PMA (25 ng/ml) for 0, 3, 6, 12 and 24 hours in the
presence or absence of TEM-C. Supernatants were har-
vested and assayed for cytokine production by means of
Quansys Q-Plex™ Array (Quansys Bioscience, Logan,
Utah, USA). RNA isolation was performed following the
manufacturer’s instructions (Macherey-Nagel, Diiren,
Germany).

Quantitative RT-PCR (qPCR)

A total of 200 ng of RNA extracted from U937 cells was
retrotranscribed to c¢cDNA using random primers
according to the manufacturer’s protocol (Applied Bio-
systems, Carlsbad, California, USA). qPCR was per-
formed with the Supermix for SsoFast EvaGreen
(Biorad, Hercules, California, USA) on a 7500 Fast Real-
Time PCR System (Applied Biosystems). For each target
gene, qPCR QuantiTect Primer Assays were used (Qia-
gen Hilden, Germany). For each sample, expression
levels of the transcripts of interest were compared to
that of endogenous GAPDH. The levels of mRNA are
calculated as 2™,

Quansys Q-Plex™ Array chemiluminescent

A total of 30 pul of medium from differentiated U937
cells treated with PMA/LPS/TEM-C or LPS/PMA were
analyzed. Human Cytokine Stripwells (16-plex) were
used following the manufacturer’s instructions. The
image was acquired using Bio-Rad Chemidoc camera
and analyzed with Q-View Software (Quansys
Bioscience, Logan, Utah, USA)

DAPI staining

Differentiated U937s were treated with LPS/PMA/TFM-
C for 6, 12 and 24 hours and then fixed with 2% PFA.
The cells were washed three times with PBS and then
incubated with DAPI (1:50000; Molecular Probes, Carls-
bad, California, USA) in PBS. Coverslips were embedded
in Fluoro-Gel (Electron Microscopy Science, Hatfield,
Pennsylvania, USA). Images were recorded using the
ApoTome system (AxioVision, Carl Zeiss, Inc., Oberko-
chen, Germany) and analyzed using the Image] program
(version 1.40, Bethesda, Maryland, USA).
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AlarmBlue staining of U937 cells

The number of viable cells was tested at 6, 12, and 24
hours after TFM-C exposure by adding the AlamarBlue
reagent (AbD Serotec, Cambridge, UK). Absorbance was
measured at wavelengths of 570 nm and 600 nm after
required incubation, using a Varioskan Flash (Thermo
Fisher Scientific, Fremont, CA, USA). Absorbance values
of samples were normalized with values of the cell cul-
ture media without cells. The results are presented as
the proportion of viable cells, calculated by dividing the
absorbance values of drug-treated samples by the absor-
bance values of untreated control samples.

Mice

DBA1/] mice were purchased from Oriental Yeast Co.,
Ltd. (Tokyo, Japan). C57BL/6] (B6) mice were pur-
chased from CLEA Laboratory Animal Corp. (Tokyo,
Japan). Animal care and use were in accordance with
institutional guidelines and all animal experiments
were approved by the Institutional Animal Care and
Use Committee of the National Institute of
Neuroscience.

Induction of CIA

DBA1/J male mice (n = 5 to 6 per group, 7 to 8 weeks
old) were immunized intradermally at the base of the
tail with 150 pg of bovine type II collagen (CII) (Col-
lagen Research Center, Tokyo, Japan) emulsified with an
equal volume of complete Freund’s adjuvant (CFA), con-
taining 250 pg of H37Ra Mycobacterium tuberculosis
(Mtb) (Difco, Detroit, MI, USA). DBA1/] mice were
boosted 21 days after immunization by intradermal
injection with 150 pg of CII emulsified with incomplete
Freund’s adjuvant (IFA).

Induction of CAIA

B6 female mice (n = 5 to 6 per group, 7 to 8 weeks old)
were injected intravenously with 2 mg of a mixture of
anti-CII monoclonal antibodies (mAbs) (Arthrogen-CIA
mAb (Chondrex. LLC. Seattle, WA, USA)), and two
days later with 50 ug of lipopolysaccharide (LPS) was
injected intraperitoneally.

Clinical assessment of arthritis

Mice were examined for signs of joint inflammation and
scored as follows: 0: no change, 1: significant swelling
and redness of one digit, 2: mild swelling and erythema
of the limb or swelling of more than two digits, 3:
marked swelling and erythema of the limb, 4: maximal
swelling and redness of the limb and later, ankylosis.
The average macroscopic score was expressed as a
cumulative value for all paws, with a maximum possible
score of 16.
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Thioglycollate-induced peritonitis

Mice were injected with 1 ml of 4% sterile thioglycollate
intraperitoneally, Four hours later, mice were killed and
peritoneal lavage fluid was collected by washing the
peritoneal cavity with cold PBS containing 5 mM EDTA
and 10 U/ml heparin.

Administration of TFM-C or celecoxib

TFM-C and celecoxib were synthesized as previously
described [23]. We injected TFM-C or celecoxib intraperi-
tonealy (i.p.) in 0.5% Tween/5% DMSO/PBS. In CIA
experiments, mice received 10 pg/g TFM-C or celecoxib
every other day from 21 days after immunuization. In
CAIA, we injected the mice with 10 ug/g of TFM-C or cel-
ecoxib every other day starting at two days before disease
induction. In thioglycollate-induced peritonitis experi-
ments, mice received 10 pg/g of TEM-C or celecoxib two
days and one hour before thioglycollate injection. The
control animals were injected with vehicle alone.

Histopathology

Arthritic mice were sacrificed and all four paws were
fixed in buffered formalin, decalcified, embedded in par-
affin, sectioned, and then stained with H&E. Histological
assessment of joint inflammation was scored as follows:
0: normal joint, 1: mild arthritis: minimal synovitis with-
out cartilage/bone erosions, 2: moderate arthritis: syno-
vitis and erosions but joint architecture maintained, 3:
severe arthritis; synovitis, erosions, and loss of joint
integrity. The average of the macroscopic score was
expressed as a cumulative value of all paws, with a max-
imum possible score of 12.

Mast cells in synovium were visually assessed for
intact versus degranulating mast cells using morphologic
criteria. Mast cells were identified as those cells that
contained toluidine blue-positive granules. Only cells in
which a nucleus was present were counted. Degranulat-
ing cells were defined by the presence of granules out-
side the cell border with coincident vacant granule
space within the cell border as described previously [25].

Measurement of Cll specific IgG1 and lgG2a

Bovine CII (1 mg/ml) was coated onto ELISA plates
(Sumitomo Bakelite, Co., Ltd, Tokyo, Japan) at 4°C over-
night. After blocking with 1% bovine serum albumin in
PBS, serially diluted serum samples were added onto
ClI-coated wells. For detection of anti-CII Abs, the
plates were incubated with biotin-labeled anti-IgG1 and
anti-IgG2a (Southern Biotechnology Associates, Inc.,
Brimingham, AL, USA) or anti-IgG Ab (CN/Cappel,
Aurora, OH, USA) for one hour and then incubated
with streptavidin-peroxidase. After adding a substrate,
the reaction was evaluated as OD,zo values.
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Stimulation of or macrophages

B6 mice received 10 pg/g of TEM-C or control vehicle
on Day 0 and Day 2, and on Day 3, splenic macrophages
were collected and were stimulated by LPS in vitro in
the presence of TFM-C or vehicle.

Detection of cytokines

Cytokine levels in the culture supernatant were deter-
mined by using a sandwich ELISA. The Abs for IL-1B
ELISA were purchased from BD Biosciences (San Jose,
CA, USA) and the ELISA Abs for IL-6 and TNFo. were
purchased from eBioscience (San Diego, CA, USA).

Statistical analysis

CIA and CAIA clinical or pathological scores for groups
of mice are presented as the mean group clinical score
+ SEM, and statistical differences were analyzed with a
non-parametric Mann-Whitney I/-test. Data for cyto-
kines were analyzed by an unpaired t-test.

Results

TFM-C inhibits cytokine secretion from activated U937
cells concomitant with induction of an ER stress response
In a recombinant cell system, TFM-C inhibits IL-12
secretion via a mechanism involving the induction of ER
stress coupled to intracellular degradation of the cyto-
kine polypeptide chains via the ER stress protein HERP
[23,24,26]. In order to verify whether the cytokine secre-
tion-inhibitory effect of TFM-C extends to natural cyto-
kine producer cells, we assessed its effect using PMA/
LPS-activated U937 macrophages, a well-known source
of multiple cytokines. TFM-C potently blocked secretion
of IL-B, IL-6, IL-8, IL-10, IL-12 and TNF-a (Figure 1A,
C). By means of QPCR, TFM-C was found to suppress
mRNA production of IL-10 over the course of the
experiment, and at 12 and 24 h of TEM-C treatment, of
IL-1B. Virtually no effect was seen on mRNA produc-
tion of TNF-o and IL-8, while TFM-C increased IL-6
mRNA between 6 and 12 h. To verify whether TFM-C
induced an ER stress response in U937 cells, we mea-
sured mRNA of HERP and IL-23p19, both of which
have been associated with induction of ER stress
[24,26,27]. This showed significant up-regulation of both
genes by TFM-C while the housekeeping gene GAPDH
was not affected (Figure 1D). Viability of U937 cells fol-
lowing exposure to TEM-C was assessed using two dif-
ferent methods (Figure 1B), and showed a limited
percentage of apoptotic cells not exceeding 15 to 20%
following 12 to 24 h of treatment. Thus, TFM-C blocks
cytokine secretion in natural producer cells by ER
stress-related mechanisms that may involve repressive
effects on both cytokine mRNA production as well as
on post-transcriptional and -translational events
involved in cytokine secretion, such as the ER-retention
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Figure 1 Effect of TFM-C on cytokine production from
activated U937 macrophages. A. Lay-out of cytokine-specific
antibody spots in the 16-plex cytokine Stripwell array (upper image)
and visualization of cytokine-specific chemiluminescence in culture
medium of LPS/PMA-treated U937 cells in the absence or presence
of TFM-C (lower images). The grey-shaded cytokines in the upper
images are those showing the highest production in LPS/PMA-
treated U937 cells at 24 h. B. Effect of TFM-C treatment (50 uM) on
the viability of macrophages (PMA-stimulated U937 cells). Apoptotic
cells were measured by DAPI staining, and the percentage of
damaged DNA and condensed chromatin was calculated following
6, 12 and 24 h of TFM-C treatment (upper graph). Metabolic activity
of cells, measured by AlarmBlue®, was expressed as growth
inhibition percentage of untreated controls for 6, 12 and 24 h of
TEM-C treatment (lower graph). Bars show average of three
independent experiments with corresponding error bars. C.
Quantification of the kinetics of cytokine secretion and mRNA
production (IL-18, IL-6, IL-8, IL-10 IL-12 and TNF-a) in differentiated
macrophages treated with LPS/PMA in the absence (open squares)
or presence (solid circles) of TFM-C. All values represent the
averages of three independent experiments. For each cytokine, the
upper graph represents amount of secreted cytokine quantified
using Quansys 16-plex Stripwells, while the lower graph represents
cytokine-specific mRNA quantified by QPCR. Asterisks indicate
significant differences at * P < 0.05 between TFM-C-treated and
-untreated cells at each time point using Student's t-test. D. Effect
of 50 uM TFM-C on 1L-23p19, HERP and GAPDH mRNAs (QPCR) in
differentiated macrophages, stimulated by LPS and PMA. The levels
of MRNA levels are shown as 2", Asterisks indicate significant
differences at * P < 0.05 compared with baseline condition LPS/

PMA-only using Student’s t-test.

coupled to HERP-mediated degradation identified before
for IL-12 [23,24,26]. However, of the TEM-C-sensitive
cytokines identified in this experiment, IL-1f follows an
unconventional protein secretion route involving
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exocytosis of endolysosome-related vesicles not derived
from the ER/Golgi system [28]. Given its blockage by
TFM-C, which can not be explained by partial suppres-
sion of mRNA levels only, this indicates that TFM-C
may suppress secretion of cytokines via interfering with
both conventional ER-dependent and unconventional
ER-independent transit routes.

TEM-C inhibits CIA

First, we examined the effect of TFM-C on CIA induced
by immunizing DBA1/] mice with type II collagen. As
shown in Figure 2A, administration of TFM-C strongly
suppressed the severity of arthritis compared with vehi-
cle-treated mice (P-value, < 0.05 by Mann-Whitney /-
test compared with control from Day 26 and Day 36.).
In contrast, administration of celecoxib showed only a
mild suppressive effect on CIA, which is consistent with
a previous report [19] (P-value, < 0.05 by Mann-Whit-
ney U-test compared with control at Day 29 and Day
31.) In addition to visual scoring, we analyzed the histo-
logical features in the joints of four paws from TFM-C-,
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Figure 2 The effect of TFM-C on CIA. A. Clinical scores of CIA in
DBA1/J mice treated with 10 pg/g TFM-C (closed circles), celecoxib
(open triangles) or vehicle (open squares) every other day from 21
days after immunization. The data shown are pooled from two
similar experiments. Error bars represent + SEM of 10 to 12 mice per
group. * P < 0.05 compared with control group. * P < 0.05
compared with both control and celecoxib-treated groups. B.
Quantification of histological assessment of joints 37 days after
induction of CIA. Result shown is the mean + SEM of five mice per
group. * P < 0.05, TFM-C-treated versus vehicle-treated group. * P <
0.05, celecoxib-treated versus TFM-C-treated group. C.
Representative histological feature of joints in vehicle-treated (left),
TFM-C-treated (right) and celecoxib-treated (middle) mice. (H&E
stained; original magnification x 40). D. The effect of TFM-C on ClI-
specific response. Cli-specific antibody responses in vehicle- (open
bars), TFM-C- (filled bars) and celecoxib-treated (gray bars) group.
Individual serum samples were obtained at Day 37 after the
induction of arthritis and were analyzed as indicated in Materials
and Methods. Data represent the mean + SEM of five mice per
group.
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celecoxib- or vehicle-treated mice 37 days after disease
induction. Quantification of the histological severity of
arthritis is shown in Figure 2B and typical histological
features are demonstrated in Figure 2C. Arthritis was
not apparent in joints treated with TFM-C (Figure 2C,
rightmost panel) compared to the severe arthritis with
massive cell infiltration, cartilage erosion and bone
destruction seen in joints of animals treated with vehicle
(Figure 2C, leftmost panel). Both the clinical scores and
pathological features of arthritis were significantly less
severe in TFM-C-treated mice (Figure 2A-C). The
pathological features, including cell infiltration and
destruction of cartilage and bone, were slightly less
severe in celecoxib-treated mice even though there is no
statistically significant difference compared to vehicle-
treated mice (Figure 2B). We next examined anti-CII
antibody in TFM-C-, celecoxib- or vehicle-treated
arthritic mice. There was a trend for reduction in both
IgG1 and IgG2a isotypes as well as total IgG anti-CII in
TFM-C-treated mice compared to vehicle-treated mice
(Figure 2D), but the difference did not reach statistical
significance. These results indicate that TFM-C pos-
sesses a potent inhibitory effect on CIA compared to
vehicle or celecoxib. However, TEM-C treatment had
little effect on Cll-specific responses.

TFM-C inhibits CAIA

Although TFM-C treatment suppressed clinical and
pathological severities of CIA, ClI-specific antibody
levels were not reduced by TFM-C treatment. There-
fore, we hypothesized that TFM-C treatment may have
a strong inhibitory effect on the effector phase of arthri-
tis. To test this hypothesis, we examined the effect of
TFM-C on CAIA induced by injecting a mixture of
monoclonal antibodies against type II collagen (CII) fol-
lowed by lipopolysaccharide (LPS) administration two
days later. The major players in CAIA are innate
immune cells while adaptive immune cells are not
required for disease development. Therefore, CAIA has
value as an animal model to study the effector phase of
arthritis. In vehicle-treated mice, severe arthritis
occurred one week after CII antibody injection, and
administration of celecoxib inhibited arthritis slightly
(Figure 3A). In contrast, administration of TFM-C sig-
nificantly suppressed CAIA compared to vehicle or cele-
coxib treatment. We next analyzed the histological
features in the joints of four paws from vehicle-, TFM-
C- and celecoxib-treated mice 12 days after disease
induction. Quantification of the histological severity of
arthritis is shown in Figure 3B and typical histological
features are presented in Figure 3C. Massive cell infiltra-
tion, cartilage erosion, and bone destruction were
observed in joints of vehicle-treated or celecoxib-treated
mice but not in those of TFM-C-treated mice (Figure
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Figure 3 The effect of TFM-C on CAIA. A. Clinical scores of CAIA
in B6 mice treated with 10 pug/g TFM-C (closed circles), celecoxib
(open triangles) or vehicle (open squares) every other day from two
days before CAIA induction. * P < 0.05 compared with control
group, * P < 0.05 compared with both control and celecoxib-
treated groups. Results shown are the mean + SEM of five mice per
group. The data shown are from a single experiment representative
of two similar experiments. B. Quantification of histological
assessment of joints 12 days after induction of AlA shown in A.
Results shown are the mean + SEM of five mice per group. * P <
0.05 control versus TFM-C group, * P < 0.05 celecoxib versus TFM-C
-treated group. C. Representative histological feature of joints in
vehicle-treated (left), TFM-C-treated (middle) and celecoxib-treated
(right) mice. (H&E stained; original magnification x 40).

3B, C). These results indicate that TFM-C exhibits a
strong disease inhibitory effect in CAIA in contrast to
vehicle or celecoxib. :

TFM-C inhibits the mast cell activation in CAIA

Next, we sought to understand the mechanism through
which TFM-C treatment suppressed arthritis in CAIA.
Since mast cells have been demonstrated to be critical
for initiation of antibody-induced arthritis [29], we eval-
uated the effect of TFM-C on the activation of mast
cells. Because degranulation is the clearest histological
hallmark of mast cell activation, joint mast cells were
visually assessed for an intact versus degranulating phe-
notype after staining with toluidine blue. The proportion
of degranulated mast cells was significantly lower in
TFM-C-treated mice compared to that in celecoxib- or
vehicle-treated mice (Figure 4A, B).

TFM-C supresses the activation of macrophages

Innate immune cells and inflammatory cytokines, such
as IL-1 and TNF-a are critical for disease development
in CAIA [30]. Thus, we next determined the effect of
TFM-C on the production of inflammatory cytokines
from macrophages. Splenic macrophages from mice
treated with TFM-C, celecoxib or control vehicle, were
stimulated with LPS ex vivo, and the cytokines in the
culture supernatants were measured by ELISA. The
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production of IL-1, IL-6 and TNF-a from macrophages
was efficiently suppressed in TFM-C-treated mice com-
pared to vehicle-treated mice (Figure 5). In celecoxib-
treated mice, although the production of IL-1B was
decreased, the production of other cytokines such as IL-
6 and TNF-a was not suppressed, and the IL-6 produc-
tion was even enhanced compared to vehicle-treated
mice.

TFM-C suppresses leukocyte influx in thioglycollate-
induced peritonitis

The other key players in antibody-induced arthritis are
neutrophils [31-34]. Neutrophils are recruited to joint
tissue and depletion of neutrophils has been shown to
supress disease susceptibility and severity in CAIA [35].
An intraperitoneal injection of thioglycollate causes leu-
kocytes influx into the peritoneum from bone marrow
and circulation, and neutrophils are the major cell
population which first emigrate to the peritoneal cavity.
To assess the effect of TEM-C on neutrophil recruit-
ment, mice were treated with TEM-C, celecoxib or con-
trol vehicle, and thioglycollate was injected
intraperitoneally. Leukocyte cell numbers in the perito-
neal cavity four hours after thioglycollate injection were
comparable between control and celecoxib-treated
groups (Figure 6). However, the peritoneal infiltrating
cell numbers were reduced in mice treated with TFM-C,
suggesting the suppressive effect of TFM-C on neutro-
phil recruitment.

Taken together, these results indicate that the activa-
tion of innate immune cells, including mast cells,
macrophages, and neutrophils, is suppressed in TFM-C-
treated mice but not in celecoxib-treated mice.

Discussion

In the present study we demonstrate, using arthritis
models, that TFM-C, a celecoxib analogue with 205-fold
lower COX-2-inhibitory activity, inhibits autoimmune
disease. TEM-C differs from celecoxib by the substitu-
tion of the 4-methyl group by a trifluoromethyl group.
This substitution drastically increases the ICsos for inhi-
bition of COX1 (15 pM to >100 pM for celecoxib and
TEM-C, respectively) and COX2 (0.04 uM to 8.2 uM,
respectively), but does not affect the apoptotic index
measured in PC3 prostate cancer cells, indicating inde-
pendence between structural requirements for COX-2
inhibition and apoptosis induction [36]. Celecoxib per-
turbs intracellular calcium by blocking ER Ca**
ATPases, and this activity is shared with TFM-C [23,37].
In a HEK293 recombinant cell system, this Ca®* pertur-
bation is associated with inhibition of secretion and
altered intracellular interaction of IL-12 polypeptide
chains with the ER chaperones calreticulin and ERp44,
and results in the interception of IL-12 by HERP
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stained; original magnification, x 100). White arrows indicate intact

followed by degradation of the cytokine [23,24,26].
While ICs0s for inhibition of IL-12 secretion by cele-
coxib or TFM-C are similar [23,24], in the present
paper, we show that TEM-C inhibits production of var-
ious cytokines from activated macrophages (Figures 1
and 5) and exerts a strikingly stronger inhibitory effect
on arthritis models compared to celecoxib. Given that
the main biological difference between celecoxib and
TFM-C resides in the extent of COX-1 and -2 inhibi-
tion, it is, therefore, likely that the less potent effect of
TEM-C on COX1/2 inactivation is a contributing, dis-
ease-limiting rather than disease-promoting factor in
these arthritis models. Indications supporting this con-
cept come from a study showing increased LPS-induced
macrophage production of TNF-o by inactivation of
COX-2 with celecoxib [38]. Up-regulation of TNF-a by
celecoxib was also reported in human PBMCs, rheuma-
toid synovial cultures and whole blood [20]. The relation
between the anticipated extent of COX inhibition and
production of TNF-o was observed in the present study
(Figure 5), where activated macrophages showed a ten-
dency toward increased or decreased TNF-o. production

in the presence of celecoxib or TFM-C, respectively,
compared to vehicle-treated cells. In this cell system
(Figure 5), celecoxib significantly increased production
of the pro-inflammatory cytokine 1L-6 while TFM-C
suppressed it. Pending future mechanistic studies, this
data indicate that prostaglandin-mediated suppressive
effects, or other, as yet to be identified differential TFM-
C/celecoxib-related effects on TNF-o production may
extend to other cytokines as well, and provide an impor-
tant clue as to the more potent beneficial effects of
TFM-C compared to celecoxib in the arthritis models
presented here.

The suppression of antibody-induced arthritis, which
requires innate but not acquired immune cells
[29-34,39], suggests that TEM-C also inhibits the activa-
tion of innate immune cells while celecoxib does not. In
fact, TEM-C suppresses the production of inflammatory
cytokines from macrophages and the activation of mast
cells as well as the subsequent recruitment of leuko-
cytes. Mast cells are essential for the initiation of anti-
body-induced arthritis [29]. Moreover, mast cells are
present in human synovia [40-43] and are an important
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Figure 6 TFM-C supresses leukocyte influx in thioglycollate-
induced peritonitis. B6 mice recieved 10 pg/g TFM-C, celecoxib or
vehicle at two days and one hour before peritoneal injection of
thioglycollate. At four hours after thioglycollate injection, peritoneal
lavage fluid was collected and the infiltrating cells were counted.
Cell numbers are shown from three separate experiments. * P <
0.05, TFM-C-treated versus vehicle-treated group. * P < 0.05,
celecoxib-treated versus TFM-C-treated group.

source of both proteases and inflammatory cytokines,
including IL-17, in patients with rheumatoid arthritis
[42-44]. The clear difference between the effects of
TFM-C and celecoxib on the suppression of mast cell
activation could explain the differential impact of these
compounds on arthritis models. Mast cells are impor-
tant not only in arthritis but also in other conditions,
such as allergy, obesity and diabetes [45]. Therefore, the
suppression of mast cell activation by TEM-C may be
applicable for the inhibition of these diseases in addition
to autoimmune diseases.

Cytokines and chemokines, such as TNF-a and MCP-
1, produced by macrophages, are suggested to play
important roles for neutrophil influx in thioglycollate-
induced peritonitis [46]. Mast cells were shown to pro-
duce TNF-a, which recruits neutrophils into the perito-
neum in an immune complex peritonitis model [47].
Thus, it is likely that TFM-C suppressed macrophages
and mast cells produce such chemoattractants, which in
turn inhibited neutrophil influx into the peritoneum.
However, it is also possible that TEM-C directly sup-
pressed neutrophil activation. Further studies are
required to address this possibility.

As described above, the major players in CAIA are
innate immune cells, while adaptive immune cells are not
required for disease development. Therefore, CAIA has
value as an animal model for the study of the effector
phase of arthritis. However, it is well known that adaptive
immune cells play a significant role in the pathogenesis
of RA and the strongest genetic link in RA is the associa-
tion with HLA-DR, which is thought to present autoanti-
gens to T cells. The activation of T cells and B cells is
believed to initiate and/or enhance the effector inflam-
mation phase of arthritis. In fact, massive infiltration of T
and B cells is observed in RA synovium. Therefore, the
ideal therapeutic agents for RA are those displaying the
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capacity to suppress both the induction and effector
phases of arthritis. TFM-C treatment suppresses CIA,
which requires both innate and adaptive immune cells
for the development of arthritis. We previously demon-
strated that celecoxib treatment suppresses EAE induced
by immunizing B6 mice with myelin oligodendrocyte gly-
coproteings.ss (MOG) peptide [22]. The suppression of
EAE by celecoxib was COX-2 independent and was
accompanied by reduced IFN-y production by MOG-
reactive T cells. We observed a trend of reduced anti-CII
antibody levels in serum upon TFM-C treatment. As
TFM-C inhibited secretion of both recombinant IL-12
and IL-23 using a pIND ponasterone-inducible vector
system in HEK293 cells [23,24], TFM-C treatment may
have also influenced ClIl-specific immune responses by
suppressing antigen-presenting cells.

Specific inhibition of COX-2 has some adverse effects.
Rofecoxib, a highly specific COX-2 inhibitor, was with-
drawn from the world market because of an increased
rate of cardiovascular events in patients with colorectal
polyps [48]. Celecoxib was also shown to augment cardi-
ovascular and thrombotic risk in colorectal adenoma
patients, especially in the subgroup suffering from pre-
existing atherosclerotic heart disease [49]. Moreover,
inhibition of COX-2 activity has been reported to
exacerbate brain inflammation by increasing glial cell
activation [50]. It has been suggested that the inhibition
of COX-2-dependent prostaglandin I, from endothelial
cells may be the major cause of thrombosis [51]. As the
COX-2-inhibitory activity of TFM-C is 205-fold lower
than that of celecoxib, the arthritis suppression by
TEM-C appears to be independent of COX-2 inhibition.
Therefore, TEM-C, which has strong immunoregulatory
abilities but low COX-2-inhibitory activity, could serve
as a new disease-modifying agent to prevent the pro-
gression of autoimmune diseases such as RA.

Conclusions

In summary, TFM-C, a trifluoromethyl analogue of cele-
coxib, inhibits arthritis despite the fact that TEM-C pos-
sesses very low COX-2-inhibitory activity. The most
striking features of TFM-C are its inhibitory effect on
the activation of innate immune cells and its suppres-
sion of arthritis compared to celecoxib. TFM-C treat-
ment suppressed both CIA and CAIA by targeting
innate immune cells, which are involved in both the
induction and the effector phases of arthritis inflamma-
tion. Taking these data together, TEM-C may serve as
an effective therapeutic drug for arthritis, including RA.
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Mucosal-Associated Invariant T Cells Promote Inflammation
and Exacerbate Disease in Murine Models of Arthritis

Asako Chiba, Ryohsuke Tajima, Chiharu Tomi, Yusei Miyazaki,
Takashi Yamamura, and Sachiko Miyake

Objective. The function of mucosal-associated in-
variant T (MAIT) cells remains largely unknown. We
previously reported an immunoregulatory role of MAIT
cells in an animal model of multiple sclerosis. The aim
of this study was to use animal models to determine
whether MAIT cells are involved in the pathogenesis of
arthritis.

Methods. MR17~ and MR1™/* DBA/1J mice were
immunized with bovine type II collagen (CII) in com-
plete Freund’s adjuvant to trigger collagen-induced
arthritis (CIA). To assess ClI-specific T cell recall
responses, lymph node cells from mice with CIA were
challenged with CII ex vivo, and cytokine production
and proliferation were evaluated. Serum levels of CII-
specific antibodies were measured by enzyme-linked
immunosorbent assay. Collagen antibody-induced ar-
thritis (CAIA) was induced in MR17~ and MR1*/*
C57BL/6 mice by injection of anti-CII antibodies fol-
lowed by injection of lipopolysaccharide. To demon-
strate the involvement of MAIT cells in arthritis, we
induced CAIA in MR17~ C57BL/6 mice that had been
reconstituted with adoptively transferred MAIT cells.
MAIT cell activation in response to cytokine stimulation
was investigated.

Results. The severity of CIA was reduced in
MR1~~ DBA/1J mice. However, T and B cell responses
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to CII were comparable in MR17~ and MR1*/* DBA/1J
mice. MR17~ C57BL/6 mice were less susceptible to
CAIA, and reconstitution with MAIT cells induced
severe arthritis in MR17~ C57BL/6 mice, demonstrating
an effector role of MAIT cells in arthritis. MAIT cells
became activated upon stimulation with interleukin-23
(IL-23) or IL-1B in the absence of T cell receptor
stimuli.

Conclusion. These results indicate that MAIT
cells exacerbate arthritis by enhancing the inflamma-
tion.

Rheumatoid arthritis (RA) is an autoimmune
disease characterized by chronic inflammation in the
joints. It has been suggested that environmental factors
influence autoimmunity, and in particular, increasing
evidence highlights the important role of gut flora in the
development of autoimmune diseases (1), including
arthritis. For example, differences in the intestinal mi-
crobiota of patients with early RA have been described,
and tetracycline treatment was shown to reduce disease
activity in RA (2,3). In addition, oral vancomycin treat-
ment significantly decreased the severity of adjuvant-
induced arthritis (4). More recently, it was demonstrated
that germ-free conditions strongly inhibit arthritis in the
K/BxN arthritis model and that the introduction of
segmented filamentous bacteria induced severe arthritis
in germ-free K/BxN mice (5). Thus, mucosal immunity
plays an important role in the development and progres-
sion of arthritis.

Natural killer (NK)) cells, invariant NK T (iNKT)
cells, y/8 T cells, mucosal-associated invariant T (MAIT)
cells, B-1 B cells, and marginal-zone B cells are catego-
rized as innate-like lymphocytes. Such lymphocytes re-
side in unique locations, including the marginal zone of
the spleen and epithelial and mucosal tissues and rapidly
exert effector functions in the absence of clonal expan-
sion (6-15). Therefore, these innate-like lymphocytes
are thought to play important roles in “first-line” im-
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mune responses against exogenous stimuli. As MAIT
cells are preferentially located in the gut lamina propria,
there is a growing interest in the function of MAIT cells
in various types of immune responses, including autoim-
munity (16-20).

MAIT cells are restricted by a nonpolymorphic
class IB major histocompatibility complex (MHC) mol-
ecule, the class I MHC-related molecule (MR1), and
express an invariant T cell receptor (TCR) a-chain:
V,7.2-J,33 in humans and V_,19-J,33 in mice. The
invariant TCR« chain associates with a limited set of Vg
chains (14,21,22). MAIT cells are selected in the thymus
in an MR1-dependent manner, but, interestingly, MAIT
cells require B cells as well as commensal flora for their
peripheral expansion (14,23). Our group previously
demonstrated a protective role of MAIT cells against
autoimmune encephalomyelitis (EAE), an animal model
of human multiple sclerosis. The suppression of EAE
was accompanied by increased production of
interleukin-10 (IL-10) by B cells, which was induced in
part by ICOS costimulation (17). Because the invariant
V,7.2-1,33 TCR is highly expressed in central nervous
system lesions of multiple sclerosis patients, human
MAIT cells may also be involved in the pathogenesis of
multiple sclerosis (16).

In addition to their regulatory function, MAIT
cells also possess proinflammatory functions like other
innate-like lymphocytes. Le Bourhis et al (20) demon-
strated that MAIT cells display antimicrobial capacity.
Both human and mouse MAIT cells are activated by
Escherichia coli-infected antigen-presenting cells in an
MR1-dependent manner. MAIT cells show a protective
role against Mycobacterium abscessus or E coli infections
in mice. Human MAIT cells are capable of producing
interferon-y (IFNv) and IL-17 and are found in Myco-
bacterium tuberculosis-infected lung tissues. Thus,
MAIT cells play an antimicrobial function under these
infectious conditions. Although accumulating evidence
suggests that certain subsets of innate-like lymphocytes,
such as NK cells, iNKT cells, and y/8 T cells, are
involved in the pathogenesis of arthritis in animal mod-
els of the disease, the role of MAIT cells in arthritis
remains unknown (24-31).

We report herein that MAIT cells play a patho-
genic role in murine models of arthritis. The disease
severity of collagen-induced arthritis (CIA) in MAIT
cell-deficient MR17~ DBA/1J mice was ameliorated
compared with that of MR1*/* DBA/1J mice. However,
T cell responses to type II collagen (CII) and CII-
specific serum antibody levels were comparable between
CIA-induced MR1™~ and MR1*/* DBA/1J mice. We
found that MR17~ C57BL/6J mice are much less suscep-
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tible to collagen antibody-induced arthritis (CAIA) as
compared to MR1*/* C57BL/6] mice. MR17~
C57BL/6J mice reconstituted with adoptively transferred
MAIT cells developed severe arthritis, suggesting that
MAIT cells may be one of the effectors contributing to
inflammation in arthritis. Finally, we investigated the
cytokine-producing capacity of MAIT cells. No differ-
ences in IFNy production by liver mononuclear cells
(LMNCs) from MR17~ C57BL/6J and MR1*/*
C57BL/6J mice were observed upon TCR stimulation,
but the level of IL-17 produced by LMNCs from MR1*/*
C57BL/6J mice was much higher than that produced by
cells from MR17~ C57BL/6J mice. We further demon-
strated that sorted murine MAIT cells produce IL-17
upon TCR engagement. Surprisingly, IL-17 production
by MAIT cells was observed after exposure to IL-23
without TCR stimulation, and IL-18 alone induced
proliferation of MAIT cells, indicating that MAIT cells
may be activated by cytokines and may enhance the
inflammation in arthritis.

MATERIALS AND METHODS

Mice. DBA/1J mice were purchased from the Oriental
Yeast Company. C57BL/6J mice were obtained from CLEA
Laboratory Animal Corporation. MR1™~ mice (14) were pro-
vided by S. Gilfillan (Department of Pathology and Immunol-
ogy, Washington University School of Medicine, St. Louis,
MO), and V_19i-transgenic mice (32) on a C57BL/6J back-
ground were provided by M. Shimamura (University of Tsu-
kuba, Ibaraki, Japan). MR17" mice were backcrossed to
DBA/1J mice for 10 generations to obtain MR17~ DBA/1J
mice. V,19i-transgenic CD1d17~ C57BL/6] mice were gener-
ated by backcrossing V,19i-transgenic mice with CD1d17~
C57BL/6J mice for 7 generations. Mice were maintained under
specific pathogen—free conditions in accordance with institu-
tional guidelines and used in the experiments at 7-12 weeks of
age.

Induction of CIA. Both MR17~ DBA/1J mice and their
littermate controls (MR1™* DBA/1J mice) (n = 5-6 per
group; ages 7-8 weeks old) were immunized intradermally at
the base of the tail with 150 ug of CII (Collagen Research
Center) emulsified with an equal volume of complete Freund’s
adjuvant containing 250 pg of heat-killed Mycobacterium tu-
berculosis H37Ra (Difco). Three weeks after the primary
immunization, mice were given an intradermal booster injec-
tion of 150 ug of CII emulsified in incomplete Freund’s
adjuvant (Difco).

Induction of CAIA. MR17~ C57BL/6] mice and their
littermate controls (MR1™* C57BL/6J mice) were injected
intravenously with a mixture of anti-CII monoclonal antibodies
(mAD) (Arthrogen-CIA mAb, 2 mg; Chondrex) followed 2
days later by an intraperitoneal injection of 50 ug of lipopoly-
saccharide.

Clinical assessment of arthritis. Mice were examined
for signs of joint inflammation, which was scored on a scale of
0-4, where 0 = no change, 1 = significant swelling and redness
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of 1 digit, 2 = mild swelling and erythema of the limb or
swelling of =2 digits, 3 = marked swelling and erythema of the
limb, and 4 = maximal swelling and redness of the limb and
later, ankylosis. The average macroscopic score was expressed
as a cumulative value for all paws, with a maximum possible
score of 16.

Histopathologic assessment. Arthritic mice were
killed, and all 4 paws were fixed in buffered formalin, decalci-
fied, embedded in paraffin, sectioned, and then stained with
hematoxylin and eosin. Histologic assessment of joint inflam-
mation was scored on a scale of 0-3 as follows: 0 = normal
joint, 1 = mild arthritis (minimal synovitis without cartilage/
bone erosion), 2 = moderate arthritis (synovitis and erosion
but joint architecture maintained), and 3 = severe arthritis
(synovitis, erosion, and loss of joint integrity). The average of
the macroscopic scores was expressed as a cumulative value for
all paws, with a maximum possible score of 12.

CII-specific T cell response. Lymph node cells were
collected on days 35-42 after immunization and suspended in
complete RPMI 1640 medium (Life Technologies) containing
1% syngeneic mouse serum. The cells were cultured for 72
hours in 96-well flat-bottomed plates at a density of 1 X
10%well in the presence of CII Proliferative responses were
measured using a -1205 counter (Pharmacia) to detect the
incorporation of *H-thymidine (1 uCi/well) during the final 16
hours of culture.

Measurement of ClI-specific total IgG, IgGl, and
IgG2a. Bovine CII (1 mg/ml) was coated onto enzyme-linked
immunosorbent assay (ELISA) plates (Sumitomo Bakelite)
overnight at 4°C. After blocking with 1% bovine serum albu-
min in PBS, serially diluted serum samples were added to
Cll-coated wells. For detection of anti-CII antibodies, the
plates were incubated with biotin-labeled anti-IgG1 and anti-
IgG2a (SouthernBiotech) or anti-IgG antibody (CN/Cappel)
for 1 hour and were then incubated with streptavidin-
peroxidase. After adding substrate, the reaction was evaluated
as the optical density values at 450 nm (ODs).

Adoptive transfer and in vitro stimulation of V 19i T
cells. LMNCs were purified from V _19i-transgenic CD1d17~
C57BL/6] mice by use of Percoll density-gradient centrifuga-
tion, and erythrocytes and B cells were depleted with phyco-
erythrin (PE)-conjugated anti-Ter-119 and PE-conjugated
anti-CD19 (BD) followed by separation with anti-PE-
conjugated magnetic-activated cell sorter beads (Miltenyi Bio-
tec). Cells were stained with fluorescein isothiocyanate—
conjugated anti-TCRB and PerCP-Cy5.5 anti-NK1.1 (BD),
and TCRB+ NK1.1+ cells were sorted using a FACSAria cell
sorter (BD). The purity of isolated NK1.1+ T cells (MAIT
cells) was >95%, as assessed by flow cytometry.

In adoptive transfer experiments, 5 X 10° MAIT cells
or NK1.1- T cells (T cells) were injected intravenously into
naive MR1™~ C57BL/6 recipient mice 1 day before adminis-
tration of CII mAb. LMNCs or sorted MAIT cells were
resuspended in RPMI 1640 medium supplemented with 10%
fetal bovine serum, 2 mM L-glutamine, 50 units/ml of penicillin/
streptomycin, and 55 pM B-mercaptoethanol (Life Technolo-
gies) and stimulated with immobilized anti-CD3 mAb (2C11,
1 pg/ml) and/or the following cytokines: IL-13, tumor necrosis
factor o (TNFa), IL-6, and transforming growth factor B
(TGFB) (all from PeproTech) and IL-23 (R&D Systems).

Detection of cytokines. Cytokine levels in the culture
supernatant were determined using a sandwich ELISA. The
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Figure 1. Amelioration of collagen-induced arthritis (CIA) in MR17~
mice. A, Clinical scores for CIA in MR17 DBA/1J mice and in
MR1** DBA/1J mice. Values are the mean = SEM of 5-8 mice per
group. * = P < 0.05 versus MR17~ DBA/1J mice. B, Representative
histologic sections of the joints of MR1*/* DBA/1J mice and MR1~
DBA/1J mice. Hematoxylin and eosin stained; original magnifica-
tion X 40. C, Histology scores in MR17~ DBA/1J mice and in MR1*/*
DBA/1J mice, expressed as the sum of the scores in the 4 paws. Results
from a single representative experiment of 2 similar experiments
performed are shown. Values are the mean = SEM. = = P < 0.05.

ELISA antibodies for IFNy were purchased from BD. Levels
of IL-17 were determined using an IL-17 ELISA kit (R&D
Systems). ,
Statistical analysis. Clinical or pathologic scores for
CIA and CAIA in the various groups of mice are presented as



