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ABSTRACT

Background: Immune regulatory dendritic cells (DCs) play an important role in main-
taining self-tolerance. Recent evidences demonstrate that DCs expressing indoleamine
2,3-dioxygenase (IDO), which is involved in tryptophan catabolism, play an important
role in immunoregulation and tolerance and induce T cell apoptosis. This study was
devised to examine the role of IDO in the oral tolerance induction in collagen-induced
arthritis (CIA) mouse model. Methods: Beginning 2 weeks before immunization, CII
was fed six tlmes to DBA/1 mice and the effect on arthritis was assessed. In tolerized
mice, CD11c” DCs were isolated and stimulated with CII, TFN-Y, and LPS with or
without IDO inhibitor, 1-methyl-DIL-tryptophan (1-MT) and DO expression by CD11c”

DCs was analyzed using FACS and RT-PCR. The expression of IDO, MHC 11, CD80,
and CD86 by CD11c¢" DCs were examined using confocal microscopy. Regulatory effect
of CD11c” DCs on Ag-specific T cell proliferative response to CII was examined by
mixed lymphocyte reaction (MLR) with or without 1-MT. Results: The proportion of
IDO-expressing CD11c” DCs was slightly higher in tolerized mice than in CIA mice
and significantly increased after stimulation with CII, IFN-v, and LPS in an IDO-
dependent manner. On confocal microscopic examination, the expression of IDO was
higher and those of MHC II and CD86 were lower in CDllc DCs from tolerized
mice compared to those from CIA mice. On MLR, CD11c¢” DCs from tolerized mice
inhibited T cell proliferative response to CII in an IDO- dependent manner. Conclusion:
Enhanced IDO expression by CD11c¢” DCs from tolerized mice may contribute to the
regulation of proliferative response of Cll-reactive T' cells and could be involved in the
induction of oral tolerance to CII. (Immune Network 2005;5(4):221-231)
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Figure 1. Supression of arthritis development in tolerance group. (A) The mean arthritis indexes in tolerance group were significantly
lower than those in CIA group throughout the examination period. (B) The severity of CIA was significantly lower in the tolerance
mice five weeks after the first immunization. In CIA group, marked erythema and edema developed in observed paws (left). In contrast,
only mild swelling was found in paws of tolerance group (right). (C) Hematoxylin and eosin-stained section of joint from CIA mice
showed intense inflammatory infiltrates and severe bony destruction (left), whereas Tolerance mice had preserved joint histology with
mild inflammatory infiltrate (right). (D) Serum level of IgG1 (left) and IgG2a (right) anti-CII antibody were measured by ELISA five
weeks after first immunization. The serum level of IgG1 was significantly higher in Tolerance mice ((J) than in CIA mice (m)(172%7
ng/ml vs. 14918.5 ng/ml, P<0.05), whereas that of IgG2a was significantly lower in tolerance mice compared to CIA mice (108£17
ng/ml vs. 176+8.5 ng/ml, P<0.05). *Data are represented as meanstSD using ng/ml, as analyzed in five separate experiments (7

mice/group/experiment).
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. FACs analysis of intracellular IDO in splenic CD11¢” DCs. Mononuclaer cells obtained from spleen of tolerance (A) and

CIA (B) mice were cultured in 24-well plates at a concentration of 1x10°/well with Cll (40pg/ml) or IFN-Y (10 ng/ml) or LPS
(100 ng/ml) for 24 hours with ot without pretreatmcnt with IDO inhibitor, 1-MT. Cells were probcd with FITC-labeled anti-CD11c
and fixed with cytoperm/cytoFix for 20 min. Then cells were probed for intracellular IDO using PE- labeled anti- IDO and analyzed

on FACs caliber flow cytometer. The histograms were gated on CDI11c"
h1ghcr in tolcrance mice than in CIA mice. After Cll/IFN-r/LPS stimulation, the proportlon of IDO"

DCs. The proportion of CDllc IDO" DCs was slightly
cells significantly 1ncreaqed

in CD11¢" DCs from tolerance mice (A) compated to those from CIA mice (B). The increase of the proportion of IDO" DCs
was partly abrogated by pretreatment with 1-MT. Dotted histogram lines represent cells stained with isotype-matched control monoclonal
antibodies. Data are from the representative FACs histogram of 3 independent experiments.
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Figure 3. Expression of Indoleamine 2,3-dioxygenase (IDO)
mRNA in splenocytes. Mononuclaer cells obtained from spleen
of tolerance and CIA mlce were cultured in 6 well plates at a
concentration of 1x10'/well with ClI (40ug/ml) or IFN-v (10
ng/ml) or LPS (100 ng/ml) for 24 hours with ot without pre-
treatment with IDO inhibitor, 1-MT. After stimulation, CD11c"
DCs were isolated using MACs. Then, RNA (2lg) was isolated
and the expression of IDO mRNA was analyzed using RT-PCR.
B2 microglobulin (B2M) was used as an internal control.
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Figure 4. Immunofluorescent confocal microscopic examination
of the expression of IDO (A), MHC II, and costimulatory
molecules (B) by splenic CD11c’ DCs. Splenocytes were stained
with FITC-labeled anti-CD 11c (green) and anti-IDO, anti-MHC
II, anti-CD80, or anti-CD86 (red) and fixed before confocal
microscopic examination. Isotype-control antibody staining was
negative (not shown).
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Figure 5. CDllc DCs from ClI-fed mice suppress Cll-induced T cell prohferatlon via IDO-dependent manner. (A) Splenic CD4”
T cells (1x10° /well) from CIA mice were cultured with splenic non T cells (1X10°/well) from CIA or tolerance mice in the presence
ot absence of CII (40pg/ml) in 96 well, U-Bottomed plates for 3 days with or without pretreatment with 1-MT (200 uM). 1-MT
was pretreated for 2 hr. Non T cells from tolerance mice suppressed Cll-induced proliferation of CII- reactlve CD4" T cells form
CIA mice, which was partly abrogated by IDO inhibitor, 1-MT (76% inhibition). (B) ClI-reactive splemc CD4 T cells (1x10° /we]l)
from CIA mice and irradiated splenic non-T cells (1X10° /Well) were culture with splenic CD11c¢" DCs (1x10 /Well) from tolerance
or CIA mice in the presence or absence of CII (40ug/ml) in 96 well, U-Bottomed plates for 3 days with or without pretreatment

with 1-MT (200 ulVI) 1-MT was pretreated for 2 hr. CD11¢"

DCs from tolerance mice suppressed Cll-induced proliferation of

Cll-reactive CD4" T cells form CIA mice, which was partly abrogated by IDO inhibitor, 1-MT (75% inhibition). Data were presented

as the mean cpm of triplicate cultures.

ol I-MTE X 2|sbH, Clof] tigk 4] o Auk-g-o] 3] &
He RS 323 = k(1906458 cpm vs 77324937
cpm, p<0.01)(Fig. 5A).

bS8 HANEZZRE] CDllc" FAY AEE 2
g 5 crrell ok Bel T AJE9] Z“Hh,% s}
3 A BAA =LY T AE 9} CD11c" FA% Hb—
ol ClIE A3t AR F8 $EF9 CDllc” 4
& Alxe BAA FETY T Aﬂwﬂ ClIE Aelsi <
Wl ShA BIAAIE Azl v 2 g SANEEo]
Q159 rh(1503+328 cpm vs 68762 cpm, P<0.03)
(Fig 5B). ©17]l| thA] I-MTE Aelsld #Ad FE7
o] Cp11c" A4 AZESL CD4” TA|Zol| ClLE A3
2713 A AERE 355 e Zlo] #Ex k4823
+322 cpm vs 4105.5+87 cpm). L} CII ¥H-EA ol o}
3 A =T O ovalbumin (OVA)S A lslH Clloll
sk ZbSRks-3t vl g ulf HhgAdo] wgkow o7
I-MTE AHelslod e HoE XolE wAd & gl
(506+15 cpm vs 595+21 cpm).

=}
=

ki

o,

L?_

Eic)

Solgt g2 A= Folshd ol gk
E3l= 422 Nagler-Anderson 5-©] A
d :"j/} 73T Fosle] HAA e AAS e =
o] ksl oz AF7HA o]ell FHJLP B =vEe
x5 zﬂ'(l 4). ARl FiEe= IAAole AA W
olg] 717 Wl AZEF} o] o] Hulste =AQIAE
o] Hodk Ao 7 AZF3i) AT BE G0 ol
Z93 W AT2E FAA A E(dendritic cells)S =
T en, Aa Feu 9 Ao vt B 2 E
o Wl Yot 2w sl
(33). '/1:7(]%]' A ZE7} w4 S (immature) = FA1 7] el
Al 75 el sl g3 4ol L}E]"Jr}‘i‘ Hh A<sk
TFAG Al el 3 T 2] Mg whg2 4o
vk deA Aek33).

2T o] FEL W3 9= W B8 S50 o)
<973 9122 indoleamine 2,3 dioxygenase (IDO)E
T gtk IDORE §-8] Foll A ofm gl EFE

rE,

rJ

o
)

==

d

ri Mo
rulo o

mi

Mo S
u:m\'

il rlr



Role of IDO-expressing CD11c+ DCs in Oral Tolerance to Type 11 Collagen 229

2] ut J,
T AlEE T AIEY SAMEES JAlsla, A WellA
= Zo] HAH#-go] Yojdrts Havt 9l
2 th(23,24,35,36).

ulghA] B o= CclE HHg A oz A Folst
o] CIlef] gt wied $H-&o] =% DBA/1 vl-2=ol #4
dS FUAZ W A4 AXA IDOE WEsEAl
zAsta1, o] 2 913l ol W75l HlE =4
slo] dFo] AAlE= 7AS Lot A}t st

B odFdde WA $4A F5 F v[AAEdA
D02 W3} ke FAIE E45
A3 RA] FETol ATl vl ATRE F =
-9 v|AA|E A IDOS] Wdo] 71 =
AlBA] ¢k v A EZZHE FAG AE

HE ulel 2o 25 Holle #§ =Tl HAd £
Sl vlEl %7t SUbsle AR W s Ao] 3%
Hleoy CllE A=S3stH #E FETollA IDO Wae]
oF 2wl 7}eF Z7beleh(Fig. 2). oA Hile] wp=w
CTLA4 W] F2EF 07 ligations 3FA &AL IDO
FAAZ ARE whg29 AL AEe 238 W
As 7HvhE Bk 9I9vk(14,33). & A FellA] = o]
A3t W FEEFON A4 d A LHE AE
A gk WA 2ol A 2Elof|A Cll A5 A IDOE
P Tl vl FE FETollA dAsA
g HE 4T F e of7]edl Do JAA
1-methyl-DL-tryptophan (1-MT)E *2l3}H dX3A =
o= Zlo] #AEUchFig 2, 3). o] AH BAH 7=
ol ¢4 CiiE #Ql #HE = vhg-2=9 TR A Zo
A JAsA IDO7} s = ol f&, ATE B3t &
o] 7 ci7} wlAe] FAAL AIEEZ slodF DO WS
FRA7 A g AR, FASo|H o BAtE=
do7l FA FENA A7 ciell 9z Do %
ol 7hsda AAF ek A2

IDO & -& transcription¥} translation G50l 4] Z A}l
A7 g FETY vAA A A FETe
HAA 2ol vl k7t Frlekglon, ClIE A=
IDO7} #Halslgl 3, 3k IDO Eo]& § %491 IFN-vi}
LPS A5 Aol A AgH o g ou] gl F7HE B
Aok BA F 579 DO U A EE DBA/l vh$-A
Aol vlasl] A=} Ao} CII, IFN-vu} LPSol|
A B 7R o Hol A FEEdlA 34
dZo] XY=t etE IDOE A&H oz wEsto 2y
A5 AojsH e e Au|E Azl & 5 Alch
w3 IDOS F7he D09 Eol3 AAAQl 1-MT (1-
methyl-dl-tryptophan) & 4 X 2|3t 5§ A=SslH 254l

h=4

old Z7Ha D07} Zdehs o] WAHE vl B
FETOIA DO7H BEHES] 2A849S 4L B
18 & 919k 3, 4)

2 ofo

DO% WAIHE ATRE FETS FA4 AL 5
A 2A487] A8l 323 FA AuA & o] &3l Bz
Z}=212keF MHC class molecules Mg god Mo g
Ao 2 A WA FETol v)el ATRE FEL)
HIAA 2] CDllc” A|EolA IDowdo] Z7tE|gle

[e]

o

v, A|E2] BokS Agke] plasmacytoid DCE] E9k3}
AeldnABa AABIA ¢kg) AlE Ewel MHC 10,
CD86e) 2 AEE BAY FETol vl e
AR ARA oz FAG ALY AEEE
% /el (immature state) = BHEE

2 WaATelt £ CDBOS F F 7o) MrhE Zo]
E HolA ¢kStrhFig. 4).

73T JEFE EollA FA4 A|lEolA DO
24T ae] AHHLR AVb U T AEE =

Aol ojalA obd Br) v ehch24,2535-37)
Pt B ATFE Bl B8 FET non T AIE, 5ol

FA4 AFA DOF WAHE A8} A 2

IDOZ el £A4 AL} HAY FEPY B9
Bol 5ol Ml T AIE Z4 odAsH: o FHoldvhe
AL obgE T+ gtk ol AT gl o3
4% oA 3ol D07 FHoldhg AAsiE Astebn

o

F2d 2 5 Qe

thAl 3l 0% WA= FAY AL T AL 2
S A 1o w ERERe Agel} 1
A Aol Boldh A4S sk Q1T 1
25 v} 9rh3s.36)

5
&2 WEs 293l DBA/L vh-§-2=ol|A] A4
FrEsl7lol A 1 A9l Q) CIE HHE Ao R
Foslo] CII o] 3k W] #go] R, H&
T B AA S A A ZEollA] EF DO B o]
sl9ieh. ID0S] 5ol AAAQ] I-MTE A&l
Z7}5l IDO WHale] A A|E]= A oeg Hol IDO 7|A
3l ClI 5ol Al FAE AE7) vl Fgoll Jhod
A/ Akt &8 IDOE st e A AlE] B4
ZzA3l] 2 Az v Ad<s el (immature state) Y&
AR, F& FET T4 AEE DO oE
2 CI AFFoll tigh -] F2-9] Wl T AlE9]
HHSE A F doke A ogd el
wehA] B ATFE F3l AT & FEaell IDOS WE
< TFH o ATFE 5olHQ T AIES FAGA
S FETOEN A7t WAAske] M PE& o]
set=dl shte] 34 B2 2438 5 & Aoz 7]

el e}

[e]

—_

ol do o =&

e ju, oot
1% (o ) o o o & L i I o

ofN 2

32
ot _:L



ok

—_

10.

11.

12.

13.

14.

15.

16.

17.

18.

230  Min Jung Park, et al

o 2 9

. Nagler-Anderson C, Bober LA, Robinson ME, Siskind GW,

Thorbecke GJ: Suppression of type II collagen-induced ar-
thritis by intragastric administration of soluble type II col-
lagen. Proc Natl Acad Sci USA 83;7443-7446, 1986

. Garcia G, Komagata Y, Slavin AJ, Maron R, Weiner HL:

Suppression of collagen-induced arthritis by oral or nasal
administration of type II collagen. ] Autoimmun 13;315-324,
1999

. Fishman-Lobell ], Friedman A, Weiner HL: Different kinetic

patterns of cytokine gene expression in vivo in orally tolerant
mice. Eur J Immunol 24;2720-2724, 1994

. Tsuji NM, Mizumachi K, Kurisaki J: Interleukin-10-secreting

Peyer’s patch cells are responsible for active suppression in
low-dose oral tolerance. Immunology 103;458-464, 2001
Friedman A, Weiner HL: Induction of anergy or active
suppression following oral tolerance is determined by antigen
dosage. Proc Natl Acad Sci USA 91;6688-6692, 1994

. Steinman RM, Nussenzweig MC: Avoiding horror autotoxicus:

the importance of dendritic cells in peripheral T cell tol-
erance. Proc Natl Acad Sci USA 99;351-358, 2002

. Wakkach A, Fournier N, Brun V, Breittmayer JP, Cottrez F,

Groux H: Characterization of dendritic cells that induce
tolerance and T regulatory 1 cell differentiation in vivo.
Immunity 18;605-617, 2003

. Derry CJ, Harper N, Davies DH, Murphy JJ, Staines NA:

Importance of dose of type II collagen in suppression of
collagen-induced arthritis by nasal tolerance. Arthritis Rheum
44;1917-1927, 2001

. Daniels LK: Rapid in-office and in-vivo desensitization of an

injection phobia utilizing hypnosis. Am | Clin Hypn 18;200-
203, 1976

Mowat AM, Parker LA, Beacock-Sharp H, Millington OR,
Chirdo F: Oral tolerance: overview and historical perspectives.
Ann N Y Acad Sci 1029;1-8, 2004

Dubois B, Goubier A, Joubert G, Kaiserlian D: Oral tolerance
and regulation of mucosal immunity. Cell Mol Life Sci
62;1322-1332, 2005

Kelsall B, Leon F: Involvement of intestinal dendritic cells
in oral tolerance, immunity to pathogens, and inflaimmatory
bowel disease. Immunol Rev 206;132-148, 2005

Yoshida R, Nukiwa T, Watanabe Y, Fujiwara M, Hirata F,
Hayaishi O: Regulation of indoleamine 2,3-dioxygenase activ-
ity in the small intestine and the epididymis of mice. Arch
Biochem Biophys 203;343-351. 1980

Yoshida R, Urade Y, Nakata K, Watanabe Y, Hayaishi O:
Specific induction of indoleamine 2,3-dioxygenase by bacte-
rial lipopolysaccharide in the mouse lung. Arch Biochem
Biophys 212;629-637, 1981

Malina HZ, Martin XD: Indoleamine 2,3-dioxygenase: anti-
oxidant enzyme in the human eye. Graefes Arch Clin Exp
Ophthalmol 234;457-462, 1996

Moffett JR, Espey MG, Namboodiri MA: Antibodies to
quinolinic acid and the determination of its cellular distri-
bution within the rat immune system. Cell Tissue Res 278;
461-469, 1994

Uyttenhove C, Pilotte L, Theate I, Stroobant V, Colau D,
Parmentier N, Boon T, Van den Eynde BJ: Evidence for a
tumoral immune resistance mechanism based on tryptophan
degradation by indoleamine 2,3-dioxygenase. Nat Med 9;
1269-1274, 2003

Lee JR, Dalton RR, Messina JL, Sharma MD, Smith DM,
Burgess RE, Mazzella F, Antonia SJ, Mellor AL, Munn DH:
Pattern of recruitment of immunoregulatory antigen-presenting

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

cells in malignant melanoma. Lab Invest 83;1457-1466, 2003
Taylor MW, Feng GS: Relationship between interferon-gamma,
indoleamine 2,3-dioxygenase, and tryptophan catabolism. Faseb
J 5;2516-2522, 1991

Pfefferkorn ER: Interferon gamma blocks the growth of
toxoplasma gondii in human fibroblasts by inducing the host
cells to degrade tryptophan. Proc Natl Acad Sci USA 81;
908-912, 1984

Gupta SL, Carlin JM, Pyati P, Dai W, Pfefferkorn ER,
Murphy MJ Jr: Antiparasitic and antiproliferative effects of
indoleamine 2,3-dioxygenase enzyme expression in human
fibroblasts. Infect Immun 62;2277-2284, 1994

Mellor AL, Munn DH: Tryptophan catabolism and T-cell
tolerance: immunosupptession by starvation? Immunol Today
20;469-473, 1999

Munn DH, Shafizadeh E, Attwood JT, Bondarev 1, Pashine
A, Mellor AL: Inhibition of T cell proliferation by macro-
phage tryptophan catabolism. ] Exp Med 189;1363-1372,
1999

Hwu P, Du MX, Lapointe R, Do M, Taylor MW, Young
HA: Indoleamine 2,3-dioxygenase production by human
dendritic cells results in the inhibition of T cell proliferation.
J Immunol 164;3596-3599, 2000

Xiao BG, Liu X, Link H: Antigen-specific T cell functions
are suppressed over the estrogen-dendritic cell-indoleamine
2,3-dioxygenase axis. Steroids 69;653-659, 2004

Mellor AL, Sivakumar ], Chandler P, Smith K, Molina H,
Mao D, Munn DH: Prevention of T cell-dtiven complement
activation and inflammation by tryptophan catabolism during
pregnancy. Nat Immunol 2;64-68, 2001

Hwang SL, Chung NP, Chan JK, Lin CL: Indoleamine 2,
3-dioxygenase (IDO) is essential for dendritic cell activation
and chemotactic responsiveness to chemokines. Cell Res
15;167-175, 2005

Trentham DE, Townes AS, Kang AH: Autoimmunity to type
II collagen an experimental model of arthritis. ] Exp Med
146;857-868, 1977

Piccirillo CA, Letterio JJ, Thornton AM, McHugh RS, Mamura
M, Mizuhara H, Shevach EM: CD4(+)CD25(+) regulatory
T cells can mediate suppressor function in the absence of
transforming growth factor betal production and respon-
siveness. | Exp Med 196;237-246, 2002

Hirofuji T, Kakimoto K, Hori H, Nagai Y, Saisho K, Sumiyoshi
A, Koga T: Characterization of monoclonal antibody specific
for human type II collagen: possible implication in collagen-in-
duced arthritis. Clin Exp Immunol 62;159-166, 1985

Bozza §, Fallarino F, Pitzurra L, Zelante T, Montagnoli C,
Bellocchio S, Mosci P, Vacca C, Puccetti P, Romani I: A
crucial role for tryptophan catabolism at the host/Candida
albicans interface. ] Immunol 174;2910-2918, 2005
Alexander AM, Crawford M, Bertera S, Rudert WA, Takikawa
O, Robbins PD, Trucco M: Indoleamine 2,3-dioxygenase
expression in transplanted NOD Islets prolongs graft survival
after adoptive transfer of diabetogenic splenocytes. Diabetes
51;356-365, 2002

Munn DH, Sharma MD, Lee JR, Jhaver KG, Johnson TS,
Keskin DB, Marshall B, Chandler P, Antonia SJ, Burgess R,
Slingluff CL Jr, Mellor AL: Potential regulatory function of
human dendritic cells expressing indoleamine 2,3-dioxygena-
se. Science 297;1867-1870, 2002

Tan PH, Beutelspacher SC, Wang YH, McClure MO, Ritter
MA, Lombardi G, George AJ: Immunolipoplexes: an ef-
ficient, nonviral alternative for transfection of human dend-
ritic cells with potential for clinical vaccination. Mol Ther
11;790-800, 2005

Grohmann U, Fallarino F, Puccetti P: Tolerance, DCs and



Role of IDO-expressing CD11c+ DCs in Oral Tolerance to Type 11 Collagen 231

tryptophan: much ado about IDO. Trends Immunol 24 37. Terness P, Chuang JJ, Bauer T, Jiga L, Opelz G: Regulation
242-248, 2003 of human auto- and alloreactive T cells by indoleamine
36. Mellor AL, Munn DH: Tryptophan catabolism and regulation 2,3-dioxygenase (IDO)-producing dendritic cells: too much

of adaptive immunity. | Immunol 170;5809-5813, 2003 ado about IDO? Blood 105;2480-2486, 2005




