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Objective. Methotrexate is the first-line drug in treatment
of rheumatoid arthritis (RA) exhibiting higher efficacy and
better tolerability than most other DMARDs. To have a
better understanding of the anti-arthritic mechanism of
methotrexate, we investigated the effect of methotrexate on
suppressing the autoimmune inflammatory and destructive
arthritis in collagen-induced arthritis (CIA) mice.
Methods. The effects of methotrexate on joint inflammation
were assessed by clinical scoring and histologic analysis.
Levels of cytokines and autoreactive antibodies were ana-
lyzed by immunohistochemistry and ELISA. The pop-
ulation of TH17 and Foxp3" regulatory T (Treg) cells and
phosphorylation of their critical transcription activators,
STAT3 and STATS5, were examined by fluorescence micro-
scopy and flow cytometry, respectively.

Results. Treatment with methotrexate significantly alle-
viated joint inflammation and cartilage destruction in CIA.
Serum levels of total immunoglobulins G, G1, G2a specific

to type II collagen were also reduced considerably in me-
thotrexate-treated mice. The drug inhibited the expression
of proinflammatory cytokines such as IL-18, TNF-a, IL-6
and IL-17 in arthritic joints ex vivo as well as by spleno-
cytes in vitro. Moreover, methotrexate treatment resulted
in reciprocal modulation of TH17 cells and Foxp3" regu-
latory T (Treg) cells in spleen tissues, in which TH17 cells
were decreased and Treg cells in number were increased.
Subsequent analysis of CD4'T cells showed that phosphor-
ylation of STAT3 was decreased whereas phosphorylation
of STATS5 was increased in methotrexate-treated mice.
Conclusion.
pressed autoimmune arthritis and restored homeostasis
of the immune system by reciprocal regulation of TH17
and Treg cells in a mouse model of collagen-induced
arthritis.
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]| E E @l 4| o] E (methotrexate) = UE] AP H QG X8
off glojA] ©5 &2 o ofAlole] BN EAIZA THA
3] AEE= 3 fvbel s okEolrh

HEEDH 0| Ex 500 d A A Z A5 A&E7] A%
stglom. 1980t SOl Fubel AR obve} o
Q4] Fropel 2 Agloll o) ALHE P2 A4 FA
olet.

HEEAA O] EE AlZE UZ o] F3}o] polyglutamated=]
o] AlZ We] F49¢l aminoimidazole carboximide ribonu-
cleotide (AICAR), transformylase (ATIC), thymidylate syn-
thetase (TYMS), dihydrofolate reductase (DHFR) 52| 2F8
<= Ak, 2 Z 3} obvl| =4l (adenosine) 9] F7He} ¥ 2
u] d (pyrimidine) ¥4 Z+4:, transmethylation ¥H-g- A&
Jehile Aoz A ek = DHFR®] ol zle} gi4ke]
Z 540 QA B3 AL W Fepuing 4, 72l
o A, DNA el d3ka vX= Aoz deA ghe
v 2 71 Ags] FEAA ke (.

R o AEFE ol 84 AFolA WEEo]
Rl ol hA Aol S12E Sukebs Aol EskI @)
B2 (L-12), EIAIZHING-Slsh, olE £76
(L6, VEIES (L-8)2] AEE dalele 42 28 A
ol E7ke1Q) AIEIF7110 (L-10)2] A4S FAehs Aew
oA glr}. 3t v EEG o] Ex Fule| 2] 3
Auty|e]l Fa3t eizxlg L#A EZ 2 ~elZ2he (prostag-
landin)¥} FF E 2] oll(leukotriene) S A ZA sl= AoZE
dHA o, vEE o] EL] Fule|azde] A A
ol¢} A= AEIIHE T3] W AA Fkt (2-4).

2 JEF71-17 (AL-17)= A4kshe THIT AlE7} ratel
agede] elol FEAQ g sh] Heol BARZ
2 o) % A4 fEshe Aol HHATA 0|52 Aol S
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Sl THI7 AlES] BAS $E31= L6 Ao EFAS
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2] A&} L} forkhead box protein 3 (Foxp3)E W sl <
ZA T AlZ(regulatory T cells; Treg)9] S413 A& 5
slo] Wl T AlEE] Aol 9l WARE-& FE3te Ao|
ute]=fH g o] X 5ol Fasdt Aow dHA gl

lo

o] gt TH17 AL e 24 T X FA] 78 =4
HAAZ QD Al 2741} o]of] F-Sshe AAUALS] FE=
As Bl vehes Aoz g vh

TH17 AZE] #3 gl Aol APdAdzz &3
STAT3E ARHA & IL-179] EAX(locus)s 24 F
3L TH17 E3ho} B w2 AAdA=] el 2
ARl ez AS FPe Zor dHA Ut (5,0
TH17 AlE ol ol2dt STAT3S #AE Alshdd
TH17 AlEE Alol=|a o] 24 T AlE9] 242 FAloll
FrE o] dH el WdzHe] o|FoH el (7).

M o] 27 T A El| A= Foxp3et STATS7} 2 AAQIz}
2 2#A 9o THI7 A|ZEol|A STAT3 AL o Alshd
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EAloll STATS #4Jo] == 714 o] YIs| A" A STAT3
o} STATSS} A3zAo] vl Fod Wojzd 7|Hoe
oAl SFE oL gick whebA] WAk Alo] & Sl AFAES
ol oA WA=AE FE3t7] Sl STAT3 Alof 4l
STATS F%= o FEASoll tiet A771 A Ale] A=t
o8 F5 WAl vt (8-10).

HlEEHA | BV} Fule| 2] i X EAR &
HA Qo Ae] E711 IL-173F W]l TH17 Aol w4
= c3apol vhat Q1 FE oS AT Jabeleh (1), A%
= TrtEaRAd Y SR e fERAEY 2H
(type I collagen-induced arthritis; CIA)ol| A H| EE 2 AJo] E
XXl w2 #AQ X8 kel 5ol Fofsts AolE
7kl el wigte} 7 vl EE A o] E 2] TH17 Al el w]X]
= g 2, 24 TAE WAL G 2

o 4§714% 2AstnA selch

CHAF S Hig

A2y 3 L BEY FERY Y v EEIA o=
A

Fopro 6~753 9] 47 DBA/1J wh$-2(Jackson Labo-
ratory, Bar Harbor, ME):= 259 5<F A8 A 31Ho -3
A0 F %ol A5k BF A% 272 conven-
tional system© & 22.0£2°C, 1€ % 124]7F& 200~300 Lux
2 z2Hsta, 124172 BE WS Xekskaivh DBA/1T vk
$-2~0]] Complete Freund’s Adjuvant (CFA; DIFCO, Detroit,
MDD} 1:1 (V/V)H] €5 412 Bovine Type II collagen
(Chondrex Inc., Redmond, WA) 100 x g 28] F-Eof 93}
Z FAs e 4 & 39 % phosphate buffered saline
(PBS) = Q] =77} v EE ) 4o] E(Sigma Aldrich, St.
Louis, MO)E oI A& 71 mg/kg, 7.5 mgkg) & e
3 5ol 33 A4 100 L4 57 Wl FAS . S
Aol AgH HEEHAo|ES] FEE oA AY =%

= Bl 244 (12).

B YUY FHH WAL 3 Fol
3 e 230E Agstel AAgT (13). 04: ¥F
olv} o] 12, 14: W i BEPAe] ek 4
BET A, 08 B Rl H2Toll AN A% BE
33, 3 HEIRA F2Fo A% FEES] BE
3 A, 44 BBl A kel Aol AH $E} o) 9
3 AR el vhehd ZSolh. mheld, BA el
A a3l vk & uhel B 1eoln], melo] A
Ao ZRE 17HA AFLel 3314 AN, H7h
AR g3 BAYE 320 A4

B 2F3y Ws

2 25 vhgag 3ol B 252 Al 10%
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ZFA ez TewtaldA] 197F 343 £ Calci-Clear Rapid
(National Diagnostics, Atlanta, Georgia) -2 74| 7} 59t &
slateich bRl Woll ofslo] A 3= Ethyl alcohol =
ealal xylene o 2 ket & slebylo g Fuf &9t
Eo] &7 um F7|Z A ¢ F H-E (Hematoxylin-Eosin)

AAE AW,

LT

el Eol 228F 7 pm AR AE F xylene 2 E I}
2}21-& Al7]8laL Ethyl alcohol & $FA]7] % Digest-All 3
(Zymed Laboratories, South San Francisco, CA) *]2] ¥ 3%
hydrogen peroxideE 15%7F *|2]3}o] endogenous perox-
idase S A|AsIch 2AAHAS PBSE 1587 Al ¥ W
o 27 3}ekod M2 Vector Elite ABC kit (Vector Laborato-
ries, Inc., Burlingame, USA)E A-&3ldvl. =X AAE
1.5% normal goat serum 2 & 3027F vh-2-3F o}-S 12} g
2l rabbit anti-IL-17 (Santa Cruz Biotechnology, Inc, CA), goat
anti-TNF- @ (Santa Cruz Biotechnology), rabbit anti-IL-6 (Ab-
cam Inc., Cambridge, MA), rabbit anti-IL-1/53 (Santa Cruz
Biotechnology) Z=+ isotype control & A|(rabbit IgG, goat
IgG)E 4°CollA 14~16A17F 53k HHg A A} vh-g-o] &t
% biotino] A3k 24} AIE A2l A 40F A7) o
< ABC reagents A-2ol4] 1A17F H8&3}c}. 3,3°-dia-
minobenzidine (Thermo Shandon Co., Pittsburgh)E AH-8-3}o]
HbAel-S-5 W ok hematoxylin® 2 tZF A4S A &

HAEAow e Adsigit

EH 5ol3 4 1gG ¥ IgG ofF 4

Z2}A1S dilution buffer (Chondrex)oll 3]43F & 96-well
plate?] ZF wellel] 4°CollA] 124]7F BF-2-3}3t} 1% bovine se-
rum albumin (Sigma)”} ¥F-7-% phosphate buffered saline
(PBS)E 200 uLjwell® 31 1A]7F Aol - Al blocking
3-93ck. 33] washing 3F % 0.05% Tweeno] 335 PBSE 3]
A3k FA(1 1 25,0000 100 xLjwelld Wil 4°CollA] 1247
HE-S-319ic}. 3%] washing ¥ anti-mouse IgG1/IgG2a perox-
idase conjugate (Bethyl Lab Co., Montgomery, TX, USA)E
1 : 40,0002 3] 43¢k & 3047 Aol Folrh. 33] wash-
ing ¥ TMB substrate reagent 100 L& 78k & 30%-0] A1}
41 1 M H,S0,4 50 1 LE 237Fs})c}. Microplate reader (Mole-
cular Devices, US)Z 3}& 450~570 nmol|A] &4 3} ).

23 A

OCT compound (Sakura Finetech USA, Torrance, CA)ol|l £ul]
A7 5 AAALE TAN AREAL T um A9 A%
el 27 AR Couted slideol] HANc, 2AAAL 7
7] ZolA &+ A|7F A=A)7] ¥ 4% paraformaldehyde solution
(Sigma)ol] o] A0l 4 X718 acetone 2 Z 155-7F LG A
70 51 PBSZ 1587 MelFdleh. $54 282 olAler]

wev) 9]

2130 10% normal goat serume WL Aol A 30827 WA
71t} Anti-CD4 PerCP Y. FITC 3HA|(BD Pharmingen, San
Diego, CA), anti-IL-17 FITC ¥(eBioscience, San Diego,
CA)¢} anti-Foxp3 PE (eBioscience), anti-CD25 APC, an-
ti-STAT3 phospho Y705 &A|(BD Pharmingen), anti-STAT3
phospho S727 &-|(BD Pharmingen)®} anti-STAT phospho
Y694 FITC &|(BD Pharmingen)S 3L 4°Coll4] 18417+ &
QF BESAIZLL. vEg-o] Bt 3 Aol 1X]7F 53t HHSA]
71 ¥ PBSE 30%7F #lol59lth. Coverslip 9ol &4 &
R} A|(Dako cytomation, Denmark)E &+ Hh-2 Hojrg] 5 =
2] F9lell A2 Holek. el s F24 $n] 7 (Zeiss, LSM
510 Meta, Germany) 2 & H2-s}g]c}.

AZ 22 2 A2
uh$-29] v A4S FZsla PBS SHO R A F U9 =
A2 31 o] Z Cell strainer (BD Falcon, Bedford, MA)ol| %3}
Al At} 4°CollA 1,300 rpm o2 5E7F A1 Ee] & Aoy
= AAZ v AEE FolA, AEFE AEF &9
(2.06% Tris2} 0.83% NH4ACIE 1 : 9% 4]-9)2k A2ollA 5
B7F 9F-8-A]71 & Cell strainer (BD Falcon, Bedford, MA)°l|
EIAIZ T

a2 B)AA|EE 5% heat-treated --Eljo} & (fetal bo-
vine serum; FBS, Gibco BRL, Grand Island, NY) 2 1% pen-
icillin/streptomycin®] 237} RPMI (Gibco BRL)ol H--3-5]
o] 1x10° cell/mLE 24 well culture plate (NUNC, Roskilde,
Denmark)ol] ¥3}3L anti-CD3 &4 1« g/mL, anti-CD28
A 2 pg/mL (BD Pharmingen), lipopolysaccharide (LPS,
Sigma) 1 xg/mLe} HEEZAAC|E 05,1 ngmlLE 347
A== ek

Ao E7Ql &

A|EZZFE nljoksl AZ=alS- Tol IL-10, IL-6Z sandwich
ELISAE o] &3}o] 52 Z43}9t}. Sandwich ELISAE
96 well plate (NUNC)oll ¥+Z-EA] anti-IL-6 3+, anti-IL-17
FA|9} anti-TNF- ¢ 3}A|(R&D, Minneapolis, MN, USA)E
747t 4 pg/mLE 100 xLjwelld WL 4°Col| A ubal Hh-e-A]
71 o+ 2ekg-N(1% BSA/PBST)S 200 uLjwell® Yt
ALoj|A 2417 HFZAZ ). StandardZ2& ANZE3$E IL-6,
IL-17¢} TNF-a (R&D)E °o]&3le] 77 10,000 pg/mL~
156.25 pgmL 55 A-&3tct EFAI 89 3 A
Al ek 45 100 wLjwelld Wi Aol A 24 7F vk
LA Ak vEE87] 5 A1 8-948(0.05% Tween 20/PBS) 2.2
A% & biotinylated anti-IL-6 34|(R&D)S 200 ng/mLE,
anti-IL-17 g9} anti-TNF-@ 3FAH|(R&D)S 400 ng/mLE
sl A3sle] 100 nLjwell® gol A-2olA] 247 vH-SA| 7 &
A sliet. npA| ke 2 = Extravidin-Alkaline phosphatase
conjugate (Sigma)E 1 : 2,0002.2 3] Asled 100 1 Ljwell®

o

Y ALof| A 2417k HFE-A]F| 32 A% & phosphate diso-
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dium salt hexahydrate (PNPP, Fluka)/Diethanolamine £l
(DEA, 97 M, NaN3 0.2 g, MgCI2H20 0.1 g, 1%} SF=F
mL)S 1 mg/mL EEZ o] 100 «Ljwell? %01 304
02 M NaOHZ HF-5-& H3E31 405 nm I3 A F3E
=A4ehAe),
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Figure 1. Suppression of arthritis development in MTX-treated CIA mice. Arthritis was induced by immunization with CII in Freund’s
complete adjuvant on day 0. On day 7, mice also received PBS or MTX (1 mg/kg or 7.5 mg/kg) three times per week for 7 weeks.
(A) Severity of arthritis was determined as described in Materials and Methods. (B) Representative histological analysis of knee joints
and paws was assessed by H & E, toluidine blue, and safranin o staining. Original magnification: x40 and x200 for H&E staining
and x200 for toluidine blue and safranin o staining. Values of histological scores of inflammation and cartilage damage were shown
in the right panel. (C) Anti-collagen antibody levels in CIA mice. The levels of IgG anti-collagen antibodies were measured by ELISA.
Values are expressed as the optical density (O.D.) *p<0.01, Tp<0.001 compared to the vehicle control mice.



98

wo] ¥ of 3778 wAslo] Wsl] Agelgon] e
o) E | mgkg NETNA FEEE WL L2 3
e $ASAe ool ula) HlEEAO|E 75 myke X £

TolAE X877 Bt At AEHZ d2 FHE
Ak Figure 1A)

A&H wairt 7P 3A dehd sEESACE 75
mgkg X B9 B4 ZA0A] 2H 85 Aol F ZAel]
Hsl smpEAF oA e 2 el on, &9t
AEE Helebr] Astol Etold LFL AZehd O 4
ALg Aeleh B FET WAL b Aok,
As F9loll "M EEe] &, HFF2=(pannus) FA o]
ek W, vEE el e el 7 A fE el
Wlo) B 913, AE AEA A7 WeAES A,
=3tz gl ow o] dA ] HA #2E oA ch(Figure 1B).

Ak} VI EE Aol EE FeI8 SE L] 5ol
A F ZepAllel]l Sol# <] Total IgG aHAl|3ERE o2} o}
o1 1G13} 1gG208] epo] that vz A HH el A
FolH o2 7+43}9 v} (Figure 10).

P
r

=
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HEEdRo|E 2o 3 Fahd $u HAY SERD
AzoA) &3

A=A Ao|EF}QIQl IL-18, TNF-«a, IL-68} IL-17% #}
i eizaede) Welg BeE o AR5l welA

wev) 9]

Nz e A8 Febdl i WA vhese] Ad =
Ao A tFA A=A Ao]E7FIeICl IL-18, TNF-«,
IL-69F IL-170]] 5o]&Ql A5 o] &afo] =2 s}e}
S Atk A fFETe] FAL FaE AE
W we 9ke] IL-1 8, TNF-a, IL-69} IL-170] B-EH o] 9)
Rout X579 A ol o]l AF5A Aol &I
o] ko] w7 ekokrh(Figure 2).

¢

o)

N

lo

HEEHAIE FUf F F2Hl H8 BEG 2LV 4
T THI7 A2 % d92d T A2 =F &35}

T A4 A Ae] A8 Al WAAE
£ Al Aol 2AA xS EX 4l $4& ST
AR AL o] dE sl Aol Aol LHAL 9
ot sl EE= o] Eol o3t X g a3 S @ Ml
o] vl Wl EAlsls THI7 A E9 24 T AES] BEE
24317] S8 g as Adea &
2 3, BAekleh s e v

=10 15
2 0ko] CD4+IL-17+ A E2] B¥7} 3y ubd o EE =)
Aol E x| gl A= AA Al 7H4=o] U ch(Figure 3)

HEEHANo]E0) o] STAT3/STATS ]&2&Ql TH17 AJ=Z
9 HYxd T A2 ¥}
TH17 AJE9} 24 T A|E9] B3l 27 STAT3S}F STATS

MTX 7.5 mg/kg

Goat IgG

S il T ‘¥W’{':I. K3
. ;gg’_;.mpx_ s
= o 1Y ot

A=

Figure 2. Immunohistologies of joints tissues from MTX treated CIA mice. Tissue sections from mice joints of each group were stained
with anti-TNF- @, anti-IL-1 8, anti-IL-6, anti-IL-17 antibodies or isotype antibodies, respectively. Cells stained with each antibody are

shown in brown. Original magnification: x400.
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Figure 3. Reciprocal regulation of
TH17 and Foxp3+ regulatory T
cells in MTX-treated CIA mice.
Spleen from vehicle and MTX-
treated CIA mice were stained by
anti-CD4 (green), anti-CD25 (blue),
and anti-IL-17 (red, upper), anti-
Foxp3 (red, lower) antibodies. Po-
pulations of CD4"CD25 Foxp3" T
cells and CD4'IL-17" T cells were
analyzed using laser confocal mi-
croscopy. Original magnification:
x400. The graphs represent the
number of positive cells. *p<0.05
compared to the vehicle control
mice.

Figure 4. STATs-dependent regu-
lation of TH17 and Foxp3+ regu-
latory T cells in MTX-treated CIA
mice. Spleens from mice in each
group were stained with antibodies
against anti-CD4 (green, upper; whi-
te, lower), anti-Foxp3 (red), phos-
pho-STAT3 (red) or phospho-STATS
(blue). Original magnification: *400.
The graphs represent the number of
positive cells. Data are expressed as
the mean+SD. *p<0.05 compared
to the vehicle control mice.
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o] gE&Ho7 zAH WEEALE o <ot
THI7 AlE9] 57F 9 24 T AE] 4t olejdt 39
A AR S 2] W 3} odFAJ o] QIR HA1R}F CD4+ T Al
Z ] STAT3 M STATS®] Ql4ke} 31915 viefedsged )
< 53 =AIh THI7 Al 9 =4 T A|XEe] ZX

3} okiko 7 QlARSHEl STAT3 (Y7058} $727)= -4
W ol A F7bslar, v 01 A3lE STATS (Y694)&= HIE
A o] E X gollA Z7lElo] 949 rHFigure 4).

Q)

M O\ﬂ

HEEHA OB oJ§ 4F4 AolE7IUY YA a3t
In vivo 2] wlEEZ 0| B 3}dF AIE AP
oAl #olstmzal AAnSxol HANEES LPS EL
CD3/CD28 AF3191S wl W EEA o] Eof| 2]} =4
Ao] E7Fl TNF-a, IL-69} IL-179] WA A a32 =
Abskodeh. TNF-«a, IL-69F IL-17% 2% LPS & CD3/
CD28 A=l &3l F7t=llon F712Ql s EEH A 0]

wev) 9]

193 el (Figure 5).
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A vhe2o vl W dF
THI7 AZE 7273 28 T AEE Z7MAZ o o]
£ 27t 915 THIT AlE9F 24 T A £ x4 AA
012}Ql STAT3S} STATS 2|E%]9)-S Zw i} =t A
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Figure 5. Suppressive effect of MTX on production of inflammatory cytokines. Splenocytes of DBA/1J mice were cultured with LPS
(100 ng/mL) (A) or anti-CD3 (1 xg/mL)/CD28 (2 rg/mL) (B) in the presence or absence of MTX (0.5 rg/mL) for 24 hours in
vitro. TNF-«, IL-6 and IL-17 in the cell supernatant was determined by ELISA. Data are expressed as the mean=SD. *p<0.01, Tp

<0.001 compared to the LPS or CD3/CD28-treated cells.



t}. CD4+ T A EE 198611 Mosmann 5-©| CD4+ TA|Z7}
AHkE 7)1%5-2 71AE THYTH2 A Z 2 B3lsits 44
S uke] o]& (14), THI/TH2 7Ndo| &= A thekst =}
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