Intensity {arb. unit)

!
ﬁc‘"m
PR I I AR

N A ST
Energy {(keV)

1 Ny MEEE A —K L F /T 71 X—(H-CNFs) (Yokoyama A et al., 2005' & §) —3REL %)
a:H-CNFs#EstE. b:SEME. c:TEMIE. RE1: 75720y F. dicOikE. e EDXFHT

T SRR SR & s F t L aZr AUk

2 H-CNFs B T2 A ND#E#% (Yokoyama A et al., 2005)'9
a A 1BE b adikE. ¢l BA4BE dcOILKE

INA F e I~k 245 2006 325




3 H-CNFs ¥ TFIZEARD TEM{&
(Yokoyama A et al., 2005)'9

H-CNFs

BELL

L

-CNFs. %

H

a A 1A% KED:

b

CNFs & MWCNTs

1%

CNFs SEM &
CNFs TEM 1
220MWCNTs SEM

EHIEL % H-
1200H-CNFs SEM
600H

H

YAX

a
b
c
d
e

f

&
%

825MWCNTs SEM

%

MWCNTs TEM

T IL—%£tk#H 24-5, 2006

T4vrU

v

326 /



5
4 41 H-CNFs B T2 A OHE#E&E
a: 600H-CNFs A 1 8%
b . 1200H-CNFs £ A 1:8%
¢ . 600H-CNFs B A 16 3874

D, BELESNH-RyF/WEE LTy MER
RlH—FKrF ./ 77 A/5—(hat stacked carbon
nanofibers : H-CNFs) Dt 5 % &1}, FHHEERAIZE
AREEEFITo 72,

1. H-CNFs

H-CNFs %, {bESMES (CVD)IZ & 1) Niffiif %
HwTaREh, &R07 77 2y — MPHEER
#7034 nm CRBINLEEL L TWD O (1),

2, BAHER

F£80.1~1 gm, EZF30~ 100 nm D H-CNFs %,
6 BERA R, T4 AY—F v N ORI TAHMKICE
AL7 1 BIU4BTEREER, BEME#RKE &
b IZH-CNFs 2 L, BEBEEEITo72. BEIC
FEVVIST T 4 AR IT, EEIR, AT hETY
VoI YV R EITVIRFEMEEIC TEEL L.
—EBDEFHI DV TIE, Epon8l121Z@E#E, #80nm
DBEYR AR L, FEEY 7 -V EHBRNIZLS

Bk, FEAEEFEME(TEM)ICL58E%
o7,

3. H-CNFsic¥ ¥ 3 Rin

A 1B, H-CNFs £33, HEHEVEENE
HEAHBOWBETEDLNTBY, H-CNFs T FH
WidgEn< a7 -V BYEMBEIRD LN
7o, I OEERMEOMIBENICS, H-CNFsD
NE B RFHERE SN (F2a, b). 4BERIZBNT
b H-CNFs fr FEBEICiE, MEROMiPEYEM
PEHEBESR, Wb LIAFERROKELE
L7278, RSP REROBEE % £ DBV RIERX
i EIZE SN b o7z (F 2¢,d). TEM BEIZBW
T, 1BRlcvrn 77— VREYEMBAICESEH
DEE I N-H-CNEsH TOSBE S 7z, H-CNFsD
£, BWICEREL, BICEbhTIA VY —A4
PIHZERD bNTzhs, —ERICEBEVEBE I WD
DHRB LN (F3). I NhbDFERMS, H-CNFs
DREEEIETREVWI L, a7 - VILEES
NBEZEDHLRPE RS2,

ML TH-CNFs D E S 0EHmeEEo Lz

INT F T U I —Es## 2452006 327



6 600H-CNFs B T1ZA# D TEM 1
al A 1B REH  HONF WY RAALET AV — L4
b A 16:B%. KHE . EHESLEEHN L/ H-CNFs

Ze =

BT ARE LD SNz, BA L7 H-CNFs ©
EX o2& 0hal b, BEEX2HIBTA
cebin, ALA—KRyF /YETHTI 72>
Vb HEHDO L VWIRETT 2 - THREET A
BENE K ERBERI—FR T/ Fa—7T
(MWCNTs) & [LET 5720, UTOMEEZIT- 7.

1. & #®

BB LY A X & HIfH L 7z H-CNFs & MWCNTs (&,
FibREARFREEREWER O BBHMIE L o i
=N AR A

328 /NT AT U T~ 245 2008

7 1200H-CNFs B FiZ2 AR D TEM &
a:BA1E%
b IBA16BE. RE EHL, WErEeLi-L
#EZ =B H-CNFs

(1) %A X#l# H-CNFs

B 0OHIENL, 25 (95%) | BmEEE(60%) =3
1(yv%) DIRETIZAN, BEEBEICL VT 2.
e, JEBE, S50y — VT BEEEE
M %47V, BEE20, 1.2, BLU04 umDJEBIE
TIEWEA L, FHES 590nm & 1,160 nm D H-
CNFs % 872 (LAF, 600 H-CNFs$ &£ 171200 H-CNFs
&7 5)(H4a~c).

(2) ¥4 X#I# MWCNTs

BEATEL & L TNano Labft B OMWCNTs 7 fiv 7z,

i RET A0, WEEB L UUKEEF MUY
L TR, 9S%MBEE 60%TEEE 3: 1 TIREL
SR TS BB ERAE 1T, MWCNTs &
BELL7-. BONAMWCNTsOE S 2613 5 7:
W, Ty —)VHETIBEBERLEL, FYH—




n%“fr\—b%”w@%zo 1.2, 0.8, BLU04 um®
EBECIEICEE L, FHES220nmB L U825 nm
@ MWCNTs % 827- 18 (LU, 220 MWCNTs B8 LU
825 MWCNTs & §° 5. #5855 & U 4 XHI# O
WCOWTIIHE - Em s sRaniov) (K4
d~f).

2. H—KrF/PEIIHT IRIE

BT R OE A SKERE, £ S KRGO H-CNFs
ERBIC T o275, BIEIRMIE 16 BF T2,

(1) H-CNFs

BA1BHBETIE, KELBEKO 600 H-CNFs i,
BHEEEAEBRIIEE IR TWVAD, £ D 600
H-CNFsld< 7 07 7 — VR MFMRICEESN
TBY, KEREHTH -7 (H5a). 168HETI,
600 H-CNFs 2 &R L/-v s 07 7 — YV OEREIE
BEN, BOREEEGRBERICEDNL TV,
BHEFEMAEABL a7 -7 U EHICEE LTS
CNFs b B2 37 (M5c). TEMBIZ TIZ, 181%,
% { @ 600 H-CNFs I3HIlREACHEIZESLTSE
b, 4V —LMNIZD 600 H-CNFs 2 ERE S 7

8

4+ 4 X MWCNTs B TIBAED
iR

a: 220MWCNTs 38 A | 8%

b : 825SMWCNTs 2 A 1 8%

¢ . 825SMWCNTs A 16 8%

(F6a). 16:BEZIZBVTIE, (T& A X D600 H-CNFs
i, A VYLD T4V — A
7 600 H-CNFs (21%, R&OEHE, B L UFERIL
R EDOEREEOTIERET ABOBEEINL
(X 6b).

1200 H-CNFs {3, 1387 TiL, 600 H-CNFs & [F#k
2w a7y - VRREFMBIIEESINTYD D
DBEHRBEDO LN, BEENTH WD ON
600 H-CNFs |2 JHBL L% B S 7z, SJEFERT
5D, 600 H-CNFs|Z B L R R5d vl 2R Lz
(E5b). 16:B%IZBWTIE, 600 H-CNFs & 1ZIZHE
BOMREZELTWwW, TEMEBZEIIBWTIE, 148

T, FBE NI 1200-CNFs 2% 8ERE S 727,
FA VYV — APNCIEED b N o7z (F7a).

&, MRBEAICHICES L T b 1200 H-CNFs
MBEHEED LN, —EDBDIET AV — LRI
FEL, 600H-CNFs & FfRIC, P EBEDEL
FRBETAEIEE SN (E D).

(2) MWCNTs

220 MWCNTs D% { &, BALBRZIIBWT, <
ra7 7 — VBRI E SN, RELE

ING AT Itk 245 2006 329




9 220MWCNTs F FH#BIEAZD TEM &
alBAL1EE EEH: 54V — LD MWCNTs
b A 168%. &KH  MWCNTs B RAE T A VY —
L. KB 54— LHO MWCNTs

BWREBEEWEMBSEBE S NDS, BEERER
E o B WIIE FUMIBIE S e b o 72 (M 8a).

BIZBWTIE, 220MWCNTs 3w 077 —Y
= &/f?f&ﬁﬁ@f%&%ﬂﬂﬂ HFIZEIZE S .
BBk E 2EROBRBICIEYEMIEES N
7278, Eﬁb%ﬁﬁmimmgﬂ&#at. TEM#i%
IZBWT, 1 BT, 220 MWCNTs D& i, <7
U7 y7r—=VHEDIT AV
MWCNTsIZBRELTE Y, FELRT 12— 7TIROFRE
iz ot -7z (). 168 T, 1
B LU 4 BREEIC 220 MWCNTs 13, w2707 7 —
VRoBMEMBEAOT A VY — ARIZEE SN,
FOEIBFELTED, F2—T7TROBEBICEL

D SN Dd o7 (K 9b).

A 1%, 825 MWCNTs & B 213 A SEMAEEAS

330 /NT S 7T T I —tkiE 245 2006

— LANZEZE SN, 220

10 825MWCNTs & THEHHEAZ D TEM &
a!EA 1B, KHE . HEE RO MWCNTs
b:#EA1678%. & MWCNTs #B Y AAEST L VY —
4. REE : MWCNTs

B s /2. 220 MWCNTsIZ BT 5 & SE R
RREWERER L. 825 MWCNTsD—EBIE, <
ra77—JICEESIRTWw(X8b). #A 168
#TIE, 825 MWCNTsD% 1L, wz7u77—I%
BHEFMIAICBIZEE SIS, —#9 825 MWCNTs
OEWERICEYEMBEISSEERD SN, AFEEE
#£2 B2 L TW/(X8c). TEMIZBWTIE, 18T,
MR R IZ 50 825 MWCNTs DSERE S N7zas, <
s7u7 7 —=VOMBBERIZHEE LT CNTs 2532
HHN, EREE T?Erbn’@\tzw b DDE D o7
(F10a). 16 BTIX, 74V —LICHERET A 825
MWCNTs 3% RO LND L)k olzhs, F0O
Fo—TROBECELREESI L2 o7 (K
10b).



p

MWCNTs

i1 H—EArF /HEOBBEATOEHOEXR
FALZDOKRENLD, BEOHRNHDIT A VYV — 2RI
b ey, MWCNTsOREEIZERLAEED Lz v, H-
CNFs IZ i3 RSB0 TLITREENRS. 0L
F I WEDY A XRBEIRAEHIC BT 5.

3. PAXEHENERELBRAZHICRIZTRE

CNFslZDW i, B L/-HMF, Bt L
EOMWRERGIEEED b Y, BAMENICERZ
KEVEDONBILTE Lo, BEEDPELS2
AR L LTHWS, &\21200 H-CNFs D A& fE
FUEDIE S A%, 600 H-CNFs 2 HEL L R0 il ME M &
RL7. ZOEREE LT, 1200 H-CNFs D3 ) 25%
raT7 7V EEENIIL W EDREZOLND.
g, TEM FTR2 5 b ESHT 54, 600 H-CNFs
3, BALBIZBWTIA VYV —LAFIZROLNS
bOKHY, %< DHCNFs 2, MRREANIZBWT
HBICES LTV, ZOleds, v7077—
JPIT CNFs DALEEAS 1 BIZBWTT TITETL T
WAHEZEDPHEEIND.

1200 H-CNFs 2 BW T, 16BRICBNTE, 7
A — LA H-CNFs 7Y S, #ERFRY
|27 a7 7 — YR T 1200H-CNFs DL A HEA T
WA EAREENS, ThiTE, BELTWAH-
CNFs D4rE% H-CNFs DYIRTIC & A EHE A 1R
2bnLEZLND.

S 4V — LPICEES NS H-CNFs X, Wi
DESDHCNFsTH->Td, 400nmELTFDH DA
Eholz. Lol bDOWTA VI —LD%PIZ
ADRTohr, Herwigs4 VvV —LATH-
CNFs DY & EHHAEL A DOPIEHAL 2 TRV

5, H-CNFs i, ©27 077 —VHATUREINLT
BEMEARIE S Tz,

H-CNFs i&, ZIRO /572> — MO FEB EN
EEEFLTBY, IO 72— M3
TTVTFNT VA THEEALTWEZD, I
BRERIANF-FELRW., 72, /572
V= bOIy VICIEKEESH ), MENOEER
EHLBBIREETHILEIMETHY), wWbdb
FIIA—TarWHFRINPLT VI LD H-CNFs
DY E EHICEBRT A bDEEZONE. T,
BRREVHRE LT, BAIGATT A VY — LRI
BWT—ERIZ, H-CNFs DIFEDOBETH HHEES
NIARROEEICEPRO O N/, ZhiE, 77
Ty — bOEEBEOELLEZOND Y, §F
FCOWTIZABRE LR DI LELELONS.

HIRLA T O H-CNFs OYJHT & R S iz 2
Lid, DDSOF Y7 LTOWREEERTHDOT
by, 5%, EEFEEYE L EEGR EOWRIFHEF
ENns.

MWCNTs D¥E4 M3, H-CNFs[REBICEWIE) 28
RAMIZR O, BAIGAIZBW T EYEMEE
BT20wbhe s RFEELFED LN/, TEMATR
5L, 220 MWCNTs A 1LBHEI L T4 VYV — LA
RO LNDLDIZAF L, 825 MWCNTsTid, e
WCHEETA D004, MEMRIZBWTHHMRREN
TEELTHEELTWADDOPLZNI L, B
MWCNTsDIE 9 25, w7 u 77— I TREINIZL
W EATRBEE N, ThiE, Sato®ASERE L Tw»
% &)1z, RUMWCNTsOBREMEDIT) 75, &
512 825 MWCNTs REBHP RV TH Y, BEL
TIREEPSFE LIS W E R EICRERT A DL
HEEn. 16HIZBV T, 220 MWCNTs 2 HE
T5EFOEIIL R VA, 825 MWCNTsIZBWTH
—EDT AV — AN MWCNTs DB S/,

INH5DT NG, MWCNTs IZMEE, 71V
V- LAANTEAREROFEL ZITREREHNG
GolzbobkFEZ LN, T/, HCNFs&EZ D,
MWCNTs Ti&, I, EHCHEEBEEDOHL P2
ZFLERD 5NT, Fa—TIROBEIEA 1658
KBWTHHEE IR TV, ZhiE, MWCNTs i
REOAREE/ERL TV AREREET L L120,

INA F T I —EteiE 2452006 331



B EEI RIS TR, LERCEETH S
TELEET L RS, BEEIIOVTYE,
MWCNTs D13 9 ASH-CNFs (2 LB L EM % 7R L
7ohs, T XD hEEOEICED RO RISHHE
LT B ATREEEARI S iz,

=Rt RIS B EERICICE LT,
BHETHERZIIICEEL IR EINE LI
o T&7:. SWCNTs* REMICHEHIRE L, ME
HORFED X O L2 HE L 72Lam™ i3, CNTsD
s LB BEICLADDOTE RV N EE
2L T\w5h., —J%, Koyama®ld, K TIZSWCNTs,
MWCNTs %2 &R =Ry /WEZEAL, 7AN
A Mo LSS EnwI ErEmE L TwWA, L
AL, TREOWEITVTND BFERFL VT
BEINLZDIOTHY, F/ WEOMENTOEE)
WZoWTE, 2OKESCHELCEZEETHETEM Y
NIVTORFDLELBEbh L. F/, HALMR
BE(E) 2 EO&MS, EARCICKRESESTS
72, 512, FEMIrORENLIRILETHS
7.

INFTOET, ILA—KYyF/ PYPETHo
TYH, FOBEPLES I ZL D AKINTARIES
JUHEEATOEFPELRS I EPFTRBRENT
(K11). B, XHICERPAEANIIOWTHRE Z1T-
THEH, BAIEROERFHOOH L. 4K,
NoDOERT EEMEORRBIEITLEDIL, &
SIZA =R T/ WEOENTOENER EOREME
T AR EDO TV FETH 5.

ARFgei, EAERRIE (H14-F /-021), CEREME
LR (16390549) 12 L B2 DTH 5.

X

1) Xijima S : Helical microtubules of graphitic carbon. Nature 1991,
354 : 56-58.

2) MurakamiT, Ajima K, Miyawaki J, Yudasaka M, Iijima S, Shiba
X : Drug-loaded carbon nanohorns : Adsorption and release of
dexamethasone in vitro. Mol Pharm 2004, 1 : 399-405.

3) Isobe H, Nakanishi W, Tomita N, Jinno S, Okayama H, Nakamura

332 /N F 7T U T I~ 245 2006

E : Nonviral gene delivery by tetraamino fullerene. Mol Pharm
2006, 3 : 124-134.

4) Fugetsu B, Satoh S, Shiba T, Mizutani T, Lin Y etal. : Caged multi-
walled carbon nanotubes as the adsorbents for affinity-based
elimination of Ionic dyes. Environmental Science & Technology
2004, 38 : 6890-6896.

5) AokiN, Yokoyama A, Nodasaka Y, Akasaka T, Uo M et al. : Cell
culture on a carbon nanotube scaffold. J of Biomed Nanotech 2005,
1:402-405.

6) Aoki N, Yokoyama A, Nodasaka Y, Akasaka T, Uo M et al. :
Strikingly extended morphology of cells grown on carbon
nanotubes. Chem Lett 2006, 35 : 508-509.

7) Schvedova AA, Castranova V, Kisin ER, Schwegler-Berry D,
Murray AR et al. : Exposure to carbon nanotube material :
assessment of nanotube cytotoxity using human keratinocyte cells.
J Toxicol Environ Health A 2003, 21 : 1166-1170.

8) Monteiro-Riviere NA, Nemanich RJ, Inman AO, Wang Y'Y, Riviere
JE : Multi-walled carbon nanotubes interactions with human
epidermal keratinocytes. Toxicol Lett 2005, 155:377-384.

9) Kirchner C, Liedl T, Kudera S, Pellegrino T, Javier AM et al. :
Cytotoxicity of colloidal CdSe and CdSe/ZnS nanoparticles. Nano
Lett 2005, 5 :331-338.

10) Huczko A, Lange H : Carbon nanotubes : experimental evidence
for a null risk of skin irritation and allergy. Fullerene Sci Technol
2001, 9 : 247-250.

11) Huczko A, Lange H, Calko E, Grubek-Jaworska H, Droszez P :
Physiological testing of carbon nanotubes : are they asbestos-like?
Fullerene Sci Technol 2001, 9 : 251-254.,

12) Warheit DB, Laurence BR, Reed KL, Roach DH, Reynolds GAM,
Webb TR : Comparative pulmonary toxicity assessment of single-
wall carbon nanotubes in rats. Toxicol Sci 2004,77 : 117-125.

13) Lam CW, James JT, McCluskey R, Hunter RL : Pulmonary toxicity
of single-wall carbon nanotubes in mice 7 and 90 days after
intratracheal instillation. Toxicol Sci 2004, 77 : 126-134.

14) Koyama S, Endo M, Kim YA, Hayashi T, Yanagisawa T et al. :
Roll of systemic T-cells and histopathological aspects after
subcutaneous implantation of various carbon nanotubes in mice.
Carbon 2006, 44 : 1079-1092.

15) Yokoyama A, Sato Y, Nodasaka Y, Yamamoto S, Kawasaki T et
al. : Biologocal behavior of hat-stacked carbon nanofibers in the
subcutaneous tissue in rats. Nano Lett 2005, 5 : 157-161.

16) Uo M, Tamura K, Sato Y, Yokoyama A, Watari F et al. : The

cytotoxicity of metal-encapsulating carbon nanocapsules. Small

2005, 1 : 816-819.

Sato Y, Shibata K, Kataoka H, Ogino S, Fugetsu B et al. :

Strict preparation and evaluation of water-soluble hat-stacked

carbon nanofibers for biomedical application and their high

biocompatibility : influence bf nanofiber-surface functional groups

on cytotoxity. Molecular BioSystems 2005, 1 : 142-145.

Sato Y, Yokoyama A, Shibata K, Akimoto Y, Nodasaka Y et al. :

Influence of length on biocompatibility of multi-walled carbon

nanotubes by human acute monocytic leukemia cell line THP-1 in

vitro and subcutaneous tissue of rats in vivo. Molecular BioSystems

2005, 1 :176-182.

Yokoyama A, Sato Y, Nodasaka Y, Yamamoto S, Aoki N et al. :

Tissue response to carbon nanosubstances : comparison between

carbon nanotubes and hat-stacked carbon nanofibers by transmission

electron microscopy. Extended Abstracts ISETS05 2005, 625-

628.

Sato Y, Jeyadevan B, Tohji K, Tamura K, Akasaka T et al. : Water-

soluble hat-stacked-type carbon nanofibers for biomedical

applications. Abstract No 1625. 206th Meeting of ECS, 2004.

21) Liu Z, Ooi K, Kanoh H, Tang W, Tomida T : Swelling and
delamination behaviors of birnessite-type manganese oxide by
intercalation of tetraalkylammonium ions. Langmuir 2000, 16 :
4154-4164.

>

17

o)

18

~

19

20

Py



508

Chemistry Letters Vol.35, No.5 (2006)

Strikingly Extended Morphology of Cells Grown on Carbon Nanotubes

Naofumi Aoki,*! Atsuro Yokoyama,' Yoshinobu Nodasaka,! Tsukasa Akasaka,! Motohiro Uo,'
Yoshinori Sato,? Kazuyuki Tohji,2 and Fumio Watari!
) Graduate School of Dental Medicine, Hokkaido University, Kita 13, Nishi 7, Kita-ku, Sapporo 060-8586
2Graduate School of Environmental Studies, Tohoku University, Sendai 980-8576

{Received February 7, 2006; CL-060164; E-mail: naol1@den.hokudai.ac.jp)

The morphology of cells cultured on carbon nanotube
(CNTs) scaffolds was investigated using a confocal laser scan-
ning microscope (CLSM) and a scanning electron microscope
(SEM) and it was shown that the cells extended strikingly in
all directions and numerous filopodia extended far from the cells.

Carbon nanotubes (CNTs) have attracted great interest since
their discovery was reported by*Iijima in 1991 because of their
unique structure-dependent electrical and mechanical proper-
ties.! However, there have been very few studies on their
biomedical application.?® Some reports suggest the possible tox-
jcity of CNTs.* In contrast, our recent studies employing in vitro
and in vivo experiments showed their excellent properties as
scaffolds for cell culture.> Cell morphology and proliferation
have been investigated in in vitro studies, most of which were
performed using nerve cells.” CNTs support nerve cell functions
and growth, and our previous studies showed that the cells
on CNTs grew well.® Thus, further investigation of interactions
between CNTs and cells was deemed necessary to evaluate their
biocompatibility and develop biological applications. There are
only a few reports about the morphology of osteoblasts on
CNTs.® The present study reports observations on the relation-
ship between cells and CNTs and quantitative analysis of the
morphology of osteoblasts grown on CNTs examined via scan-
ning electron microscopy and confocal laser scanning microsco-
py, respectively.

CNTs 5-20nm in diameter and 2040 pum in length synthe-
sized by chemical vapor deposition (NanoL.ab, Inc. MA, U.S.A.)
were treated with hydrochloric acid to remove the metal catalyst.
The purity was about 98 wt %.° CNTs (200 ig) were dispersed in
100 mL of deionized water by sonication for 3 min. CNT scaf-
folds were made by vacuum filtration of the dispersed CNT slur-
ry onto porous polycarbonate membranes (PC; 47 mm diameter
and 0.8 wm pore size, ADVANTEC, Japan). After drying for 3h
at 60°C, CNTs were fixed on membranes, and coated and non-
coated membranes were placed in polystyrene dishes 60 mm in
diameter and sterilized under UV light for 24 h. Then, 1.0 x
10° human osteoblast-like cells (SaOS2 cells) were seeded onto
each scaffold (PC and CNTs) and cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM; SIGMA) with 10% fetal bovine
serum (FBS; Biowest) and 1% penicillin/streptomycin under
standard cell culture conditions (at 37°C in a humidified 5%
C0,/95% air environment) for 7 days. After cell culture for 7
days, the samples were washed with PBS to remove nonadherent
cells on the scaffolds and fixed with a solution of 2% glutaralde-
hyde, and post-fixed in 1% osmium tetroxide. Then, the samples
were dehydrated in graded series of alcohol (50, 70, 80, 90, 95,
and 100%) and isoamyl acetate following critical-point drying.
The cell morphology was observed and profiled using a confocal

laser scanning microscope (CLSM; VK-9500, KEYENCE,
Japan). A scanning electron microscope (SEM; S4000, Hitachi,
Japan) was used for investigation of the peripheral parts of
Sa08S2 cells grown on CNTs.

Figure 1 shows the CLSM images demonstrating the mor-
phology of SaOS2 cells cultured for 7 days on PC and CNTs.
Note the difference of the scale bars. Cells on PC were elongated
in one direction (Figure 1a), whereas there was excellent prolif-
eration with extension of cells in all directions on CNTs
(Figure 1b). The cells on CNTs were about 10 times larger than
those on PC. Figure 2 shows a comparison of the cross-section
profiles of from the different cultures. The length and the height
of the cell were 12.13 and 6.83um on PC, and 113.14 and
4.35um on CNTs, respectively. The contact angle for the cell
and substrate was much smaller on CNTs (4.4°) than that on
PC (28.3°). The cells on CNTs were wider and flatter than those
on PC.

-F T Hissume.
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Figure 1. Cell morphology from culture on PC (a) and CNTs
(b) observed by a confocal laser scanning microscope (CLSM).
Note the difference of scale bars. Cells were fully developed on

CNTs. The line show cross section referred to in Figure 2.
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Figure 2. Comparison of cross-section profiles of cells shown
in Figure 1.

Figure 3 shows the SEM images of the peripheral part of
a cell on CNTs. Numerous filopodia 10-20um in length are
extended and twisted on the CNT net with high density
(Figure 3a). In the enlarged photograph (Figure 3b), the diameter
of filopodia was comparable with CNTs and the apex of a filopo-
dium is attached to the surface of CNTs.

In the present study, the difference of cell morphology on
substrates with or without CNTs was investigated by SEM in
vitro. Recently, toxicity of CNTs was reported;* however, our
previous studies showed the number of cells on CNTs was larger

Copyright © 2006 The Chemical Society of Japan
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Figure 3. High-magnification SEM images of the peripheral
part of SaOS2 cell grown on CNTs. a: Numerous fine filopodia
extend toward CNT scaffolds. b: The apex of a filopodium
attached on CNTs (arrowhead).

than the number of disseminated cells after 3 days, and cells
on CNTs were more proliferated than those on PC.? The results
of this study revealed that cells could adhere on CNTs and
proliferate excellently.

The morphology of the cells with CNTs was markedly dif-
ferent from that of those without CNTs. Most of cells on CNTs
were flat and spread in all directions. To evaluate the difference
of cell morphology, quantitative analysis of cross-section pro-
files of cells was carried out using CLSM. The results showed
that the length of cells on CNTs was as long as about 10 times
that on PC, and the contact angle of cells on CNTs was less than
one-sixth of that on PC. The cells on CNTs were clearly flatter.
Additionally, the SEM images of cell periphery on CNTs re-
vealed that numerous filopodia extended from cells toward the
inside reticular CNTs. After treatment with trypsin to detach
cells from CNTs, a few cells floated and showed a rounded-up
shape. However, because of the mechanical binding of the filo-
podia extending from the cell bodies and twisted into CNT nets,
most of the cells could not be detached from CNT scaffolds. The
prominently flattered shape of cells, very small contact angle and
growth of numerous filopodia suggested that CNTs had high af-
finity for adherence to human-derived osteoblastic cells. In con-
trast, few cells attached and grew on the graphite scaffolds. Al-
though both CNTs and graphite consist of carbon, cell responses
to them such as adhesion are quite different. Graphite is used as a
material for heart valve prosthetics because it is nonthrombogen-
ic. The difference of morphology between the fiber structure in
CNTs and sheet structure in graphite would be one factor affect-
ing their properties. The topology of the substrate affects the dif-
ferent aspects of cell behavior such as adhesion, proliferation,
and morphology. Cell activity is influenced by microstructure
and nanostructure. CNT scaffolds have a nanostructure, whereas
PC membranes have a microstructure. The nanostructure, with
its large surface area and high surface energy, may affect the

509

morphology of celis on CNTs. In addition to surface topography,
surface chemistry also plays a role in cell adhesion, proliferation,
and morphology.!® Various proteins such as extracellular matrix
proteins and integrins may be related to cell adhesion. For exam-
ple, the extracellular matrix of bone consists of collagenous
proteins. In vitro, adsorption of proteins such as fibronection
and vitronectin in serum onto materials may influence cellular
responses. The CNTs surface was reported to be coated with var-
ious adsorbed molecules.!! One possible explanation might be
that the difference cellular response to CNTs and PC were
caused by the difference of adsorption of protein. The excellent
cell attachment and growth with numerous filopodia suggest that
CNTs could be potential materials for various biomedical uses.
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A Novel DNA Vaccine Targeting
Macrophage Migration Inhibitory Factor Protects Joints From
Inflammation and Destruction in Murine Models of Arthritis

Shin Onodera,’ Shigeki Ohshima,' Harukazu Tohyama,’ Kazunori Yasuda,' Jun Nishihira,”
Yoichiro Iwakura,® Ikkei Matsuda,* Akio Minami,' and Yoshikazu Koyama'

Objective. Previous studies have demonstrated
that neutralization of macrophage migration inhibitory
factor (MIF) by anti-MIF antibodies decreases joint
inflammation and destruction in a type II collagen-
induced arthritis model in mice. The aim of this study
was to develop and describe a simple and effective
method of active immunization that induces anti-MIF
autoantibodies, which may neutralize MIF bioactivity.

Methods. We developed a MIF DNA vaccine by
introducing oligonucleotides encoding a tetanus toxoid
(TTX) Th cell epitope into the complementary DNA
sequence of murine MIF. Mice were injected with this
construct in conjunction with electroporation. The abil-
ity of this immunization to inhibit the development of
collagen antibody-induced arthritis (CAIA) in BALB/c
mice and spontaneous autoimmune arthritis in
interleukin-1 receptor antagonist (IL-1Ra)-deficient
mice was then evaluated.

Results. Mice that received the MIF/TTX DNA
vaccine developed high titers of autoantibodies that
reacted to native MIF. Compared with unvaccinated
mice, vaccinated mice also produced less serum tumor
necrosis factor « after receiving an intravenous injec-
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tion of lipopolysaccharide. In addition, vaccination with
MIF/TTX DNA resulted in significant amelioration of
both CAIA in BALB/c mice and symptoms of auto-
immune arthritis in IL-1Ra-knockout mice.

Conclusion. These results suggest that MIF/TTX
DNA vaccination may be useful for ameliorating the
symptoms of rheumatoid arthritis.

Recent reevaluation of macrophage migration
inhibitory factor (MIF) has suggested that MIF may be
an important mediator of various inflammatory diseases.
In particular, increasing evidence suggests that MIF
plays a key role in the pathogenesis of rheumatoid
arthritis (RA) (1). For example, we previously reported
that in the rheumatoid synovium, MIF is expressed
exclusively in synovial T cells, and that MIF levels in
joint fluid are much higher in patients with RA than in
patients with osteoarthritis (OA) or normal volunteers
(2). Moreover, MIF is known to induce macrophages to
produce tumor necrosis factor a (TNFa) and nitric
oxide (3) and has been shown to up-regulate matrix
metalloproteinases and cyclooxygenase 2 messenger
RNA in rheumatoid synovial fibroblasts (4,5). Further-
more, MIF-deficient mice are protected from antigen-
induced arthritis and arthritis induced by anti-type II
collagen antibodies (collagen antibody—induced arthritis
[CAIA}) (6,7). In addition, both the synovial expression
of MIF and polymorphisms in the MIF gene promoter
have been reported to correlate positively with disease
activity in RA (8,9). These observations strongly suggest
that MIF plays an important role in the pathomecha-
nism of RA.

Monoclonal antibodies to MIF have been shown
to inhibit joint inflammation profoundly in rodent mod-
els of RA (10,11). However, the therapeutic utility of
such monoclonal antibodies is limited by 1) the massive




amounts of antibody that must be injected each time
(which could generate transient undesirable local and
systemic reactions); 2) the short duration of the protec-
tive effects because of a lack of immune B cell memory,
which necessitates frequent injections; and 3) the fact
that either humanized antibodies (which are usually of
low affinity) or heterogeneous antibodies (the repeated
administration of which will probably generate an anti-
antibody response) would have to be used (12). To
overcome these limitations, researchers have sought to
develop therapeutic vaccines that will elicit autoantibod-
ies against target proteins such as cytokines or patho-
gens.

The aim of the current study was to develop a
vaccine that would generate endogenous anti-MIF anti-
bodies. This was achieved by constructing the MIF/
tetanus toxoid (TTX) DNA vaccine, which encodes a
variant of murine MIF (mMIF), the second loop of
which is replaced by a promiscuous Th cell epitope from
tetanus toxin. The ability of this vaccine to inhibit the
development of arthritis was tested in 2 different murine
arthritis models. One of these models is CAIA, which is
induced in BALB/c mice by injection with a cocktail of
anti-type II collagen monoclonal antibodies followed by
an injection of lipopolysaccharide (LPS). This is a self-
limiting arthritis, the symptoms of which last for ~3-4
weeks after administration of the monoclonal antibod-
ies. The other model involves interleukin-1 receptor
antagonist (IL-Ra)-deficient mice, which at ~5 weeks of
age spontaneously develop an autoimmune polyarthritis
that is characterized by enhanced levels of serum auto-
antibodies against immunoglobulin, type 1I collagen,
and double-stranded DNA. In close to 100% of the mice
in both models, arthritis develops in the limb joints.

MATERIALS AND METHODS

Mice. BALB/c mice (4 weeks old) were purchased
from Sankyou Laboratory Service (Shizuoka, Japan) and were
maintained under specific pathogen—free conditions. IL-1Ra-
knockout mice were generated as previously described (13).
All animal procedures were conducted according to the guide-
lines of the Hokkaido University Institutional Animal Care
and Use Committee under an approved protocol. Female adult
mice (4 weeks of age) were used in each experiment.

Construction of the MIF/TTX expression plasmid.
Murine MIF complementary DNA (cDNA) was cloned into
the mammalian expression vector pPCAGGS (14). To generate
an immunologically active MIF antigen, an MIF variant whose
second loop region is replaced by a TTX Th cell epitope was
designed. For this purpose, the cDNA region that encodes the
second loop of mMIF (amino acids 32-37 [GKPAQY]) was
deleted from the MIF ¢cDNA and substituted with an Eco Rl
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Figure 1. Design and antigenicity of the macrophage migration inhib-
itory factor (MIF)/tetanus toxoid (TTX) DNA vaccine. A, Design of a
DNA construct that expresses a murine MIF (mMIF) variant, the
second loop of which bears a promiscuous Th cell epitope from TTX.
To generate this construct, mMIF cDNA was cloned into the mam-
malian expression vector pCAGGS, after which the second loop region
of MIF ¢cDNA was substituted with the Th cell epitope. B, Expression
and antigenicity of wild-type (WT) MIF and MIF/TTX DNAs. COS-7
cells were transiently transfected with the DNA constructs expressing
either WT MIF or MIF/TTX, and their lysates were analyzed by
Western blotting using rabbit anti-mMIF antibody. Results are repre-
sentative of 3 independent experiments.

site by standard polymerase chain reaction-based techniques.
Complementary DNA encoding the TTX p30 Th cell epitope
(FNNFTVSFWLRVPKVSASHL) (15) with an Eco Rl site at
both termini was obtained by hybridization of partially over-
lapping oligo DNAs (sense, GAATTCAACAACTTCAC-
CGTGAGCTTCTGGCTGCGCGTGCCCAA; anti-sense,
GGAATTCCAGGTGGCTGGCGCTCACCTTGGGCACG-
CGCAGCCAGA) and subsequent polymerization with the
Klenow fragment of DNA polymerase. After digestion with
Eco RI, the p30 cDNA was inserted into the Eco Rl site of the
MIF expression plasmid (Figure 1), and a clone bearing a
correctly oriented insert was selected. The MIF/TTX plasmid
DNA was then purified by alkaline lysis followed by 2 rounds
of CsCl density-gradient ultracentrifugation. This preparation
was used for animal vaccination.

Analysis of in vitro expression of MIF/TTX. COS-7
cells were transfected with either the expression plasmid for
wild-type (WT) MIF or MIF/TTX by using Effectene trans-
fection reagent (Qiagen, Valencia, CA) according to the
method recommended by the manufacturer. After 24 hours,
the cells were lysed with 1% Nonidet P40/20 mM Tris HCI, pH
7.6/20% glycerol/l mM EDTA/1 mM phenylmethylsulfonyl
fluoride. The extracts were then subjected to sodium dodecyl
sulfate—polyacrylamide gel electrophoresis and blotted onto
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polyvinylidene difluoride membranes, which were subse-
quently blocked with 3% skim milk and then incubated with
rabbit anti-MIF antibody. After reacting the membranes with
horseradish peroxidase (HRP)-conjugated donkey anti-rabbit
antibody, the MIF protein was visualized by using a chemilu-
minescence system (Amersham, Arlington Heights, IL).

Intramuscular DNA injection and electroporation.
Gene transfer into muscle by electroporation was performed
essentially as described previously (16). Mice were anesthe-
tized with ether and shaved around their hind legs, after which
a pair of electrode needles (5-mm gap and 0.5-mm diameter;
Nepa Gene, Chiba, Japan) were inserted into an anterior tibial
muscle, and the DNA vaccine (25 ng/25 pl 0.9% saline) was
injected into the portion between the needles. Three electric
pulses (50V and 50 msec) were applied by using an electric
pulse generation system (T820 and Optimizer 500; BTX, San
Diego, CA) and were followed by another 3 pulses with
inverted polarity. The other tibial muscle was then also in-
jected and subjected to electroporation. As a result, each
mouse received 50 ug of the naked plasmid. A similar vacci-
nation procedure was repeated 3 weeks later.

Evaluation of anti-MIF antibody titers in sera from
DNA-vaccinated mice. Anti-MIF titers in plasma were deter-
mined by direct enzyme-linked immunosorbent assay
(ELISA). Briefly, individual plasma samples from vaccinated
mice were collected from the tail vein and diluted with 0.1%
bovine serum albumin/phosphate buffered saline (PBS)/0.05%
Tween 20. Small aliquots of diluted plasma (1:200) were added
to 96-well flat-bottomed plates precoated with recombinant
mMIF. The serum anti-MIF antibodies that reacted with the
precoated MIF were detected by HRP-conjugated goat anti-
mouse antibody, followed by color development with a sub-
strate reagent (Techne, Minneapolis, MN). Antibodies raised
in the vaccinated animals were also tested for their ability to
compete with a specific mouse monoclonal antibody for MIF
antigen. Thus, microtiter plates were precoated with the
anti-MIF monoclonal antibody XIV.14.3 (a kind gift from Dr.
Richard Bucala, Yale University). The pooled plasma samples
from animals that had been vaccinated with the MIF/TTX
vaccine or the control pCAGGS plasmid were serially diluted
and preincubated with recombinant mMIF. The reaction mix-
tures were then added to the microtiter plate, incubated for 1
hour, and washed. The amount of MIF bound by the XIV.14.3
monoclonal antibody was then determined by serial incuba-
tion, first with biotin-labeled rabbit anti-MIF antibody and
then with HRP-conjugated biotin-streptavidin complex (Am-
ersham).

Measurement of serum TNFa. It has been reported
that, compared with untreated mice, mice treated with a
polyclonal anti-MIF antibody produce less serum TNFe after
intravenous injection with LPS (17). We tested whether the
anti-MIF antibodies raised by MIF/TTX DNA vaccination
have the same suppressive activity. Thus, 6 weeks after ad-
ministering the MIF/TTX vaccine or the control pCAGGS
construct once to 4-week-old BALB/c mice, each mouse
was injected intravenously with 200 wl of a mixture of LPS
(0111:B4; 1pg/ml) and p-galactosamine (60 mg/ml). Blood
samples (5 pl) were then collected from the tail vein every 1.5
hours, and serum concentrations of TNFa were measured by
using a mouse TNFa ELISA kit (BioSource, Camarillo, CA)
according to the manufacturer’s protocol.
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Initiation of CIA and evaluation of arthritis. Arthritis
antibody kits were obtained from Immuno-Biological Labora-
tories (Gumma, Japan), and arthritis was induced according to
the manufacturer’s instructions (18). Briefly, 2 weeks after
receiving their second DNA immunization, BALB/c mice were
injected intraperitoneally with a mixture of 4 anti~type II
collagen monoclonal antibodies (2 mg each), followed by
intraperitoneal injection with 50 pg of LPS (0111:B4) 3 days
later (day 0). The incidence of arthritis was judged macro-
scopically by examining each joint for swelling and redness on
days 1, 3, 7, 14, and 21, as described previously (19), and each
joint was graded as follows: grade 0 = normal, grade 1 = light
swelling of the joint and/or redness of the footpad, grade 2 =
obvious swelling of the joint, and grade 3 = severe swelling and
fixation of the joint. The arthritis score was calculated for all 4
limbs; thus, the maximum possible score for each mouse was 12
points.

Evaluation of arthritis in IL-1Ra-knockout mice. IL-
1Ra—-knockout mice were vaccinated once with MIF/TTX (n =
16) at the age of 4 weeks. Control mice were injected once with
the pCAGGS vector (n = 5) or endotoxin-free saline (n = 6).
The anti-mMIF titers in sera were assessed every 2 weeks, as
previously described. The clinical parameters assessed were
the percentage of arthritic mice, the arthritis score, and paw
swelling. The arthritis score was evaluated as described above.
Paw swelling was assessed by measuring the thickness of the
affected hind paws with 0-10-mm calipers (Mitutoyo, Kana-
gawa, Japan).

Histopathology. BALB/c mice given anti-type II colla-
gen monoclonal antibodies were killed under anesthesia on
day 14, while IL-1Ra—knockout mice were killed 16 weeks after
being given the DNA vaccine. The whole hind limbs of the
mice were harvested, fixed in 4% paraformaldehyde in PBS,
decalcified in EDTA, and then embedded in paraffin. Serial
sagittal sections were subjected to hematoxylin and eosin
staining for histologic analyses. For IL-1Ra-knockout mice,
Safranin O and fast green/iron hematoxylin staining was added
to estimate the loss of cartilage proteoglycan. Moreover, MIF
protein expression was examined by immunohistochemistry
using an anti-MIF antibody, as described previously (6).

Statistical analysis. For statistical analysis, one-way
factorial analysis of variance was performed, followed by
Fisher’s protected least significant difference as a post hoc test.

RESULTS

Design of the MIF/TTX vaccine and analysis of
its in vitro expression. We constructed a DNA vaccine
that encoded an mMIF variant whose second loop
region was replaced with a promiscuous foreign Th cell
epitope from TTX (FNNFTVSFWLRVPKVSASHL)
(Figure 1A). The second loop region of MIF (aa 2Gly-
¥Tyr) was selected for TTX epitope insertion on the
basis of the 3-dimensional structure of MIF (20); re-
placement of this region rather than the other loops
seemed less likely to interfere with the quaternary
structure and antigenicity of the trimeric MIF complex.
The chimeric MIF/TTX c¢DNA construct was then
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cloned into the expression plasmid pCAGGS. Prior to in
vivo administration, we tested whether this construct
produced the right protein by transiently transfecting
COS-7 cells. As shown in Figure 1B, the chimeric
MIF/TTX protein showed mobility on a sodium dodecyl
sulfate electrophoresis gel similar to that of WT MIF.
Moreover, it was recognized by a rabbit antibody raised
against WT mMIF. Thus, insertion of the foreign Th cell
epitope did not affect expression of the molecule or the
antigenicity of its MIF domain.

Generation of anti-MIF antibodies and produc-
tion of serum TNFa in MIF/TTX-vaccinated BALB/c
mice upon injection with LPS. We tested whether the
DNA vaccine could induce a polyclonal antibody re-
sponse that recognized native MIF. Thus, both tibial
muscles of BALB/c mice were vaccinated intramuscu-
larly with 50 pg of WT MIF, MIF/TTX, or vector DNA
in 0.9% saline, with the aid of electroporation. The
animals were vaccinated twice, 3 weeks apart. As shown
in Figure 2A, by 4 weeks after the first vaccination, the
MIF/TTX-vaccinated mice had autoantibodies that re-
acted to native MIF. In contrast, neither the WT MIF
vaccine nor the vector vaccine raised such MIF-reactive
antibodies until 12 weeks after the first vaccination.
These differences were statistically significant (P < 0.05,
MIF/TTX versus pCAGGS) and indicate that by incor-
porating the TTX Th cell epitope, the immunologic
tolerance of mice to the MIF self protein is bypassed.

We also tested whether the anti-MIF antibodies
generated by the MIF/TTX DNA vaccine could compete
with a MIF-specific monoclonal antibody for the binding
of native mMIF protein. A competition ELISA revealed
that when the polyclonal serum antibodies from vacci-
nated mice were preincubated with recombinant mMIF,
they could compete with anti-MIF monoclonal antibody
14.3 for binding to the MIF protein (Figure 2B).

It has been shown previously that pretreatment of
mice with a polyclonal anti-MIF antibody effectively
suppresses the rise in serum TNFa levels that is induced
by a subsequent intravenous injection of LPS (17). Thus,
we tested whether the MIF/TTX vaccine-induced anti-
MIF antibodies would also have the same effect. We
observed that when mice vaccinated once with MIEF/
TTX were injected with LPS 6 weeks after the vaccina-
tion, their serum TNFa levels were significantly lower
than those of LPS-treated mice injected previously with
vector DNA (Figure 2C) (P < 0.0001, MIF/TTX versus
pCAGGS). Thus, the anti-MIF antibodies generated by
the MIF/TTX DNA vaccine have antiinflammatory prop-
erties, probably because they inhibit the bioactivity of
endogenous MIF.
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Figure 2. A, Effects of immunization with MTF/TTX DNA on elicita-
tion of autoantibodies that recognize native mMIF. BALB/c mice were
vaccinated twice, 3 weeks apart, with 50 ug of pCAGGS, WT MIF
construct, or MIF/TTX construct in 0.9% endotoxin-free sterile saline
(n = 5 mice per group). Serum samples from these mice were obtained
at various time points, and anti-MIF antibody levels were measured by
enzyme-linked immunosorbent assay (ELISA), using microtiter plates
coated with recombinant mMIF. * = P < 0.05, MIF/TTX versus
pCAGGS. B, Ability of polyclonal anti-MIF antibodies generated by
MIF/TTX DNA vaccination to compete with anti-MIF monoclonal
antibody 14.3 for binding to recombinant MIF. A competitive ELISA
was performed by preincubating pooled sera from the pCAGGS- or
MIF/TTX-vaccinated mice described in A with recombinant mMIF
and then adding the mixtures to a microtiter plate on which monoclo-
nal antibody 14.3 had been immobilized. C, Effect of MIF/TTX DNA
vaccination on lipopolysaccharide (LPS)-induced rise in serum tumor
necrosis factor a (TNFa) levels. Mice immunized with MIF/TTX or
vector DNA were injected intravenously with LPS 6 weeks after the
vaccination. Serum TNFa levels were measured by ELISA. Values are
the mean * SEM. #x = P < 0.0001, MIF/TTX versus pCAGGS. See
Figure 1 for other definitions.
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Figure 3. Representative results of histologic analysis of tarsocrural joints from A, saline-
treated, B, pCAGGS-vaccinated, and C, MIF/TTX-vaccinated BALB/c mice on day 14.
Marked changes were observed in specimens obtained from saline-treated and pCAGGS-
vaccinated mice, including synovial hyperplasia, inflammatory cell infiltration, extensive
pannus formation at the cartilage-bone junction, and severe cartilage destruction. Speci-
mens obtained from some of the MIF/TTX-vaccinated mice revealed only slight thickening
and proliferation of the synovial lining, mild inflammatory cell infiltration, no pannus
invasion, and intact bone and cartilage structure. (Original magnification X 200.) D,
Arthritis scores (degree of arthritis in all 4 joints of each mouse) following injection of
lipopolysaccharide (LPS). Values are the mean * SEM. % = P < 0.05, #*x = P < 0.005,
MIF/TTX versus pCAGGS. See Figure 1 for other definitions.

We also attempted to measure the ability of the
immune sera to inhibit the in vitro production of TNF«
by LPS-stimulated peritoneal macrophages. However,
reproducible results could not be obtained, possibly
because the sera interfered nonspecifically with TNFa
production. A similar failure has been reported previously
(21). Nevertheless, these observations together indicate
that immunization with MIF/TTX DNA generated anti-
bodies that can specifically recognize native mMIF and
probably neutralize the bioactivity of this molecule.

Effect of vaccination with MIF/TTX DNA on the
development and severity of CIA. In mice with CAIA,
the endogenous production of MIF is enhanced, and
antibodies to MIF have been shown to profoundly
inhibit joint inflammation (7). Thus, we tested whether

the MIF/TTX DNA vaccine would inhibit the develop-
ment of CAIA in this murine model of rheumatoid
arthritis by immunizing 16 BALB/c mice twice with
MIF/TTX DNA. As controls, we also immunized 6
mice with saline and 5 mice with pCAGGS vector. For
histologic evaluation, 3 groups consisting of 3-4
BALB/c mice, respectively, were prepared as de-
scribed above. Two weeks after the second immuni-
zation, the mice were injected first with anti-type II
collagen monoclonal antibodies and then 3 days later
were injected with LPS.

Histologic analysis of the saline- or pCAGGS-
treated mice on day 14 revealed marked pathologic
changes in the tarsocrural joint tissues; these changes
included synovial hyperplasia, inflammatory cell infiltra-
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tion, extensive pannus formation at the cartilage-bone
junction, and severe cartilage destruction (Figures 3A
and B). In contrast, histologic sections of the tarsocrural
joints from some of the MIF/TTX-vaccinated mice
revealed only slight thickening and proliferation of the
synovial lining, mild inflammatory cell infiltration, no
pannus invasion, and intact bone and cartilage structure
(Figure 3C). Moreover, among animals examined on
days 3, 7, and 14, the MIF/TTX-vaccinated mice had
significantly lower arthritis scores compared with con-
trols, which indicated that the severity of clinical symp-
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Figure 4. The MIF/TTX DNA vaccine inhibits the development of spontaneous autoimmune arthritis in interleukin-1 receptor antagonist
(IL-1Ra)-knockout mice and reduces its severity. Four-week-old TL-1Ra-knockout mice were vaccinated once with MIF/TTX (n = 16), pCAGGS
vector {n = 5), or endotoxin-free saline (n = 6). A, Anti-mMIF serum titers. B, Percentage of arthritic mice. C, Arthritis score. D, Degree of hind
paw swelling. Values are the mean and SEM. * = P < 0.05; ** = P < 0.0001; *#x = P < 0.001; ¥ = P < (.005, MIF/TTX versus pCAGGS. See
Figure 1 for other definitions.”

toms of arthritis was reduced in these animals (P < 0.05
and P < 0.005, MIF/TTX versus pCAGGS) (Figure 3D).

Effect of vaccination with MIF/TTX DNA on the
development of autoimmune arthritis in IL-1Ra-
knockout mice. We also examined whether the MIF/
TTX vaccine can act to block the severity of spontane-
ous arthritis in IL-Ra-knockout mice. Thus, we
immunized IL-1Ra-knockout mice with MIF/TTX
DNA, pCAGGS DNA, or saline once at age 4 weeks.
Analysis of the anti-MIF antibody titers generated over
time in these mice revealed significantly elevated titers 6
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Figure 5. Representative results of histologic analysis of the effects of vaccination with saline (A, D, and G), pCAGGS (B, E, and H), or macrophage
migration inhibitory factor/tetanus toxoid (C, F, and 1). Ankle joints from interleukin-1 receptor antagonist (TL-1Ra)-knockout mice were collected
16 weeks after vaccination, and specimens were stained with hematoxylin and eosin (A-C) or Safranin O (D-F), or were immunohistologically stained

with polyclonal anti-MIF antibodies (G-X). (Original magnification X 200.)

weeks after the vaccination; these elevated levels were
maintained for at least another 6 weeks (Figure 4A).
The clinical severity of autoimmune arthritis in the
animals was determined by estimating the arthritis score
and the degree of hind paw swelling. The percentage of
arthritic mice at the indicated time points was also
determined.

Twelve weeks after immunization, the percentage
of arthritic mice among animals vaccinated with MIF/
TTX was reduced to 20%, compared with 100% of mice
receiving saline and 80% of mice immunized with

pCAGGS (Figure 4B). Mice vaccinated with MIF/TTX
also had significantly lower arthritis scores at 6, 8, and 12
weeks after the vaccination (Figure 4C). The mean paw
thickness of the MIF/TTX-vaccinated animals was also
significantly lower at 6, 8, and 12 weeks after vaccination
compared with that of the pCAGGS-vaccinated mice
(Figure 4D). At week 16 after vaccination, histologic
examination of the affected ankle joints from saline-
treated IL-1Ra-knockout mice revealed severe synovi-
tis, pannus formation, cartilage/bone erosion, and posi-
tive immunostaining for MIF in the synovium and
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pannus (Figures 5A, D, and G). The affected ankle
joints from pCAGGS-vaccinated mice also showed se-
vere synovitis, pannus formation, cartilage/bone erosion,
and positive immunostaining for MIF within the syno-
vium and pannus (Figures 5B, E, and H). In contrast, the
affected ankle joints from MIF/TTX-vaccinated mice
showed only very mild synovitis, cartilage/bone erosion,
loss of Safranin O staining of the cartilage, and immu-
nostaining for MIF (Figures 5C, F, and I).

DISCUSSION

In this study, we have shown that active vaccina-
tion against MIF could be a novel approach for the
treatment of RA and, potentially, other autoimmune
disorders as well. It is well known that RA is associated
with the abnormally persistent production of TNFa« and
other proinflammatory cytokines, including interleukin-6
(1L-6), IL-8, and IL-1 (22), in inflamed joint tissue. We
focused on MIF as a therapeutic target for RA for the
following reasons. First, MIF up-regulates TNFo pro-
duction by macrophages (2). Second, MIF-deficient
mice generate lower amounts of inflammatory cytokines
such as TNFa« in response to LPS stimulation (23).
Third, medium conditioned by cultured rheumatoid
synovial fibroblasts induces peripheral blood mono-
nuclear cells to release TNFe; this effect is blocked by
anti-MIF antibodies (24). These observations indicate
that MIF may be a key upstream regulator of synovial
inflammation in RA (24). Thus, suppressing MIF activ-
ity may be a more effective manner of treating RA than
is suppression of other inflammatory cytokines.

The pathogenesis of the CAIA model may differ
somewhat from that of RA in that type II collagen-
specific T cells are unlikely to be involved in CAIA;
moreover, the initiation of CAIA also requires injection
with LPS. However, this experimental model of arthritis
has many advantages, namely, this model can cause
arthritis with 100% probability in many strains of mice
irrespective of their major histocompatibility complex
type and within a short period of time (18). Moreover, it
has been reported that MIF plays an important role in
the pathogenesis of the CAIA model (7,25). However,
this model may not be the best one for evaluating the
therapeutic effect of MIF DNA vaccination over a long
period, because CAIA lasts, at most, 3—4 weeks, which is
too short a time period for such an evaluation.

IL-1Ra is an endogenous inhibitor of IL-1, and
polyarthritis spontancously develops in IL-1Ra-
knockout mice on the BALB/c background, starting at 5
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weeks of age. By 12 weeks of age, almost all mice have
affected joints (19). The histopathologic features of the
lesions closely resembles those in human RA, because
marked synovial and periarticular inflammation and
articular erosion caused by invasion of granulation tis-
sues are observed. In this model, excess IL-1 signaling
due to the lack of IL-1Ra induces T cell-mediated
autoimmunity that results in joint-specific inflammation
and bone destruction. Therefore, this model, which is
characterized by long disease duration, may be suitable
for evaluating over a long period of time the prophylac-
tic effect of a particular approach. Consequently, we
investigated the effect of MIF/TTX DNA vaccination on
the arthritis in this murine model. Our experiments
revealed that a single vaccination with MIF/TTX DNA
was sufficient to suppress the incidence and severity of
arthritis for at least 12 weeks.

How neutralization of MIF suppresses the devel-
opment of arthritis in IL-Ra-knockout mice, which is
caused by excess IL-1 signaling, remains to be eluci-
dated. Horai et al (19,26) reported that the joints of
IL-1Ra~knockout animals have high levels of proinflam-
matory cytokines such as IL-18, IL-6, and TNF«, and
that inhibiting TNF« function effectively suppresses the
development of arthritis in these animals. This suggests
that a proinflammatory cytokine network promotes the
development of this autoimmune arthritis. Thus, it is
possible that MIF, which is known to up-regulate the
production of TNF« (3,23,24), may be a prominent
upstream component of this network. This hypothesis
will need to be tested in additional studies.

The Th cell-modified vaccine approach we used
in the current study demonstrates the therapeutic poten-
tial of vaccines that generate immune responses against
pathogenic self proteins. By incorporating a promiscu-
ous foreign Th cell epitope into self proteins, the immu-
nologic tolerance to self proteins can be bypassed (27—
29). DNA vaccines represent a novel means of
expressing antigens in vivo that will generate both hu-
moral and cell-mediated immune responses, and the
efficacy of DNA vaccines in preclinical animal models
has been well documented (30). DNA vaccines have an
advantage over recombinant protein vaccines in that the
construction and purification of vectors for DNA vacci-
nation are relatively simple. This approach is thus likely
to increase the speed and decrease the effort required to
develop novel protein vaccines. Moreover, this approach
is useful for rapidly screening potential protein immu-
nogens.

Naked cDNA encoding CC chemokines without
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a Th cell epitope has been shown to elicit autoantibodies
that effectively prevent the development of experimental
adjuvant-induced encephalitis (31). The finding that
autoantibodies could be generated without the help of a
Th cell epitope may be related to the fact that oligo-
nucleotide sequences in the plasmid, such as unmethyl-
ated CpG motifs, have been shown to be able to act as
immune adjuvant, thereby accelerating antigen-specific
immune responses (32). However, Hertz et al (33)
reported that unmodified wild-type murine IL-5 cDNA
failed to elicit antibodies, which is consistent with the
inability of wild-type mMIF c¢cDNA to elicit autoantibod-
ies in the current study.

Thus, the proper selection of a Th cell epitope
and its insertion into the appropriate sites of the cDNA
may be the key to the successful design of an effective
DNA vaccine. Moreover, DNA delivery and DNA vac-
cine potency may be enhanced by electroporation. Sup-
porting this possibility is the study by Selby et al (34),
who reported that mice injected intramuscularly with a
plasmid showed a 7.3-fold increase in luciferase expres-
sion and 8 to 20-fold enhanced antibody titers when
they had also been subjected to electroporation at the
time of immunization.

Active immunization with the MIF/TTX DNA
vaccine reduced the symptoms of CAIA to the same
extent as did therapeutically injected anti-mMIF mono-
clonal antibodies (7). Our preliminary safety studies, in
which we monitored organ weights and the general
histologic features of selected tissue, including the liver,
kidney, and skin, did not reveal differences between
unvaccinated and MIF/TTX DNA-vaccinated mice
(data not shown). Similarly, significant differences in the
wound-healing ability of mice in the 2 groups were not
detected (data not shown). Additional safety studies,
including hematologic examinations, are under way.

In conclusion, administration of Th cell-modified
MIF DNA is a cost-effective, potentially prophylactic
method of vaccination that can inhibit CAIA and spon-
taneous arthritis in IL-1Ra-knockout mice. Thus, active
vaccination against MIF is a novel approach to the
treatment of RA and possibly other autoimmune dis-
eases as well.
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