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Development of Anti-tumor Blood Vessel Antibodies by Phage Display Method
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Tumor blood vessels are essential for tumor growth. Therefore, these blood vessels are potential targets for anti-
cancer therapy. The purpose of this study is to develop anti-tumor endothelial cell (TEC) antibodies for delivering anti-
cancer agents or drugs. To achieve this goal, we utilized the phage antibody display library method to create monoclonal
antibodies in vitro. Accordingly, we developed anti-TEC antibodies from an single chain Fv fragment (scFv) phage dis-
play library prepared using the Fv genes amplified from the mRNAs isolated from the TEC-immunized mice. The size of
the phage antibody library prepared from the mRNA of the TEC-immunized mice was approximately 1.3X 10 CFU. To
select and enrich for the phages displaying the anti-TEC antibodies, cell panning was performed first using the TEC fol-
lowed by subtractive panning using the normal endothelial cell. After five cycles of panning, the affinity of bound phage
clones increased approximately 10 000 folds. Subsequently, clones isolated from the post-panning output library were
tested for their antigen-specificity by ELISA and western blotting. One of the scFv phage clones showing antigen-
specificity recognized only TEC in vitro, and when injected into the Colon26 bearing mice, this clone accumulated more
on the tumor tissue than the wild type phage. These results suggest that the isolated an antibody and this clone’s target
molecule could be potentially useful for novel anti-tumor therapies.
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ELUTHEEL TS, Z0XD KESEMKNET
BEESICE > THERAURBEETH DD, E
BHEMEICHL THEE2FET 5 2 LIXEEHERR
WKEENRBRYA—VE5Z52 L1220, EEDR
R, BEBRONGINHETES. Z0L5BER
HHE-T, BHE, ZOEBHEBNEZENETS
KOG TEMNEEROHMENERAICTED SN T
5.

T4, REBEESTFICHT 20 FENEEZAIGE
ETBE/ 7 0—FIHESHARZBUTTNS. Z
DENHEEREENS, £/ Z7O0—FIILHEKIIZ
frEk1- & LT, ISIZIRERE BREEEL TS
FAMNEFEICEE SN, WFE, BEREARENEACTD
nTHo, HE, ERARERObOZzIDIUT
#1400 LLEH OHFAERBOHFTEREIED SN T
WBEINTWS, 1520 Fi- 2007 FOPURERET
DOHFATEITAT 263 & 3800 77 K)L (K 2 Jk 3800 (&
M) T, 2013 41214 490 {& 5500 5 K)L (94 3k
4300 €M) ETHART S EFHEIN, I ITES
RFESESHERABETERT THS. £FHicBN
TH, ADBAITBNWTEFIRBEFED 5D erbB2
%1EH & 3 % Trastuzumab (Herceptin®), 2123 234,
DmEFEESY —5 v b &L VEGF RHUEK
T3 5 Bevacizumab (Avastin®) 2429 245, HRA 12
FAEZERNERRE - Lich2DH 5.

BEESNEIEEEBNE B> kEEE2E
LTWwalMi=g FOMBEREEL X, W
TUNTBILERNRBRY D INIE, WhYENTF
I—N—DNEELTWAEEEENEZEZ NS, &
BEEBNERENINA Y —H—, RUZOHIE
OWTRERNICED SN FIINELICER
INTRRVEWSONBIRTH 5. EREMKLE
BEMNTIIAWS, B—DEELQEELR-o-TVS
DIRMEFEICBVWTIHERICERERI I FIRTH
% VEGF 7 7 2 1) —® VEGFRI1 (Flt-1), VEGFR2
(Flk-1/KDR) ORBEELEFOHTHS.2%30 22T
AT, FHESABEE BEAGLERFEN
A AR—N—BFROBABZY—INERVES, EE
HBMERRY >N BT 2HEDAIR 256k
DONA TV K=<k &t U TEER 2 iR aI 8k
THB2T77—VF 1 AT VA EERNWTHA .

2. 77=CT4RTULAE

T7—=IF 4 A7 LA kld 1985 1T Smith 51

EoTHEEN, W NITFUFT7—VARRFET
377—P2 R —~ANKRET RTFE -
YONVE - iEE) 2EATHIET, NoTV
FT77—VRAKBNSFERASEL L2k
ETBEMNTHY, TOHFIEINIFTIET 77—
DI—hrFNXUE (g3p) LRELIHBETEHR
LT3, HAEEADRGAI 1990 12 Mcafferty
SATREERE R A D 2BRLETy—IF 4 AT
LI1EENA 7Y R=TEILRbB FHLWE/
O—FHEERERE L THRELEZZLITHE
5.3 1991 &£121% Marks S GBEL TRV E k
DORMEMY) > /)NERE HFEMENCBE LT 7 — P
K4 T75UM5, & MEERESS, §F—F—0H
TIWVTI, OULMETIVT I EREEYOH
Ricwd 27 7 —VHk0 Bz ®E L.
WHER 7 7 — 2 M3 IZBIRO—K8ET ) LA
DNA 2fb, TOEbHVIZ5D0a— ¥ XY
E (g3p, g6p, 87p, g8p, g9p) MNEHE L =Ml & L AR
DEEZELTRY, KBEICEEL THEET ST
WATHD. 77—IT14ATLT11E, oD
F—IaA—hI NG ENRBRIRTF REMEGL
FHETREI®SZETIy—VRAERTA AT
1TEEDHETHS.

T7—PF 4 AT V1 EOREZ © FEOHN

RoFEI 7 —IREAEIRTEDZL, O 1#

DEFEWCIBEO 77y - ULMEELLEVWED
(pDNA incompatibility IZ&F 59 %), 77—
NOHNREBLTFET 7 —VREITTF SN FE
GEFEHHR—HL TR L, O ExDiRiEE
FEMEERLET 7 — Y2 EEEEU LOZEE
EETDIM477VELTERIC, »OEHM (1
HELIA) THRETES &, @ BEEICEES
BEZETHEREED 7y —VRBIETE5Z L
': % 6 . 34,35)

SkEmFE L T—AE#EF/A (single chain varia-
ble fragment: scFv) B FZHAWVWS 77 —JHKS
477U, 7ry—TJREARETA» SHEU LD
V—bhU—ZB T 5HEHEEERALNTHS
VL fEi & VH @i % U > h— TEfE Lz scFv #i
BEREITHHBDOTHD (Fig. 1), D547
SUMNGENY NI BENFENIIHEET 50—
CEER - EINL, BETAHRE N2 %
BOBTZEITEST, BHY O NIBEITHET S
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Fig. 1. The scFv Phage Display System

scPv A FERARRLEY 7=V 2T ) —
ZUTTHBIENTRETHS.D LhdEonk
77— ENGEE I - RTHERTERNELT
WS, HiEOBEEFEFIDFARFICERSTSZ L
MEEETH B, Z0LIIL, 77— F1ATLA
FiES 1 75 U1 in vitro TEENOHKEE R %
BRHL, SORXERORERNOMIL ZFRDOE
BEEIRVENIAEEI ATLAELT, Hifk
EHEERICKE<EHEBML T 5.

3. MESHEBNEREDORIR

3-1. BESHASOEARMIBET I fHiERE
BILENARZEET 52912013, EEEBMDENRE
fifa 2 BE Liiudiz 520, EEER M E N
MR DS 2 AN EEERDN S HEEd 5 Z L1323k
BICHN#g$ETH2., I TEFSIINAMEOREE
& (Conditioned Medium: CM) Zf W3 & T,
in vivo O EEHH M E N E Mg 2 &M L - EEA
M ENEMAEET )L 2 in vitro DR THEBEL,
ZOETIMENSHIRS >NV EEFRE, —h
EZRWTHGERE 2R A7, AR T~ 25
AAMRE (Colon26) @ CM THEL /-t MBS
AR N EME (HUVEC) 7 [0 &% i 2 N i
fdE5)l (Colon26 CM-HUVEC) & L /= (Fig. 2).

ZOEFAMLE N EMEET IVIE, EERNER
HELR I PR B MR V2 A R T2 PR T b 5 Ml L Pl 35
HOEZERL,® FEEESDENEMETT
)OSR Z BRI NV 28, ZokHRHEE
YTARGRELZEZA, invivol2BWT, BIE
Az5l eI I L BERABLERENREE
HENFEIH, THIESESDESBERI N
CRRET—%). T6KIL, 2 RITEKIKEMHTIC
K0, TORERMNHERESY NV EOEENHGME
3ok (REERT—F).
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Fig. 2. Development of the Tumor Endothelial Cell Model

Human umbilical vein endothelial cells (HUVEC) cultured in Colon26
carcinoma-conditioned medium (Colon26 CM-HUVEC) were used as model
TECs.

NS0 EMS, ZOEFESLENLMEET
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BWEEZEND,

32. ESHEBNEARMBET LAERES A
T7VOEE  BE Tr-—JHkI1 Tk
LTI, R#ELTWRWEYOER A BHligz
HkELE T =T 77 =VHE&S173
A0 L iE L BN R BEREO B s Rk
EL TRETZ7 7 —PHETAT I I100 2 EHE
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Z1 ] RAGEETIIED OBWEKEICEALR
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PHETAT 5 BHRRESHOBWHGEES
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ROMNBZ2ED, FA—TI7y—=IHkS1T5
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B—E—ETH32H, HHIIELETHEWSITS
WHENH D,

FRFA TIIRKRICEE L b2 HRER - @
HOY—=)LELTEFTRL, RSy FFUNY—
DYV—=)ILELTHWSHWAS S0, LAk
HENEET2HE2EEEER (RET7 7 — V0
w1751 2EELE.
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L, mRNA ZE L7 H#WT, ZO mRNA Z7T
> 7L — bz cDNA Z{E#M L, PCRIZXDHiED
VL, VH fE3 D DNA O#Eigz{To7%. 51T, 18
g L 7= VL, VH fE1 D DNA % EfE & & % assem-
bly PCR #f7\>, scFv DNA Z{E®IL 7. ZL T
Z@DscFvDNA 27 7 —2Y 3 RN ¥ — (pCAN-
TABSE) N7 Oo—=>/F L/ ER#icZo—=r
TH%DT 7 —Y I RN —%KBE (TG ~T
L7 hORL—2a itk VEALRE BELES
ATS5UDIAT ST ZIKREEOBE &GRS
REDEHLE. TORE BELENGKIATS
)1t 1.3X 107 CFU & WS FifESiREZREL TW
7= (Fig. 3).

33. HEERBEMNERGEOR ) —=7
BEEES FRBETIEODRI -V T RO
BT 7 —VTFARAT VA EDOHRST, T4 R
TV ERERET AEE0F -T2 /0y —&L
TEEHZINS. BERENAFARELZGEE H
BibE OS> =) REFFUALHREBEEA NV
R7ESCEAEBEEZHVWEZZAZ Y —Z 2T Hik
REEARBRRZELTHWSNTWS., LML, &
A —Z 2T EPREI LTI E0HICE, HRIUE
DERIE N—7"%2HE, HEVWEIEHEIERWVI
EMBETHD, TLRKIRSBESCHERESE, &
BEREEROERINZET 5.

4E, bhbhidEHINhzHEY NN VEZE
BLTWEED, HikS4 72055 HERMERIT
EHEEBUNTHAZY -7 RELUTHEERLRN

m arkar scFv

[900bp %

scFv gene PCR

marker V V!
1400bp

VL+ VH gene PCR

Y
B&A\LEIG mouss Assembly
gy 2washs ,?\"@ RT-PCR xn _PCR
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Fig. 3. Development of the Tumor Endothelial Cell Immune
Antibody Library
The single chain antibody fragment variable (scFv) phage display libra-
ry was prepared by amplifying the Fv genes from the mRNA derived from
the TEC-immunized murine splenocytes.

VoV TRERLUE. NIRRT 7 —UHES
A TSUAMNS, BERLLEENY INTENFR
MICEET 70— 28R - @EINL, BiEgd5#
ETHY, ZONZUTEEDRTIEITED
T, WY NI BIZHET D scFy HilkrF2K
EERLE7 77—V %ER - BT D EMNARET
H5 (Fig. 4).

4, BEERTHWSN TS HAESE SIS E
EHEOES >N 7E, HULIZmMAITEREL TW5
Baetty > NvE (LETY—T7I=ZAME) 2%
HTBHURTH S, SEAIET 2 HUEDRRZE
BELT, BIHLEFEE RSy VFUNY—, X
=20y )L ELTHEATAIEEZBENEL TN
B, AIMTAHEIMEANY >RV ETRER
<, HiBSNEELOBESY N BEERHBT 55T
BB ENUBAZHETHHEEZLNS. ZOTL
WS, bhbIN 7T X 0T ZEERNT 5
BRI HWAENTURICIE, FAERICRES MR
OHIASY >N ENREAT2BNDH 5, Aidih
HEESY > N78 MEI1&'—b, 75 /-l
HEHEY > N7 B%) 2AW50TIRZRL, £#
faxFDEFEMNFEELTHWA ZENRETDH
HEEZRT=.

512, HEEHBNENAZEIETZICHE
T, bhbhDHECEETHHLEATNDEIL
13, WARBHERA O DRVWHAZZENTZ2NTSH
5. FESEAR A BV I B AR Ak of B PR B I L S R T A
fOEHTZHEERT (1 b1, TENA
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Fig. 4. Antibody Selection by Subtraction Cell Panning
Anti-TEC antibodies were selected by cell panning against Colon26 CM-
HUVEC with subtractive panning against normal HUVEC.
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>, WERTE) CXVEBHEBENFEIN, BE
TBHIET, EREhDEZEAOSNTNVNS, Z0D&
D, FEEE AR I P R A A TE LK o B PN B A e
RS NI BOREGPELUL THEEEAS
N5, BE bhbhDEBELEEHERLENK
MEES)NIZHBWTY, 2D-DIGE HLEEIT O &
B FEASIMENEMEEERS >N EDOKRE
SPELLTWE, TDZEMED, N2 T0D
B, EEdsnENEMEET 0L ZEANTLE
S &, EEHARIME N EMIE & RENZFDHUERN
BRINTL 2FEENFEEICEN. TIT, BE
HRnENEHBEES NV E®RI AT 77—
EREAIELAIC, EEEBOENEMBEEES
VRTINS I3 BIVNZTRTHIIET
FEE AR A% B N AR T VR BUA DZER - IBNE
%o 7= (Fig. 4).

9, ik 759 77y —% HUVEC &
A3, EFERLE AT 2GR 7 —C KR
LU, #EBELTWBHAKT 7y — % Colon26 CM-
HUVEC t#EGS 8. ERENEE Y 7 — P2k
%1%, Colon26 CM-HUVEC #&&¥FiE7 7 — 2 & H
U, KIBEICEESYE, #Biglk. ZOYT S
g aryN T EFSETO R, /N
TEiOT7 7 —=HEZ4 751 (input 77 —2)
ENZVTICEDERENZT 7 — (output
77 —) OHERZ, Sth)N>ZZETIE, Ist
INZ U TREEE LT, #9 10000 fF& WS &tk
RERLEZ EMDS, Colon26 CM-HUVEC £ EH
KHATHHEKT 7 —P DR - BREICRII L&
HH=N S (Fig. 5).

I5iC, HiRY X ) BEFIEHERT D720, &N
VTSV RO Ty =k EE ) so— 1k
#%, 1 > — bk PCR %17\, scFv DNA O #EigATHE
BIN-r70—2DscFv 7 B —V T X%
RITLT-. TOHR, 2BEDscFvD7 I /B —
DL ARMTICRII LTz (REERT—%). BELE
2FEED scFv BHMEONRER#MEZRET H LT
FECEETHS 3 #FTOMHEEREEE (com-
plementarity-determining regions: CDRI1, CDR2,
CDR3) Z&ZxEL, BRODLHREICEDEINTNVS
CDR3 fEE O THiz, VH @ CDR3 fEIcB W T
12, 7R BROEE, HEDII2<ERoTWE.

4. EGRAOBMITEME EBEHUED invitro

107

107

10°%

107

output/input ratio

107

1079 3 T
1st 2nd 3rd 4th Sth

Panning rounds

Fig. 5. Enrichment of Antibodies to Tumor Endothelial Cell
Model by Subtraction Cell Panning

PRI BHAEEMEFEME L T, ELISA, western
blotting I X 2 R A EFME, KUHESTFEO
BRZ2fTo7- (Fig. 6).

ELISA K K 2 HEE G M OER, Clone 1 7
7 —HifKIZ, Colon26 NI AMIIRE AWV —F
T, Colon26 CM-HUVEC ~ |z HUVEC N D #5&
EEHBEL TN 2 FohREGEEEERLE. 2512
07 7= HAEORESFEERRRET 2729,
Clone | 7 7 — 2V Hifk % F\» T western blotting %
frorz.

Western blotting D58, Clone 1 7 7 — P Hi{K
I35 FEH 45000 Da O & N7 BIZH U THEHE
ZxRL, TONY RORNHEEIL ELISA TORER
CIFIFHEAL TWE, i, ZOHESY N8R
EEAMODEICEREALTVW LTV
VEGFR2 LIZER LA FEERLTWEI EMNS,
VEGFR2 SN OFREBHESNE—H—ThH 2
HREME AT 5.

S SICEBHURD in vivo TOBEHBERNE%
FHES 2720, BRT 7 —VHREEZENATTIAA
FHEL, 2HERE, BEEHEEEHELE TOE
EHBANO T 7 — titer ZEHHIT 3 = & THEAER
ROEBEMBEFEETML =, Invitro lZBT 3
Colon26 CM-HUVEC "D E#E a2 R L /=
Clone | 7 7 —PHUERZHENAT TIAINEE L &
A, HEZRB/EShAlLoz (p=0.08) A%
Clonel 7 7 —VHUKIRBER 7 7 — D LHRTH
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40 KDa =

Fig. 6. Evaluation of Antibody Binding Activity in Vitro
(a: ELISA, b: Western blot) . The binding specificities of the phage an-
tibodies were assessed in vitro by using ELISA and Western blotting.
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Fig. 7. Evaluation of Antibody Binding Activity in a Pilot
Study in Vivo
The binding specificities of the phage antibodies were assessed in vivo by
analyzing their accumulation on the tumor tissue. n=3, p=0.08.

18 EDEEEEEEZRIERICH > (Fig. 7).
ZOBEEENESNRM O EREER, ke T7—
CEICERLERETHAVWTVWSZ ENG, T7—
U DEBENTRELOEEE ST, KRESN

EREEZEENIATZINTLE D EDbibi
FHEBIL TS, £ TEHH, LOFEHCERLL
FURDOHEREM 252MM 4 5729, B5/z Clone
1 DELETEDE, FIEOAZEREL, BRHT
LZFETHS. 3B, Clone 2 ITEHLTHEAE, |
RICEEFMZTo T3,

4. &HYIC

FFEDHEE, FESHENLETE O BT
L. SBIfZiEE HESWEZBRELTE
FEORES >y BE2REL, Thofigy >N
7B DR, ERSMFHEEZTOI TFETHD. 9K
HICAZEIC X DRIE L 25K, ZOHES, 1A
BE, ZHRVCESABOIENEOERIIANELSE
MBI EE2HFELTNS.
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ARTICLE INFO ABSTRACT

Tumor necrosis factor-alpha (TNF) is expressed on the cell surface as a transmembrane form (tmTNF),
that can be released as a soluble form (solTNF) via proteolytic cleavage. These two types of TNF exert their
biological functions by binding to one of two TNF receptors, TNFR1 or TNFR2., However, the biological
function of tmTNF through these two receptors remains to be determined. Here, we generated macro-
phages that expressed tmTNF mutants with selectivity for either TNFR1 or TNRF2 as a tool to evaluate
signaling through these receptors. Wild-type TNF (wtTNF), TNFR1-selective mutant TNF (mutTNF-R1)

Article history:

Received 31 July 2009

Received in revised form 6 November 2009
Accepted 24 November 2009

52':; ‘:;Zsr;brane INE or TNFR2-selective mutant TNF (mutTNF-R2) were individually expressed on the TNFR1~/~R2~/~ mouse
TNERI macrophages (M¢) as the tmTNF forms. tm-mutTNF-R1-expressing Mo exhibited significant selectivity
TNER2 for binding to TNFR1, whereas tm-mutTNF-R2-expressing Mo only showed a slight selectivity for binding
Mutant TNF to TNFR2. Signaling by tm-mutTNF-R1-expressing Mo through the hTNFR2 was weaker than that of tm-

wtTNF-expressing Mo, suggesting that the binding selectivity correlated with functional selectivity.
Interestingly, signaling by tm-mutTNF-R2-expressing Mo through TNFR2 was much stronger than signal-
ing by tm-wtTNF-expressing Mo, whereas signaling by the corresponding soluble form was weaker than
that mediated by wtTNF. These results indicate tmTNF variants might prove useful for the functional
analysis of signaling through TNF receptors.

Lentiviral vector

© 2009 Elsevier Ltd. All rights reserved.

protease, TNF converting enzyme (TACE) [7]. Both solTNF and
tmTNF induce cell signaling. tmTNF acts through cell-cell contacts
to promote juxtacrine signaling, and solTNF acts in a paracrine

1. Introduction

Tumor necrosis factor alpha (TNF) plays a crucial role in the

host defense system [1]. Increased secretion of TNF is involved in
the development of autoimmune diseases, such as rheumatoid
arthritis (RA) and Crohn’s disease [2,3]. Indeed, anti-human TNF
antibody and soluble TNF receptor (TNFR), which interfere with
the activity of TNF, have been used to treat these diseases, and
are expected to be revolutionary therapies due to their excellent
therapeutic effects [4]. TNF is primarily produced as a type Il trans-
membrane form (tmTNF) arranged in stable homotrimers [5,6].
A mature, soluble homotrimeric 17-kDa TNF (solTNF) is released
from this 26 kDa memTNF via proteolytic cleavage by the metallo-
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fashion. The relative contribution of tmTNF and solTNF to overall
TNF activity is difficult to elucidate due to the absence of physio-
logically relevant models. However, evidence for distinct roles for
tmTNF and solTNF in vivo have been obtained in genetically mod-
ified mice. Study of tmTNF knock-in mice revealed that solTNF is
required for the development of acute and chronic inflammation,
whereas tmTNF supports many processes underlying the develop-
ment of lymphoid tissue [8]. Mueller et al. also reported that
tmTNF has a strong effect upon the course of cellular immune re-
sponses in vivo and exerts quantitatively and qualitatively distinct
functions from solTNF in vitro and in vivo [9]. Additionally, juxta-
crine signaling by tmTNF was shown to be essential for the resolu-
tion of inflammation and the maintenance of immunity to the
pathogens, Listeria monocytogenes and Mycobacterium tuberculosis
[10-12]. These different functions mediated by the two forms of
TNF may help to explain the opposing activities of TNF, such as
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its inflammatory and anti-inflammatory effects. However, the
factors underlying the different functions of solTNF and tmTNF
and the components of the specific signaling cascades induced by
the two forms of TNF remain to be elucidated.

solTNF and tmTNF interact with two receptor subtypes, p55 TNF
receptor (TNFR1) and p75 TNF receptor (TNFR2) [13], to exert their
biological functions. The interaction of solTNF with TNFR and the
downstream signaling and functional outcome of that signaling
has been extensively studied [14], because signaling by solTNF
via TNFR1 or TNFR2 can be analyzed in vitro using recombinant
wild-type TNF, as well as recombinant TNFR1-, and TNFR2-selec-
tive mutant TNF (mutTNF). On the other hand, the analysis of
tmTNF/TNFR signaling is still poorly understood. tmTNF-express-
ing cells have previously been reported following transfection into
target cells of a TNF gene containing a deletion of the TNF cleavage
site [15]. Nanoparticles decorated with solTNF chemically bound to
the surface initiate strong TNFR2 responses, and could mimic the
bioactivity of tmTNF [16]. However, there are no receptor-selective
forms of tmTNF that could be used to analyze tmTNF/TNEFR signal-
ing. Moreover, there are few assay systems that can assess the bio-
activity of TNF mediated via TNFR2 with high sensitively.

In this context, we have used a novel phage-display based
screening system to develop TNFR1 or TNFR2-selective mutTNFs
to help clarify the biology of TNF/TNFRs interactions. We have al-
ready isolated a TNFR1-selective antagonist [17], and both TNFR1
and TNFR2-selective agonists [18]. Additionally, we established a
novel cell line hTNFR2/mFas-preadipocyte, which is a simple and
highly sensitive, cell death-based assay system for measuring
TNFR2-mediated bioactivity [19]. This assay system can assess
both solTNF and tmTNF-mediated bioactivity. In this study, we first
expressed the TNFR-selective mutTNFs agonists (mutTNF-R1, mut-
TNF-R2) in TNFR1~/"R2~/~ macrophages, and we then investigated
the possibility of creating TNFR1- and TNFR2-selective tmTNF.

2. Materials and methods
2.1. Cells

The immortalized TNFR1~/~"R2~/~macrophage cell line (DKO
M) established from the bone marrow of a TNFR1~/"R2~/~ mouse
was generously provided by Dr. Aggarwal (The University of Texas
M.D. Anderson Cancer Center, Houston TX), and cultured in RPMI-
1640 medium supplemented with 10% fetal bovine serum (FBS)
and 1% antibiotic cocktail (penicillin 10,000 U/ml, streptomycin
10 mg/ml, and amphotericin B 25 pg/ml; Nacalai Tesque, Kyoto,
Japan).  Human-TNFR2/mouse-Fas-expressing  preadipocytes
(hTNFR2/mFas-PA) were maintained in Dulbecco’s modified Ea-
gle’s medium (DMEM; Sigma-Aldrich, Inc., Tokyo, Japan) with
10% FBS, 1% antibiotic cocktail, and 5 pg/ml blasticidin (Bsd) (Invit-
rogen Corp., Carlsbad, CA). hTNFR2/mFas-PA cells express a chime-
ric receptor derived from the extracellular and transmembrane
domain of human TNFR2 fused to the intracellular domain of
mouse Fas [19]. 293T cells and HeLaP4 cells were cultured in
DMEM with 10% FBS and 1% antibiotic cocktail. HEp-2 cells are a
human laryngeal squamous cell carcinoma cell line, and were cul-
tured in RPMI-1640 medium supplemented with 10% FBS and 1%
antibiotic cocktail.

2.2. Surface plasmon resonance (SPR) assay

The binding kinetics of wWtTNF, mutTNF-R1 and mutTNF-R2
were analyzed by the SPR technique using a BlAcore 3000 (BIA-
core®, GE Healthcare, Buckinghamshire, UK). Human TNFR1 or hu-
man TNFR2 Fc chimeras (R&D systems, Minneapolis, MN) were
diluted to 50 pg/ml in 10 mM sodium acetate buffer (pH 4.5).

TNFRs were immobilized on a CM5 sensor chip, which resulted
in an increase of 3000-3500 resonance units (RU). During the asso-
ciation phase, TNFs diluted in running buffer (HBS-EP) at 156.8,
52.3 or 17.4 nM were individually passed over the immobilized
TNFRs at a flow rate of 20 pl/min. During the dissociation phase,
HBS-EP buffer was applied to the sensor chip at a flow rate of
20 pl/min. The data were analyzed with BIAEVALUATION 3.0 soft-
ware (BIAcore®) using a 1:1 binding model.

2.3. Cytotoxicity assays

HEp-2 cells were cultured in 96-well plates (4 x 10* cells/well)
in a serial dilution of human TNF (Peprotech, Rocky Hill, NJ) or
mutTNFs with 100 pg/ml cycloheximide. After incubation for
18 h, cell survival was determined using the methylene blue assay
as described previously [17]. hTNFR2/mFas-PA were seeded onto
96-well plates at a density of 1.5 x 10 cells/well in culture
medium. Serial dilutions of human TNF or paraformaldehyde-fixed
Me cells were prepared in DMEM containing 1 pg/ml cyclohexi-
mide, and added to each well. After 48 h, cell viability was
measured using the WST-assay kit (Nacalai Tesque) according to
the manufacturer’s instructions.

2.4. Construction of a self-inactivating (SIN) lentiviral vector

Vectors were constructed using standard cloning procedures.
A DNA fragment encoding the precursor signal of human TNF
was amplified by polymerase chain reaction (PCR) with the follow-
ing primer pairs : forward primer-1 (5'-GAT TTC GAT ACG TAC GGA
AGC TTC GTC GAC ATT AAT TAA GGA CAC CAT GAG CAC TGA AAG
CAT GAT CCG GGA CGT GGA GCT GGC CGA GGA GG-3') containing
a Sall site at the 5’-end, reverse primer-1 (5-AGA GGC TGA GGA
ACA AGC ACC GCC TGG AGC CCT GGG GCC CCC CTG TCT TCT
TGG GGA GCG CCT CCT CGG CCA GCT CCA CGT CCC GGA TCA-3'),
forward primer-2 (5-GCT CCA GGC GGT GCT TGT TCC TCA GCC
TCT TCT CCT TCC TGA TCG TGG CAG GCG CCA CCA CGC TCT TCT
GCC TGC TGC ACT TTG GAG TGA-3'), and reverse primer-2 (5'-
TGC CTG GGC CAG AGG GCG CGG CCG CGA GAT CTC TGG GGA
ACT CTT CCC TCT GGG GGC CGA TCA CTC CAA AGT GCA GCA
GGC AGA AGA GCG-3') containing Bglll site at the 5'-end. The
resulting amplified fragment was subcloned into the pY02 vector
to generate pY02-preTNF, DNA fragments encoding non-cleavable
wild-type human TNF (tm-wtTNFA1-12) (Fig. 2a), TNFR1-selective
mutant TNF (tm-mutTNF-R1A1-12), and TNFR2-selective mutant
TNF (tm-mutTNF-R2A1-12) which were generated by deleting
amino acids 1-12 in the N-terminal part of TNF, were amplified
by PCR from wtTNF, mutTNF-R1, and mutTNF-R2 respectively with
the following primer pairs : forward primer-3 (5'-AGT GAT CGG
CCC CCA GAG GGA AGC TTA GAT CTC TCT CTA ATC AGC CCT CTG
GCC CAG GCA GTA GCC CAT GTT GTA GCA AAC CCT CAAG-3') con-
taining a Bglll site at the 5’-end, and reverse primer-3 (5-GGT TGG
ATG TTC GTC CTC CGC GGC CGC CTA ACT AGT TCA CAG GGC AAT
GAT CCC AAA GTA GAC CTG-3') containing a Notl site at the 5'-
end. These fragments were cloned into the pY02-preTNF vector.
Then, fragments of tm-wtTNFA1-12, tm-mutTNF-R1A1-12, and
tm-mutTNF-R2A1-12 were cloned between the Sall and Not] sites
of the SIN vector construct, generating CSII-EF-tm-wtTNF-IRES-
GFP, CSIH-EF-tm-mutTNF-R1-IRES-GFP, and CSII-EF-tm-mutTNF-
R2-IRES-GFP, respectively.

2.5. Preparation of lentiviral vectors

Lentiviral vectors were prepared as previously described [20,21].
In brief, 293T cells were transfected by the calcium phosphate
method with three plasmids: packaging construct (pCAG-HIVgp),
VSV-G and Rev expressing construct (pCMV-VSV-G-RSV-Rev) and



Author's personal copy

H. Shibata et al. /Cytokine 50 (2010) 75-83 77

the SIN vector constructs (CSII-EF-tm-wtTNF-IRES-rhGFP, CSII-EF-
tm-mutTNF-R1-IRES-rhGFP or CSII-EF-tm-mutTNF-R2-IRES-rhGFP)
(Fig. 2b). Two days after transfection, the conditioned medium was
collected and the virus was concentrated by ultracentrifugation at
50,000g for 2 h at 20 °C. The pelleted virus was re-suspended in
Hank's balanced salt solution (GIBCO BRL, Paisley, UK). Vector titers
were determined by measuring the infectivity of HeLaP4 cells with
serial dilutions of vector stocks using flow cytometric analysis
(FCM) for GFP-positive cells.

2.6. Creation of membrane-bound TNF expressing cells

To prepare tmTNF-expressing cells, DKO Mg (1 x 10° cells/well)
cells were transfected with each lentiviral vector (tm-wtTNF, tm-
mutTNF-R1 or tm-mutTNF-R2) at a multiplicity of infection
(MOI) of 160 in 96-well plates. Infected cells were cultured until
reaching 1 x 107 cells. IRES-driven GFP-positive cells were single-
cell-sorted by FACSVantage™ (BD Biosciences, Franklin Lakes, NJ),
and cultured in conditioned medium from DKO Me cells. After
blocking Fc receptors with anti-mouse CD16/32 (eBioscience, San
Diego, CA), the expression of tmTNF on monoclonal cell lines was
detected by staining with Phycoerythrin-conjugated anti-human
TNF antibody (clone MAb11, eBioscience) at 0.5 pug/5 x 10° cells
for 30 min on ice. Subsequently, the cells were washed with 1%
FBS/PBS and re-suspended in 500 pl of 4% paraformaldehyde. GFP
or phycoerythrin fluorescence was analyzed using FCM by FAC-
SCalibur™. Monoclonal cell lines stably expressing tmTNF or its
mutants and GFP (tmTNF-expressing Mo, tm-wtTNF Mo, tm-mut-
TNF-R1 Mg, or tm-mutTNF-R2 Me) were used for the following
experiments.

2.7. Measurement of receptor binding activity by FCM

To detect the binding of soluble human TNFR1 (shTNFR1) or
TNFR2 (shTNFR2) to tmTNF on Mo cell lines, shTNFR1- or
shTNFR2-Fc chimera were labeled with R-phycoerythrin by
Zenon™ Human IgG Labeling Kits (Invitrogen Corp.) according to
the manufacturer’s procedure. Briefly, 10 ul of shTNFR1- or
shTNFR2-Fc chimera (250 pg/ml) (R&D systems) was incubated
with 5 pl labeling reagent for 5min at room temperature, and
5 pl blocking reagent was added to each reaction solution. After
incubation for 5 min at room temperature, 4 pl each reaction solu-
tion was added to 5 x 10° cells/tube which were pretreated with
mouse Fc block. After incubation for 30 min on ice, the cells were
washed with 1% FBS/PBS, and then suspended in 500 pl of 0.4%
paraformaldehyde.

3. Results and discussion

An understanding of the bioactivity of tmTNF is key to a better
understanding of the overall function of TNF and TNF receptors.
The relative contribution of signaling by tmTNF through the TNFR1
and TNFR2 receptors is unclear, as it is difficult to monitor the spe-
cific activation of these two receptors in response to tmTNF. To ad-
dress this problem, we established macrophage cell lines
expressing TNFR-selective mutant TNFs (tmTNF-R1 or tmTNF-R2)
on the cell surface.

First, to assess the receptor selectivity of soluble mutTNF-R1 or
R2 (sol-mutTNF-R1 or R2), which we previously created using a
phage display system [18], we measured human TNFR1-mediated
bioactivities of sol-mutTNFs on HEp-2 cells and human TNFR2-
mediated bioactivities on hTNFR2/mFas-PA cells (Fig. 1a and Table
1). The binding affinity and kinetic parameters of these mutant
TNFs for each TNF receptor were also measured using a Surface
plasmon resonance assay (Fig. 1b and Table 1). We observed that

both the bioactivity and binding affinity of sol-mutTNF-R1 for
hTNFR1 were equivalent to those of sol-wtTNF, whereas the activ-
ity and affinity of sol-mut-TNF-R1 for hTNFR2 were decreased to
less than 0.2% and 8%, respectively, of the values observed with
sol-wtTNF. Although the bioactivity of sol-mutTNF-R2 mediated
via hTNFR2 was only 16% of that of sol-wtTNF, the binding affinity
of sol-mutTNF-R2 for human TNFR2 was about 1.5 times higher
than that of sol-wtTNF. The bioactivity and binding affinity of
sol-mutTNF-R2 for hTNFR1 were decreased to less than 0.1% and
3%, respectively, of the corresponding values for sol-wtTNF. Inter-
estingly, the kinetic parameters, ko, and kog, of the sol-mutTNFs
for the TNF receptors tended to be higher than those of sol-wtTNF,
indicating rapid association/dissociation interaction. From these
data, we confirmed a significant TNFR-selectivity of sol-mutTNF-
R1 and sol-mutTNF-R2. Therefore, we attempted to create the cor-
responding TNFR-selective tmTNFs using these sol-mutTNFs.

To express only tmTNF on the cell surface, the recombinant
genes corresponding to each sol-TNF mutant, each encoding a pro-
tein with an additional twelve amino acid deletion from the N-ter-
minus, were subcloned into lentiviral vectors (Fig. 2a and b). The
resulting recombinant lentiviral vectors were transduced into
TNFR17/"R2~~ macrophages (DKO Mg). As previously reported,
the deletion of the first 12 amino acids from the N-terminus of
TNF, including the entire TACE cleavage site, leads to the expres-
sion of only the tmTNF form, and not the soluble form [15,22].
Since the SIN vector also comprises a GFP expression cassette,
GFP expression was visible in all three cell lines: wtTNF-expressing
DKO Mg (tm-wtTNF Me), mutTNF-R1 expressing DKO M¢ (tm-
mutTNF-R1 Me), and mutTNF-R2 expressing DKO Me (tm-mut-
TNF-R2 Mg) (Fig. 2c). We next verified the expression of TNF on
single sorted cells using FCM analysis. We observed significant
expression of TNF on tm-wtTNF Mo (Fig. 3a). The mean fluores-
cence intensity (MFI) of tm-mutTNF-R1 Me and tm-mutTNF-R2
Me was lower than that of tm-wtTNF Me (Fig. 3b). Since the
expression level of GFP on tm-mutTNF-R1 Me and tm-mutTNF-
R2 M was lower than that on tm-wtTNF Mo (Fig. 2c), the expres-
sion level of TNF on these cells might also be lower than that on
tm-wtTNF Me.

Next, the affinity of each cell-surface expressed tmTNF for sol-
uble TNF receptors was measured by FCM analysis (Fig. 4a), and
receptor selectivity was estimated (Fig. 4b and c). We observed
that both soluble TNFR1 and TNFR2 Fc chimeras bound to tm-
wtTNF Mg, although TNFR2 bound to tm-wtTNF Mg with an
affinity approximately twofold stronger than that of TNFR1
(Fig. 4b). Although the affinity of tm-mutTNF-R1 Me¢ for TNFR1
was 50% that of tm-wtTNF Me, the affinity of tm-mutTNF-R1
Mo for TNFR2 was greatly decreased and the ratio of selectivity
of tm-mutTNF-R1 Me¢ for TNFR1 over TNFR2 (R1/R2 of MFI)
was approximately three times that of tm-wtTNF Me (Fig. 4b
and c). Therefore, the expression of mutTNF-R1 on the cell surface
as the tmTNF form demonstrates TNFR1 selectivity, as does its
soluble form. On the other hand, the affinity of TNFR1 and TNFR2
for tm-mutTNF-R2 M¢ was weaker than their affinity for tm-
wtTNF Me (Fig. 4a and b). Additionally, the ratio of selectivity
of tm-mutTNF-R2 Me for TNFR1 over TNFR2 was similar to that
of tm-wtTNF Me, indicating little selectivity for TNFR2 in contrast
to what was observed for sol-mutTNF-R2 (Fig. 4c). We next eval-
uated the bioactivity of these tmTNFs via hTNFR2, by assessing
the cytotoxicity of these tmTNFs on hTNFR2/mFas-PA cells, which
express the hTNFR2/mFas chimeric receptor (Fig. 5). As previously
reported, a cytotoxicity assay using hTNFR2/mFas-PA cells is a
simple and highly sensitive assay system for determining
TNFR2-mediated activity. DKO Mo expressing each type of tmTNF
(effector cell) were fixed with paraformaldehyde, and co-cultured
with hTNFR2/mFas-PA cells (target cell). The viability of the tar-
get cells decreased significantly and in a dose-dependent manner
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Fig. 1. Bioactivity and binding of sol-wtTNF, sol-mutTNF-R1, and sol-muTNF-R2 to TNFRs. (a) HEp-2 cells or hTNFR2/Fas-PA cells were used for measuring TNFR1-mediated
or TNFR2-mediated bioactivity respectively. HEp-2 cells were cultured in serial dilutions of sol-wtTNF, sol-mutTNF-R1, and sol-mutTNF-R2 with 100 pig/ml cycloheximide for
18 h. hTNFR2/Fas-PA cells were also cultured in serial dilutions of sol-TNFs with 1 pg/ml cycloheximide for 48 h. Cell viability was determined using the methylene blue assay
for HEp-2 cells, and the WST-8 assay for hTNFR2/Fas-PA cells. (b) The binding kinetics of sol-TNFs to immobilized TNFRs were analyzed using the surface plasmon resonance
(SPR) technique. TNFRs were immobilized to a sensor chip CM5, which resulted in an increase of 3000-3500 resonance units (RU). The amount of protein bound to the surface
was recorded in RU. Duplicate injections of 156.8, 52.3, or 17.4 nM sol-TNFs were passed over the immobilized TNFRs at a flow rate of 20 pl/min. The sensorgrams shown
were normalized by subtracting the control surface sensorgram.

when exposed to an increasing E(effector)/T(target) cell ratio of in a dose-dependent manner via signaling through the TNFR2/
tm-wtTNF M¢ compared to exposure to the control DKO Me. mFas chimera expressed on the target cell surface. The bioactivity
These results suggest that tmTNF induced death of these cells of tm-mutTNF-R1 M¢ was lower than that of tm-wtTNF Me in
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Table 1
Amino acid sequence, bicactivity, and kinetic parameters of mutTNFs,
Human TNFs  Amino acids sequence Bioactivity EC50 (nM) Binding property
TNFR1 TNFR2
29 31 32 145 146 147 HEp-2 hTNFR2/ Kon koge (s7)° kg (nM)© Kon Forr (S7')° kq (nM)*
mFas-PA (M-1s~1)2 (M~'s71y?
sol-wtTNF L R R A E S 1.9(100%)  05(100%) 2.1 x10° 14x10™* 068 1.1 x 108 7.8 x 107* 0.70
(100%) (100%)
sol-mutTfNF- K A G A S T 1.5 (128%) >300 6.5 x 10° 47x10™*  0.73(93%) 5.8 x 108 5220 x 107* 9.0 (8%)
R1 (<0.2%)
sol-mutTNF- L R R R E T >3000 3.1 (16%) 1.8 x10° 36.1x10™* 202 (3% 3.1x10° 154 x107* 049
R2 (<0.1%) (144%)

Kinetic parameters for each TNF were calculated by from the respective sensorgrams by BIA evaluation 3.0 software. Value in parenthesis shows the relative bioactivity or
relative binding affinity (%).

® kon is association kinetic constant.

b ko is dissociation kinetic constant.

© kq (equilibrium dissociation constant) denotes binding affinity.

a -79 -1 41 +12 +157

TNF proform [ precusor i [ mature 17 kDa TNF (soITNFs) |
BgllI *

tm-TNFsA1-12 “ precursor TNFs |

b

A
RRE 7
RjUS tm-TNFsA1-12 IRES | GFP U3 |[R|U5
Yy  CcPPT WPRE
C
160
z
@ 120
2
= —
453
o
S 801
2
2
(=]
>
= 40
c
©
5]
=
o L
S S
O'é Q@ é& é&
y & & &
O 8 ¢ &
NN
s 0§ §
& &
SIS

Fig. 2. Schematic representation of the tmTNF forms and the construction of the lentiviral vector. (a) Schematic representation of non-cleavable human TNFs (tm-TNFsA1-
12). An inverted filled triangle shows the cleavage site. Closed bar, amino acids 1-12, indicates the deleted region. (b) Schematic representation of self-inactivating (SIN) LV
plasmid (CSII-EF-tm-TNFsA1-12-IRES-GFP). CMV: cytomegalovirus promoter, \: packaging signal, RRE: rev responsive element, cPPT: central polypurine tract, IRES:
Encephalomyocarditis virus internal ribosomal entry site, Bsd: Blasticidin, WPRE: woodchuck hepatitis virus posttranscriptional regulatory element. A: deletion of 133 bp in
the U3 region of the 3’ long terminal repeat. (c) Expression of GFP on each cell was analyzed by FCM, and the mean fluorescence intensity of each cell is shown.
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monoclonal antibedy (open histograms) or PE-conjugated isotype control antibody (shaded histograms). (b) The mean fluorescence intensity of each cell is shown.

this assay, which correlates with the results observed when
studying its soluble form in Table 1. Interestingly, tm-mutTNF-
R2 M¢ was more cytotoxic than tm-wtTNF M¢, whereas the cyto-
toxicity of sol-mutTNF-R2 was only 16% of that of sol-wtTNF in
this assay.

In this study, we have established the selectivity of tm-mutTNF-
R1 Mo for binding to TNFR1, although we need to measure the pre-
cise expression level of TNF in each cell. In addition, FCM analysis
suggested that tm-mutTNF-R2 M¢ have a lower affinity for both
TNFRs than do tm-wtTNF Mo, and that they exhibit little selectivity
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for TNFR2. In this report, we established macrophage cell lines most studies have made use of the A1-12 TNF mutation for the
expressing only tmTNF, and not solTNF, owing to the deletion of investigation of tmTNF activity, the bioactivity of the resulting
the first 12 amino acids (A1-12) of each TNF mutant. Although non-cleavable tmTNF is reported to be reduced compared to
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Fig. 5. tm-mutTNF-R2 Mg induced death of hTNFR2/mFas-PA cells. hnTNFR2/mFas-PA cells were co-incubated with paraformaldehyde-fixed DKO Me (open bars), tm-wtTNF
Mo (filled bards), tm-mutTNF-R1 Mg (shaded bards), or tm-mutTNF-R2 Mg (stiped bards) at an effector/target (E/T) ratio of 5:1,1:1, or 0.2:1 in the presence of cycloheximide
(1 pg/ml). After 48 h, cell viability was measured by the WST-8 Assay. Data were expressed as mean values % SD of triplicate measurements and analyzed by one-way ANOVA

(Dunnett’s test). p < 0.05: compared to DKO M, #p < 0.05: compared to tm-wtTNF Mq.

wild-type tmTNF, whereas a tmTNF mutant containing a A1-9
K11E mutation exhibited normal cell-surface expression and a
bioactivity similar to the wild-type [22]. Therefore, use of this latter
deletion backbone may allow greater TNFR-selectivity in Mo engi-
neered to express tm-mutTNF-R2, and may generate superior
TNFR-selective tmTNF-expressing cells.

As described earlier, tmTNF and solTNF have distinct roles or
functions in normal and pathological conditions [8]. Furthermore,
it is also believed that TNFR2 can only be fully activated by tmTNF
[23]. Although the mechanisms underlying these effects are poorly
understood, the half lives of the individual ligand/receptor com-
plexes may contribute to the differential activity of tmTNF and sol-
TNF [23]. Krippner-Heidenreich et al. reported that the dissociation
rate constant of the cell surface binding of tmTNF to TNFR2 is much
lower than that of the binding of solTNF to the same receptor, indi-
cating that tmTNF dissociates much less readily from TNFR2 [24].
Thus, the bioactivity imparted by the interaction of the ligand/
receptor pair is dependent upon various binding parameters (bind-
ing affinity, association or dissociation rate constant). We have
shown here that tm-mutTNF-R2 Mo exhibit greater cytotoxicity
on hTNFR2/mFas-PA cells than do tm-wtTNF Me, whereas the cyto-
toxicity of sol-mutTNF-R2 was lower than that of sol-wtTNF. We as-
sume that the dissociation rate constant of the binding of mutTNF-
R2 to immobilized TNFR2 or TNFR2 on the cell surface might be re-
duced to a level similar to that of tm-wtTNF Mg upon conversion of
the soluble form to the transmembrane form. As such, the threefold
higher association rate constant of the interaction of TNFR2 with
sol-mutTNF-R2 than that of TNFR2 with sol-wtTNF (Table 1) might
explain the strong bioactivity on hTNFR2/mFas-PA cells.

The affinity between a ligand and its receptor is determined by
an equilibrium between the rates of association and dissociation,
and is determined inherently. Therefore, expression of sol-mut-
TNFs with selectivity for each TNFR as the corresponding tmTNF
forms on the cell surface, may alter the selectivity for the TNFRs.
We plan to carry out more detailed analyses of the variant tmTNFs,
such as measurement of their expression, their precise affinity for
TNFR1 or R2, and their activity mediated through binding and sig-
naling through TNFR1. Eventually, these tmTNFs, tm-mutTNF-R1
and R2 Mo may prove useful for functional analysis or signal anal-
ysis of TNF receptors.
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Tumor necrosis factor-a. (TNF), which binds two types of TNF receptors (TNFR1 and TNFR2), regulates
the onset and exacerbation of autoimmune diseases such as rheumatoid arthritis and Crohn’s disease. In
particular, TNFR1-mediated signals are predominantly related to the induction of inflammatory responses.
We have previously generated a TNFR1-selective antagonistic TNF-mutant (mutTNF) and shown that mut-
TNF efficiently inhibits TNFR1-mediated bioactivity in vitro and attenuates inflammatory conditions in vivo.
In this study, we aimed to improve the TNFR1-selectivity of mutTNF. This was achieved by constructing a
phage library displaying mutTNF-based variants, in which the amino acid residues at the predicted receptor
binding sites were substituted to other amino acids. From this mutant TNF library, 20 candidate TNFR1-
selective antagonists were isolated. Like mutTNF, all 20 candidates were found to have an inhibitory effect
on TNFR1-mediated bioactivity. However, one of the mutants, N7, displayed significantly more than 40-fold
greater TNFR1-selectivty than mutTNF. Therefore, N7 could be a promising anti-autoimmune agent that

does not interfere with TNFR2-mediated signaling pathways.

1. Introduction

The severity and progression of inflammatory diseases, such as
rheumatoid arthritis, Crohn’s disease and ulcerative colitis, can
be correlated with the serum level of tumor necrosis factor-o
(TNF). Thus, TNF blockades such as anti-TNF antibodies and
soluble TNFRs, which neutralize the activity of TNF, have been
used to treat various autoimmune diseases in clinical practice.
However, TNF blockades inhibit both TNFR1 and TNFR?2 sig-
naling. Thus, treatment with these drugs can lead to an increased
risk of infection (Gomez-Reino et al. 2003; Lubel et al. 2007)
and lymphoma development (Brown et al. 2002). TNF has
been reported to induce inflammatory response predominantly
through TNFR1 (Mori et al. 1996), whereas activation of the
immune response is initiated via TNFR2 (Kim et al. 2006; Kim
and Teh 2001; Grell et al. 1998). Therefore, blocking TNFR1-
signaling, but not TNFR2-signaling, is a promising strategy
for the safe and effective treatment of inflammatory diseases,
- which overcomes the risk of infection associated with the use of
non-specific TNF blockades (Kollias and Kontoyiannis 2002).
In our previous studies, we used the phage display technique
(Imai et al. 2008; Nagano et al. 2009; Nomura et al. 2007)
to generate a TNFR1-selective antagonistic mutant TNF (mut-
TNF) that blocks TNFR1-mediated signals but not those of
TNFR2 (Shibata et al. 2008b). Moreover, mutTNF showed supe-
rior therapeutic effects using an inflammatory disease mouse
model (Shibata et al. 2008a). Thus, a drug for autoimmune dis-
eases that selectively targets TNFRI1 is anticipated to display
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higher efficacy and safety compared to existing treatments. In
this study, we have attempted to isolate TNFR1-selective antag-
onists with higher TNFR1-selectivity than previous mutTNF by
constructing a modified phage library displaying mutTNF-based
variants.

2. Investigations, results and discussion

Here, we attempted to improve the TNFR1-selectivity of mut-
TNF using a phage display technique. Firstly, we constructed
a phage library of TNF mutant using mutTNF as template. We
designed a randomized library of mutTNF to replace the six
amino acid residues (aa 29, 31, 32, 145-147) in the predicted
receptor binding site. As a result of the 2-step PCR, we con-
firmed that the mutTNF mutant library consisted of 4 x 107
independent recombinant clones (data not shown). To enrich
for TNFR1-selective antagonists, the phage library was sub-
jected to two rounds of panning against TNFR1 on a Biacore
biosensor chip. After the second panning, supernatants of sin-
gle clone of E. coli TG1 including phagemid were randomly
collected and subjected to screening by bioassay and ELISA to
evaluate their bioactivity and affinity against each TNF receptor,
respectively (data not shown). Consequently, twenty candidates
of TNFR1-selective mutants with antagonistic activity were
isolated (Table).

Next, we determined the detailed biological properties of each
candidate. Positive clones were engineered for expression in
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Table: Amino acid sequences and biological properties of TNFR1-selective antagonist candidates

TNF Amino acid sequence Relative affinity (% Kg)® Bioactivity via TNFR1
29 31 32 145 146 147 TNFR1 TNFR2 TNFR1")/TNCR2 Agonistic® activity Antagonisti? activity

mutTNF L R R A E S 100.0 100.0 1.0 - -
N1 S - w R - - 550.0 21.6 25.5 + -
N2 S - w - - - 200.0 N.D. N.D. + -
N3 S - w R D — 550.0 44.8 12.3 - E
N4 S - w - D - 183.3 19.1 9.6 + -
NS S - w - S E 275.0 25.8 10.7 +

N6 A D T — - - 200.0 21.6 9.3 + -
N7 S N D D A - 104.7 2.5 41.9 - +
N8 R I A D - - 169.2 26.7 6.3 + -
N9 H H - - N G 169.2 33.0 5.1 + -
N10 T N N - - - 314.3 28.6 11.0 + -
N11 T N N S - — 275.0 18.3 15.0 + -
N12 F S T - - - 440.0 58.0 7.6 + -
N13 F S T - S E 440.0 73.9 6.0 -+ -
N14 R w Y T N T 3143 19.2 16.4 + -
NI15 F K T N A T 275.0 24.1 11.4 + -
Nl16 M L T N S T 367.0 7.7 47.7 + -
N17 Y L A T H T 137.5 1.6 86.0 + -
N18 Y L A T H - 110.0 4.7 23.4 + -
N19 v Q Y N N - 367.0 N.D. N.D. + -
N20 F S T P Q R 244 .4 N.D. N.D. + -

Conserved residues compared with mutTNF are indicated by an em dash (—) The affinity values are shown as relative values (% mutTNF). N.D.: not detected

) Affinity for immobilized TNFR1 and TNFR2 was assessed by SPR using BIAcore3000. The dissociation constant (K4) of TNF mutants were calculated from their sensorgrams by BIAEVALUATION 4.0
software

b) TNFRI-selectivity was defined as relative affinity [TNFE1}/ relative affinity [TNFR2] for mutTNF

€) TNFRI-mediated agonistic activity was measured, using a HEp-2 cell cytotoxicity assay. The intensity in agonistic activity was evaluated as the following. Cell viability at 10% ng/ml each mutant. 0-25% (of
non treatment); (+), 25-50%; (%), 50-100%; (=)

9 TNFR1-mediated antagonistic activity of mutant TNFs on wtTNF induced cytotoxicity in HEp-2 cells was measured. The intensity in
10° ng/ml each mutant in present of 5 ng/ml wtTNE 0-25% (of non treatment); (—), 25-50%; (), 50-100%; (+)

ic activity was d as the following. Cell viability at

E. coli BL2INDE3 and each recombinant protein was puri-
fied as described previously (Yamamoto 2003). As anticipated,
gel electrophoresis confirmed the mutant TNF proteins to have
a molecular weight of 17 kDa. Moreover, gel filtration chro-
matography established that each mutant forms a homotrimeric
complex in solution, as is the case for wild-type TNF (wtTNF)
(data not shown). To analyze the binding properties of these
TNFR1-selective TNF candidates, their dissociation constants
(K4) for TNFR1 and TNFR2 were measured using a surface

plasmon resonance (SPR) analyzer. Our previous SPR analysis
showed that although mutTNF has an almost identical affin-
ity to TNFRI as to wtTNF, it displays more than 17,000-fold
greater selectivity for TNFR1. As shown in the Table, all the
candidates exhibited higher affinity for TNFR1 than mutTNF.
Furthermore, clones N1, N7, N16, N17 and N18 showed more
than 20-fold higher TNFR1-binding selectivity compared to
mutTNFE. To examine the bioactivity of all candidates via
TNFR1, we subsequently performed a cytotoxicity assay using
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Fig.: Bioactivities and antagonistic activities of N7. (A) To determine the TNFR 1-mediated bioactivities, several dilutions of wtTNF (closed triangle), mutTNF (open circle) and
N7 (closed circle) were added to L-M cells and incubated for 4 h at 37 °C. (B) Indicated dilutions of mutTNF (open circle) and N7 (closed circle) and constant of wtTNF
(5 ng/ml) were mixed and added to L-M cells and incubated for 4 h at 37 °C. TNFR1-mediated antagonistic activity was assessed as described in the Experimental section.
(C) To determine the TNFR2-mediated bioactivities, diluted wtTNF (closed triangle), mutTNF (open circle) and N7 (closed circle) were added to
hTNFR2/mFas-preadipocyte cells and incubated for 48 h at 37 °C. After incubation, cell viability was measured using the methylene blue assay. Data represent the

mean = S.D. and were analyzed by Student’s t-test (*p < 0,05, **p <0,01 vs mutTNF)
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HEp-2 cells (Table). As anticipated, mutTNF was unable to acti-
vate TNFR1. Likewise clones N3 and N7 do not activate TNFR1
signaling, even when tested at high concentrations. The TNFR1-
mediated antagonistic assay demonstrated that N7 showed the
highest activity of all the TNFR1-selective antagonist candi-
dates. The Figure show details of bioactivities and antagonistic
activities of N7. The TNFR 1-mediated agonistic activity using
L-M cells showed that wtTNF displays TNFR1-mediated ago-
nistic activity in a dose-dependent manner. In contrast, N7,
in addition to mutTNF, barely displays any agonistic activity
(Fig. A). Moreover, N7 had an almost identical antagonistic
activity for TNFR1-mediated bioactivity to that of mutTNF
(Fig. B). Next, TNFR2-mediated activities of these TNFR1-
selective antagonists were measured using hTNFR2/mFas-
preadipocyte cells. The bioactivity of mutTNF and N7 via
TNFR2 was much lower than that of wtTNF. Remarkably,
TNFR2-mediated agonistic activity of N7 was lower than that
of mutTNF, in agreement with the reduced affinity for TNFR2
(Fig. C).

In conclusion, we have succeeded in creating a TNFR1-selective
antagonist with improved TNFR1-selectivity over that of mut-
TNF. This was achieved by constructing a library of mutTNF
variants using a phage display technique. While TNFRI is
believed to be important for immunological responses (Rothe
et al. 1993), TNFR2 is thought to be important for antiviral
resistance and is effective for controlling mycobacterial infec-
tion by affecting membrane-bound TNF stimulation (Saunders
et al. 2005; Olleros et al. 2002). Therefore, use of N7 might
reduce the risk of side effects, such as infections, when apply-
ing TNF blockade as a therapy for autoimmune disease. We are
currently evaluating the therapeutic effect of N7 using a mouse
autoimmune disease model.

3. Experimental

3.1. Cell culture

HEp-2 cells (a human fibroblast cell line) were provided by Cell Resource
Center for Biomedical Research (Tohoku University, Sendai) and were
maintained in RPMI 1640 medium supplemented with 10% FBS and 1%
antibiotics cocktail (penicillin 10,000 units/ml, streptomycin 10 mg/ml, and
amphotericin B 25 pg/ml). L-M cells (a mouse fibroblast cell line) were
provided by Mochida Pharmaceutical Co. Ltd. (Tokyo, Japan) and were
maintained in minimum Eagle’s medium supplemented with 1% FBS and
1% antibiotics cocktail. "\TNFR2/mFas-preadipocyte cells were established
previously in our laboratory (Abe et al. 2008) and were maintained in
Dulbecco’s modified Eagle’s medium supplemented with Blasticidin S HCI,
10% FBS, 1 mM sodium pyruvate, 5 x 10~5 M 2-mercaptoethanol, and 1%
antibiotic cocktail.

3.2. Construction of a novel gene library displaying mutTNF
variants

The pCANTAB phagemid vector encoding mutTNF was used as template
for PCR. The mutTNF was created in previous study and showed TNFR1-
selective antagonistic activity (Shibata et al. 2008b). The six amino acid
residues at the receptor binding site (amino acid residues; 29, 31, 32 and
145-147) of mutTNF were replaced with other amino acids using a 2-step
PCR procedure as described previously (Mukai et al. 2009).

3.3. Selection of TNFRI-selective antagonist candidates from a
 mutTNF mutated phage library

Human TNFR1 Fc chimera (R&D systems, Minneapolis, MN) was
immobilized onto a CM3 sensor chip as described previously. Briefly,
the phage display library (1 x 10'! CFU/100 ul) was injected over the
sensor chip at a flow rate of 3 wl/min. After binding, the sensor chip was
washed using the rinse command until the association phase was reached.
Elution was carried out using 4 pl of 10 mM glycine-HCL. The eluted phage
pool was neutralized with 1 M Tris-HCI (pH 6.9) and then used to infect
E. coli TGI in order to amplify the phage. The panning steps were repeated
twice. Subsequently, single clones were isolated and supernatant from
each clone was collected and used to determine the cytotoxicity in the
HEp-2 cytotoxic assay and the affinity for TNFR1 by ELISA, respectively
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(Shibata et al. 2008b). We screened clones having almost no cytotoxicity
but significant affinity for TNFR1. The phagemids purified from single
clones were sequenced using the Big Dye Terminator v3.1 kit (Applied
Biosystems, Foster City, CA). Sequencing reactions were analyzed on an
ABI PRISM 3100 (Applied Biosystems).

3.4. Surface plasmon resonance assay ( BIAcore® assay)

The binding kinetics of the proteins were analyzed by the surface plasmon
resonance technique by BlAcore® (GE Healthcare, Amersham, UK). Each
TNF receptor was immobilized onto a CM5 sensor chip, which resulted in
an increase of 3,000-3,500 resonance units. During the association phase,
all clones serially diluted in running buffer (HBS-EP) were allowed to pass
over TNFRI and TNFR2 at a flow rate of 20 pl/min. Kinetic parameters
for each candidate were calculated from the respective sensorgram using
BIAevaluation 4.0 software.

3.5. Cytotoxicity assay

In order to measure TNFR1-mediated cytotoxicity, HEp-2 or L-M cells were
cultured in 96-well plates in the presence of TNF mutants and serially diluted
wtTNF (Peprotech, Rocky Hill, NJ) with 100 pg/ml cycloheximide for 18 h
at 4 x 10% cells/well or for 48 hat 1 x 104 cells/well. Cytotoxicity was then
assessed using the methylene blue assay as described previously (Mukai et al.
2009; Shibata et al. 2004). For the TNFR1-mediated antagonistic assay, cells
were cultured in the presence of 5 ng/ml human wtTNF and a serial dilution
of the mutTNF. For the TNFR2-mediated cytotoxic assay, hTNFR2/mFas-
preadipocyte cells were cultured in 96-well Aplates in the presence of TNF
mutants and serially diluted wtTNF (1 x 10° cells/well) (Abe et al. 2008).
After incubation for 48 h, cell survival was determined using the methylene
blue assay.
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