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Summar y

Two unusual char act er i st i cs of t he memor y r esponse t o t he i mmunodomi nant Epst ei n- Bar r vi -

r us ( EBV) epi t ope FLRGRAYGL, whi ch associ at es wi t h HLA B8, have pr ovi ded an uni que

oppor t uni t y t o i nvest i gat e sel f t ol er ance and T cel l r ecept or ( TCR) pl ast i ci t y i n humans . Fi r st ,

t he r esponse i s except i onal l y r est r i ct ed, domi nat ed by cyt ot oxi c T l ymphocyt es ( CTL) wi t h

i dent i cal TCRpr ot ei n sequences ( Ar gaet , V. P. , C. W. Schmi dt , S. R. Bur r ows, S. L. Si l i ns,

M. G. Kur i l l a, D. L . Dool an, A. Suhr bi er , D. J . Moss, E. Ki ef f , T . B. Scul l ey, and I . S. Mi sko .

1994 . J . Exp . Med. 180: 2335- 2340) . Second, CTL expr essi ng t hi s r ecept or ar e cr oss- r eact i ve

wi t h t he al l oant i gen HLA B* 4402 on uni nf ect ed cel l s ( Bur r ows, S. R. , R. Khanna, J . M. Bur -

r ows, and D. J . Moss . 1994 . J . Exp . Med . 179 : 1155- 1161) . No CTL usi ng t hi s conser ved pub-

l i c TCRcoul d be r eact i vat ed f r omt he per i pher al bl ood of EBV exposed i ndi vi dual s expr essi ng

bot h HLA B8 and B* 4402, demonst r at i ng t he cl onal i nact i vat i on of pot ent i al l y sel f - r eact i ve T

cel l s i n humans . A si gni f i cant FLRGRAYGL- speci f i c r esponse was st i l l appar ent , however , and

TCR sequence anal ysi s of mul t i pl e CTL cl ones r eveal ed an ol i gocl onal TCR r eper t oi r e f or

t hi s det er mi nant wi t hi n t hese i ndi vi dual s, usi ng di ver se V and J gene segment s and CDR3 r e-

gi ons . I n addi t i on, a si gni f i cant publ i c TCRcomponent was i dent i f i ed i n whi ch sever al di st i nct

cx/ R r ear r angement s ar e shar ed by CTL cl ones f r om a number of unr el at ed HLA B8+ ,

B* 4402 + donor s . The st r i ki ng domi nance of publ i c TCRi n t he r esponse t o t hi s EBV epi t ope

suggest s a st r ong genet i c bi as i n TCR gene r ecombi nat i on . Fi ne speci f i ci t y anal ysi s usi ng pep-

t i de anal ogues showed t hat , of si x di f f er ent ant i gen r ecept or s f or FLRGRAYGL/ HLA B8,

none associ at e cl osel y wi t h t he pept i de' s f ul l ar r ay of pot ent i al TCR cont act r esi dues . Wher eas

t he HLA B* 4402- cr oss- r eact i ve r ecept or bi nds ami no aci ds t owar d t he COOH t er mi nus of

t he pept i de, ot her s pr ef er ent i al l y f avor an NHZ- t er mi nal det er mi nant , pr esumabl y evadi ng an

ar ea t hat mi mi cs a st r uct ur e pr esent ed on HLAB* 4402 . Thus, t ol er ance t o a backgr ound maj or

hi st ocompat i bi l i t y ant i gen can ef f ect i vel y di ver si f y t he TCR r eper t oi r e f or a f or ei gn epi t ope by

def l ect i ng t he r esponse away f r oman i mmunodomi nant combi nat i on of TCR- bi ndi ng r esi dues .

T
cel l s t hat expr ess t he aRTCRhet er odi mer r ecogni ze

i mmunogeni c pept i des pr esent ed by sel f - MHC mol e-

cul es . TCR di ver si t y ar i ses dur i ng T cel l devel opment i n

t he t hymus by r ear r angement of var i abl e ( TCRAV and

TCRBV) , di ver si t y ( TCRBD) , and j oi ni ng ( TCRAJ and

TCRBJ) gene segment s, as wel l as Nr egi on di ver si t y at t he

j unct i onal r egi ons ( 1, 2) . The hyper var i abl e compl ement ar -

i t y det er mi ni ng r egi on 3 ( CDR3) ' spans t he j unct i onal r e-

gi ons and i nt er act s di r ect l y wi t h pept i de epi t opes ( 3) . The

' Abbr evi at i ons used i n t hi s paper : CDR3, compl ement ar i t y det er mi ni ng r e-

gi on 3 ; CTLp, CTL pr ecur sor ; LCL, l ymphobl ast oi d cel l l i ne ; LDA, l i m-
i t i ng di l ut i on anal ysi s .

S. R. Bur r ows and S. L . Si l i ns cont r i but ed equal l y t o t hi s wor k .

mat ur e T cel l r eper t oi r e expr esses onl y a smal l pr opor t i on

of pot ent i al T cel l speci f i ci t i es r esul t i ng f r omsel ect i ve pr o-

cesses whi ch i ncl ude t he i nact i vat i on of sel f - r eact i ve T cel l

cl ones. Thi s t ol er ance t o sel f - ant i gens has been st udi ed mai nl y

i n r odent s, wher e cl onal del et i on dur i ng ear l y ont ogeny

pl ays a maj or r ol e . I n addi t i on, t ol er ance i s est abl i shed i n

t he t hymus and t he per i pher y by a second mechani sm t hat

r esul t s i n cl onal aner gy ( 4, 5) . The r eper t oi r e of TCR i s

al so power f ul l y bi ased by posi t i ve sel ect i on f or sel f - MHC

r est r i ct i on whi ch, l i ke cl onal del et i on, i nvol ves r ecogni t i on

of sel f - pept i de/ MHC compl exes i n t he t hymus ( 6, 7) . Si m-

i l ar mechani sms pr esumabl y account f or t he i nf l uence of

HLA on TCRV segment f r equenci es and expr essi on l evel s

i n per i pher al bl ood ( 8) .

An i mpor t ant ef f ect of sel f - t ol er ance i s t hat i t can pot en-
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t i al l y cr eat e hol es i n t he r eper t oi r e of TCR f or f or ei gn an-

t i gens wi t h sel f homol ogy . Thi s has been demonst r at ed i n

mi ce i ndi r ect l y by t he i nabi l i t y of cer t ai n MHC- bound

pept i des t o i nduce an i mmune r esponse ( 9, 10) , and mor e

di r ect l y wher e mol ecul ar mi mi cr y was shown t o be t he ba-

si s f or unr esponsi veness t o t he synt het i c pol ymer , pol y ( Gl us° -

Tyr s° ) ( 11) . I n cont r ast , ot her evi dence has suggest ed t hat

t he mur i ne TCR r eper t oi r e has suf f i ci ent pl ast i ci t y t o r e-

spond t o a br oad r ange of ant i geni c pept i des capabl e of

bi ndi ng t o t he MHC( 12) . TCRpl ast i ci t y has al so been i n-

vest i gat ed usi ng mouse st r ai ns wi t h a def i ci ency of T cel l s

bear i ng par t i cul ar TCRBVgenes . Thi s may r esul t f r om ei -

t her del et i on mut at i ons of TCRgenes or f r om t ol er ance t o

endogenous super ant i gens, a gr oup of mol ecul es t hat bi nd

speci f i c ( 3 chai ns of t he TCRessent i al l y i ndependent of ei -

t her t he cx chai n or t he pept i de occupyi ng t he pocket ( 13) .

T cel l r esponses t o pept i des t hat nor mal l y show r est r i ct ed

TCRBV usage ar e ei t her cr i ppl ed ( 14, 15) or modi f i ed

( 16- 18) i n mi ce l acki ng t he r el evant ( 3 chai n. Si mi l ar st ud-

i es have not been possi bl e i n humans pr i mar i l y because en-

dogenous super ant i gens and TCRBV- speci f i c T cel l del e-

t i ons have not yet been document ed i n t hi s speci es . I n any

case, t hese r esul t s may not r ef l ect t he mor e speci f i c con-

st r ai nt s i mposed on a TCR r eper t oi r e by t ol er ance t o a

convent i onal sel f - ant i gen t hat i nt er act s wi t h bot h TCR ot

and R chai ns .

The i nununodomi nant EBV epi t ope FLRGRAYGL

( 19) , i n associ at i on wi t h HLA138, i nduces an except i onal l y

r est r i ct ed memor y r esponse t hat i s domi nat ed by CTL wi t h

an i nvar i ant publ i c TCR ( 20, 21) t hat i s cr oss- r eact i ve wi t h

t he al l oant i gen HLAB* 4402 ( 22) . Her ei n, we descr i be t he

cl onal i nact i vat i on of t hese pot ent i al l y sel f - r eact i ve T cel l s

i n EBV- ser o + peopl e who ar e bot h HLA138' and 13* 4402' .

The human TCR r eper t oi r e i s suf f i ci ent l y f l exi bl e t o com-

pensat e f or t hi s l oss, however , and t hese i ndi vi dual s r e-

spond t o t he pept i de wi t h an ol i gocl onal r eper t oi r e t hat i n-

cl udes a si gni f i cant publ i c component ( i . e . , homol ogous

TCRshar ed by mor e t han one i ndi vi dual ) . Recogni t i on

by t hese cl ones of si ngl e ami no aci d- subst i t ut ed anal ogues

of pept i de FLRGRAYGL r eveal ed t hat t ol er ance t o HLA

B* 4402 obst r uct s t he nor mal l y i mmunodomi nant r esponse

t o a di st i nct det er mi nant wi t hi n t he nonamer pept i de whi ch,

i n i t s MHC- associ at ed f or m, mi mi cs a st r uct ur e on HLA

B* 4402 .

Mat er i al s and Met hods

Est abl i shment and Mai nt enance of Cel l Li nes.

	

Shor t - t er m CTL mi -

cr ocul t ur es wer e gener at ed by l i mi t i ng di l ut i on as f ol l ows : PBMC

wer e di st r i but ed i n r ound- bot t omed mi cr oci t er pl at es i n gr owt h

medi um ( 10% FCS/ RPMI 1640) at cel l number s per wel l bel ow

t he ant i - FLRGRAYGL CTLp f r equency est i mat es f or each do-

nor ( see Fi g . 3) , e . g . , 10 3 cel l s per wel l f or HLA B* 4402 - i ndi -

vi dual s and 3 X 103 cel l s per wel l f or HLA B* 4402+ i ndi vi dual s .

Appr oxi mat el y 5 X 10 4 - y- i r r adi at ed ( 2, 000 r ads) aut ol ogous

PBMC, whi ch had been pr ei ncubat ed wi t h pept i de FLRGRA-

YGL ( 1 I r , M f or 1 h) , wer e added t o each wel l t o gi ve a t ot al vol -

ume of 100 RI . Cul t ur es wer e f ed on days 4 and 7 wi t h 50 I Ll of

medi um suppl ement ed wi t h 20 U of r I L- 2 ( 23, 24) and 25%
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( vol / vol ) super nat ant f r omMLA- 144 cul t ur es ( TI B- 201 ; Amer i -

can Type Cul t ur e Col l ect i on, Rockvi l l e, MD) . On day 10, each

CTL mi cr ocul t ur e was spl i t i nt o t hr ee r epl i cat es whi ch wer e used

as ef f ect or s i n a st andar d 5- h " Cr r el ease assay.

CTL cl ones wer e gener at ed by agar cl oni ng as f ol l ows : 2 X 10 6

PBMC wer e st i mul at ed i n 2 ml of gr owt h medi umwi t h aut ol o-

gous cel l s pr esent i ng t he epi t ope FLRGRAYGL. These st i mul a-

t or s wer e ei t her PBMC pr et oat ed wi t h t he pept i de FLRGRAYGL

( 1 I r , M f or 1 h) or t he - y- i r r adi at ed ( 8, 000 r ads) l ymphobl ast oi d

cel l l i ne ( LCL) ( r esponder / st i mul at or r at i o = 5 : 1 or 50 : 1, r espec-

t i vel y) . Af t er 3 d, cel l s wer e di sper sed and seeded i n 0 . 35% aga-

r ose ( Seapl aque ; FMC Bi oPr oduct s, Rockl and, ME) cont ai ni ng

55%RPMI 1640, 20% FCS, 25%super nat ant f r om MLA- 144

cul t ur es, and 30 U/ ml r I L- 2 . Col oni es wer e har vest ed af t er an ad-

di t i onal 3- 4 d and wer e ampl i f i ed i n cul t ur e wi t h bi weekl y r est i m-

ul at i on wi t h r I L- 2, MLA- 144 super nat ant , and t he - y- i r r adi at ed

( 8, 000 r ads) aut ol ogous LCL. CTL cl one LC13 has been de-

scr i bed pr evi ousl y ( 20, 25) .

PHA bl ast s wer e gener at ed by st i mul at i ng PBMC wi t h PHA

( CSL, Mel bour ne, Aust r al i a) , and af t er 3 d, gr owt h medi umcon-

t ai ni ng MLA- 144 super nat ant and r I L- 2 was added . PHA bl ast s

wer e pr opagat ed wi t h bi weekl y r epl acement of r I L- 2 and MLA-

144 super nat ant ( PHA- f r ee) f or up t o 8 wk . LCL wer e est abl i shed

by exogenous t r ansf or mat i on of per i pher al B cel l s ( 26) wi t h EBV

der i ved f r om t he I ARC- BL74 cel l l i ne, whi ch encodes t he epi t ope

FLRGRAYGL ( 27) . Al l cel l l i nes wer e r egul ar l y scr eened f or my-

copl asma cont ami nat i on . Bl ood donor s used i n t hi s st udy wer e

heal t hy l abor at or y st af f member s sel ect ed f or par t i cul ar HLA al l el es .

Cyt ot oxi ci t y Assay .

	

CTL cl ones wer e t est ed i n dupl i cat e f or

cyt ot oxi ci t y i n t he st andar d 5- h chr omi um r el ease assay ( E/ T r a-

t i o of 1 : 1) . Br i ef l y, CTL wer e assayed agai nst s' Cr - l abel ed PHA-

bl ast t ar get s t hat wer e pr et r eat ed wi t h t he pept i de FLRGRAYGL

( 1 I i Mf or 1 h) and wer e ei t her washed or l ef t unt r eat ed . I n a var i -

at i on of t hi s met hod, used when scr eeni ng t he l ar ge number of

FLRGRAYGL anal ogues, pept i des wer e added di r ect l y t o ' ' Cr -

l abel ed t ar get s and r emai ned pr esent t hr oughout t he assay . A bet a

sci nt i l l at i on count er ( Topcount Mi cr opl at e; Packar d I nst r ument

Co . , Mer i den, CT) was used t o measur e 5 ' Cr l evel s i n assay super -

nat ant sampl es . The mean spont aneous l ysi s f or t ar get cel l s i n cul -

t ur e medi umwas <20%, and t he var i at i on about t he mean speci f i c

l ysi s was <5%. Pept i des wer e synt hesi zed by Chi r on Mi mot opes

( Chi r on Cor p . , Emer yvi l l e, CA) usi ng pi n t echnol ogy ( 28) . Rec-

ogni t i on by t he CTL cl one LC13 of monosubst i t ut ed anal ogues

of t he pept i de FLRGRAYGL, whi ch had a ( 3- al ani ne- di ket opi per -

azi ne gr oup at t he COOH- t er mi ni , has been r epor t ed pr evi ousl y

( 19) . Si nce t hese pept i des wer e f ound t o be much l ess act i ve t han

cor r espondi ng pept i des synt hesi zed wi t h f r ee aci d COOH t er -

mi ni ( dat a not shown) , al l pept i des used i n t hi s st udy wer e made

wi t h unbl ocked COONand NH= t er mi ni . Toxi ci t y t est i ng of al l

pept i des was per f or med bef or e scr eeni ng by addi ng each pept i de

t o PHA bl ast s i n t he absence of CTL ef f ect or s .

Ampl i f i cat i on and Sequenci ng of Rear r anged TCRA and TCRB.

Fr esh or f r ozen sampl es of CTL cl ones wer e obt ai ned f or anal ysi s .

Cel l s wer e washed t hr ee t i mes i n PBS bef or e f r eezi ng and/ or

pr ocessi ng . Pol y A+ RNAwas ext r act ed f r om 1- 5 X 106 CTL

usi ng an mRNA pur i f i cat i on ki t ( Qui ckPr ep Mi cr o; Phannaci a

P- L Bi ochemi cal s I nc. , Mi l waukee, WI ) . Ant i sense TCRAC and

TCRBCpr i mer s wer e used t o gener at e f i r st - st r and cDNA f r om

500 ng pol y A+ RNA, and an anchor ol i gonucl eot i de, ami no-

bl ocked at t he 3' end, was l i gat ed t o t he cDNA synt hesi s pr oduct s .

Nest ed TCRAC and TCRBC pr i mer s, as wel l as a pr i mer com-

pl ement ar y t o t he anchor , wer e t hen used t o ampl i f y speci f i c

TCRA- and TCRB- r ear r anged sequences ( 20) .
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Nucl eot i de sequence anal ysi s of r ecover ed DNA f r agment s

was per f or med usi ng a PRI SMReady React i on DyeDeoxy Ter -

mi nat or Cycl e Sequenci ng Ki t and a 373A DNAsequencer ( Ap-

pl i ed Bi osyst ems, I nc . , Fost er Ci t y, CA) accor di ng t o t he pr ot o-

col s descr i bed by t he manuf act ur er . Each sequence pr esent ed i n

t hi s st udy was obt ai ned f r om t wo separ at e PCRs . I n t he event t hat

nucl eot i de sequence anal ysi s of a PCRpr oduct r eveal ed mor e t han

one speci f i c sequence, t he pr oduct was subsequent l y l i gat ed i nt o

t he pGEM- T Vect or Syst em ( Pr omega Cor p . , Madi son, WI ) .

The nucl eot i de sequence of at l east si x cl ones was det er mi ned f or

each l i gat i on .

For some T cel l cl ones, V( 3 f ami l y- speci f i c PCRwas per f or med

accor di ng t o t he met hod descr i bed by Panzar a et al . ( 29) usi ng

0. 5 N. l anchor - l i gat ed cDNA ( di l ut ed 1/ 100) and 10 pmol of each

a 5' sense pr i mer , speci f i c f or each of t he 20 known V( 3 f ami l i es,

and a 3' ant i sense pr i mer speci f i c f or t he C( 3 r egi on . Ampl i f i ca-

t i ons wer e per f or med i n 25- N, 1 r eact i on vol umes consi st i ng of 200

pLM dNTPs, 20 mM MgCl 2, and 1 . 25 U o£ Taq pol ymer ase

( Ampl i - Taq) usi ng a GeneAmp PCR9600 syst em ( al l f r om Per -

ki n- El mer Cet us Cor p . , Nor wal k, CT) . The PCRcondi t i ons con-

si st ed of denat ur at i on at 95° Cf or 15 s, anneal i ng at 55°C f or 40 s,

and ext ensi on at 72° Cf or 40 s f or 35 cycl es, f ol l owed by a 5- mi n

f i nal ext ensi on at 72°C. P- act i n cDNA was al so ampl i f i ed as a con-

t r ol f or cDNA i nt egr i t y ( 30) . PCRpr oduct s wer e exci sed f r om

2. 5% ( 1/ z X Tr i s- buf f er ed EDTA) NuSi eve GTG agar ose gel s

( FMC Bi oPr oduct s) and pur i f i ed usi ng a QI AEX gel ext r act i on

ki t ( Qi agen I nc . , Chat swor t h, CA) .

Semi quant i t at i ve PCRAnal ysi s of FLRGRAYGL- speci f i c TCR- F3

Gene Expr essi on i n Bul k T Cel l Cul t ur es . PBMC f r om t he EBV-

ser o+ donor s RL, TF, CF, LC, I M, and EBV- ser o - donor PGP

( HLA Al , A24, B8, B14, DR1, 3) wer e st i mul at ed wi t h aut ol ogous

PBMCpr ecoat ed wi t h pept i de FLRGRAYGL ( 1 N. Mf or 1 h) ( r e-

sponder / st i mul at or r at i o = 5 : 1) . Af t er 7 d, t ot al RNAwas ext r act ed

f r om 5 X 106 cel l s usi ng a t ot al RNA i sol at i on ki t ( RNagent s;

Pr omega) , and f i r st - st r and cDNA was synt hesi zed usi ng 5 N, g of

t ot al RNA and 10 pmol o£ an ant i sense TCRBC gene- speci f i c

pr i mer ( Cb , ; 5' - TATCTGGAGTCATTGAGGGCGGGCA- 3' )

accor di ng t o t he above ment i oned pr ocedur e . 200 r i g of f i r st -

st r and cDNA was used as a t empl at e f or PCRampl i f i cat i on usi ng

a 32p- l abel ed TCRBV6 f ami l y- speci f i c pr i mer ( 5' - GGCCTG-

AGGGATCCGTCTC- 3' ) and a degener at e pr i mer compl emen-

t ar y t o t he CDR3 r egi on of t he conser ved ( 3 chai n ( RCDR3; 5' -
GTACTGCTC( G, A) TA( A, G, C, T) GC- 3' ) . ( 3- act i n cDNA was

ampl i f i ed i n par al l el ( 30) f or use as a st andar d i n t he cal cul at i on of

t he r el at i ve abundance of t he pr oduct obt ai ned wi t h t he TCR-

BV6- ( 3 CDR3 pr i mer set . The ampl i f i cat i on schedul e was 94°C f or

20 s, 60 °C f or 20 s, and 72 ° Cf or 20 s . Ampl i f i cat i ons wer e per -

f or med i n 25- [ , t r eact i on vol umes, and sampl es wer e r emoved af -

t er 35 cycl es . The ampl i f i ed pr oduct s wer e r esol ved on a 6%acr yl -

ami de gel and exposed t o a st or age phosphor scr een ( Mol ecul ar
Dynami cs, I nc . , Sunnyval e, CA) . Rel at i ve quant i f i cat i on of t he am-

pl i cons was per f or med usi ng a phosphor i mager and I mageQuant

sof t war e ver si on 3. 3 ( Mol ecul ar Dynami cs) . Si zes of bands wer e

est i mat ed by compar i son of t hei r mobi l i t i es r el at i ve t o t he mi gr a-

t i on of a 32p- l abel ed 1- kb DNA l adder ( GI BCO BRL, Gai t her s-

bur g, MD) .

Li mi t i nq Di l ut i on Anal ysi s ( LDA) .

	

PBMC wer e di st r i but ed i n

gr aded number s f r om 103 t o 104 cel l s per wel l i n r ound- bot t omed

mi cr ot i t er pl at es . Appr oxi mat el y 5 X 10^ - y- i r r adi at ed ( 2, 000 r ads)

aut ol ogous PBMC, whi ch had been pr ei ncubat ed wi t h FLR-
GRAYGL ( 1 p, Mf or 1 h) , wer e added t o each wel l t o gi ve a t ot al

vol ume of 100 p, l . Cul t ur es wer e f ed on days 4 and 7 wi t h 50 N, l

of medi um suppl ement ed wi t h 20 Ur I L- 2 and 25%super nat ant
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f r omMLA- 144 cul t ur es . On day 10, each CTL mi cr ocul t ur e was

spl i t i nt o t wo r epl i cat es whi ch wer e used as ef f ect or s i n a st andar d

5- h " Cr r el ease assay agai nst HLA B8+ PHA bl ast s ( SC PHA

bl ast s : HLA A1, A31, B8, B51, DR3, DR4) pr ecoat ed wi t h pept i de

FLRGRAYGL ( 1 u, Mf or 1 h) or l ef t uncoat ed ( cont r ol ) . 36 r ep-

l i cat es wer e used at each concent r at i on i n each exper i ment . Wel l s

wer e scor ed as posi t i ve when t he per cent speci f i c chr omi um r e-

l ease exceeded t he mean r el ease f r om cont r ol wel l s by 3 SDs .

LDA was per f or med by t he met hod of maxi muml i kel i hood est i -

mat i on ( 31) . Dat a f r om al l exper i ment s wer e compat i bl e wi t h t he

hypot hesi s of si ngl e- hi t ki net i cs ( P >0 . 4) , and pr ecur sor est i mat es

ar e gi ven wi t h 95%conf i dence l i mi t s .

Resul t s

Cl onal I nact i vat i on of Pot ent i al l y Sel f - r eact i ve T Cel l s i n Hu-

mans . Mul t i pl e CTL mi cr ocul t ur es wer e r ai sed by l i mi t -

i ng di l ut i on f r om si x HLAB8+, EBV- ser o + i ndi vi dual s af t er

i n vi t r o st i mul at i on wi t h t he EBV epi t ope FLRGRAYGL.

Thr ee of t hese donor s ( CF, RL, and TF) al so expr ess HLA

B* 4402, t he ant i gen t hat mi mi cs t he vi r al epi t ope i n t he

cont ext of HLA 138, whi l e t he ot her t hr ee donor s ( LC, I M,

and SC) do not . Each mi cr ocul t ur e was assayed separ at el y

f or CTL act i vi t y agai nst HLA B8 + PHA bl ast t ar get cel l s

( SC PHA bl ast s : HLA Al , A31, B8, B51, DR3, DR4) wi t h

and wi t hout pept i de FLRGRAYGL, as wel l as HLAB* 4402 +

PHAbl ast s ( SJ PHAbl ast s : HLAA2, A3, B7, B* 4402, DRl , - ) .

Al l CTL mi cr ocul t ur es f r om donor s LC, I M, and SC t hat

r ecogni zed t he EBV pept i de cr oss- r eact ed wi t h t he al l oan-

t i gen HLAB* 4402 ( Fi g. 1 A) . These r esul t s suppor t ear l i er

evi dence t hat t he memor y r esponse t o FLRGRAYGL i s of -

t en r emar kabl y r est r i ct ed ( 20) , and suggest ed t hat i ndi vi dual s

who ar e bot h HLA B8+ and B* 4402 + may not r espond t o

t he epi t ope because of sel f - t ol er ance . As shown i n Fi g. 1 B,

however , donor s CF, RL, and TF di d r espond t o t he epi t ope,

but wi t h a r eper t oi r e of CTL t hat di d not l yse HLAB* 4402+

t ar get cel l s si gni f i cant l y . Thi s suggest s t hat t he T cel l cl ono-

t ype t hat usual l y domi nat es t he memor y r esponse f or FLR-

GRAYGL i s i nact i vat ed by mechani sms of sel f t ol er ance i n

HLAB* 4402 + i ndi vi dual s .

To i nvest i gat e t hi s appar ent Conal i nact i vat i on mor e di -

r ect l y, PCRwas used t o sear ch f or t he conser ved, B* 4402

cr oss- r eact i ve TCR i n bul k T cel l cul t ur es f r om EBV-

ser o+, HLA B8 + i ndi vi dual s who wer e ei t her posi t i ve or

negat i ve f or B* 4402, af t er st i mul at i on wi t h t he pept i de

FLRGRAYGL. A si mi l ar l y gener at ed bul k T cel l popul a-

t i on f r om an EBV- ser o - donor was i ncl uded as a negat i ve

cont r ol . Al l T cel l cul t ur es f r omEBV- exposed i ndi vi dual s

wer e st r ongl y r eact i ve t o HLA B8 + PHA bl ast s pr ei ncu-

bat ed wi t h pept i de FLRGRAYGL ( dat a not shown) . To

moni t or f or t he conser ved ( 3 chai n of t he cr oss- r eact i ve r e-

cept or i n t he st i mul at ed cul t ur es, we used semi quant i t at i ve

PCR usi ng a TCRBV6 f ami l y pr i mer ( TCRBV6) and a

degener at e pr i mer compl ement ar y t o t he TCRB CDR3 r e-

gi on of t he conser ved r ecept or f or FLRGRAYGL ( RCDR3)

( 20) . Compar i son of t he nor mal i zed PCR, pr of i l es usi ng a

phosphor i mager r eveal ed t hat a DNA band wi t h t he ex-

pect ed mobi l i t y of an ampl i f i ed pr oduct encodi ng t he con-
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Fi gur e 1 .

	

Cr oss- r eact i vi t y wi t h al l oami gen HLA B* 4402 by CTL mi -

cr ocul t ur es r ai sed agai nst FLRGRAYGL/ HLA B8 . Mul t i pl e CTL mi -

cr ocul t ur es f r om t hr ee HLA B8 + , B* 4402- ( Fi g. 1 A) and t hr ee HLA

B8 + , B* 4402+ ( Fi g . 1 B) i ndi vi dual s wer e t est ed f or l ysi s of SJ PHA bl ast s

( HLA B* 4402 + ; ver t i cal axi s) , and SC PHA bl ast s pr ei ncubat ed wi t h pep-

t i de FLRGRAYGL ( HLA B8+ ; hor i zont al axi s) . SC PHA bl ast s wer e al so

used as t ar get s wi t hout pept i de pr esensi t i zat i on ( dat a not shown) ; t hese wer e

l ysed by <5%of CTL mi cr ocul t ur es, and dat a f r omt hese ar e not i ncl uded.

Dat a f r om CTL mi cr ocul t ur es t hat f ai l ed t o si gni f i cant l y l yse any t ar get s

ar e al so excl uded. HLA t ypes of t he si x donor s ar e as f ol l ows : LC, HLA

Al , - , B8, Bl 8, DR3, DRl l ; I M, HLA Al , A11, B8, B51, DR3, DR7; SC,

HLA A1, A3l , B8, B51, DR3, DR4 ; CF, HLA A1, A2, B8, B* 4402, DR3,

DR4 ; RL, HLA Al , A2, B8, B* 4402 ; and TF, HLA Al , A2, B8, B* 4402,

DR3, DR4 .

ser ved TCR ( 3 chai n coul d be det ect ed i n T cel l popul a-

t i ons f r omHLA B* 4402 - , EBV- ser o + donor s, but not f r om

ei t her t he EBV- ser o - donor or HLA B* 4402+ , EBV- ser o +

donor s ( Fi g . 2) . Di r ect sequenci ng of t he PCR pr oduct s

showed t hat onl y one nucl eot i de sequence was ampl i f i ed

f r omdonor s LC and I M, and t hese wer e i dent i cal t o t hose

f ound i n CTL cl ones r ai sed pr evi ousl y f r om t hese donor s

( 20) . These dat a, t oget her wi t h t he f unct i onal assays, dem-

onst r at e t he cl onal i nact i vat i on of pot ent i al l y sel f - r eact i ve T

cel l s i n humans .

To quant i t at e t he i nf l uence of HLA B* 4402 expr essi on

on t he memor y r esponse t o FLRGRAYGL, we compar ed

est i mat es of CTL pr ecur sor ( CTLp) f r equenci es f or t hi s pep-

t i de bet ween t he si x EBV- ser o + i ndi vi dual s exami ned above

T Cel l Reper t oi r e Di ver si f i ed by Sel f - t ol er ance

Fi gur e 2 .

	

Det ect i on of t he conser ved 13 chai n of t he TCR wi t h dual

r eact i vi t y f or FLRGRAYGL/ HLA B8 and B* 4402 . Semi quant i t at i ve

RT- PCRanal ysi s f or t he conser ved 13 chai n of t he TCR wi t h dual r eac-
t i vi t y f or FLRGRAYGL/ HLA B8 and B* 4402 i n bul k FLRGRAYGL-

st i mul at ed T cel l cul t ur es f r om si x i ndi vi dual s . These wer e donor s LC,

I M ( EBV- ser o+, HLA B8 + , B* 4402 - ) , CF, RL, TF ( EBV- ser o` , HLA

B8 + , B* 4402+) , and PGP ( EBV- ser o - , HLA B8 + , B* 4402 - ) . 13- act i n

cDNA was coampl i f i ed ( 30) f or use as a st andar d i n t he cal cul at i on of t he

r el at i ve abundance of t he pr oduct obt ai ned wi t h t he TCRBV6- PCDR3

pr i mer set ( dat a not shown) . The r el at i ve mobi l i t i es of t hese ampl i cons ar e

i ndi cat ed by ar r ows .

usi ng LDA. As shown i n Fi g . 3, CTLp f r equenci es f or t hr ee

HLAB* 4402+ donor s ( 1 per 6, 290, 7, 620, and 7, 560 PBMC)

wer e l ess t han t hose est i mat ed f or t hr ee B* 4402 - donor s ( 1

per 1, 940, 1, 880, and 2, 760 PBMC) . No CTLp f or t he pep-

t i de wer e det ect ed i n PBMCf r omt hr ee EBV- ser o - , HLA

B8+ donor s ( one of whomwas al so B* 4402 + ) , i ncl uded as

negat i ve cont r ol s ( dat a not shown) . Thus i nact i vat i on of

t he usual l y domi nant cl onot ype appear s t o r est r ai n, but not

pr event , t hi s T cel l r esponse t o a vi r al epi t ope .

TCR Reper t oi r e f or a Vi r al Epi t ope i s Di ver si f i ed by Set f -

MHCTol er ance . We have pr evi ousl y shown t hat i dent i cal

TCR pr ot ei n sequences ar e used by cl ones f or pept i de FLR-

GRAYGL f r om each of f our HLA B* 4402 - unr el at ed vi -

r us car r i er s ( 20) . To i nvest i gat e t he TCR r eper t oi r e used

f or t hi s epi t ope i n t he absence of t hi s " pr ot ot ypi cal " r ecep-

t or , 10 CD8+ CTL cl ones t hat r ecogni ze FLRGRAYGL

wer e r ai sed f r om donor CF ( HLA Al , A2, B8, B* 4402 ,

DR3, DR4) usi ng agar cl oni ng . None wer e f ound t o be

cr oss- r eact i ve wi t h HLA B* 4402 ( dat a not shown) . TCRA-

( VJ- C) and TCRB( V- DJ- C) r ear r angement s expr essed

by t hese cl ones wer e i dent i f i ed usi ng a modi f i cat i on of t he

si ngl e- st r and l i gat i on t o si ngl e- st r anded cDNA t echni que

( SLI C) ( 32, 33) , as pr evi ousl y descr i bed ( 20) , f ol l owed by

di r ect sequenci ng of SLI C- gener at ed PCRpr oduct s . Al i gn-
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Fi gur e 3 .

	

CTLp f r equenci es f or EBV epi t ope FLRGRAYGL i n HLA

B* 4402 - ver sus B* 4402+ i ndi vi dual s . Usi ng l i mi t i ng di l ut i on anal ysi s, t he

f r equenci es of CTLp f or pept i de FLRGRAYGL wer e est i mat ed i n PBMC

f r om si x donor s . These wer e HLA B8 + , B* 4402 - donor s LC, I M, and

SC ( l i ght shadi ng i n A, B, and C, r espect i vel y) and HLA B8+, B* 4402+

donor s CF, RL, and TF ( dar k shadi ng i n A, B, and C, r espect i vel y) . Re-

ci pr ocal val ues of r esponder f r equenci es Y- ' ) ar e i ndi cat ed. The shaded

ar eas i ndi cat e 95%conf i dence l i mi t s .

ment of f unct i onal TCRA and TCRB nucl eot i de and pol y-

pept i de sequences ( Fi g . 4) r eveal ed t hat each cl one expr esses

one of f i ve di st i nct TCR- ap het er odi mer s . Al so shown i n

Fi g . 4, f or compar i son, ar e t he TCRf unct i onal r egi ons of

t he CTL cl one LC13 ( 20, 25) , i sol at ed f r om a B* 4402 - i n-

di vi dual , wi t h dual r eact i vi t y t o FLRGRAYGL/ HLA B8

and t he al l oant i gen HLA B* 4402 .

Sequence compar i son of t he di f f er ent TCR f or FLR-

GRAYGL/ HLA B8 r eveal ed l i t t l e appar ent homol ogy wi t hi n

t he CDR3 r egi ons and, wi t h t he except i on of cl ones CF6/

34/ 40 and CF9, no conser vat i on of TCRV or TCRJ seg-

ment s . Cl ones CF6/ 34/ 40 and CF9, however , expr ess ver y

si mi l ar TCRV and TCRAJ genet i c el ement s ( TCRDV-

104S2J17S3 and TCRBV21S4) , and t hey di f f er onl y i n

TCRBJ usage and CDR3 sequence i n bot h chai ns . Apar t

f r oma f ew conser ved ami no aci ds shar ed bet ween t he non-

ger ml i ne encoded r egi ons of t he CDR3 l oops i n bot h chai ns

of t hese TCR, t her e i s no appar ent conser vat i on of CDR3

ami no aci d composi t i on . I nt er est i ngl y, t he cl ones f r omdo-

nor CF wer e r ai sed f r omt hr ee di f f er ent bl eeds dur i ng a 12-

mont h per i od ( bl eed 1, CF3 ; bl eed 2, CF4, 6, 9, 24, 36,

and 42 ; bl eed 3, CF8, 34 and 40) . The i sol at i on of T cel l s

usi ng i dent i cal TCRf r ombl eeds sever al mont hs apar t i ndi -
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cat es ant i gen- dr i ven cl onal expansi on i n t hi s memor y CTL

r esponse .

To f ur t her i nvest i gat e t he TCR r eper t oi r e f or FLR-

GRAYGL/ HLA B8 i n t he absence of t he pr ot ot ypi cal r e-

cept or , CTL cl ones wer e est abl i shed f r om anot her f our

HLAB8 + , B* 4402 + , EBV- ser o + unr el at ed i ndi vi dual s ( R- L,

TF, MH, and PP) . As wi t h donor CF, t hese i ndi vi dual s use

a number o£ di f f er ent TCR- a/ ( 3 combi nat i ons i n t hei r r e-

sponse t o t he i mmunodomi nant FLRGRAYGL pet pi de

( Fi g . 5) . 3 out of 10 CTL cl ones ( RL10/ 45 and RL16) wer e

shown t o have t wo i n- phase a chai n r ear r angement s . The

cl onal i t y of t hese T cel l l i nes was conf i r med by VP f ami l y-

speci f i c PCR and nucl eot i de sequenci ng, whi ch det ect ed a

si ngl e i n- f r ame ( 3 chai n ( dat a not shown) . I n addi t i on, non-

pr oduct i vel y r ear r anged a and ( 3 chai n t r anscr i pt s wer e de-

t ect ed f or cl ones PP31 and RL10/ 45, r espect i vel y ( dat a not

shown) .

Compar i son of t he TCR sequences f r om al l HLA B8+ ,

B* 4402 + donor s r eveal ed a sur pr i si ng number of hi ghl y

conser ved TCR uses by di f f er ent i ndi vi dual s ( Fi gs . 4 and

5) . At l east one cl one f r om each of t he f i ve donor s was

shown t o expr ess a TCR- R chai n or - a/ ( 3 het er odi mer wi t h

st r ong homol ogy t o a TCR used by at l east one ot her do-

nor . The most st r i ki ng exampl es ar e cl ones RL16, TF1,

and PP7, i sol at ed f r om t hr ee di f f er ent peopl e, whi ch ex-

pr ess i dent i cal TCR except f or a si ngl e conser ved ami no

aci d subst i t ut i on i n t he ( 3 chai n CDR3 r egi on of cl one

RL16 . I n anot her exampl e, t he TCR of cl ones CF8 and

RL10/ 45 shar e i dent i cal R pr ot ei n chai ns and expr ess a

chai ns encoded by t he same TCRAV gene ( TCRAV7S4) ,

each of whi ch has r ecombi ned wi t h di f f er ent member s of

t he TCRAJ17 gene f ami l y . The CDR3 r egi ons of t hese a

chai ns ar e bot h ni ne r esi dues i n l engt h, and si x of t hese r es-

i dues ar e i dent i cal at t he same posi t i ons .

I n a t hi r d exampl e of TCR conser vat i on, cl ones CF6/ 34/

40, PP22, and PP31 al l expr ess r ecept or s encoded by TCR-

BV21S4 r ear r anged t o TCRBJ2S3 . The R chai n CDR3 r e-

gi on of t he CF cl ones di f f er s f r om t hat of t he PP cl ones by

a si ngl e conser ved ami no aci d subst i t ut i on . Wi t h r espect t o

a chai n r ear r angement s, cl ones CF6/ 34/ 40 and PP22 use

di f f er ent TCRV gene segment s . The r espect i ve CDR3 r e-

gi ons, however , ar e si mi l ar because of r ear r angement , wi t h-

out N r egi on addi t i ons, of t he di f f er ent TCRV gene seg-

ment s wi t h a common TCRAJ segment ( TCRAJ17S3) . I n

cont r ast , t he pr oduct i vel y r ear r anged a chai n of cl one PP31

bear s no homol ogy t o t he a chai ns of ei t her CF6/ 34/ 40 or

PP22 . Fi nal l y, R chai n homol ogy i s al so obser ved bet ween

cl ones CF9 and MH12 . Bot h cl ones use TCRBV21S4 and

TCRBJ2S2, and t hei r CDR3 r egi ons ar e i dent i cal i n l engt h,

shar i ng 8 out of 12 r esi dues at cor r espondi ng posi t i ons . The

a chai ns of each of t hese cl ones, however , show no TCR

V, J, or CDR3 homol ogy.

Over al l , t hese dat a i l l ust r at e t he dr amat i c i nf l uence of HLA

B* 4402 coexpr essi on on t he CTL r esponse t o t hi s HLA

B8- r est r i ct ed EBV epi t ope . I n cont r ast t o B* 4402 - i ndi vi d-

ual s, who have been shown t o use an essent i al l y mono-

cl onal r eper t oi r e, i ndi vi dual s t hat expr ess B* 4402 mount an

ol i gocl onal r esponse, and use di ver se V and J gene segment s
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N W S G N T P L

	

V F G AJ9S14
aac t gg t ca aaa aac aca cct ct t

	

gt c t t t gga

N A R E R D D K I

	

I F G AJ9S4
aat gcg cga gag aga aac a

	

aaa ar c

	

at c t t t gga

R D Q G G G N K L

	

T F G AJ17S9
aga gat c aa aga aaa aaa aac aaa et c

	

acc t t t ggg

R E D T G N Q F

	

Y F G AJ17S3
aga gag gac ace aot a

	

a t t c

	

t at t t t ggg

R A P N Q F

	

Y F G AJ17S3
aga gca cca aac caa t t c

	

t at t t t ggg

P L A G G T S Y G K L

	

T F G AJ14S3
ccc ct t act as

	

a

	

aaa aaa

	

aca t t t gga

B

CTL

	

TCR V

	

FW

	

CDR3

	

FW

	

TCR J TCR C

Cl one Gene

	

Gene Gene

CF3 BV8S6 C A S G P P L R G N Y G Y

	

T F G BJI S2 BC1
CF4

	

t gt get agt

	

ggt ccc eet et c c aa aaa aac t at aac t ac

	

ace t t c ggt

CF24 BV18S1 C A S S P R V S G G V Y £ Q

	

Y F G BJ2S7 BC2

CF36

	

t gt gcc age

	

t ea cca egg gt g age gg ggg gt e t ac aaa c

	

t ac t t e ggg

CF42

CF8` BV7S5 C A S S H G T S G I L E T Q

	

Y F G BJ2S5 BC2

t gc gcc age

	

age cat aaa act aac aaa at t t t g aaa ace can

	

t ac t t c ggg

CF6zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" BV21S4 C A S S F T W T S G G A T D T Q Y F G BJ2S3 BC2

CF34'

	

t gt gcc age

	

agc t ee ace t ag act ace o a aaa gcc aca cat aca caa

	

t at t t t ggc

CF40'

CF9' BV21S4 C A S S L F P T G S T A G E L

	

F F G BJ2S2 BC2

t gt gee age

	

age t t a t t c cca aca aag agt acg gcc aga aaa ct a

	

t t t t t t gga

LC13' BV653a C A S S L G Q A Y E Q

	

Y F G BJ2S7 BC2

t gt gcc age

	

age t t a ggg caa ace t ac aaa caa

	

t ac t t c ggg

Fi gur e 4.

	

V- ( D) Jj unct i onal r egi on sequences of a and l 3 chai ns f r omCTL cl ones t hat r ecogni ze FLRGRAYGL/ HLA BS f r omt he B* 4402 + donor ,

CF, and t he B* 4402 - donor , LC. TCRA ( A) and TCRB ( B) j unct i onal r egi on sequences of 10 CTL cl ones t hat r ecogni ze FLRGRAYGL/ HLA B8 i so-

l at ed f r om an HLA B8+, B* 4402 + donor , CF. The nucl eot i de sequences ar e pr esent ed, and t he one- l et t er code desi gnat i ng t he t r ansl at ed ami no aci d i s

shown above t he f i r st nucl eot i de i n each codon. CTL cl ones ar e l i st ed on t he ver t i cal axi s and t hose expr essi ng i dent i cal TCRsequences ar e gr ouped t o-

get her . For compar i son, t he TCRj unct i onal r egi ons of a CTL cl one f r om HLA B* 4402 - donor LC ( LC13) , whi ch expr ess t he pr ot ot ypi cal r ecept or f or

FLRGRAYGL, ar e al so shown . TCRV gene segment s ar e cl assi f i ed accor di ng t o f ami l y desi gnat i ons out l i ned by Cl ar k et al . ( 34) . TCRAJ genet i c el e-

ment s ar e assi gned accor di ng t o t he nomencl at ur e descr i bed by Moss et al . ( 35) . Desi gnat i ons f or TCRBJ and TCRBCel ement s f ol l ow t hat of Toyonaga

et al . ( 36) . For each cl one, t he deduced ami no aci d sequence of t he CDR3- equi val ent l oop, def i ned accor di ng t o Chot hi a et al . ( 37) , i s shown put at i vel y

suppor t ed by t wo f r amewor k br anches ( FM. The TCRV and TCRJ segment s ar e consi st ent wi t h pr evi ousl y publ i shed sequences, except f or t he TCRAV

sequence of cl one CF8 . Thi s new TCRAV segment ( assi gned AV7S4) shows st r ong homol ogy wi t h TCRAV7 f ami l y sequences bot h at t he nucl eot i de

and pr edi ct ed ami no aci d l evel . TCRJ genui ne sequences ar e under l i ned and i n nor mal pr i nt . TCRBDI and TCRBD2 ger ml i ne sequences ar e i t al i ci zed

and under l i ned . The ast er i sk i ndi cat es a publ i c TCR chai n t hat i s t he same or st r uct ur al l y si mi l ar t o a cor r espondi ng chai n f r om a di f f er ent i ndi vi dual ( see

Fi g . 5) . These ot / l 3 chai n sequences ar e avai l abl e f r om EMBL/ Genbank under accessi on number s Z49957, Z49924 ( CF3/ 4) ; Z49956, Z49923 ( CF24/

36/ 42) ; Z49903, Z49922 ( CF8) ; Z49955, Z49921 ( CF6/ 34/ 40) ; and Z49954, Z49920 ( CF9) , r espect i vel y .

and CDR3 r egi ons . Wi t hi n t hese ol i gocl onal r eper t oi r es, we

have i dent i f i ed sever al addi t i onal publ i c TCR f or FLR-

GRAYGL/ HLA B8, wher ei n di st i nct a/ R r ear r angement s

ar e shar ed by CTL cl ones f r oma number of unr el at ed i ndi -

vi dual s . These dat a st r ongl y suggest genet i c bi as i n TCRgene

r ear r angement . I n some cases, t he i dent i cal a or ( 3 chai ns of

t hese publ i c TCR wer e gener at ed by di f f er ent r ear r ange-

ment event s wher ei n codon usage var i es onl y wi t hi n Nr e-

gi ons, al so suggest i ng pept i de- dr i ven TCR sel ect i on .

170 8 T Cel l Reper t oi r e Di ver si f i ed by Sel f - t ol er ance

Gene

Tol er ance t o HLA B* 4402 Obst r uct s t he Nor mal l y I mmuno-

domi nant Response t o a Di st i nct Det er mi nant wi t hi n t he Non-

amer Pept i de . To i nvest i gat e t he r el at i onshi p bet ween t hese

TCR st r uct ur al di f f er ences and l i gand r ecogni t i on, t he f i ne

speci f i ci t y of cl ones r epr esent i ng si x di f f er ent TCR sequences

was det er mi ned usi ng a set of 171 monosubst i t ut ed pept i de

anal ogues i n whi ch each r esi due wi t hi n FLRGRAYGL was

sequent i al l y r epl aced wi t h al l ot her genet i cal l y coded ami no

aci ds . Pept i des i n whi ch an ami no aci d had been del et ed al -

CTL TCR V FN
Cl one Gene

CF3 AV2S1 C A V

CF4 t gt gcc, gt g

CF24 AVI S1 C A V
CF36 t gt gee gt g
CF42

CF8' AV7S4 C A V

t gt get gt g

CF6' DV104S2' a C A M

CF34' t gt gca at g

CF40'

CF9 DV104S2' b C A M

t gt gca at g

LC13' AV4S1 C I L

t gc at c ct g
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CTL

	

TCR V

	

FW

	

CDR3

	

FW

	

TCR J

Cl one Gene

	

Gene

RL10' AV7$4

	

C A V R D Q T G A N N L

	

F F G AJ17S5

RL45"

	

t gt get gt g

	

aga gat caa act aaa aca ' ac aac ct c

	

t t c t t t ggg

Q G G K L

	

I F G AJ14S2

caa aaa aca aaa ct t

	

at e t t c gga

R A G K L

	

I F G AJ14S2

agg gcA aaa aaa et t

	

at e t t c gga

L F G N E K L

	

T F G AJ17S8

ct t t t t cca aat aaa aaa t t a

	

ace t t t ggg

S L A A G S S N T G K L

	

I F G AJ14S1

age et c gcc gcg ggc t et aac aac aca aac aaa et a

	

at e t t t ggg

S S A G G F K T

	

I F G AJI S4

agt t cg get aaa aac t t e aaa act

	

at e t t t gga

L F G N E K L

ct a t t t aaa aat can aaa t t a

D N S W G K L

	

Q F G AJ1S9

gac aac aac t aa aaa aaa t t a

	

cag t t t gga

L F G N E K L

	

T F G AJ17S8

ct a t t t yca aat aaa aaa t t a

	

aca t t t ggg

K S H T G N Q F

	

Y F G AJ17S3

aaa agt eac ace act aac caa t t e

	

t at t t t ggg

L L H P E R Q D D N Y G Q N F V F G AJ13S2

ct a ct g cat cct gag aga caa gac aac aac t at eat caa aat t t t

	

gt c t t t ggt

B

CDR3

	

FN

	

TCR J TCR C
Gene Gene

S H G T S G I L E T Q

	

Y F G BJ2S5 BC2

age cat aaa ac[ aac aaa at a t t g caa aca caa

	

t ac t t e ggg

G Q G N F D I Q

	

Y F G BJ2S4 BC2

ggt cao oot aac t t c gac at t caa

	

t ac t t c ggc

T F G AJ17S8

ace t t t ggg

S Q G L S I S S Y E Q

	

Y F G BJ2S7 BC2

age caa gcr 7 t t g t cg at e age t ea t ag aaa caa

	

t ac t t e ggg

S T N S L G E R E Y Y E Q Y F G BJ2S7 BC2

age aca aat t ct et c ggg gaa coa aao t ae t ac man caa

	

t ae t t e ggg

S Q G L A I S S Y E Q

	

Y F G BJ2S7 BC2

age cao aoa ct a aca at a ag r _ t en t ac aaa c

	

t ac t t e ggg

S L T T T G S N T G E L

	

F F G BJ2S2 BC2

age t t a acg aca aca aaa t ca a c ace aaa aaa ct a

	

t t t t t t gga

S Q G L A I S S Y E Q

	

Y F G BJ2S7 BC2

age caa ggt e_a aca at t ag e t ee t ac can c

	

t ac t t e ggg

S F S W T S G G A T D T Q Y F G BJ2S3 BC2

age t t t t ct t aa act aac aaa ggg gcg aca aat aca caa

	

t at t t t ggc

S F S W T S G G A T D T Q Y F G BJ2S3 BC2

age t t t t ct t go act aac aaa ggg gcg aca aat aca caa

	

t at t t t ggc

Fi gur e 5 .

	

V- ( D) J j unct i onal r egi on sequences of u and ( 3 chai ns f r omCTL cl ones t hat r ecogni ze FLRGRAYGL/ HLA 138 f r om t he B* 4402+ i ndi vi d-

ual s RL, I T, MH, and PP. TCRA ( A) and TCRB ( B) j unct i onal r egi on sequences of 10 CTL cl ones t hat r ecogni ze FLRGRAYGL/ HLA 138, i sol at ed

f r omf our HLAB8 +, B* 4402+ donor s, ar e pr esent ed . Cl ones RL10, RL45, RL42, and RL16 ar e f r om t he donor RL ; cl ones TF9 and TF1 ar e f r om t he

donor TF ; cl one MH12 i s f r omt he donor MH; and cl ones PP7, PP22, and PP31 ar e f r om t he donor PP. TCRV, J, and BC gene segment s and CDR3

r egi on l oops ar e pr esent ed and assi gned as out l i ned i n t he l egend of Fi g . 4 . These a/ ( 3 chai n sequences ar e avai l abl e f r om EMBL/ Genbank under acces-

si on number s Z49945, Z49953, Z49947 ( RL10/ 45) ; Z49958, Z49864 ( RL42) ; Z49952, Z49951, Z49930 ( RL16) ; Z49959, Z49929 ( TF9) ; Z49950,

Z49928 ( TF1) ; Z49949, Z49927 ( MH12) ; Z49948, Z49926 ( PP7) ; Z49964, Z49925 ( PP22) ; and Z49946, Z49925 ( PP31) , r espect i vel y .
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CTL TCR V FW
Cl one Gene

RL10zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" BV7S5 C A S

RL45 " t ge gcc age

RL42 BV12S4 C A S

t gt gcc age

RL16 " BV7S1B C A S

t ge gcc age

TF9 BV21S4 C A S

t gt gcc age

TF1" BV7S1B C A S

t ge gcc age

MH12w BV21S4 C A S

t gt gcc age

PP7 " BV7S1B C A S

t ge gcc age

PP22` BV21S4 C A S

t gt gcc age

PP31" BV21S4 C A S

t gt gee age

AV6S1 C A S

t gt gcg t cc

RL42 AV2S8 C V V

t gt gt g gt t

RL16 " AV27S1 C A V

t gt gcc gt c

AV1S4 C A V

t gt get gt g

TF9 AV1S10 C V V

t gt gt t gt g

TF1' AV27S1 C A V

t gt gcc gt c

MH12 AV3S1 C A T

t gt get acg

PP7' AV27S1 C A V

t gt gcc gt g

PP22 " AV2S7 C T M

t gt acg at g

PP31 AV4S1 C C V

t gc t gt gt a
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Cl ones LC13 & CF24

	

Cl ones CF3 & CF34

C E G I L N Q S V Y

D P f t R M P A T W

60

40

20

C E G I L N Q S V Y

	

C E G 1 L N Q S V Y

A D F H K M P R T WzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"

	

A D F H R M P R T W

1

Mi nI , Mi

	

I

C 8 G I L N Q S V Y

A D P H K M P R T W

C E G I L N Q S V Y

	

C E G I L N Q S V Y

A D F H K M P A T W "

	

A D P H K M P R 7 W'

C E G I L N Q S V Y

A D F H K M P R T W"

	

A D F H K M P K T W

60

40

20

60

40

xo
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C E G 1 L N Q S V Y

	

C E G 1 L N Q S V Y

A D F H K M P R T W"

	

A D F H K M P A T W

C E G I L N Q S V Y

	

C E G 1 L N Q S V Y

A D P H K M P R 7 W"

	

A D F H K MP R T W

C E G I L N Q S V Y

	

C E G 1 L N Q S V Y

A D F H K M P R T W '

	

A D F H K M P R T W '

Repl acement Ami no Aci d

t oget her wer e al so i ncl uded ( r epr esent ed by ast er i sks) . Each

pept i de was t est ed f or i t s capaci t y t o sensi t i ze HLA B8+

PHA bl ast s t o l ysi s by t he cl ones ( Fi g . 6) . Onl y one con-

cent r at i on of pepf de ( 100 nM) was used because of t he num-

ber of pept i des and cl ones t est ed . I t shoul d be not ed t hat

dose- r esponse cur ves f or pept i de FLRGRAYGL var y l i t t l e

bet ween cl ones expr essi ng t he di f f er ent TCR ( 50G/ G maxi -

mal act i vi t y obser ved at pept i de l evel s bet ween 7 and 16

nM) , and al l cl ones r ecogni ze endogenous ant i gen pr esent ed

on LCLs ( dat a not shown) .

The mi ni mal ant i geni c det er mi nant f or al l TCR i s t he

nonamer pept i de FLRGRAYGL si nce t r uncat i on at t he

NH2- or COOH- t er mi nal ends r esul t s i n l oss of r ecogni -

60

40

28

0

60

40

so

40

Cl ones PP22 & Mi 12

' F
c E G I L N Q S V Y

A D F H K MP R 2 W

C E G I L N Q S V Y

A D P H K M P R T W

C E G i L N Q S V Y

A D F H K M P R T W

C E G I L x Q S V Y

A D F H K M P A T W

C E G I L N Q S V Y

A D F H K M P A T W '

I T, I111111111111711111111 .

20

C E G I L N Q S V Y

A D F H K MP A 7 W

111 111 i n,

	

~ I1'
20

c e G 1 L x Q s v Y

A D F H K MP R T W

T Cel l Reper t oi r e Di ver si f i ed by Sel f - t ol er ance

P1

P2

P3

P4

P5

P6

P7

P8

P9

Fi gur e 6 . Recogni t i on by CTL

cl ones usi ng di f f er ent TCR of

monosubst i t ut ed anal ogues o£ t he

pept i de FLRGRAYGL . Fi ne speci -

f i ci t y anal ysi s of CTL cl ones usi ng

si x di f f er ent TCR ( LC13, CF3, and

PP22, sol i d bar s ; CF24, CF34, and

MH12, open bar s) . Ever y one of t he

20 genet i cal l y coded ami no aci ds, as

wel l as a del et i on ( * ) , wer e t est ed i n

each of t he ni ne l ocat i ons wi t hi n t he

par ent sequence FLRGRAYGL.

The l et t er wi t hi n each gr aph r epr e-

sent s t he par ent r esi due bei ng r e-

pl aced; t he hor i zont al axi s l i st s t he

r esi due r epl aci ng t he par ent r esi due .

P1- P9 at t he r i ght of t he f i gur e de-

not e t he posi t i on of t he ami no aci d

subst i t ut i on r el at i ve t o t he par ent

pept i de . Tar get cel l s wer e SC PHA

bl ast s, t he pept i de concent r at i on was

100 nM, and t he E/ T was 1 : 1 .

t i on . The si de chai n of Phe at posi t i on 1 ( P1) , however ,

does not appear t o associ at e speci f i cal l y wi t h ei t her HLA

B8 or t he TCR t hat cr oss- r eact s wi t h HLA B* 4402 ( used

by CTL cl one LC13) , si nce al l but t wo ami no aci ds ( Gl y

and Pr o) can be t ol er at ed at t hi s posi t i on wi t hout si gni f i -

cant det r i ment al ef f ect s on r ecogni t i on by t hi s TCR. Thi s

i mpl i es t hat occupancy of P1 i s a r equi r ement f or opt i mal

hydr ogen bondi ng bet ween t he NHZ t er mi nus of t he pep-

t i de mai n chai n and HLA B8 ( 38) . The i nt ol er ance of Pr o

at P1 i s pr obabl y caused by t he di sr upt i on of t hi s hydr ogen

bond net wor k because of t he nat ur e of i t s si de chai n, whi ch

i s coval ent l y at t ached t o t he pept i de NHZ t er mi nus ( 39) . The

over al l pr opor t i on of subst i t ut i ons t hat l eads t o l oss of ant i -
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geni c act i vi t y ( def i ned as l ysi s l evel s bel ow 10%) was shown

t o var y onl y sl i ght l y bet ween t he di f f er ent cl ones, r angi ng

f r om56 . 7%f or PP22 t o 67 . 8%f or CF24 .

TCRsequence var i at i on bet ween t he cl ones i s r ef l ect ed

i n uni que f i ne speci f i ci t y pat t er ns . The pr evi ousl y def i ned

pept i de bi ndi ng mot i f f or HLA B8 ( x- x- K/ R- x- K/ R- x- x-

( x) - L/ I ) pr oposes t hat ami no aci d at P3, P5, and P9 ar e i m-

por t ant MHCanchor r esi dues ( 40) . I n good agr eement wi t h

t hi s mot i f , anal ogues of t he EBV pept i de wi t h Lys at P3 or

P5 ar e al most as act i ve as t he par ent pept i de . The ef f ect of

ot her subst i t ut i ons at t hese posi t i ons di f f er s sl i ght l y bet ween

t he cl ones, suggest i ng t hat some may i nduce conf or ma-

t i onal changes i n t he pept i de whi ch i ndi r ect l y af f ect t he i n-

t er act i on wi t h some TCR ( 41) . The hi gh r epl aceabi l i t y of

Leu at P9 appear s t o conf l i ct wi t h t he HLA B8- speci f i c mo-

t i f . Si nce t hi s i s based on sequence homol ogy bet ween de-

f i ned HLA B8 r est r i ct ed vi r al epi t opes r at her t han synt het i c

pept i de bi ndi ng, however , our dat a suppor t t he vi ew t hat

COOH- t er mi nal ami no aci d sel ect i on of endogenousl y pr o-

cessed pept i des i s i nf l uenced by mechani sms upst r eam of cl ass

I bi ndi ng, such as ant i gen pr ot eol ysi s or pept i de t r anspor t ( 42) .

Cer t ai n dest abi l i zi ng ami no aci d subst i t ut i ons at posi t i ons

ot her t han t he pr i mar y anchor r esi dues may al so i nhi bi t MHC

bi ndi ng ( 43) .

Recent st udi es usi ng x- r ay cr yst al l ogr aphy of pept i de pr e-

sent at i on by sever al MHC cl ass I al l el es have shown t hat

f our or f i ve pept i de si de chai ns ar e di r ect ed out f r om t he

bi ndi ng cl ef t of t he MHC and ar e t her ef or e accessi bl e t o
TCR ( 39, 44- 49) . Si nce t he si de chai ns of ami no aci ds at

P3, P5, and P9 of FLRGRAYGL have maj or r ol es i n an-

chor i ng t he pept i de t o HLA B8, t hese ar e unl i kel y t o be

pot ent i al TCR cont act r esi dues . I n addi t i on, Fi g . 6 i l l us-

t r at es t hat Leu at P2 does not appear t o associ at e speci f i cal l y
wi t h any of t he TCR, a r esul t t hat i s consi st ent wi t h t he

known conf or mat i ons of pept i des bound t o ot her MHC al -

l el es i n whi ch P2 i s bur i ed deep i n t he cl ef t . Thus, r esi dues

at P1, P4, P6, P7, and P8 of t he pept i de ar e t he most l i kel y

t o be accessi bl e t o TCR.

As has been obser ved i n l ar ger cl ass I I - associ at ed det er -

mi nant s ( 50) , a hi er ar chy i n t he i mpor t ance of i ndi vi dual
r esi dues i n cont act i ng t he TCR i s evi dent . Wher eas sever al

ar e i mpor t ant f or al l T cel l r esponses ( P4, P6, and P7, wher e

t he maj or i t y of r epl acement s i mpai r ed r ecogni t i on by al l

cl ones) , t he f i ne speci f i ci t y f or secondar y TCR cont act r es-

i dues i s uni que f or each r ecept or . Of t he si x di f f er ent TCR

exami ned, none associ at e cl osel y wi t h t he f ul l set of pot en-

t i al TCR cont act r esi dues of t he pept i de . The most var i at i on

bet ween t he di f f er ent TCR i n f i ne speci f i ci t y pat t er n i s at

P1 and P8, wher e ei t her t he si de chai n of Phe or t he mai n
chai n of Gl y ( whi ch l acks a si de chai n) i s mor e i mpor t ant

f or r ecognt i on by each cl one . Wher eas cl ones CF24, CF3,

CF34, PP22, and MH12 bi nd Phe at P1 mor e st r i ngent l y,
LC13 i nt er act s wi t h ami no aci ds t owar d t he COOHt er mi -

nus of t he pept i de, i ncl udi ng Gl y at P8 . Ther e ar e ver y f ew

si gni f i cant di f f er ences bet ween CF34 and PP22 i n t hei r r ec-

ogni t i on of pept i de anal ogues . Thi s i s not sur pr i si ng si nce

t hey expr ess al most i dent i cal R chai ns and si mi l ar a chai ns .
Bot h can t ol er at e any subst i t ut i on at P8, but onl y PP22 can
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accommodat e t he pol ar Tyr r esi due at P1, suggest i ng t hat

t he TCRa chai ns of t hese cl ones l i e over t he NHZ t er mi -

nus of bound pept i de . A si mi l ar or i ent at i on has been pr o-

posed f or TCR t hat ar e speci f i c f or ot her pept i des ( 3, 51) .

The f i ne speci f i ci t i es of sever al ot her cl ones usi ng i dent i -

cal TCR t o LC13, CF24, CF3, and CF34 wer e al so det er -

mi ned and f ound t o be anal ogous wi t h dat a pr esent ed i n Fi g.

6 ( dat a not shown) . CTL cl one CF8, expr essi ng a sevent h di s-

t i nct TCR, was al so scr eened f or r ecogni t i on of t he pept i de

anal ogues . I n cont r ast t o ot her cl ones t est ed f r om HLA

B* 4402 + i ndi vi dual s, t hi s cl one di spl ays a si mi l ar f i ne spec-

i f i ci t y pat t er n t o cl one LC13 wi t h j ust t wo maj or excep-

t i ons ( dat a not shown) . At P8, t he r equi r ement f or t he na-

t i ve r esi due ( Gl y) i s absol ut e f or cl one CF8, whi l e cl one LC13

can t ol er at e t wo conser vat i ve subst i t ut i ons ( Al a and Set ) .

Di scussi on

By expl oi t i ng t he unusual char act er i st i cs of t he memor y

CTL r esponse t o an ant i geni c det er mi nant of EBV, we have

demonst r at ed, f or t he f i r st t i me i n humans, how t he TCR

r eper t oi r e f or a f or ei gn epi t ope i s i nf l uenced mar kedl y by an

MHC al l el e t hat i s not i nvol ved i n pr esent i ng t he epi t ope.

Sel f t ol er ance t o a convent i onal ant i gen, i n t he f or m o£ a

backgr ound MHC pr ot ei n, l eads t o t he di ver si f i cat i on of a

memor y r esponse t hat i s commonl y domi nat ed by a si ngl e

publ i c TCR.

TCRReper t oi r e Di ver si t y .

	

Many f act or s may cont r i but e
t o var i at i on i n t he si ze of ant i gen- sel ect ed TCR r eper t oi r es .

These i ncl ude ant i gen- dependent and - i ndependent event s .
One pr oposal i s t hat t he degr ee of di ver si t y i n TCR usage

may be cr i t i cal l y dependent on st r uct ur al const r ai nt s i mposed

by par t i cul ar pept i de/ MHC combi nat i ons, and t hat t he avai l -

abl e r ecept or s t hat can make a " cl ose- f i t " i nt er act i on i s depen-

dent on t he t ar get st r uct ur e ( 52) . Anot her pr oposal suggest s

t hat t he di ver si t y of T cel l r esponses i s of t en r est r i ct ed by t ol -

er ance t o sel f - pr ot ei ns t hat ar e homol ogous, but not i dent i -
cal , t o f or ei gn ant i gens ( 53) . I n t hi s model , ant i geni c pep-

t i des t hat ar e si mi l ar t o sel f - det er mi nant s and bound t o t he
same r est r i ct i on el ement wi l l st i mul at e a l i mi t ed r esponse.

When consi der ed i n t he cont ext of dat a pr esent ed her ei n, t he

hi ghl y r est r i ct ed TCR r eper t oi r e used f or t he memor y r e-
sponse t o pept i de FLRGRAYGL i n t he absence of HLA

B* 4402 ( 20) cannot be expl ai ned si mpl y by ei t her of t hese
pr oposal s . Rat her , i t i s l i kel y t o r ef l ect sel ect i ve T cel l mat -

ur at i on and expansi on i n t he per i pher y as a r esul t of chr oni c
i mmune st i mul at i on . Accor di ng t o t he bal ance of gr owt h

model ( 54) , a T cel l cl one t hat best r esponds t o a f or ei gn pep-
t i de coul d, wi t h t i me, domi nat e over ot her cl ones t hat have

al so been st i mul at ed dur i ng t he pr i mar y r esponse . EBV i s a
gamma her pes vi r us t hat i s t hought t o per si st as a l at ent i n-
f ect i on i n B cel l s . Thus, mar gi nal ant i gen concent r at i ons on

i nf ect ed B cel l s af t er conval escence coul d st i mul at e pr ef er -
ent i al l y a CTL cl one wi t h t he hi ghest pr ol i f er at i ve capaci t y .
Consi st ent wi t h t hi s model , we have demonst r at ed t hat ,
when T cel l s usi ng a domi nant TCR ar e i nact i vat ed by
mechani sms of sel f - t ol er ance, a new TCRhi er achy i s est ab-

l i shed such t hat CTL expr essi ng al t er nat i ve TCRbecome
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appar ent . Thi s hi er achy i s most l i kel y a r esul t of quant i t at i ve

di f f er ences i n si gnal i ng t hr ough t he TCRupon bi ndi ng t o

t he pept i de/ MHC compl ex . Recent r epor t s have suggest ed

t hat TCR si gnal i ng i s i nf l uenced, not onl y by t he af f i ni t y/

avi di t y of t he TCR- l i gand i nt er act i on, but al so by conf or -

mat i onal changes i n t he TCR ( 55) .

The dat a pr esent ed her ei n suggest t hat t he memor y r e-

sponse t o pept i de FLRGRAYGL can be i nf l uenced, not onl y

by sel f - t ol er ance and per i pher al T cel l sel ect i on, but al so by

bi as at t he TCR gene r ecombi nat i on l evel . I ndi vi dual s ex-

pr essi ng bot h HLA B8 and B* 4402 mount an ol i gocl onal

T cel l r esponse t o t he EBV pept i de . Compar i son of TCR

sequences f r om f i ve such i ndi vi dual s r eveal ed an unex-

pect ed number of publ i c or shar ed TCR. I ndeed, >60%of

cl ones f r om t he unr el at ed donor s expr ess publ i c r ecept or s

wi t h hi ghl y homol ogous ( 3 or a/ p r ear r angement s ; a sur -

pr i si ng obser vat i on gi ven t he enor mous pot ent i al di ver si t y

of t he TCR r eper t oi r e . Theor et i cal l y, i f i t i s assumed t hat

t he pr ocesses of V, D, and J combi nat or i al j oi ni ng, exonu-

cl eol yt i c ni bbl i ng, and Nnucl eot i de i nser t i ons oper at e r an-

doml y, t hen t he pot ent i al number of avai l abl e a/ ( 3 speci f i c-

i t i es r ange f r om 10 15 t o 102° ( 2, 56) . Despi t e t hi s pot ent i al

and t he f act t hat t he number of l ymphocyt es pr esent at any

t i me i n t he adul t human i s - 1012, we have descr i bed t he

r ecur r ence of i dent i cal TCR- a and/ or - R chai ns i n unr e-

l at ed i ndi vi dual s . Mor eover , t hi s publ i c TCR r esponse pr e-

domi nat es i n t he ( 3 chai n of t he het er odi mer , whi ch has t he

gr eat er pot ent i al f or di ver si t y ( - 5 X 10 12) , si nce i t cont ai ns

t wo D r egi ons and i t has t he added pot ent i al of N addi t i ons

at bot h t he V- D and D- J j unct i ons ( 56) . Not abl y, sever al of

t hese i dent i cal a and/ or ( 3 r ear r angement s wer e gener at ed

by compl ex r ecombi nat i on event s i nvol vi ng exonucl eol yt i c

t r i mmi ng and addi t i on of nonger ml i ne- encoded N nucl e-

ot i des . Taken t oget her , t hese obser vat i ons pr ovi de evi -

dence f or st r ong genet i c bi as i n TCR r ecombi nat i on . I n-

deed, sever al st udi es have suggest ed nonr andomness i n t he

TCRr ecombi nat i on pr ocess ( 57, 58) .

Recent l y, a publ i c TCRVP r ear r angement has been r e-

por t ed i n t he human T cel l r esponse t o t he i nf l uenza pep-

t i de, M58- 66 ( 59) . I n t hi s st udy, BV17 + T cel l s wer e shown

t o domi nat e i n 13 i ndi vi dual s, and i dent i cal TCR- R pr ot ei n

chai ns wer e i dent i f i ed i n cl ones f r omf i ve i ndi vi dual s . Apub-

l i c V( 3 TCR has al so been document ed i n t he mur i ne r e-

sponse t o hen egg l ysozyme, wher e a si ngl e V( 3 r ear r ange-

ment domi nat es t he TCR r eper t oi r e ( 21) . Thi s domi nant

publ i c V( 3 r ear r angement i s excl usi vel y ger mi ne encoded. By

compar i ng t hese mi ce wi t h t r ansgeni c mi ce l ow i n hen egg

l ysozyme, t he aut hor s f ur t her showed a pr i vat e TCRcom-

ponent f or t he same epi t ope t hat was speci f i c t o each mouse .

These pr i vat e TCRwer e unl i ke t he domi nant publ i c TCR

i n t hat t hey i nvol ved nonger ml i ne- encoded N addi t i ons i n

t hei r VP r ear r angement s . The di st i nct i on bet ween t hese pr e-

vi ous st udi es and t he pr esent r epor t i s t hat we have i dent i f i ed

bot h a and ( 3 chai n conser vat i on f or mul t i pl e TCR di r ect ed

agai nst a si ngl e ant i geni c det er mi nant . The unpr ecedent ed

l evel of TCR conser vat i on we have document ed suggest s

t hat t he occur r ence of T cel l s expr essi ng publ i c r ecept or s may

1712 T Cel l Reper t oi r e Di ver si f i ed by Sel f - t ol er ance

be f r equent i n memor y r esponses t o cer t ai n pept i des, espe-

ci al l y i n i mmunol ogi cal envi r onment s wher e ant i gen per -

si st s . Fur t her mor e, our st udy shows t hat t he publ i c ar m of

an i mmune r esponse can consi st of mul t i pl e TCR t hat di s-

pl ay di ver se CDR3, V, and J gene usage i n bot h t he a and

( 3 chai ns .

The pr esent r epor t cont est s t he concl usi ons of a pr evi ous

anal ysi s of t he mur i ne T cel l r esponse t o a 12- mer pept i de

of sper mwhal e myogl obi n t hat bi nds MHC cl ass I I ( 15) .

Thei r st udy demonst r at ed a st r i ct associ at i on bet ween r ec-

ogni t i on of di st i nct det er mi nant s wi t hi n t he pept i de and

TCRBV usage, concl udi ng t hat T cel l r esponses t hat appear

di ver se may be r est r i ct ed when vi ewed f r om t he per spec-

t i ve of i ndi vi dual det er mi nant s . Al t hough we agr ee t hat TCR

di ver si t y i s, i n par t , a r ef l ect i on of t he r ecogni t i on of di st i nct

det er mi nant s wi t hi n a bound pept i de, our TCR st r uct ur e/

f unct i on anal ysi s ( Fi gs . 4- 6) al so r eveal ed t hat t he same de-

t enni nant of exposed r esi dues wi t hi n pept i de FLRGRAYGL

can be r ecogni zed by r ecept or s wi t h no appar ent common

st r uct ur al mot i f s wi t hi n t hei r CDR3 r egi ons . The di ver si t y

of CDR3, V, and J gene usage i n bot h t he a and ( 3 chai ns

of TCR f or t he EBV pept i de FLRGRAYGL pr ovi des an

excel l ent exampl e of t he r emar kabl e pl ast i ci t y of t he TCR

r eper t oi r e.

TCR Cr oss- r eact i vi t y .

	

Our dat a ( Fi g . 6) , t oget her wi t h

pr evi ous r epor t s ( 51, 60) , demonst r at e t hat si mpl e cl ass I - asso-

ci at ed nonamer pept i des may gener at e mul t i pl e det er mi nant s

when associ at ed wi t h a si ngl e MHC mol ecul e, as has been

demonst r at ed f or l onger pept i des t hat bi nd cl ass I I ( 15, 41,

50, 61) . A f eat ur e of many T cel l cl ones used i n t hese st ud-

i es and i n our i nvest i gat i on i s t hat t hei r TCR i nt er act st r i n-

gent l y wi t h ei t her anuno aci ds t owar d t he COOH- or t he

NH2- t er mi nus of t he pept i de . A cor e r egi on i s i mpor t ant f or

al l T cel l r esponses, wher eas secondar y TCR cont act r esi dues

of t en var y bet ween di st i nct r ecept or s . Thus, a pept i de' s f ul l

ar r ay of pot ent i al TCR cont act r esi dues i s r ar el y used by i n-

di vi dual cl ones . I t i s unl i kel y t hat t hi s cur i ous f eat ur e i s

caused by t he i nabi l i t y of a and R chai n CDR3 l oops t o

span t he 2 . 5- nmgr oove l engt h of cl ass I MHC si nce model -

i ng of TCR st r uct ur e, based on i mmunogl obul i n f ol ds, sug-

gest s t hey can ( 37) . Al t er nat i vel y, T cel l s t hat f ai l t o engage

ami no aci ds at bot h ends of a pept i de ar e per haps mor e

l i kel y t o be bot h posi t i vel y sel ect ed i n t he t hymus and r e-

sponsi ve t o a nonsel f ant i gen, gi ven r ecent evi dence t hat pos-

i t i ve sel ect i on i s dependent on par t i cul ar endogenous pep-

t i de/ MHC compl exes ( 6, 7) .

I t can be cal cul at ed, based on t he number of ami no aci ds

encoded i n a hi gher ver t ebr at e genome ( ^zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"3 X 107 t o 101) ,

t hat pept i des not l ess t han ei ght t o ni ne r esi dues i n l engt h

ar e r equi r ed f or adequat e sel f ver sus nonsel f di scr i mi nat i on

( 62) . Si nce many T cel l s f ai l t o " vi ew" t he f ul l - l engt h of

bound pept i des, i t i s not sur pr i si ng t hat i ndi vi dual TCR bear -

i ng dual speci f i ci t i es ar e a common occur r ence ( 63) . These

may have an i mpor t ant r ol e i n t he over al l f unct i oni ng of

t he i mmune syst em. For exampl e, t he i mpact of a poi nt mu-

t at i on wi t hi n a f or ei gn pept i de epi t ope wi l l be r educed i f

t he TCR r eper t oi r e i ncl udes r ecept or s t hat do not i nt er act
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wi t h t he al t er ed pept i de posi t i on . I n addi t i on, br oadl y r eac-

t i ve T cel l s may ai d pr i mar y ( 64) and memor y r esponses ( 65) ,

wher e memor y T cel l s f or one pat hogen ar e r eact i vat ed by

a di f f er ent i nf ect i ous agent .

The l i mi t ed speci f i ci t y of sel f - MHC- r est r i ct ed T cel l s i s

al so t he basi s of t he al l or esponse and i t s associ at ed cl i ni cal

pr obl ems . Thi s i s suppor t ed by numer ous r epor t s of T cel l

cl ones wi t h dual speci f i ci t y f or an al l o- MHC mol ecul e and

a nomi nal ant i gen compl exed wi t h sel f - MHC ( 63) . The T

cel l cl onot ype expr essi ng t he pr ot ot ypi cal TCR f or pept i de

FLRGRAYGL i s an exampl e, and we have shown t hat t he

pot ent memor y r esponse t o t hi s pept i de t hat per si st s af t er

pr i mar y EBV exposur e augment s t he al l or esponse t o HLA

B* 4402 ( 22) . I t i s now cl ear t hat , i n most cases, T cel l r ec-

ogni t i on of al l oant i gens i nvol ves bot h t he al l o- MHC mol e-

cul e and i t s associ at ed pept i de l i gand ( 66) . I t seems possi bl e,

based on t he f i ne speci f i ci t y anal ysi s ( Fi g . 6) , t hat t he dual

r eact i vi t y of t he pr ot ot ypi cal r ecept or f or FLRGRAYGL

( see cl one LC13) i s r el at ed t o i t s f ai l ur e t o bi nd speci f i cal l y

t o t he NHZ - t er mi nal ami no aci d of t he pept i de . Per haps a

det er mi nant t owar d t he COONt er mi nus of t he EBV pep-

t i de r esembl es a pept i de pr esent ed on HLA B* 4402 . Sup-

por t i ng t hi s concept , most of t he cl ones we have exami ned

f r om B* 4402 + donor s i nt er act r el at i vel y st r i ngent l y wi t h

Phe at P1 . An except i on, however , i s cl one CF8, whi ch r ec-

ogni zes t he same r esi dues of FLRGRAYGL as t he cr oss-

r eact i ve cl one, al t hough sl i ght l y mor e speci f i cal l y . The TCR

of cl one CF8 may avoi d sel f - r eact i vi t y by bi ndi ng MHC

r esi dues t hat di f f er bet ween HLA B8 and B* 4402 . Al t er na-

t i vel y, di f f er ences i n t he st r i ngency of i nt er act i on wi t h MHC
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wi t h an i ncr eased r i sk of devel opi ng i nsul i n- dependent di a-

bet es mel l i t us, myast heni a gr avi s, SLE, cel i ac di sease, and

Sj 6gr en' s syndr ome ( 67) . I nt er est i ngl y, Sj 6gr en' s syndr ome

i s al so associ at ed wi t h EBV ( 70) , r ai si ng t he possi bi l i t y t hat

CTL act i vat ed agai nst pept i de FLRGRAYGL coul d con-

t r i but e t o i t s pat hogenesi s i n some cases .
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