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Summar y

Tol er ance t o al l oant i gen may be i nduced i n r at s by admi ni st r at i on of bl ood f ol l owed by

t r anspl ant at i on of a r enal al l ogr af t . The mechani sm of t hi s t ol er ance was i nvest i gat ed by di r ect l y

anal yzi ng t he f unct i onal act i vi t y of gr af t - i nf i l t r at i ng cel l s . We have pr evi ousl y shown cyt ot oxi c

T l ymphocyt e i nf i l t r at i on of , and maj or hi st ocompat i bi l i t y compl ex i nduct i on on, gr af t s of t ol er ant

ani mal s . We nowr epor t t hat cel l s i sol at ed f r omt he gr af t s of t ol er ant r at s showa r educed expr essi on

of t he p55 i nt er l euki n 2 r ecept or ( I I r 2R) chai n on t he cel l sur f ace compar ed wi t h t hat seen on

t he cel l s of unt r eat ed ani mal s . Scat char d anal ysi s f ur t her r eveal s l ow expr essi on of hi gh af f i ni t y

I I r 2R. Thi s i s due t o r educed t r anscr i pt i on of bot h I L2R cx and / 3 chai n mRNAs and r esul t s

i n a r educed abi l i t y of cel l s t o pr ol i f er at e i n r esponse t o I L2 . Cel l s i sol at ed f r omt ol er ant ani mal s

ar e unabl e t o make bi ol ogi cal l y act i ve I L- 2 i n cul t ur e, wher eas cel l s f r omunt r eat ed ani mal s make

hi gh l evel s. Thi s i s not r ef l ect ed at t he mRNA l evel as t he I L2 gene i s i nduced i n bot h t ol er ant

and unt r eat ed ani mal s t o si mi l ar l evel s . The i nduct i on of t ol er ance i s abr ogat ed by admi ni st r at i on

of r ecombi nant I L2 t o ani mal s at t he t i me of t r anspl ant at i on . Thus, we concl ude t hat an al t er ed

r egul at i on of t he I L2 pat hway r esul t s i n t ol er ance i n t hese al l oant i gen- t r eat ed and t r anspl ant ed

ani mal s .

I nt er l euki n 2 pl ays a cent r al r ol e i n ampl i f i cat i on of i mmune

r esponses . Fur t her , i t has been suggest ed t hat an absence

of I L- 2 and/ or ot her cyt oki nes af t er ant i geni c st i mul at i on may

be cr i t i cal i n t he i nduct i on of T and B cel l aner gy ( 1, 2) .

Tol er ance t o ant i gens t hat ar e expr essed wi t hi n t he t hymus

usual l y r esul t s f r om del et i on of aut or eact i ve cel l s ( 3- 5) , al -

t hough r ecent evi dence suggest s t hat sel f - r eact i ve cel l s may

escape del et i on and become aner gi c ( 6, 7) . Tol er ance t o an-

t i gens expr essed ext r at hymi cal l y does not seem t o i nvol ve de-

l et i on but may r esul t f r om t he i nduct i on of aner gy i n t he

aut or eact i ve popul at i on ( 8- 10) . Tol er ance t o al l oant i gens may

be i nduced i n adul t ani mal s by a si ngl e i nt r avenous i nj ect i on

of al l oant i gen i n t he f or m of whol e bl ood ( 11) . I n t he DA-

RT1 1 ( DA) - PVG- RT1c ( PVG) r at st r ai n combi nat i on, i n-

t r avenous admi ni st r at i on of 1 ml whol e DA bl ood t o PVG

ani mal s 7 d bef or e t r anspl ant at i on of a DA ki dney l eads t o

i ndef i ni t e gr af t sur vi val whi ch i s bl ood donor speci f i c ( 12) .

I ndeed, t hese pr et r eat ed and t r anspl ant ed ani mal s may be r e-

t r anspl ant ed wi t h a car di ac al l ogr af t of t he same donor st r ai n,

100 d af t er t he pr i mar y gr af t , and t he secondar y gr af t al so

sur vi ves i ndef i ni t el y ( our unpubl i shed r esul t s) . Thus, t hese

ani mal s ar e t ol er ant of t he or i gi nal al l oant i gens. We and ot her s

have i nvest i gat ed t hi s t r anspl ant at i on t ol er ance by anal yzi ng

i mmune event s wi t hi n t he t r anspl ant ed gr af t and have demon-

st r at ed t hat t he t ol er ance exi st s despi t e t he pr esence of cel l s

r eact i ve wi t h donor al l oant i gen . Ani mal s cont ai n, i n t hei r

gr af t s and per i pher al l ymphoi d or gans, f ul l y di f f er ent i at ed,

donor - speci f i c, ef f ect or cyt ot oxi c cel l s ( 12, 13) and can pr o-

duce at l east some cyt oki nes as r ef l ect ed by an i nduced l evel

of bot h MHCcl ass I and I I ant i gens on t he t r anspl ant ed t i ssue

( 13, 14) . Cl ear l y t hen, t hi s t ol er ance i s not mai nt ai ned by

a compl et e del et i on of al l oant i gen- speci f i c T cel l s. We have

now exami ned t he st at us of t he I L- 2 pat hway i n t hese r at s

by a di r ect anal ysi s of i nt r agr af t event s . Her e we pr esent evi -

dence t hat t r anspl ant at i on t ol er ance i n t hi s model i s due t o

an al t er ed r egul at i on of t he r eci pi ent ' s I L- 2 pat hway t hat i s

i nduced f ol l owi ng r echal l enge wi t h al l oant i gen i n t he f or m

of a t r anspl ant . Gr af t i nf i l t r at i ng cel l s i sol at ed f r omt ol er ant

ani mal s do not make bi ol ogi cal l y act i ve I L- 2, al t hough ex-

pr essi on of t he I L- 2 gene i s i nduced, and do not r espond nor -

mal l y t o I L- 2 . Thi s poor r esponse t o I L- 2 i s due t o decr eased

expr essi on of bot h cz and 0 chai ns of t he I L- 2R. Fur t her ,

t hi s t ol er ant st at e can be r ever sed compl et el y by admi ni st er i ng

I L2 at t he t i me of t r anspl ant at i on. These dat a suggest t hat ,

i n t hi s model , a st at e of aner gy has devel oped i n t he T cel l s

r esponsi bl e f or I L- 2 pr oduct i on r esul t i ng i n t r anspl ant at i on

t ol er ance.
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Mat er i al s and Met hods

Ani mal s.

	

I nbr ed Lewi s- RT11 ( LEW) , bl ood gr oup D Agout i -

RTl ' ( DA) , and PVG- RTI ° ( PVG) mal e r at s wer e obt ai ned f r om

Har l an Ol ac UK Lt d . ( Bi cest er , UK) or br ed i n t he Bi omedi cal

Ser vi ces Uni t at t he John Radcl i f f e Hospi t al ( Oxf or d, UK) .

Tr ansf usi on and Tr anspl ant at i on.

	

DAr at s wer e gi ven 1. 0 ml PVG

( donor - speci f i c) bl ood, i nt r avenousl y, 7 d bef or e t r anspl ant at i on of

a PVG or DA ki dney . Cont r ol ani mal s wer e ei t her gi ven 0. 5 ml

LEW( t hi r d par t y) bl ood i nt r avenousl y or not hi ng . Ki dneys wer e

t r anspl ant ed i nt o t he l ef t or t hot opi c si t e as pr evi ousl y descr i bed ( 15) .

Pr epar at i on of Cel l Suspensi ons.

	

Ki dneys wer e r emoved 3 or 5 d

af t er t r anspl ant at i on and di gest ed wi t h col l agenase as pr evi ousl y

descr i bed ( 12) t o r el ease i nf i l t r at i ng l eukocyt es . LN wer e r emoved

andl ymphocyt es t eased i nt o a si ngl e- cel l suspensi on t hr ough a wi r e

mesh .

Fl ow Cyt omet r y.

	

Si ngl e- cel l suspensi ons of gr af t - i nf i l t r at i ng cel l s

wer e st ai ned at 4° C f or 60 mi n wi t h t he f ol l owi ng ant i bodi es i n

t he f or mof t i ssue cul t ur e super nat ant : MRCOXI and MRCOX30

( l eukocyt e- common ant i gen) ; NDS 61, NDS66, and MRCOX

39 ( I L2Rp55, a chai n) ; or MRCOX 21 ( human Fact or I ) . Af t er

washi ng, cel l s wer e i ncubat ed wi t h FI TC- conj ugat ed goat

ant i - mouse I g ( F0257 ; Si gma Chemi cal Co. , Pool e, Engl and) .

Sampl es wer e anal yzed on a f l ow cyt omet er ( Or t ho Di agnost i c

Syst ems, I nc. , West wood, MA) . Ant i bodi es desi gnat ed NDS wer e

pr oduced i n t hi s l abor at or y ( 16) ; hybr i domas pr oduci ng ant i bodi es

desi gnat ed MRCOXand W3/ 25 wer e ki nd gi f t s of Dr . A. F. Wi l -

l i ams ( Medi cal Resear ch Counci l Cel l ul ar I mmunol ogy Uni t , Ox-

f or d, Engl and) .

Scat char d Anal ysi s .

	

I L- 2 was l abel ed wi t h [ 125 1] sodi um i odi de

usi ng Enzymobeads ( 170- 6001 ; Bi o- Rad, Hemel Hempst ead, UK)

accor di ng t o t he manuf act ur er ' s met hods t o a speci f i c act i vi t y of

2 . 04- 2 . 16 x 10' cpm/ p. g. Radi ol abel ed I L2 bi ndi ng was per -

f or med accor di ng t o t he sl i ght l y modi f i ed ( 17) met hod of Robb

et al . ( 18) . Br i ef l y, gr af t - i nf i l t r at i ng cel l s wer e r esuspended i n I L- 2-

f r ee RPMI ( Gi bco Lt d . , Uxbr i dge, UK) f or 2 h at 37 ° C. Ser i al

di l ut i ons of r adi ol abel ed 11, 2 ( i n t he r ange of 50 pM t o 50 nM)

wer e added t o 1 . 6 x 106 cel l s i n a t ot al vol ume of 500 Al RPMI

cont ai ni ng 0. 1%BSA and 0. 1%NaN3 and i ncubat ed at 20°Cf or

40 mi n . Fr ee and cel l - bound 125 1- I L2 was separ at ed by cent r i f u-

gat i on over a 20%ol i ve oi l / 80%di but yl pht hal at e mi x. Cel l pel l et s

wer e count ed . Nonsat ur abl e bi ndi ng was det er mi ned by i ncubat i ng

cel l s wi t h a 100- 1, 000- f ol d excess of unl abel ed 11, 2 . Speci f i c bi ndi ng

was det er mi ned by subt r act i ng nonsat ur abl e bi ndi ng. Scat char d anal -

ysi s was used t o det er mi ne t he pr esence of l ow and hi gh af f i ni t y

11, 2 bi ndi ng si t es .

11, 2 Pr ol i f er at i on Assays .

	

Cel l s wer e i ncubat ed at 5 x 105 / ml

i n RPMI cont ai ni ng 10%FCS, 2 mMgl ut ami ne, 2. 5 x 10 - 5 M

2- ME and peni ci l l i n ( 45 Ag/ ml ) , st r ept omyci n ( 45 NAg/ ml ) , and

kanomyci n ( 90, ug/ ml ) ( R10) i n a t ot al vol ume of 200 Al i n r ound-

wel l pl at es f or 24 h at 37° C. 1 p, Ci [ ' H] t hymi di ne was added t o

each wel l f or t he l ast 4 h of cul t ur e. Human r I L2 ( a gener ous gi f t

of t he Cet us Cor p. , Emer yvi l l e, CA) was added t o t he cul t ur es

at t he concent r at i ons i ndi cat ed.

I L2 Pr oduct i on Assays .

	

7. 5 x 10 5 gr af t - i nf i l t r at i ng l eukocyt es

wer e i ncubat ed wi t h 7. 5 x 10 5 i r r adi at ed ( 2, 500 r ad) DA r at LN

cel l s i n a t ot al vol ume of 1 ml i n 24- wel l pl at es f or 3 d at 37° C.

Super nat ant s of such cul t ur es wer e t hen har vest ed and i ncubat ed

at var i ous di l ut i ons i n 96- f l at wel l pl at es f or 48 h wi t h an 11, 2- de-

pendent r at cel l l i ne ( devel oped i n t hi s l abor at or y) at 8 x 10 5

cel l s/ ml i n R10 . Dur i ng t he f i nal 4 h of cul t ur e, 1 uCi [ 3H] t hymi -

di ne was added per wel l . r I L2 was used as a posi t i ve cont r ol .

Pr epar at i on of RNA andNor t her n Bl ot t i ng.

	

Ki dneys wer e r emoved
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and i mmedi at el y homogeni zed i n guani di ne t hi ocyanat e sol ut i on

( 4 Mguani di ne t hi ocyanat e, 25 mMNa3 ci t r at e, 0. 2% sar kosyl ,

200 mM2- ME) . Tot al RNA f r om i ndi vi dual r at s was pel l et ed

t hr ough a cesi umchl or i de gr adi ent ( 5 . 7 MCsCl , 100 r nMEDTA) .

10 p. g t ot al RNAwas denat ur ed by gl yoxal t r eat ment ( 50° C, 60

mi n i n 10 mMsodi um phosphat e, pH 7. 0, 50% DMSO, 17%

dei oni zed gl yoxal ; 26107 ; BDHChemi cal s Lt d. , At her st one, En-

gl and) and si ze f r act i onat ed on a 0. 6%agar ose gel . RNAwas t r ans-

f er r ed t o nyl on membr anes ( Hybond N RPN 303N; Amer sham

I nt er nat i onal , Amer sham, UK) , f i xed under UV i l l umi nat i on and

hybr i di zed t o [ t x- ' ZP] dCTP- l abel ed cDNA pr obes i n 50%f or ma-

mi de, 6 x SSPE, 0. 1% SDS, 0. 25% Cadbur y' s Mar vel . cDNA

pr obes f or t he I L2 Rat and 0 chai ns wer e pr epar ed i n t hi s l abor a-

t or y ( Page, TH. , and M. J . Dal l man, manuscr i pt submi t t ed f or pub-

l i cat i on) .

Pol ymer ase Chai n React i on ( PCR) .

	

PCRwas per f or med essen-

t i al l y as pr evi ousl y descr i bed ( 19) . Br i ef l y, 1 j i g t ot al RNAwas

i ncubat ed f or 5 mi n at 60 ° Cwi t h 4 pg ol i go( dT) ( 27 7858 ; Phar -

maci a, Mi l t on Keynes, UK) , chi l l ed on i ce f or 3 mi n, and f ur t her

i ncubat ed f or 40 mi n at 37° C wi t h 1 al RNAsi n ( 799- 017 ; BCL,

UK) , 1 mMdNTPs, 400 Ur ever se t r anscr i pt ase ( mur i ne Mol ony

l eukemi a vi r us, 510- 8025 ; Gi bco Lt d . , Uxbr i dge, Engl and) and 8

Al RT buf f er ( Gi bco Lt d . ) . Af t er 40 mi n, a f ur t her 400 Ur ever se

t r anscr i pt ase was added and i ncubat ed f or 40 mi n at 37° C. Reac-

t i ons wer e t hen heat i nact i vat ed at 70° C f or 10 mi n and 60 pl wat er

was added per sampl e . PCRs wer e set up usi ng 5 pi of t hi s cDNA.

To t hi s was added ( f i nal concent r at i ons i n par ent heses) KCl ( 0 . 15 M) ,

Tr i s HCl , pH 8. 3 ( 10 mM) , MgC1 2 ( 1 . 5 mM) , gel at i n ( 0 . 01%) ,

dNTPs ( 0 . 2 mMeach) , pr i mer Aand pr i mer B ( 1 p, Meach) , and

2 . 5 UTaq pol ymer ase ( N801- 0046; Per ki n- El mer Cor p. , Haywar d,

CA) i n a t ot al vol ume of 100 pl . Thi s was over l ai d wi t h 50 pl

mi ner al oi l ( M3516 ; Si gma Chemi cal Co. ) . Pr i mer sequences wer e

der i ved f r om t he pr evi ousl y publ i shed mouse 11, 2 sequence ( 20) .

We have f ound t hat t hese pr i mer s ampl i f y a 0. 4- kb pr oduct f r om

r at I L- 2- pr oduci ng cel l s whose sequence i s i dent i cal t o t hat of t he

r ecent l y publ i shed r at 11, 2 sequence ( 21) . Pr i mer s A and B have

t he sequences 5' AACAG000ACCCACTTCAA3' and 5' TTGA-

GATGATGCTTTGACA3' r espect i vel y . Sampl es wer e i ncubat ed at

93 ° C f or 1 mi n, 60 ° C f or 2 mi n, and at 72°C f or 1 mi n . Thi s

cycl e was r epeat ed 20- 60 t i mes usi ng a DNAt her mal cycl er ( Per ki n-

El mer Lt d . , Beaconsf i el d, Engl and) . Cont r ol pr i mer s wer e der i ved

f r om t he r at cyt opl asmi c 0- act i n sequence and have t he sequences

5' ATGGATGACGATATCGCTG3' and 5' ATGAGGTAGTCTGTC-

AGGT3' . PCRusi ng t hese pr i mer s was as descr i bed f or t he 11, 2

pr i mer s except t hat t he r eact i ons cont ai ned 2. 5 mmMgC12 and

t he anneal i ng cycl e was per f or med at 55° C. Sampl es wer e anal yzed

ei t her by gel el ect r ophor esi s, usi ng 15- I AI sampl es of t he ampl i f i ed

DNAor by dot bl ot . For dot bl ot anal ysi s 151Al of t he PCRmi x

was r emoved af t er var yi ng number s of cycl es, dot - bl ot t ed on t o

ni t r ocel l ul ose membr ane ( BA85 ; Schl ei cher & Schul l , Ander man

and Co. , Lt d . , Ki ngst on- Upon- Thames, Engl and) and hybr i di zed

t o - y- [ 32P] ATP, end- l abel ed ol i gonucl eot i des whose posi t i ons i n t he

cDNA ar e i nt er nal t o t hat of t he or i gi nal 2 pr i mer s and whose

sequences ar e 5' CACTGAAGATGTTTC3' and 5' AGCAAGAG-

AGGTATCCT3' f or 11, 2 and act i n, r espect i vel y .

Tr eat ment of Tr anspl ant ed Ani mal s wi t h r I L2.

	

Ani mal s wer e t r ans-

f used and t r anspl ant ed as descr i bed above. On t he day of t r anspl an-

t at i on and f or t he subsequent 5 d, ani mal s r ecei ved an i nt r aper i t oneal

i nj ect i on of r I L2 di l ut ed i n RPMI cont ai ni ng 10%FCS and ant i -

bi ot i cs. 7 d af t er t r anspl ant at i on, t he ani mal s' second ki dney was

r emoved so t hat sur vi val of t he ani mal depended on adequat e f unc-

t i on of t he t r anspl ant ed ki dney .
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The Cel l Sur f ace Expr essi on of I I , 2R I s Reduced on Gr af t -
i nf i l t r at i ng Cel l s f r om Tol er ant Ani mal s . We have pr evi ousl y
descr i bed t hat t he l eukocyt e i nf i l t r at i on i s si mi l ar i n gr af t s
f r omt ol er ant and unt r eat ed ( nont ol er ant ) ani mal s ( 14) . The

expr essi on of 11, 2 r ecept or s on gr af t - i nf i l t r at i ng cel l s was ex-
ami ned phenot ypi cal l y by f l ow cyt omet r y and Fi g. 1 shows
an anal ysi s of t he cel l s f r omone t ol er ant ( a- c) and one non-
t ol er ant ( dj ) ani mal . Cel l s i n bot h t ypes of gr af t expr ess t he
I L2R. However , al t hough t he per cent age of l eukocyt es ex-
pr essi ng t he I L2R was si mi l ar i n t ol er ant and nont ol er ant

ani mal s ( means of 34. 1 and 37%f or si x and f or f our ani mal s,
r espect i vel y) , t he l evel of expr essi on of t he r ecept or , as j udged
by t he mean channel f l uor escence, was consi st ent l y r educed
on cel l s f r omt ol er ant ani mal s ( means of 400 and 271 on t he
cel l s of unt r eat ed [ f our r at s] and t ol er ant [ si x r at s] ani mal s,
r espect i vel y ; Fi g. 1, b and e) . Si nce t he ant i bodi es used f or
t hi s phenot ypi c anal ysi s onl y r eact wi t h t he p55, ot chai n,

of t he r at I L2R, Scat char d anal ysi s was used t o exami ne t he
expr essi on of hi gh af f i ni t y I L2R, whi ch r equi r e t he pr esence

of bot h ct and S chai ns . Thi s anal ysi s r eveal ed a l ack of ex-
pr essi on of hi gh af f i ni t y I L2 bi ndi ng t o t he cel l s f r omt ol er ant

r at s ( Fi g . 2, a and b) .

I I , 2R cz- and a- Chai n Genes Ar e Weakl y Expr essed i n Tol er ant

Ani mal s . Nor t her n anal ysi s usi ng t ot al RNAi sol at ed f r om
t he gr af t s of t ol er ant r at s shows t hat I L2R cx- chai n gene i s
bar el y expr essed, wher eas st r ong expr essi on i s seen i n gr af t s
of nont ol er ant ani mal s ( Fi g . 3 a) . Thi s r esul t suggest s t hat
t he l ow sur f ace expr essi on of t he I L- 2R a chai n by l euko-
cyt es f r omt he t ol er ant ani mal s was due t o a weak i nduct i on
of t he gene . The I L2R S chai n gene i s const i t ut i vel y ex-

pr essed by r at T cel l s al t hough i t s expr essi on i s upr egul at ed
upon act i vat i on ( Page, T. H. , and M. J . Dal l man, manuscr i pt
submi t t ed f or publ i cat i on) . Fi g. 3 b shows t hat al t hough I L
2R( 3- chai n mRNAi s seen i n t he gr af t s of bot h t ol er ant and
nont ol er ant ani mal s i t i s expr essed at a hi gher l evel i n t hose
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Fi gur e 1 .

	

Gr af t - i nf i l t r at i ng

cel l s f r omt ol er ant r at s expr ess l ow

l evel s of t he I I , 2R a chai n . Cel l s

wer e obt ai ned f r om t he t r anspl ant s

of one t ol er ant ( a- c) and one non-

t ol er ant ( d- f ) ani mal 5 d af t er
gr af t i ng, by col l agenase di gest i on of

t he gr af t s, and exami ned f or sur f ace

expr essi on of t he I I , 2R by f l ow

cyt omet r y. Per cent age of cel l s

st ai ned wi t h ant i bodi es agai nst l eu-

kocyt e common ant i gen, I TC ( a and

d ; MRC OXI +MRC OX30) ; I L

2R ( b and e ; NDS61+NDS66+

MRC OX39) ; or human Fact or I
( c andf ; MRCOX21, negat i ve con-

t r ol ) i s shown wi t h mean channel
f l uor escence ( as an i ndi cat i on of l evel

of expr essi on) of I I L2R- posi t i ve cel l s
( mcf ) . These dat a ar e exampl es f r om

si ngl e ani mal s ; mean r esul t s f r om
gr oups of ani mal s ar e gi ven i n t he

t ext .
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The pr esence of hi gh and l ow af f i ni t y I L2 bi ndi ng si t es on
gr af t - i nf i l t r at i ng cel l s f r om nont ol er ant ( a ; O) and t ol er ant ( b ; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ) r at s
was i nvest i gat ed usi ng " Habel ed I L2 . Gr af t - i nf i l t r at i ng cel l s wer e r e-
cover ed, 5 d af t er gr af t i ng, by col l agenase di gest i on of t he t r anspl ant s,
and i ncubat ed wi t h ser i al di l ut i ons of r adi ol abel ed I L2. Fr ee and cel l - bound
11, 2 wer e separ at ed by cent r i f ugat i on t hr ough oi l , and cel l pel l et s wer e
count ed. Scat char d anal ysi s was used t o det er mi ne t he pr esence of l ow
and hi gh af f i ni t y I L2 bi ndi ng si t es. The exper i ment was r epeat ed wi t h
si mi l ar r esul t s .



Fi gur e 3 .

	

I I r 2R a and S chai n genes ar e weakl y expr essed i n t ol er ant

ani mal s . Tot al RNAwas i sol at ed f r omgr af t s i n t ol er ant ( T) or nont ol er ant

( NT) ani mal s 1, 3, or 5 d af t er r enal t r anspl ant at i on . 10 p. g t ot al RNA

was subj ect ed t o Nor t her n anal ysi s and pr obed wi t h cDNA pr obes f or

t he r at I Lr 2R a ( a) or / 3 ( b) chai n. c shows t he RNA st ai ned wi t h et hi di um

br omi de t o show equal l oadi ng of al l sampl es. These RNA sampl es wer e

al so used f or exper i ment shown i n Fi g . 8 . Thi s exper i ment was r epeat ed

wi t h essent i al l y t he same r esul t .

82

of nont ol er ant ani mal s . NK cel l s have been r epor t ed t o ex-

pr ess t he I I r 2R / 3 chai n ( 22) . The hi gher l evel of expr essi on

of t he O- chai n gene by unt r eat ed r at s i s, however , unl i kel y

t o be due t o i ncr eased i nf i l t r at i on by NK cel l s si nce NK ac-

t i vi t y i s si mi l ar i n t he gr af t s of t ol er ant and nont ol er ant ani mal s

( r ef er ence 13, and our unpubl i shed obser vat i ons) . These dat a

i ndi cat e, t her ef or e, t hat l ow expr essi on of not onl y t he I I r

2R a chai n gene but al so of t he a chai n gene cont r i but es

t o t he r educed l evel of hi gh af f i ni t y I I T2 bi ndi ng si t es on t he

gr af t - i nf i l t r at i ng cel l s of t ol er ant ani mal s .
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Gr af t - i nf i l t r at i ng cel l s f r omt ol er ant r at s do not r espond nor -

mal l y t o 11, 2 . Cel l s i sol at ed f r omr enal t r anspl ant s wer e t est ed f or t hei r

abi l i t y t o pr ol i f er at e i n r esponse t o 11, 2 i n a [ 3HJTdRupt ake assay. Pr ol i f er -

at i on ( cpm X 10 - 3 i ncor por at ed) of cel l s f r om gr af t s of unt r eat ed r at s

( A) and al l oant i gen- pr et r eat ed r at s ( A) 5 d ( a) or 3 d ( b) af t er t r anspl ant .

Each t i t r at i on r epr esent s t he r esul t s f r om an i ndi vi dual ani mal . The ex-

per i ment was r epeat ed t hr ee t i mes wi t h si mi l ar r esul t s .



Cel l s f r om Tol er ant Ani mal s Do Not Devel op a Nor mal Re-

sponse t o 11, 2. Si nce t he cel l s f r omt ol er ant ani mal s expr ess

l ow l evel s of t he hi gh af f i ni t y I I T2R, i t seemed l i kel y t hat

t hey woul d not be capabl e of pr ol i f er at i ng i n r esponse t o I L

2 . Fi g. 4 a shows t hat t he cel l s i sol at ed f r om t he gr af t s of

t ol er ant ani mal s, 5 d af t er t r anspl ant at i on, r esponded ver y
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Rat s pr et r eat ed wi t h t hi r d- par t y bl ood devel op a nor mal r e-

sponse t o 11, 2 . Cel l s i sol at ed f r om r enal t r anspl ant s wer e t est ed f or t hei r

abi l i t y t o pr ol i f er at e i n r esponse t o I L2 i n a [ 3H] TdR upt ake assay. Pr ol i f er -

at i on ( cpm x 10 - 3 i ncor por at ed) of cel l s f r omgr af t s of t hi r d- par t y bl ood-

t r eat ed ani mal s ( 0) and donor - speci f i c bl ood- t r eat ed r at s (zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ) ei t her 5 d

( a) or 3 d ( b) af t er t r anspl ant . Each t i t r at i on r epr esent s t he r esul t s f r om

an i ndi vi dual ani mal . The exper i ment was r epeat ed wi t h essent i al l y t he

same r esul t .
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Gr af t - i nf i l t r at i ng cel l s f r om t ol er ant r at s ar e unabl e t o make

bi ol ogi cal l y act i ve 11, 2 . Leukocyt es i sol at ed f r omal l ogr af t s of t ol er ant ( A)

and nont ol er ant ( 0) ani mal s, 3 d af t er t r anspl ant at i on, wer e r est i mul at ed

wi t h al l oant i gen i n vi t r o . The super nat ant s f r om such cul t ur es wer e as-

sayed f or 11, 2 act i vi t y usi ng an U, 2- dependent r at cel l l i ne. r I I * 2 at a st ar t i ng

concent r at i on of 6, 000 I U/ ml was used as a posi t i ve cont r ol ( p) ; back-

gr ound ( O) . Each t i t r at i on r epr esent s t he super nat ant of a cul t ur e of cel l s

obt ai ned f r om an i ndi vi dual r at . The exper i ment was r epeat ed wi t h si mi l ar

r esul t s .

poor l y t o r I L2 compar ed wi t h cel l s f r om gr af t s t hat wer e

under goi ng r ej ect i on i n nai ve r eci pi ent s . I nt er est i ngl y, how-

ever , cel l s i sol at ed f r om t ol er ant ani mal s showed an ear l y ver y

l ow r esponse t o I L2 at a t i me at whi ch cel l s f r omunt r eat ed

r at s wer e unabl e t o r espond t o I L- 2 ( Fi g . 4 b) . As a speci f i ci t y

cont r ol f or t he obser ved ef f ect s on t he I L- 2Rexpr essi on, gr af t -

i nf i l t r at i ng cel l s wer e i sol at ed f r om r at s t hat had been pr eoper -

at i vel y t r ansf used wi t h t hi r d- par t y bl ood and t her ef or e wi l l

r ej ect t hei r gr af t s acut el y ( 14) , and t est ed f or t hei r abi l i t y t o

Fi gur e 7.

	

Tol er ant r at s expr ess t he I L2 gene. Expr essi on of t he I L2

gene was assessed i n RNA i sol at ed f r om t he gr af t s of t ol er ant ( T) , non-

t ol er ant ( NT) , and syngenei cal l y t r anspl ant ed ( S) r at s, 5 d af t er gr af t i ng,

usi ng t he PCR. m, mar ker t r ack ( kb l adder ) ; n, no cDNA cont r ol . 15

, al sampl es of t he ampl i f i ed cDNA ( 60 cycl es) wer e el ect r ophor esed on

et hi di umbr omi de cont ai ni ng 1 . 0%agar ose gel s and vi sual i zed under UV
i l l umi nat i on . The exper i ment was r epeat ed on sever al occasi ons usi ng RNA

i sol at ed f r om t wo i ndi vi dual gr oups of ani mal s wi t h essent i al l y t he same
r esul t s .



Fi gur e 8 .

	

Semi quant i t at i ve anal ysi s of t he l evel of 11, 2

expr essi on . The l evel of I L- 2 mRNA expr essi on was as-

sessed semi quant i t at i vel y usi ng PCRf ol l owed by dot bl ot

anal ysi s. ( a) RNA was i sol at ed f r om gr af t s 1 ( col umns

1, 4, and 7) , 3 ( col umns 2, 5, and 8) , or 5 ( col umns 3,

6, and 9) d af t er t r anspl ant at i on f r om syngenei c, ( syn) ,

nont ol er ant ( NT) , or t ol er ant ( T) r at s and ampl i f i ed usi ng

I L2 pr i mer s . Dot bl ot s wer e hybr i di zed wi t h a t hi r d 11, 2

pr i mer whi ch l i es i nt er nal t o t he or i gi nal t wo pr i mer s i n

t he r at 11, 2 cDNA sequence . ( b) As a cont r ol f or quant i -

t at i on, cDNA synt hesi s was per f or med usi ng 0. 1, 1, 10,

or 100 ! &g RNAf r omnont ol er ant ani mal s and ampl i f i ed

and dot - bl ot t ed as i n a usi ng 11, 2 pr i mer s . Under t hese

exper i ment al condi t i ons 10- f ol d di f f er ences i n t ar get se-

quence ar e easi l y di st i ngui shabl e . ( c) Cont r ol PCRusi ng

pr i mer s and i nt er nal ol i gonucl eot i de f or hybr i di zat i on t o

t he dot bl ot der i ved f r omt he r at cyt opl asmi c 0- act i n sequence . Sampl es ar e pr esent ed i n t he same or der as i n a ; n, no cDNA negat i ve cont r ol . Sampl es

of RNA used her e ar e shown i n Fi g . 3 C. These exper i ment s have been r epeat ed on f i ve di f f er ent occasi ons usi ng RNA i sol at ed f r om t wo gr oups

of ani mal s wi t h t he same r esul t .

r espond t o 11, 2 . Fi g. 5 shows t hat cel l s i sol at ed f r om such

ani mal s, 3 d af t er t r anspl ant at i on, r espond poor l y t o I L2 ( Fi g .

5 b) , but devel op a good I L2 r esponse by day 5 ( Fi g . 5 a) .

Thus t he r educed I I r 2R expr essi on i s conf i ned t o t he cel l s

of t ol er ant r at s .

Tol er ant Ani mal s Ar e Unabl e t o Make Bi ol ogi cal l y Act i ve

11, 2. I t i s known t hat t he pr esence of I L- 2 upr egul at es t he

expr essi on of i t s r ecept or ( 23) . I t was t her ef or e possi bl e t hat

t he l ow I l r 2R expr essi on and poor r esponse t o I L2 of cel l s

f r om t ol er ant ani mal s was due t o an i nabi l i t y of such r at s

t o make I L2 . Gr af t - i nf i l t r at i ng cel l s f r om t ol er ant ani mal s

wer e r est i mul at ed wi t h al l oant i gen i n cul t ur e and t he super -

nat ant s of such cul t ur es t est ed f or t he pr esence of bi ol ogi -

cal l y act i ve I L2 . We wer e unabl e t o det ect any 11, 2 act i vi t y

i n t he cul t ur es of cel l s f r om t ol er ant r at s ( Fi g. 6) .

Tol er ant Ani mal s Expr ess 11, 2 mRNA.

	

We next exami ned

whet her t he def ect i n I L2 pr oduct i on was r ef l ect ed by t he

l evel of messenger RNA i nduct i on . Ampl i f i cat i on usi ng RNA

i n t he PCR f r om bot h t ol er ant and nont ol er ant ani mal s

r esul t ed i n a pr oduct of t he pr edi ct ed si ze f or I L- 2 ( Fi g . 7) .

Fur t her , t hi s pr oduct was posi t i ve when a Sout her n bl ot of

t he ampl i f i ed DNA was pr obed wi t h a t hi r d ol i gonucl eot i de

whose posi t i on i n t he cDNA sequence l ay bet ween t hat of

t he or i gi nal t wo pr i mer s . As a cont r ol , we used RNA f r om

a syngenei c t r anspl ant whi ch was negat i ve i n t he PCR ( Fi g .
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Admi ni st r at i on of 11, 2 at t he t i me of t r anspl ant at i on pr event s

t he i nduct i on of t ol er ance. Ani mal s wer e t r eat ed and t r anspl ant ed as usual .

On t he day of t r anspl ant at i on and f or t he subsequent 5 d, ani mal s r ecei ved

i nt r aper i t oneal i nj ect i ons of r I L2 di l ut ed i n RPMI cont ai ni ng 10%FCS

and ant i bi ot i cs . Ani mal s wer e gi ven 60 x 10 4 ( O) , 30 x 104 ( 0) , 15

x 104 (zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ) and 7 . 5 x 104 ( / ) U 11, 2 per day ( 9, 8, 8, 8 ani mal s per

gr oup, r espect i vel y) . Rat s gi ven medi um al one or medi um wi t h I L2 ex-

ci pi ent cont r ol buf f er sur vi ved i ndef i ni t el y ( si x ani mal s) ( " ) . DA r at s t r ans-

pl ant ed wi t h DA ki dneys and t r eat ed wi t h 60 x 104 U 11, 2 per day sur -

vi ved i ndef i ni t el y ( f i ve ani mal s) ( , &) . The r esul t s ar e pool ed dat a f r om 10

di f f er ent exper i ment s .



7) . Si nce we used t he PCR f or t hese anal yses, i t i s di f f i cul t

t o excl ude absol ut el y t he possi bi l i t y t hat t her e may be quan-

t i t at i ve di f f er ences i n t he l evel s of 1162 mRNA i n t ol er ant

and nont ol er ant ani mal s. However , our dat a ( Fi g . 8 a) r epeat i ng

t he anal yses under l i mi t i ng condi t i ons suggest s t hat t hi s i s

not t he case si nce we al ways f i nd si mi l ar l evel s of pr oduct

even when usi ng f ew cycl es of ampl i f i cat i on wi t h l ow l evel s

of st ar t i ng RNA. As may be seen f r omFi g. 8 b, t hese condi -

t i ons al l oweasy di scr i mi nat i on of sampl es cont ai ni ng 10- f ol d

di f f er ences i n t ar get sequence . Ampl i f i cat i on of i dent i cal cDNA

sampl es f r om r ej ect ed and nonr ej ect ed t r anspl ant s usi ng

pr i mer s f or cyt opl asmi c / 3 act i n as a cont r ol shows equal l evel s

of pr oduct i n al l cases ( Fi g. 8 c) .

Tol er ance I nduct i on I s Abr ogat ed by t he Syst emi c Admi ni st r a-

t i on of I L2. We hypot hesi zed t hat i f t he t ol er ant ani mal s

wer e unabl e t o r ej ect t hei r gr af t s si mpl y because t hey wer e

unabl e t o pr oduce I L- 2, i t shoul d be possi bl e t o abr ogat e t he

i nduct i on of t ol er ance by i nj ect i on of I L- 2 i nt o ani mal s at

t he t i me of t r anspl ant at i on. Thi s appr oach i s not unpr ecedent ed

si nce Mal kovsky et al . ( 24) wer e abl e t o di mi ni sh neonat al l y

i nduced al l ogr af t t ol er ance i n vi vo by i nj ect i on of I L2. Fi g.

9 shows t hat even r el at i vel y l ow doses of syst emi cal l y ad-

mi ni st er ed I L- 2 compl et el y abr ogat ed t he i nduct i on of t ol er -

ance and t he ani mal s acut el y r ej ect ed t hei r t r anspl ant s . Thi s

ef f ect was not due t o nonspeci f i c t oxi ci t y of t he I L2, si nce

ani mal s t r anspl ant ed wi t h a syngenei c gr af t and t r eat ed wi t h

I L- 2 at t he hi ghest dose sur vi ved i ndef i ni t el y wi t h nor mal

r enal f unct i on . I t seems unl i kel y t hat t hi s t r eat ment i nduced

any addi t i onal or al t er nat i ve r out es of gr af t r ej ect i on, e . g . ,

LAK cel l s, si nce t he doses of I L- 2 used ar e much l ower t han

t hat nor mal l y r equi r ed t o i nduce t hi s act i vi t y .

Di scussi on

Thus we have demonst r at ed t hat a mi xed st at e of unr espon-

si veness exi st s i n t hese al l oant i gen- pr et r eat ed, gr af t - t ol er ant

ani mal s . These ani mal s possess donor - speci f i c cyt ot oxi c cel l s

and make some cyt oki nes i n r esponse t o al l oant i gen i ndi cat i ng

t hat , i n t hi s model , del et i on of speci f i c al l or eact i ve cel l s, i f

i t occur s at al l , cannot be compl et e. However , we have shown

t hat t he I L- 2 pat hway i s abnor mal l y r egul at ed i n t hese ani mal s .

I L- 2R expr essi on i s decr eased because of l ow expr essi on of

bot h t he I L2R a and a chai n genes and t hi s i s r ef l ect ed i n

a decr eased abi l i t y of cel l s t o r espond t o I L- 2. Thi s appear s

t o be due t o a l ack of pr oduct i on of bi ol ogi cal l y act i ve I L- 2

al t hough t he I L- 2 gene i s i nduced. I ndeed, t he i nduct i on of

t ol er ance may be r ever sed by t he admi ni st r at i on of I L- 2 t o

r at s at t he t i me of gr af t i ng . These dat a i mpl y t hat t he def ect

i n al l oant i gen- pr et r eat ed ani mal s l i es i n t hei r i nabi l i t y t o pr o-

duce bi ol ogi cal l y act i ve I L- 2 whi ch i n t ur n r esul t s i n abnor mal

I L2R expr essi on .

I nt er est i ngl y, i t appear s i n our model t hat bot h t he i ni t i al

i nj ect i on of bl ood and t he t r anspl ant ar e r equi r ed f or t ol er -

ance i nduct i on si nce ani mal s gi ven a t hi r d par t y t r ansf usi on

bef or e t r anspl ant at i on do not show a si mi l ar i nhi bi t i on of

t he I L- 2 r esponse. I t seems l i kel y t hat a pr i mar y si gnal f or

act i vat i on of T cel l s occur s i n t hi s model si nce t her e i s appar -

ent l y nor mal 11, 2 gene and l ow 1L2R gene i nduct i on . I t i s
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possi bl e t hat a secondar y si gnal r equi r ed f or f ul l and sust ai ned

T cel l act i vat i on i s, however , mi ssi ng.

At what l evel r egul at i on of 11, 2 pr oduct i on occur s i s not

qui t e cl ear . Expr essi on of t he I L- 2 gene cl ear l y occur s, si nce

t he PCR anal ysi s does not det ect 11, 2 gene expr essi on i n r est i ng
l ymphocyt es ( Dal l man, M. J . , unpubl i shed r esul t s) or , as shown

above, i n syngenei c t r anspl ant s . These dat a t her ef or e gi ve r i se

t o t he i nt r i gui ng possi bi l i t y t hat t her e may be abnor mal t r ans-

l at i onal cont r ol of I L- 2 pr oduct i on i n t he t ol er ant ani mal s,

al t hough no such r egul at i on has pr evi ousl y been descr i bed

f or t he I L- 2 gene. I t i s al so possi bl e t hat t he mRNA we ob-
ser ve i s not i n a mat ur e f or m. Si nce t he st r uct ur e of t he r at

11, 2 gene i s unknown, t hi s cannot be f or mal l y excl uded. How-
ever , t he PCR pr i mer s used span 3 i nt r ons of bot h t he mouse

and human I L- 2 genes ( 25, 26) and t her ef or e i t seems un-

l i kel y, gi ven t he si ze of t he 11, 2 pr oduct f ound i n t hese ex-

per i ment s, t hat t he pr oduct i s der i ved f r omunspl i ced RNA.

Last l y, i t i s possi bl e t hat t he t ol er ant ani mal s make f unct i onal

I L- 2 pr ot ei n but t hat t hey si mul t aneousl y make an I L- 2 an-

t agoni st r esul t i ng i n our i nabi l i t y t o obser ve f unct i onal I L- 2

act i vi t y i n t he i n vi t r o syst em. Such an exampl e of a cyt oki ne

ant agoni st has r ecent l y been def i ned f or I Mand i t s r ecept or

( 27, 28) . We ar e cur r ent l y i nvest i gat i ng al l of t hese possi bi l i t i es .
I nhi bi t i on of t he 11, 2 pat hway may be i nvol ved i n t ol er -

ance i nduct i on wher e T cel l aner gy has been i mpl i cat ed ; t hi s
has pr evi ousl y been al l uded t o by ot her wor ker s, bot h when

t he ant i gen i s pr esent ed neonat al l y ( i n neonat al t ol er ance or

t r ansgeni c model s ; r ef er ences 1, 6, 10, 29, and 30) and t o

adul t ani mal s ( 9) . However , none of t hese st udi es exami ne

I L- 2R a and a chai n expr essi on and t he f unct i onal conse-

quences of such expr essi on t oget her wi t h an anal ysi s of I L- 2
at bot h t he gene and pr ot ei n l evel s. Fur t her , onl y t he wor k

of Mal kovsky et al . ( 1) has shown any ef f ect of I L- 2 ad-

mi ni st er ed t o mi ce i n t he r ever sal of neonat al t ol er ance, but

t he dat a wer e i n cont r ast t o t hose of Tempel i s et al . ( 31) i n

anot her model of neonat al t ol er ance.

The r egul at i on of t he I L2 pat hway demonst r at ed i n t hi s
ani mal model of t ol er ance i nduct i on does bear a st r i ki ng r esem-
bl ance t o t he T cel l aner gy t hat has been i nduced i n cel l cul -

t ur e syst ems ( 32- 35) . I n t hese syst ems, i t has been suggest ed
t hat T cel l aner gy r esul t s af t er ant i geni c st i mul at i on i n t he

absence of a second si gnal . The nat ur e of t hi s second si gnal
i s uncl ear but appear s t o r equi r e cel l - cel l cont act and act s

vi a nonconvent i onal si gnal t r ansduct i on mechani sms ( 35) . A

good candi dat e f or such a si gnal i ng mechani sm i s t he CD28

mol ecul e whi ch does not appear t o si gnal ei t her t hr ough cal -

ci um f l ux or act i vat i on of pr ot ei n ki nase C and r equi r es a

pr i mar y si gnal i ng event t hr ough ei t her t he CD3/ TCR or
CD2 pr ot ei ns ( 36, 37) . Act i vat i on t hr ough t hi s mol ecul e i n-

cr eases bot h t he r at e of t r anscr i pt i on and mRNA st abi l i t y
of a number of cyt oki ne genes, i ncl udi ng I L- 2 ( 38) . The r ol e

of CD28 si gnal i ng i n our model of t ol er ance i s cur r ent l y under
i nvest i gat i on .

Recent l y, t he i nhi bi t i on of cyt oki ne synt hesi s by Thl cel l s
has been r epor t ed t o occur t hr ough t he el abor at i on of cyt oki ne

synt hesi s i nhi bi t or y f act or by Th2 cel l s ( 39) . Thi s pr ot ei n
does not i nhi bi t pr oduct i on of cyt oki nes by Th2 cel l s . Thus

pr oduct i on of I FN- - y i s r educed but of 11, 4 and I L- 5 i s



unaf f ect ed . However , secr et i on of l ymphoki nes pr oduced ear l y

dur i ng t he r esponse of Th1 cel l s, such as I L2 and TNF- f 3,

i s not , or i s onl y mi ni mal l y, af f ect ed . Fur t her , t hi s cyt oki ne

appear s t o act by pr event i ng cyt oki ne gene t r anscr i pt i on . I t

t hus seems unl i kel y t hat t he el abor at i on of cyt oki ne synt hesi s

i nhi bi t or y f act or coul d be r esponsi bl e f or t he I L2 r egul at i on

obser ved i n our model of t ol er ance . However , we ar e cur -

r ent l y devel opi ng PCR f or t he anal ysi s of r at 11, 4 and

TNF- ( 3 t o f ur t her i nvest i gat e t hi s possi bi l i t y .

I t i s i mpor t ant t o not e t hat , i n cl i ni cal pr act i ce, pr eoper a-

t i ve, donor - speci f i c bl ood t r ansf usi on has al so been shown

t o i mpr ove sur vi val of r enal al l ogr af t s bet ween 1 and 2 HLA
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hapl ot ype- di spar at e, l i vi ng, r el at ed donor s and r eci pi ent s ( 40) .

Whet her or not si mi l ar r egul at i on of t he 11, 2 pat hway i s i n-

vol ved i n t hi s cl i ni cal set t i ng r emai ns t o be seen . Wi t h r e-

spect t o t hi s i ssue, i mmunosuppr essi ve st r at egi es t hat di r ect l y

i nt er f er e wi t h t he I L2 pat hway, such as t he use of cycl ospor i n

A ( 41) and mAbs t hat r eact wi t h t he I L2R ( 42) , have been

ef f ect i ve i mmunosuppr essi ve agent s i n cl i ni cal t r anspl ant a-

t i on. I t i s appar ent t hen t hat speci f i c r egul at i on of t he i m-

mune r esponse at t he l evel of t he 11, 2 pat hway has pr of ound

i mpl i cat i ons f or t he i nduct i on of per i pher al t ol er ance t o al -

l oant i gens.

Tol er ance t o Al l oant i gen I s I nduced by Lack of I nt er l euki n 2

i mmuni zi ng Ml s- 16 mi ce wi t h Ml s- 1' expr essi ng cel l s . Nat ur e

( Lond. ) . 339: 541 .
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of cl ass I hi st ocompat i bi l i t y ant i gens expr essed ext r at hymi cal l y .

Nat ur e ( Loud. ) . 339: 622 .
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pl ant at i on ( Bal t i mor e) . 14 : 608 .
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