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Summar y

The sur vi val of T l ymphocyt es i s t i ght l y cont r ol l ed dur i ng devel opment . Her e, we show t hat

Bcl - x, , a pr ot ei n homol ogue of Bcl - 2, i s hi ghl y r egul at ed i n t he t hymus i n a pat t er n di f f er ent

t han t hat of Bcl - 2 . The maxi mumexpr essi on was i n CD4 +CD8+ t hymocyt es, a devel opment al

st age wher e Bcl - 2 i s downr egul at ed . To assess t he r ol e of Bcl - x, i n t hymocyt e apopt osi s, we

gener at ed mi ce over expr essi ng an EN, - bcl - x t r ansgene wi t hi n t he T cel l compar t ment . Const i -

t ut i ve expr essi on of BC' - XL r esul t ed i n accumul at i on of t hymocyt es and mat ur e T cel l s i n l ym-

phoi d or gans . Thymocyt es over expr essi ng BC' - xL exhi bi t ed i ncr eased vi abi l i t y i n vi t r o and

wer e r esi st ant t o apopt osi s i nduced by di f f er ent si gnal s, i ncl udi ng gl ucocor t i coi d, y i r r adi at i on,

cal ci um i onophor e, and CD3 cr oss- l i nki ng . However , BC' - xL was unabl e t o bl ock cl onal del e-

t i on of t hymocyt es r eact i ve wi t h sel f - super ant i gens or H- Y ant i gen . These st udi es demonst r at e

t hat Bcl - 2 and BC'
-

XL, t wo f unct i onal l y r el at ed pr ot ei ns, ar e r egul at ed i ndependent l y dur i ng T

cel l devel opment . I n cont r ast t o Bcl - 2, whi ch has been i mpl i cat ed i n t he mai nt enance of ma-

t ur e T cel l s, BC' - xL appear s t o pr ovi de a sur vi val si gnal f or t he mai nt enance of mor e i mmat ur e

CD4 + CD8 + t hymocyt es bef or e posi t i ve sel ect i on .

Lymphoi d devel opment i s r egul at ed by an ar r ay of cel l u-

l ar pr ocesses t hat i ncl ude pr ol i f er at i on, di f f er ent i at i on,

and cel l deat h . Cel l deat h i s accompl i shed by apopt osi s, a

mor phol ogi cal l y def i ned pr ocess t hat i s wi despr ead dur i ng

embr yogenesi s and post nat al devel opment ( 1) . Apopt osi s

ser ves t o ensur e t he sel ect i on of appr opr i at e l ymphoi d pop-

ul at i ons dur i ng t hymi c devel opment and t o dampen t he

i mmune r esponse i n per i pher al t i ssues ( 2, 3) . I t i s est i mat ed

t hat as many as 97%of t he T cel l pr ecur sor s di e dur i ng t hy-

mi c devel opment t hr ough apopt osi s ( 4) . The assembl y of

TCR genes i s l ar gel y a r andom pr ocess r esul t i ng i n a l ar ge

f r act i on of devel opi ng T cel l s t hat f ai l t o assembl e f unc-

t i onal TCRs and ar e t hought t o be el i mi nat ed by apopt osi s

( 4) . Devel opi ng CD4 +CD8 + t hymocyt es t hat expr ess

f unct i onal TCRs ar e f ur t her sel ect ed by posi t i ve and nega-

t i ve event s i nvol vi ng t he i nt er act i on of TCRs wi t h pep-

t i des compl exed wi t h MHC mol ecul es ( 5, 6) . Negat i ve se-

l ect i on i s a maj or mechani sm t o est abl i sh sel f - t ol er ance .

Speci f i cal l y, CD4+CD8+ t hymocyt es t hat bear TCRs wi t h

hi gh af f i ni t y f or sel f - pept i de- MHC compl exes ar e el i mi -

nat ed by apopt osi s ( 2, 3, 6) . Devel opi ng T cel l s t hat suc-

cessf ul l y compl et e i nt r at hymi c sel ect i on pr ocesses ar e ex-

por t ed t o t he per i pher y as mat ur e CD4+ or CD8 + T

l ymphocyt es .

The r ecogni t i on of ant i geni c pept i des by TCRs i n t he

cont ext of MHCmol ecul es i s t he f undament al event shap-

i ng t he f at e of devel opi ng T cel l s . A var i et y of st i mul i and

cel l ul ar i nt er act i ons can t r i gger t he deat h of T cel l s by act i -

vat i ng t he apopt ot i c pr ocess . These i ncl ude depr i vat i on of

essent i al gr owt h f act or s, si gnal i ng t hr ough cel l sur f ace r e-

cept or s ot her t han TCRs, and exposur e t o agent s such as

gl ucocor t i coi ds, cal ci um i onophor e, or genot oxi c dr ugs

( 1) . The mechani sms t hat medi at e and r egul at e apopt osi s

ar e st i l l poor l y under st ood, but i t i s t hought t hat cel l deat h

i s cont r ol l ed by a genet i c pr ogr am t hat i s i nduced wi t hi n

t he dyi ng cel l ( 1, 7) . Ther e i s i ncr easi ng evi dence t hat a

maj or f unct i on of t he deat h pr ogr am i s t o act i vat e pr ot ei ns

t hat act as ef f ect or s of t he apopt ot i c mechani sm ( 8, 9) .

However , apopt osi s i s f ur t her r egul at ed by a set of genes

t hat f unct i on as r epr essor s of cel l deat h ( 8) .

The bcl - 2 pr ot ooncogene was t he f i r st member of an ex-

pandi ng f ami l y of genes t hat suppr ess t he apopt ot i c mecha-

ni sm ( 10) . Const i t ut i ve expr essi on of bd- 2 i n l ymphoi d

cel l s pr event s or del ays apopt osi s i nduced by mul t i pl e st i m-

ul i ( 11- 14) . A r ol e f or Bcl - 2 i n t he sel ect i on of T l ympho-

cyt es was suggest ed by i t s hi ghl y r est r i ct ed cel l ul ar di st r i bu-

t i on wi t hi n t he t hymus ( 15- 18) . Recent evi dence suggest

t hat Bcl - 2 pl ays a r ol e i n posi t i ve sel ect i on i n t he t hymus

( 19- 22) . The abi l i t y of Bcl - 2 t o i nf l uence negat i ve sel ec-

t i on i n t he t hymus i s cont r over si al . Some i nvest i gat or s have

f ound t hat enf or ced expr essi on of bd- 2 was i nef f i ci ent i n

pr ot ect i ng sel f - r eact i ve t hymocyt es f r om cl onal del et i on
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( 13) , but ot her s have r epor t ed par t i al abr ogat i on of cl onal

del et i on but not sel f - t ol er ance by bcl - 2 over expr essi on ( 14,

19, 23) .

Mi ce def i ci ent i n Bcl - 2 exhi bi t nor mal mat ur at i on of

bot h B and T cel l l i neages, i ndi cat i ng t hat Bcl - 2 i s not es-

sent i al f or l ymphoi d devel opment ( 24, 25) . Apl ausi bl e ex-

pl anat i on i s t hat pr ot ei ns ot her t han Bcl - 2 can f unct i on as

sur vi val si gnal s dur i ng t he sel ect i on and mai nt enance of T

l ymphocyt es . Acandi dat e i s BC'
-

XL, a pr oduct of bcl - x, an-

ot her gene of t he bcl - 2 f ami l y ( 26, 27) . Li ke Bcl - 2, Bcl - xL

l ocal i zes t o mi t ochondr i al membr anes and per i nucl ear en-

vel ope ( 26) and i nhi bi t s t he apopt ot i c deat h of hemat opoi -

et i c cel l l i nes af t er gr owt h f act or wi t hdr awal ( 27) . I n mi ce,

bcl - xL i s t he domi nant bcl - x mRNA expr essed i n embr yoni c

and post nat al t i ssues, i ncl udi ng t he t hymus ( 26, 28) . Recent

anal yses of chi mer i c mi ce wi t h a di sr upt ed mut at i on of bcl - x

demonst r at e a maj or r ol e f or bcl - x dur i ng l ymphoi d devel -

opment ( 29) . However , t he bi ol ogi cal basi s f or t he al t er ed

phenot ype obser ved dur i ng T cel l mat ur at i on i n Bcl - x-

def i ci ent chi mer i c mi ce r emai ns undet er mi ned .

I n t hese st udi es, we det er mi ned t he di st r i but i on of t he

endogenous Bc1- xL i n t hymocyt es and T cel l s and exam-

i ned t he ef f ect of const i t ut i ve expr essi on of bcl - x, i n t he T

cel l l i neage . We showed t hat t hymocyt es and per i pher al T

cel l s f r om t r ansgenec ENt , - bcl - xL mi ce accumul at ed i n t he

ani mal and exhi bi t ed pr ol onged sur vi val i n vi t r o . Fur t her -

mor e, t hymocyt es over expr essi ng bd -xL exhi bi t ed i ncr eased

sur vi val af t er exposur e t o a di ver se ar r ay of deat h- pr omot -

i ng st i mul i t hat i ncl ude gl ucor t i coi d hor mones, i oni zi ng r a-

di at i on, cal ci um i onophor e, and act i vat i on t hr ough CD3

mol ecul es . I n addi t i on, we demonst r at ed t hat t ol er ance was

mai nt ai ned despi t e const i t ut i ve bd- xL expr essi on si nce del e-

t i on of sel f - r eact i ve l ymphocyt es was unaf f ect ed i n t he t hy-

mus and per i pher al l ymphoi d or gans . Fi nal l y, we showed

t hat Bcl - 2 and Bcl - x, pr ot ei ns exhi bi t ed di scor dant cel l ul ar

di st r i but i on i n t he t hymus and per i pher al T cel l s . The i m-

pl i cat i ons of t hese f i ndi ngs f or physi ol ogi cal pat hways of T

cel l sel ect i on and sur vi val ar e di scussed .

Mat er i al s and Met hods

Mi ce and I nj ect i ons .

	

C57BL/ 6, BALE/ c, CBA/ Ca and CBA/ J

mi ce wer e obt ai ned f r om t he Jackson Labor at or y ( Bar Har bor ,

ME) . Ani mal s used f or t hese st udi es wer e bet ween 8 and 12 wk

of age ( unl ess ot her wi se i ndi cat ed) . C57BL/ 6 mi ce expr essi ng t he

ot and [ 3 t r ansgenes f or t he H- Y TCRwer e a gi f t of Dr . Har al d

von Boehmer ( Basel I nst i t ut e f or I mmunol ogy, Basel , Swi t zer -

l and) ( 30) . They wer e br ed and mai nt ai ned i n a pat hogen- f r ee

envi r onment at t he Uni ver si t y of Mi chi gan . Gl ucocor t i coi ds

wer e admi ni st er ed by i nj ect i on of 2 mg i . p . of dexamet hasone

( Amer i can Regent Labor at or i es, I nc . , Shi r l ey, NY) . Hamst er

ant i - mouse CD3 ( cl one 145- 2C11 ; 100 1Lg) or ant i - DNP ( cl one

UC8- 1139 ; 100 Rg) , pr ovi ded by Dr . R. Mi l l er ( Uni ver si t y of

Mi chi gan) , wer e i nj ect ed i nt r aper i t oneal l y .

Const r uct i on of t he SV40- Eht , - bcl - x L Tr ansgene and Gener at i on of

Tr ansgeni c Mi ce . To t ar get bcl - x, t o t he l ymphoi d compar t ment ,

t he human bd -xL cDNA was cl oned under t he r egul at or y cont r ol

of t he SV40 pr omot er and i mmunogl obul i n heavy chai n en-

hancer usi ng a SV40- EH casset t e ( 31) . The 2. 4- kb f r agment con-

t ai ni ng t he SV40- EH- bcl - xL i nser t was mi cr oi nj ect ed i nt o F2
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hybr i d zygot es f r om( C57BL/ 6 X SJL/ J) Fl par ent s at a concen-
t r at i on of 2- 3 ng/ l t . l . Af t er over ni ght i ncubat i on, t he eggs t hat

sur vi ved t o a t wo- cel l st age wer e t r ansf er r ed t o day 0. 5 post coi -

t um pseudopr egnant CS- 1 f emal es . 3 wk af t er bi r t h, genomi c

DNAwas pr epar ed f r om t ai l t i ssue, and t he i ncor por at i on of t he

human bcl - x, t r ansgene was assessed by dot bl ot anal ysi s or PCR

as pr evi ousl y descr i bed ( 27) .

Cel l Pr epar at i ons . Mur i ne l ymphoi d or gans wer e pl aced i n

st er i l e PBS, and t he t i ssue was di sr upt ed wi t h t he t i p of t he

pl unger of a st er i l e 1- ml syr i nge . Cel l s wer e washed i n col d PBS

and cent r i f uged t hr ee t i mes at 400 g f or 5 mi n t o r emove cel l ul ar

aggr egat es . Si ngl e- cel l pr epar at i ons wer e count ed and assessed f or

vi abi l i t y by t r ypan bl ue excl usi on . The cel l s wer e cul t ur ed at

37° Ci n RPMI suppl ement ed wi t h 2 MML- gl ut ami ne, 10 - 5 M

2- ME, and 10% heat - i nact i vat ed FCS ( Hycl one Labor at or i es

I nc . , Logan, UT) . I n some exper i ment s, cel l s wer e i ncubat ed

wi t h dexamet hasone ( Amer i can Regent Labor at or i es, I nc . ) or i on-

omyci ne ( Si gma Chemi cal Co . , St . Loui s, MO) or i r r adi at ed bef or e

cul t ur e by exposur e t o a Co sour ce at 250 r ad . Cel l pr ol i f er at i on

i n t r i pl i cat e cul t ur es was det er mi ned by addi ng Con A ( 10 p, g/

ml ) t o 4 X 10 5 l ymphocyt es i n 96- wel l mi cr opl at es ( Fal con Pl as-

t i cs, Cockeysvi l l e, MD) . Af t er 3 d of cul t ur e, 1 f t , Ci of [ 3H] t hymi -

di ne ( Amer sham Cor p . , Ar l i ngt on Hei ght s, I L) was added, cel l s

wer e har vest ed, and [ 3 H] t hymi di ne i ncor por at i on was measur ed i n

a sci nt i l l at i on count er ( Beckman I nst r ument s, I nc . , Ful l er t on, CA) .

Ant i bodi es .

	

FI TC- l abel ed ant i - CD4 ( cl one H129 . 19) and PE-

conj ugat ed ant i - CD8 ( cl one 53- 6 . 7) mAbs wer e pur chased f r om

GI BCO BRL ( Gai t her sbur g, MD) . The f ol l owi ng ant i bodi es

wer e obt ai ned f r om Phar Mi ngen ( San Di ego, CA) : bi ot i nyl at ed

ant i - CD4 ( cl one RM- 4- 5) , bi ot i nyl at ed ant i - CD3- e ( cl one 145-

2C11) , bi ot i nyl at ed and PE- conj ugat ed ant i - CD45R ( 13220)

( cl one RA3- 6132) , PE- conj ugat ed CD24 ( heat st abl e ant i gen)

( cl one M1/ 69) , FI TC- l abel ed ant i - I gM ( cl one R6- 60. 2) , FI TC-

l abel ed ant i - CD43 ( l eukosi al i n) ( cl one S7) , FI TC- l abel ed ant i -

VR2 TCR ( cl one 1320 . 6) , FI TC- l abel ed ant i - V[ 36 TCR ( cl one

RR4- 7) , FI TC- l abel ed ant i - V[ 38. 1, 8 . 2 TCR ( cl one MR5- 2) ,

FI TC- l abel ed ant i - V[ 311 TCR ( cl one RR3- 15) . The st r ept avi -

di n RED670 r eagent was pur chased f r om GI BCOBRL.

Fl ow Cyt omet r i c Anal ysi s .

	

10 6 cel l s wer e i ncubat ed wi t h t he

i ndi cat ed ant i bodi es i n 100 I LI of PBS wi t h 1%BSA f or 30 mi n

on i ce and washed t wi ce wi t h PBS/ 1%BSA. When i ndi cat ed, 25

LLI of st r ept avi di n RED670 was used f or t hr ee- col or anal ysi s .

Cel l s wer e anal yzed wi t h a FACScane f l ow cyt omet er and a mi n-

i mumof 3 X 10" event s per sampl e wer e count ed usi ng Lysys I I

sof t war e ( Bect on Di cki nson &Co . , Mount ai n Vi ew, CA) . Anal -

ysi s of Bcl - x expr essi on by f l ow cyt omet r y was per f or med as pr e-

vi ousl y descr i bed f or Bcl - 2 ( 32) , usi ng a mouse I gG2b ant i - Bcl - x

mAb ( Tr ansduct i on Lab. , Lexi ngt on, KY) , f ol l owed by a bi ot i ny-

l at ed goat ant i - mouse I gG2b ( CALTAGLabor at or i es, Sout h San

Fr anci sco, CA) . Apopt osi s l evel s i n t hymocyt es wer e assessed by

pr opi di um i odi de ( PI ) ' st ai ni ng as pr evi ousl y descr i bed ( 33) .

Br i ef l y, a pel l et of 5 X 105 cel l s was r esuspended i n 600 N. l of

HZO cont ai ni ng 50 l Lg/ ml of PI , 0. 1% Tr i t on X- 100 ( Si gma

Chemi cal Co . ) , and 0. 1% sodi um ci t r at e and t hen i ncubat ed at

4°Cover ni ght i n t he dar k . Cel l s wer e anal yzed by f l ow cyt omet r y .

West er n Bl ot t i ng Anal ysi s .

	

Bcl - xL pr ot ei n expr essi on was de-

t er mi ned by West er n bl ot t i ng as pr evi ousl y descr i bed ( 32) . Br i ef l y,

pr ot ei ns wer e t r ansf er r ed t o ni t r ocel l ul ose membr anes by el ect r o-

phor esi s and t hen i ncubat ed at 4°C over ni ght wi t h a r abbi t ant i -

' Abbr evi at i ons used i n t hi s paper : HRP, hor ser adi sh per oxi dase ; PI , pr opi d-
i umi odi de ; TBS, Tr i s- buf f er ed sal i ne .

bd- xL Expr essi on I s Regul at ed i n t he Thymus and Bl ocks Apopt osi s



Bcl - x pol ycl onal ser um ( pr ovi ded by Dr . Cr ai g Thompson, Uni -

ver si t y of Chi cago, Chi cago, I L) di l ut ed 1 : 500 i n 1 . 5%mi l k Tr i s-

buf f er ed sal i ne ( TBS) wi t h 30 pd of nor mal goat ser um ( Si gma

Chemi cal Co . ) or wi t h a mouse ant i - R- t ubul i n ant i body ( Si gma

Chemi cal Co . ) at 1 Rg/ ml di l ut ed i n 1 . 5%mi l k- TBS. Af t er f i ve

washes i n TBS wi t h 0 . 05% Tween 20, t he membr ane was i ncu-

bat ed f or 1 h at r oomt emper at ur e wi t h goat ant i - r abbi t ant i body

conj ugat ed t o hor ser adi sh per oxi dase ( Jackson I mmunoResear ch

Labor at or i es, I nc . , West Gr ove, PA) di l ut ed 1 : 50, 000 i n 1 . 5%1

mi l k- TBS or wi t h goat ant i - mouse ant i body conj ugat ed t o HRP

( Jackson I mmunoResear ch Labor at or i es) di l ut ed 1 : 25, 000 i n

1 . 5%mi l k- TBS. Bound ant i body was det ect ed by chemi l umi nes-

cence usi ng t he ECL West er n Bl ot ki t ( Amer sham Cor p . ) .

Resul t s

Di scor dant Regul at i on of Bcl - x and Bcl - 2 dur i ng T Cel l De-

vel opment . I n t hymi c t i ssue of nor mal mi ce, Bcl - xL i s t he

onl y Bcl - x pr ot ei n det ect ed by West er n bl ot anal ysi s usi ng

pol ycl onal ant i ser a ( 34) . To exami ne t he expr essi on of t he

endogenous Bcl - xL pr ot ei n i n subset s of t hymocyt es, cel l s

wer e l abel ed wi t h ant i - Bcl - x mAb, ant i - CD4, and ant i -

CD8 ant i bodi es . The expr essi on of Bcl - xL was l ow i n

CD4 - CD8 - cel l s, i ncr eased i n CD4 +CD8 + i mmat ur e t hy-

mocyt es, and downr egul at ed i n mor e mat ur e CD4+CD8 -

or CD8 +CD4 - t hymocyt es ( Fi g . 1) . Fur t her mor e, t he

BC' - xL pr ot ei n was not det ect ed i n unst i mul at ed per i pher al

CD4 + or CD8 + T cel l s ( Fi g. 1) . Thi s di f f er ence i n BC' - xL

expr essi on was quant i f i ed by cal cul at i ng t he r at i o of mean

channel f l uor escence of Bcl - xL and t hat of cont r ol I g i n

each subpopul at i on of t hymocyt es and per i pher al T cel l s .

The mean channel f l uor escence r at i o f or CD4- CD8 - ,

CD4 + CD8 - , and CD4 - CD8 + t hymocyt es was si mi l ar

( 1 . 9 ± 0 . 2, 2 . 0 ± 0 . 4 and 2 . 0 ± 0 . 3, r espect i vel y) , i n-

cr eased f or CD4 + CD8 + ( 4 . 4 ± 0 . 5) , and decr eased f or pe-

r i pher al CD4+ and CD8+ T cel l s ( 1 . 0 ± 0 . 1) . Thus, t he

expr essi on of Bcl - x, i s t i ght l y cont r ol l ed dur i ng T cel l de-

vel opment and di f f er s si gni f i cant l y f r om t hat pr evi ousl y ob-

ser ved f or Bcl - 2 ( 15- 18) .

Gener at i on of Tr ansgeni c Mi ce Expr essi ng Der egul at ed bd - xL

i n Thymocyt es and Per i pher al T Cel l s . We devel oped a

t r ansgeni c mouse model over expr essi ng Bcl - x, t o assess i t s

ef f ect s on T cel l devel opment . The bcl - xL t r ansgene was

THYMUS

CD4 CD8 -	 CD4+CD8+

102 10 3 104 10° 101	 10 2 10 3 104

CD4+

a b

100

F~

10~~

	

10 2	 10 3

	

104	 10°

	

10

	

102

	

10 3

	

104

1975

	

Gr i l l ot et al .

under t he cont r ol of t he I gH chai n enhancer , whi ch i s

known t o t ar get genes t o l ymphoi d cel l s ( 31, 35, and Fi g . 2

A) . Seven f ounder s expr essi ng Bcl - x, i n l ymphoi d t i ssues

wer e i dent i f i ed and used t o est abl i sh t r ansgeni c l i nes . Each

l i ne was assessed f or expr essi on of
BC' - xL pr ot ei n by West -

er n bl ot anal ysi s usi ng a pol ycl onal ant i body r eact i ve wi t h

t he mur i ne and human Bcl - x pr ot ei ns . Two l i nes ( bcl - x- 169

and bcl - x- 86) t hat exhi bi t ed r est r i ct ed expr essi on of t he

bcl - xL t r ansgene t o t he T cel l compar t ment wer e f ur t her

char act er i zed . Tar get ed expr essi on of t r ansgenes dr i ven by

t he SV40 pr omot er and I gH enhancer t o t he T l i neage has

been r epor t ed i n al l maj or t hymocyt e subset s and per i ph-

er al T cel l s ( 14, 36) . As shown i n Fi g. 2 B, t he BC' - xL pr o-

t ei n was over expr essed i n t he t hymus of bcl - x- 169 ( f i ve-

f ol d) and bcl - x- 86 mi ce ( t wo f ol d) when compar ed wi t h t he

endogenous l evel s of Bcl
- x, i n nor mal t hymocyt es . Quan-

t i f i cat i on was obt ai ned by densi t omet r y scanni ng and nor -

mal i zed t o t he r ef er ence gene R- t ubul i n . Mor eover , BC' - xL

was not det ect ed i n t he spl een and l ymph nodes of nor mal

mi ce but was expr essed i n bcl - x- t r ansgeni c ani mal s ( Fi g. 2

B) . Last l y, t he bd- xL t r ansgene was not f ound i n pur i f i ed

popul at i ons of spl eni c B cel l s and i n sever al nonl ymphoi d

or gans, i ncl udi ng br ai n, l i ver , ki dney, and l ung, as det er -

mi ned by compar i son t o endogenous l evel s of Bcl - xL ob-

ser ved i n cont r ol mi ce ( dat a not shown) .

Const i t ut i ve Expr essi on of Bcl - xL Leads t o Accumul at i on of

Thymocyt es and Per i pher al T Cel l s . The expr essi on of t he

bd- xL t r ansgene i n t he t hymus i ncr eased t he number of t ot al

t hymocyt es . Tabl e 1 shows t he r esul t s obt ai ned f or t r ans-

geni c mi ce compar ed wi t h cont r ol l i t t er mat es . I n bcl - x- 169,

t he t ot al number of t hymocyt es i ncr eased by 46% ( 41 . 2 X

10 6 vs . 60 X 10 6 i n t r ansgeni c mi ce) , and t he t hr ee maj or

subset s of t hymocyt es ( CD4+CD8+, CD4+CD8 - , and

CD4 - CD8 + ) wer e augment ed over cont r ol l i t t er mat es . I n

bcl - x- 86 mi ce whose t hymocyt es expr essed l ess Bcl
- xL

pr o-

t ei n t han bcl - x- 169 ( Fi g . 2 B) , t he t ot al number of t hy-

mocyt es at 6 wk was si mi l ar t o nont r ansgeni c l i t t er mat es

( dat a not shown) . However , by 10 wk of age, t he t ot al

number of t hymocyt es i ncr eased by 58% ( f r om 43 X 10 6 i n

cont r ol t o 68 X 10 6 i n t r ansgeni c mi ce) and di spl ayed a

sl i ght i ncr ease i n al l t hymocyt e subset s when compar ed

wi t h t he ef f ect s obser ved i n bcl - x- 169 . Thus, const i t ut i ve

SPLEEN
Fi gur e 1 .

	

Fl ow cyt omet r i c anal ysi s of mur i ne
CD4+

	

endogenous Bcl - x expr essi on . Thymocyt es and
spl een cel l s f r om 8- wk- ol d C57BL/ 6 mi ce wer e l a-

bel ed wi t h FI TC- conj ugat ed ant i - CD4 and PE-

conj ugat ed ant i - CD8 ant i bodi es . Cel l s wer e f i xed

wi t h PBS cont ai ni ng 2%par af or mal dehyde, l abel ed

wi t h ant i - Bcl - x mAb or i sot ype- mat ched cont r ol

ant i body, and anal yzed by f l ow cyt omet r y . BC' - xL

expr essi on was assessed i n di f f er ent T cel l popul a-

t i ons . Dat a ar e pr esent ed as a f r equency hi st ogr am
wi t h f l uor escence i nt ensi t y on t he hor i zont al axi s

and r el at i ve cel l number on t he ver t i cal axi s . a and b

r epr esent backgr ound l evel and BC' - xL expr essi on,

r espect i vel y . For spl eni c CD4+ and CD8+ T cel l s,

hi st ogr ams r epr esent i ng backgr ound and BC' - xL

st ai ni ng over l ap . Resul t s ar e r epr esent at i ve of t hr ee

di f f er ent exper i ment s .



Fi gur e 2 . EN. - bcl - x L t r ansgene const r uct and West en bl ot anal ysi s of

Bcl - xL expr essi on. ( A) A 0. 75- kb cDNA f r agment cont ai ni ng t he codi ng
r egi on of human bcl - xL was i nser t ed i nt o t he EcoRI si t e of t he ER- SV40
casset t e ( 14) . EN, i s t he i mmunogl obul i n heavy enhancer and SV40 t he
ear l y SV40 pr omot er . ( B) Expr essi on of Bcl - xL was assessed by West er n

bl ot anal ysi s wi t h a pol ycl onal ant i - Bcl - x ant i body f ol l owed by goat ant i -
r abbi t ser um conj ugat ed t o HRP. Lysat es f r om 10 6 cel l s wer e l oaded i n
each l ane . I n t he l ef t l ane, l ysat e f r om FL- 5 . 12 cel l s t r ansf ect ed wi t h t he
mur i ne bcl - xL cDNA ( 26) i s shown as a posi t i ve cont r ol i ndi cat ed as Bcl -

XL. As a cont r ol , expr essi on of ( 3- t ubul i n was al so assessed wi t h a mouse

ant i - l 3- t ubul i n ant i body f ol l owed by goat ant i - mouse ser um conj ugat ed

t o HRP.

Bcl - xL expr essi on dur i ng T cel l devel opment r esul t ed i n

uni f or maccumul at i on of t hymocyt es, and i t s ef f ect on t hy-

mocyt es cor r el at ed wi t h t he amount of Bcl - xL expr essed i n

t he t hymus.

Tabl e 1.

	

Thymocyt e Popul at i ons i n bcl - x- 169- and bcl - x- 86- t r ansgeni c Mi ce

1976

The si ze of t he per i pher al T cel l pool was i ncr eased by

der egul at ed bcl - x, . The t ot al number of l ymphocyt es i n

bcl - x- 169 mi ce i ncr eased i n l ymph nodes ( f r om 10 X 106 i n

cont r ol l i t t er mat es t o 29 X 106 ) and spl een ( f r om61 X 10 6

t o 85 X 10 6) ( Tabl e 2) . The i ncr ease i n l ymphoi d cel l s r e-

f l ect ed an accumul at i on of bot h CD4 and CD8 mat ur e T

cel l s . The i ncr ease i n T cel l s was mor e pr onounced i n

l ymph nodes ( 5 . 5- f ol d) t han i n spl een ( 2- f ol d) . Si mi l ar ef -

f ect s on per i pher al T cel l s wer e obser ved i n bcl - x- 86 mi ce .

However , t he accumul at i on of mat ur e T cel l subpopul a-

t i ons was l ess pr onounced i n bcl - x- 86 t han i n bcl - x- 169

mi ce . Wher eas t he per cent age of B cel l s i n per i pher al l ym-

phoi d or gans f el l dr ast i cal l y, t he absol ut e number of B cel l s

di d not di f f er si gni f i cant l y bet ween t r ansgeni c and cont r ol

mi ce . Fur t her mor e, di f f er ent subset s of devel opi ng and ma-

t ur e B cel l s wer e unal t er ed i n t r ansgeni c mi ce, i ndi cat i ng

t hat t he phenot ypi c changes mi r r or ed t he pat t er n of t r ans-

gene expr essi on ( dat a not shown) . Thus, i n cont r ast t o Bcl - 2

( 13, 14) , const i t ut i ve Bcl - xL expr essi on i n t he T cel l l i neage

i ncr eases t he number of t hymocyt es and mat ur e CD4 and

CD8 T cel l s i n per i pher al or gans .

Bcl - xL I ncr eases t he Sur vi val of Thymocyt es and Per i pher al T

Cel l s I n Vi t r o . To assess t he ef f ect of bd- xL on t hei r sur -

vi val , t hymocyt es f r om bcl - x, : t r ansgeni c and cont r ol l i t t er -

mat es wer e cul t ur ed i n RPMl medi umsuppl ement ed wi t h

10% FCS, and t hei r vi abi l i t y was assessed by t r ypan bl ue

excl usi on . Ther e was an i mpr oved sur vi val of t r ansgeni c

t hymocyt es compar ed wi t h cont r ol t hymocyt es . By day 6

of cul t ur e, 50%of t hymocyt es f r om bcl - x- 169 and 36%f r om

bcl - x- 86 mi ce wer e st i l l vi abl e, wher eas <5%of t he cont r ol

t hymocyt es sur vi ved ( Fi g . 3) . Si mi l ar l y, spl eni c T cel l s f r om

bcl - x- t r ansgeni c mi ce exhi bi t ed i ncr eased sur vi val com-

bd -xL Expr essi on I s Regul at ed i n t he Thymus and Bl ocks Apopt osi s

* Resul t s wer e obt ai ned by t wo- col or f l ow cyt omet r i c anal ysi s of t hymocyt es si mul t aneousl y l abel ed wi t h FI TC- conj ugat ed ant i - CD4 and PE- con-
j ugat ed ant i - CD8 ant i bodi es . Val ues shown r epr esent t he mean ± SD f or 10 ani mal s .

* Di f f er ences bet ween t r ansgeni c and cont r ol l i t t er mat es wer e st at i st i cal l y si gni f i cant ( p <0 . 01) as assessed by St udent ' s t t est . bcl - x- 169- t r ansgeni c and
cont r ol l i t t er mat es wer e 6 wk ol d . bd- x- 86- t r ansgeni c and cont r ol l i t t er mat es wer e 10 wk ol d .

n ( X

Tr ansgeni c mi ce

106)

Cont r ol

n ( X 10 6 )

l i t t er mat es

%

bcl - x- 169

Tot al cel l s 60 . 0 ± 2. 0* $ 41 . 2 ± 2 . 1$

CD4- CD8- 1 . 7 - ! - 0 . 2 2. 9 ± 0. 3 1 . 1 ± 0. 5 2. 8 ± 0. 4

CD4+CD8+ 47 . 9 ± 2. 4$ 79 . 8 ± 1 . 3$ 36 . 0 ± 1 . 9$ 87 . 5 ± 0. 7$

CD4+CD8- 4. 6 ± 0. 4$ 7. 6 ± 0. 3$ 1 . 8±0 . 3$ 4. 3±0 . 5$

CD4- CD8+ 2. 1 - ! - 0 . 1$ 3. 5 - } 0 . 1$ 0. 6±0 . 1$ 1 . 4±0 . 1$

bcl - x- 86

Tot al cel l s 68 . 0 ± 3. 1$ 43 . 0 ± 2 . 2$

CD4- CD8- 1 . 4 ± 0. 4 2. 0 ± 0. 5 1 . 2 ± 0. 5 2. 7 ± 0. 9

CD4+CD8+ 56 . 6 - 2 . 3$ 83 . 3 ± 0. 7 36 . 1 ± 1 . 4$ 84 . 0 - 0 . 6

CD4+CD8- 3. 9 ± 0. 8$ 5. 7 ± 1 . 0 2. 0 ± 0. 9$ 4. 6 ± 0. 9

CD4- CD8+ 1 . 2 ± 0. 1$ 1 . 7 ± 0. 2 0. 7±0 . 1$ 1 . 6±0 . 1



Tabl e 2 .

	

Lymphoi d Popul at i ons i n Lymph Nodes and Spl een of bcl - x- 169- and bcl - 86- t r ansgeni c Mi ce

10 ani mal s .

6,

1977

	

Gr i l l ot et al .

par ed wi t h T cel l s f r omcont r ol l i t t er mat es ( dat a not shown) .

However , t he capaci t y of bot h t r ansgeni c and cont r ol spl eni c

T cel l s t o pr ol i f er at e i n r esponse t o Con A i n cul t ur e was

vi r t ual l y i dent i cal ( dat a not shown) .

Bd - xL Pr ot ect s Thymocyt es agai nst Dexamet hasone, y I r r adi a-

t i on, and Cal ci umI onophor e- i nduced Cel l Deat h I n Vi t r o . Gl u-

cocor t i coi d hor mones ar e known t o cause a r api d depl et i on

of t hymocyt es by apopt osi s ( 37) . To eval uat e whet her bcl -

xL i nhi bi t s DNA f r agment at i on associ at ed wi t h gl ucor t i -

Fi gur e 3 .

	

Expr essi on of t he t r ans-

gene bd- xL i ncr eases t hymocyt e vi a-

bi l i t y i n vi t r o . Thymocyt es f r om

t r ansgeni c bcl - x- 169 ( sol i d squar es)

and bcl - x- 86 ( sol i d ci r cl es) and t hei r

r espect i ve cont r ol l i t t er mat es ( open

squar es and open ci r cl es) wer e cul t ur ed

i n 96- wel l f l at - bot t omed pl at es at

106 cel l s/ ml i n RPMI wi t h 10%

FCS. Fr om day 1 t o day 6, vi abi l i t y

of t hymocyt es was assessed by t r ypan

bl ue excl usi on. Al l dat a poi nt s r epr e-

sent t he mean of t r i pl i cat e cul t ur es

- I- SD f or t hr ee i ndependent exper i -

ment s .

* Resul t s wer e obt ai ned by t hr ee- col or f l ow cyt omet r i c anal ysi s . Cel l s f r om spl een and i ngui nal and axi l l ar y l ymph nodes wer e si mul t aneousl y l a-

bel ed wi t h FI TC- conj ugat ed ant i - CD4, PE- conj ugat ed ant i - CD8, and bi ot i nyl at ed ant i - 13220 ant i bodi es. Val ues shown r epr esent t he mean ± SD

f or

$Di f f er ences bet ween t r ansgeni c and cont r ol l i t t er mat es wer e st at i st i cal l y di f f er ent ( p <0 . 01) as assessed by t he St udent ' s t t est .

coi d- i nduced apopt osi s, t hymocyt es wer e t r eat ed wi t h 0 . 1

p, M of dexamet hasone i n cul t ur e f or up t o 18 h . Fl ow cy-

t omet r i c anal ysi s r eveal ed t hat dexamet hasone- t r eat ed t hy-

mocyt es di spl ayed a sub- Go DNA peak, whi ch i s known t o

cor r espond t o f r agment ed DNA i n t hymocyt es ( 38) . At 6 h,

onl y 10%of t hymocyt es f r om bcl - x- 169 mi ce wer e apopt ot i c

i n t he pr esence of dexamet hasone compar ed wi t h 75%of

cont r ol t hymocyt es . At 18 h, 40%of t he dexamet hasone-

t r eat ed t hymocyt es f r om bcl - x- 169 mi ce cont ai ned f r ag-

ment ed DNA as assessed by st ai ni ng of nucl ei wi t h PI ver -

sus 95%of dexamet hasone- nont r ansgeni c t hymocyt es ( Fi g .

4 A) . A l esser l evel of pr ot ect i on agai nst dexamet hasone-

i nduced DNA f r agment at i on was obser ved f or t hymocyt es

f r ombcl - x- 86 at 6 and 18 h of cul t ur e ( Fi g. 4 A) .

Because gl ucocor t i coi ds and i r r adi at i on appear t o i nduce

t hymocyt e apopt osi s i n par t by di f f er ent pat hways ( 9) , t he

abi l i t y of bd- xL t o pr ot ect agai nst i r r adi at i on- i nduced cel l

deat h was eval uat ed i n t hymocyt e cul t ur es . At a dose of

250 r od, >35%and 80%of cont r ol t hymocyt es di spl ayed

f r agment ed DNA at 6 and 18 h, r espect i vel y, af t er i r r adi a-

t i on ( Fi g . 4 B) . However , t hymocyt es f r om bcl - x- 169 mi ce

wer e r emar kabl y r esi st ant t o i r r adi at i on ( Fi g . 4 B) . Thy-

mocyt es f r om bcl - x- 86 mi ce wer e al so mor e r esi st ant t o i r -

r adi at i on t han cel l s f r om cont r ol l i t t er mat es ( Fi g. 4 B) .

n ( X

Tr ansgeni c mi ce

10 6)

Cont r ol

n ( X 10 6 )

l i t t er mat es

bcl - x- 169

Lymph node 29 . 0 ± 4. 0* $ 10 . 0 ± 1 . 5t

CD4+ 14 . 2 ± 3 . 0$ 48 . 8 ± 3. 7t 2 . 3 ± 0 . 3t 22 . 6 ± 0. 3t

CD8+ 7. 1 ± 0. 5t 24 . 5 ± 0. 3t 1 . 6±0 . 3t 15 . 5±0 . 5t

13220+ 5. 8 ± 1 . 6 3. 8 ± 0. 6 38 . 1 ± 0 . 2t

Spl een 85 . 0 ± 9. 9t 61 . 0 ± 8 . 5t

CD4+ 21 . 0 ± 3. 0$ 25 . 4 ± 0. 7t 10 . 3 ± 2. 0$ 16 . 9 - } 1 . 0$

CD8+ 10 . 2 ± 1 . 0t 12 . 0 ± 0. 1t 5. 8±1 . 1t 9. 5±0 . 6t

13220+ 37 . 5 ± 9. 9 44 . 1 ± 7. 4 32 . 9±5 . 5 54 . 0±3 . 5

bcl - x- 86

Lymph node 20 . 0 ± 2. 0$ 11 . 0 ± 2 . 0$

CD4+ 6. 9 ± 1 . 0t 34 . 7 ± 0. 7t 2 . 1±0 . 3t 18 . 9 -±0 . 2$

CD8+ 5. 6 ± 0. 4t 28 . 2 ± 2. 2t 1. 8±0 . 5$ 16 . 4±1 . 8t

13220+ 3. 7 ± 0. 4 18 . 3 ± 4. Ot 4. 7±0 . 6 43 . 0±3 . Ot

Spl een 80. 0 ± 3. 0t 61 . 0 ± 1 . Ot

CD4+ 16. 1 ± 1 . 5t 20 . 1 ± 0. 9t 9. 0±2 . Ot 14 . 7±1 . 8t

CD8+ 9. 8 ± 1 . 0 12 . 3 ± 1 . 4t 4 . 4 ± 1 . 1t 7 . 2 ± 1 . 6t

13220+ 35 . 1 ± 4. 0 43 . 9 ± 6. 1t 39 . 2 ± 1 . 3 64 . 3 ± 10t
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Fi gur e 4 .

	

BC' - x L pr ot ect s t hymocyt es agai nst dexamet hasone- and - i i r -

r adi at i on- i nduced apopt osi s i n vi t r o . ( A) Thymocyt es f r om t r ansgeni c bcl -

x- 169 ( squar es) , bcl - x- 86 ( ci r cl es) , and cont r ol mi ce ( t r i angl es) wer e cul t ur ed

at 10 6 cel l s/ ml ( 24- wel l pl at es) i n t he pr esence ( open symbol s) or absence

( sol i d symbol s) of 1 [ LM of dexamet hasone . At 0, 3, 6, and 18 h, cel l s wer e

f i xed wi t h par af or mal dehyde, penneabi l i zed wi t h Tr i t on X- 100, and as-

sessed f or nucl ear DNA cont ent by PI st ai ni ng . Cel l wer e anal yzed by

f l ow cyt omet r y . Dat a r epr esent mean ± SEMof apopt ot i c cel l s i n t r i pl i -

cat e cul t ur es f or t hr ee i ndependent exper i ment s . ( B) Thymocyt es f r om

mi ce t r ansgeni c f or bcl - x- 169 ( squar es) , bcl - x- 86 ( ci r cl es) , and cont r ol mi ce

( t r i angl es) wer e ' y i r r adi at ed ( open symbol s) or not ( sol i d symbol s) at 250 r od

and t hen cul t ur ed i n vi t r o f or 18 h at 10 6 cel l s/ ml i n 24- wel l pl at es . The

per cent age of apopt osi s at 0, 3, 6, and 18 h was det er mi ned by anal ysi s of

t he nucl ear DNA cont ent by PI st ai ni ng. Dat a r epr esent mean ± SD of

apopt ot i c cel l s i n t r i pl i cat e cul t ur es f or t hr ee i ndependent exper i ment s .

I n addi t i on, t hymocyt es f r ombcl - x- t r ansgeni c mi ce wer e

r esi st ant t o deat h i nduced by cal ci um i onophor e . Af t er 10 h

of exposur e t o 2 Nt g/ ml of i onomyci n, 88 ± 5% of t he

cont r ol t hymocyt es wer e apopt ot i c ver sus 9 ± 2%of t he

t hymocyt es f r ombcl - x- 169 mi ce .

Bd- xL Pr ot ect s Thymocyt es agai nst Dexamet hasone- i nduced

Cel l Deat h I n Vi vo . To assess t he ef f ect s of bcl - x, on t hy-

mocyt e sur vi val i n vi vo, bcl - x- 169- t r ansgeni c and cont r ol

l i t t er mat es r ecei ved 2 mg i . p . of dexamet hasone by i nj ec-

16 . 5 B

1 . 2

32 . 6

102

	

103	 164
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100

I gM

t i on, and t hymocyt e popul at i ons wer e exami ned 48 h l at er

by f l ow cyt omet r i c anal ysi s . Dexamet hasone t r eat ment el i m-

i nat ed 70 ± 10% of t ot al t hymocyt es f r om cont r ol mi ce

compar ed wi t h PBS- t r eat ed ani mal s ( f r om 45 X 106 t o 14 X

106) . I n cont r ast , t r ansgeni c t hymocyt es wer e mar kedl y

pr ot ect ed f r omdexamet hasone, wi t h a decr ease of onl y 15 - , - -

3%( f r om 61 X 106 t o 51 X 10 6 ) . Fur t her anal ysi s r eveal ed

t hat CD4 +CD8+ t hymocyt es f r om cont r ol mi ce wer e al -

most ent i r el y el i mi nat ed by dexamet hasone, wher eas 72%of

t hi s popul at i on r emai ned vi abl e i n bcl - x- t r ansgeni c ani mal s

( Fi g . 5) . I n par al l el ed exper i ment s, t r eat ment wi t h dexa-

met hasone del et ed equal l y B220 10" ' I gM- B cel l s f r om t r ans-

geni c and cont r ol ani mal s, demonst r at i ng t hat t he pr ot ec-

t i on conf er r ed by bcl - xL was l i neage speci f i c and mi r r or ed

t r ansgene expr essi on ( Fi g . 5) .

Bcl - xL Pr ot ect s agai nst Ant i - CD3- i nduced Apopt osi s I n Vi vo .

Tr i gger i ng of CD4 +CD8 + t hymocyt es wi t h ant i - CM i n-

duces apopt osi s i n vi t r o and i n vi vo ( 2, 39) . To assess Bcl -

xL abi l i t y t o bl ock ant i - CD3- i nduced apopt osi s, t r ansgeni c

mi ce and cont r ol l i t t er mat es wer e i nj ect ed wi t h ant i - CD3,

and t hei r t hymuses wer e exami ned 48 h l at er . As shown i n

Tabl e 3, 73%of CD4+CD8+ t hymocyt es f r om bcl - x- 169

mi ce wer e st i l l pr esent 48 h af t er ant i - CD3 t r eat ment , wher eas

onl y 2%of t hi s popul at i on r emai ned i n nont r ansgeni c ani -

mal s . As has been shown by ot her s ( 2, 39) , doubl e- negat i ve

and si ngl e- posi t i ve t hymocyt e popul at i ons wer e l ar gel y un-

af f ect ed by ant i - CD3 t r eat ment ( Tabl e 3) . Hence, over ex-

pr essi on of Bcl - x, can bl ock ant i - CD3- i nduced apopt osi s .

Bcl - xL Fai l s t o Pr ot ect Thymocyt es f r om Cl onal Del et i on I n-

duced by Endogenous Super ant i gens . An i mpor t ant f or m of

t hymocyt e apopt osi s i s t he del et i on of devel opi ng T cel l s

t hat expr ess hi gh- af f i ni t y TCRs f or sel f - ant i gens ( 2, 3) .

Si gnal i ng t hr ough CD3 i n CD4 +CD8 + i s t hought t o t r ans-

duce si gnal s t hat mi mi c t hose of negat i ve sel ect i on, and

Bcl - x, i s abl e t o bl ock ant i - CD3- i nduced apopt osi s . Ther e-

f or e we det er mi ned t he abi l i t y of t he bcl - x, t r ansgene t o

over come t he del et i on of sel f - r eact i ve T cel l s . We eval u-

at ed t he del et i on of T cel l s r eact i ve wi t h super ant i gen Ml s- 1

bcl - xL Expr essi on I s Regul at ed i n t he Thymus and Bl ocks Apopt osi s

Fi gur e 5 .

	

Over expr essi on of BC' - x1 bl ocks

t hymocyt e dexamet hasone- i nduced cel l deat h

i n vi vo . Tr ansgeni c bcl - x- 169 mi ce ( C and F)

and cont r ol l i t t er mat es ( B and E) wer e i n-

j ect ed i . p . wi t h 2 mg of dexamet hasone and

compar ed wi t h cont r ol mi ce i nj ect ed wi t h

PBS ( A and D) . 48 h l at er , t hymocyt es ( A- C)

wer e r ecover ed and st ai ned wi t h FI TC- con-

j ugat ed ant i - CD4 and PE- conj ugat ed ant i -

CD8 ant i bodi es and anal yzed by f l ow cyt oi n-

et r y . The mean per cent age of cel l s i s gi ven f or

each subpopul at i on. Bone mar r ow cel l s ( D-

F) wer e col l ect ed at t he same t i me and st ai ned

wi t h FI TC- conj ugat ed ant i - I gM and bi ot i ny-

l at ed ant i - B220 ant i bodi es . Pr o- and pr e- B

cel l s ( I gM- 132201 - ) wer e gat ed i n r egi on I M

( def i ned by t he smal l r ect angl e i n D- F) . The

per cent age of t hi s popul at i on i s i ndi cat ed .

The same exper i ment was r epeat ed t wi ce

wi t h t hr ee mi ce i n each exper i ment wi t h si m-

i l ar r esul t s . I dent i cal r esul t s wer e obt ai ned

wi t h mi ce f r ombcl - x- 86 ( dat a not shown) .



Tabl e 3 .

	

Bcl - x, Pr ot ect s agai nst Ant i - CD3- i nduced Apopt osi s I n Vi vo

and an endogenous super ant i gen pr esent ed i n t he cont ext

of t he MHC cl ass I I mol ecul e I - E. When Ml s- 1 i s ex-

pr essed i n t he t hymus, T cel l s bear i ng TCRs cont ai ni ng

V( 36 + , VP7 + , V[ 38 . 1 + , or V( 39+ r egi ons ar e del et ed ( 40-

43) . Si mi l ar l y, expr essi on of a speci f i c super ant i gen i n asso-

ci at i on wi t h I - E i nduces t he del et i on of T cel l s bear i ng

V[ 311 + , V[ 35 + , or V( 317a + r egi ons ( 44, 45) . Tr ansgeni c

mi ce i n t he C57BL/ 6 X SJL ( H- 2b) backgr ound t hat do

bcl - x- 169 Tr ansgeni c mi ce

	

Cont r ol l i t t er mat es

* Tr ansgeni c and cont r ol l i t t er - mat es wer e i nj ect ed wi t h 100 Wg of ant i - CD3 ( cl one 145- 2C11) or 100 N, g of ant i - DNP ( cl one UC8- 1139) i . p . as con-

t r ol and ki l l ed 48 h l at er . Resul t s wer e obt ai ned by t hr ee- col or f l ow cyt omet r i c anal ysi s of t hymocyt es si mul t aneousl y l abel ed wi t h FI TC- conj ugat ed

ant i - CD4, PE- conj ugat ed ant i - CD8, and bi ot i nyl at ed ant i - CD3 ant i bodi es. Val ues shown r epr esent t he mean ± SD f or si x ani mal s .

* Di f f er ences bet ween cont r ol - and ant i - CD3- t r eat ed cel l s wer e st at i st i cal l y si gni f i cant ( p <0 . 01) as assessed by St udent ' s t t est .

Tabl e 4 .
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not expr ess Ml s- 1 or I - E wer e cr ossed t o CBA/ J mi ce t hat

ar e homozygous f or Ml s- 1 and I - E. Fl ow cyt omet r i c anal y-

si s r eveal ed t hat mat ur e t hymocyt es expr essi ng V[ 36 or

V[ 311 i n t hei r TCRs wer e compl et el y del et ed i n [ CBA/ J X

( C57BL/ 6 X SJL) - bcl - x- 169] F1 mi ce ( Tabl e 4) . Ther e was

a compensat or y i ncr ease i n t hymocyt es bear i ng V[ 32+ i n

[ CBA/ J X ( 136 X SJL) ] F1 compar ed wi t h B6 X SJL mi ce,

whi ch has been r epor t ed pr evi ousl y by ot her s ( 46) . Consi s-

* Resul t s wer e obt ai ned by t hr ee- col or f l ow cyt omet r i c anal ysi s of t hymocyt es si mul t aneousl y l abel ed wi t h bi ot i nyl at ed ant i - CD4, PE- conj ugat ed

ant i - CD8, and di f f er ent FI TC- conj ugat ed ant i - V( 3 ant i bodi es . Val ues shown r epr esent t he mean ± SD f or f i ve ani mal s . Per cent age di f f er ences be-
t ween bcl - x- 169- t r ansgeni c and cont r ol l i t t er mat es wer e not st at i st i cal l y di f f er ent by St udent ' s t t est .

Mi ce bcl - x t g Ml s- l a

Per cent age of V[ 36+ i n t hymocyt e popul at i ons

CD4+ CD8+ CD4+CD8 +

[ CBA/ J X ( B6 X SJL) ] + + 0 . 2±0 . 0* 0 . 2±0 . 0 5 . 1±0 . 1

[ CBA/ J X ( 136 X SJL) ] - + 0 . 3±0 . 0 0 . 0±0 . 0 4 . 6±0 . 2

136 X SJL - - 7 . 6 -! - 0 . 2 9 . 4±1 . 0 4 . 3±0 . 3

Per cent age of V[ 311+ i n t hymocyt e popul at i ons

Mi ce bcl - x t g I - E CD4+ CD8+ CD4+CD8+

[ CBA/ J X ( B6 X SJL) ] + + 0 . 0 ± 0 . 0 0 . 3 ± 0 . 3 5 . 1 ± 0 . 3

[ CBA/ J X ( 136 X SJL) ] - + 0 . 1±0 . 0 0 . 3±0 . 0 5 . 5±0 . 1

B6 X SJL - - 5 . 1±0 . 6 6 . 6±0 . 5 4 . 7 -±0 . 3

Per cent age of V[ 32+ i n t hymocyt e popul at i ons

Mi ce bcl - x t g CD4+ CD8+ CD4+CD8+

[ CBA/ J X ( 136 X SJL) ] + 11 . 4±0 . 5 15 . 5±1 . 2 3 . 3 -} 0 . 4

[ CBA/ J X ( B6 X SJL) ] - 11 . 9 ± 0 . 8 20 . 3 ± 1 . 1 3 . 1 ± 0 . 5

B6XSJL - 3 . 8 ± 0 . 2 3 . 5 ± 0 . 1 2 . 5 ± 0 . 2

Cel l popul at i ons Cont r ol * Ant i - CD3* Cont r ol Ant i - CD3

X 106

Tot al cel l s 61 . 0 ± 8 . 0$ 48 . 0 ± 6 . 0$ 40 . 0 1- 5 . 0$ 9 . 0 ± 2 . 0$

CD4 - CD8 - 2 . 8±0 . 8 3 . 0±0 . 2 1 . 6±0 . 7 2 . 0±0 . 5

CD4+CD8+ 48 . 8 ± 4 . 3$ 35 . 6 ±- 5. 4$ 34 . 5 ± 2 . 0$ 0 . 7 - } 0 . 1$

CD4+CD8 - 4 . 9 - } 0 . 5 4. 5 ±- 0 . 3 2 . 6 - ± 0 . 8 3 . 8 ± 0 . 5

CD4 - CD8+ 3 . 2±0 . 8 3 . 4±0 . 3 1 . 1±0 . 2 0 . 8±0 . 3



Tabl e 5 .

	

Over expr essi on of bcl - x, Does Not Bl ock H- Y- i nduced Cl onal Del et i on

* bcl - x- 169- t r ansgeni c mi ce and cont r ol l i t t er mat es wer e [ C57BL/ 6 H- Y t g X ( C57BL/ 6 X SJL) 1F1 mal es.
$Resul t s wer e obt ai ned by t wo- col or f l ow cyt omet r i c anal ysi s o£ t hymocyt es si mul t aneousl y l abel ed wi t h FI TC- conj ugat ed ant i - CD4 and PE- conj u-
gat ed ant i - CD8 ant i bodi es. Val ues shown r epr esent t he mean ± SD f or f i ve ani mal s . Per cent age di f f er ences bet ween t r ansgeni c and cont r ol l i t t er -
mat es wer e not st at i st i cal l y si gni f i cant as det er mi ned by St udent ' s t t est .

t ent wi t h t he pr evi ous r esul t s, per i pher al T cel l s bear i ng

V( 36 or V( 311 wer e si mi l ar l y del et ed i n t r ansgeni c and con-

t r ol l i t t er mat es ( dat a not shown) . Thus, const i t ut i ve expr es-

si on of bcl - xL dur i ng T cel l devel opment f ai l s t o abr ogat e

cl onal del et i on i nduced by Ml s- 1 or endogenous super ant i -

gen i n t he cont ext of I - E MHC.

Bcl - xL Does Not Bl ock Thymocyt e Cl onal Del et i on I nduced

by H- YAnt i gen . Because pr esent at i on of super ant i gens t o

T cel l s di f f er s f r om t hat of cl assi cal pept i des ( 47) , t he abi l i t y

of Bcl - x, t o i nhi bi t cl onal del et i on of r eact i ve T cel l s spe-

ci f i c t o t he mal e H- Y ant i gen pr esent ed i n t he cont ext of

H- 2 Db MHC cl ass 1 mol ecul es ( 30, 48) was assessed by

mat i ng C57BL/ 6 mi ce homozygous f or a H- Y ct / P- TCR

t r ansgene ( 30) t o het er ozygous bcl - x- 169- t r ansgeni c mi ce .

I n t he H- Y mal e of f spr i ng, CD4+CD8+ and CD4 - CD8+

t hymocyt es f r om bot h bcl - x, and non- bcl - xLt r ansgeni c

mi ce wer e mar kedl y del et ed, compar ed wi t h t hose f r om

non- H- Y C57BL/ 6 mal e mi ce ( Tabl e 5) . The number of

CD4 +- CD8 - t hymocyt es f r ombot h t ypes of H- Y TCR-

t r ansgeni c mi ce was essent i al l y i dent i cal t o t hat of non-

t r ansgeni c cont r ol s, si nce cl onal del et i on i nduced by H- Y

ant i gen i s r est r i ct ed t o MHC cl ass I mol ecul es ( 30, 48) .

Thus, Bcl - xL f ai l s t o abr ogat e cl onal del et i on of T cel l s r e-

act i ve t o sel f - H- Y ant i gen .

Di scussi on

These st udi es demonst r at ed t hat bcl - x, can i nhi bi t sever al

f or ms of T cel l deat h i n t hymocyt es and/ or per i pher al T

cel l s . These i ncl ude t he spont aneous apopt osi s i n t he ab-

sence of gr owt h f act or s i n vi t r o and t he apopt osi s i nduced

by gl ucocor t i coi ds, y i r r adi at i on, cal ci um i onophor e, and

ant i - CD3 ant i body . Al l of t hese st i mul i have been shown

t o i nduce apopt ot i c cel l deat h i n t hymocyt es ( 13, 14) . We

al so showed t hat endogenous Bcl - x, expr essi on i s r egul at ed

dur i ng T cel l devel opment i n a pat t er n di f f er ent f r om t hat

of Bcl - 2 . A maj or r ol e f or bcl - x i n t hymocyt e devel opment

has been demonst r at ed i n chi mer i c mi ce t hat ar e def i ci ent

i n Bcl - x ( 29) . I n t hese st udi es, t he absence of Bcl - x, pr ef er -

ent i al l y af f ect ed i mmat ur e popul at i ons of t hymocyt es and

1980

pr e- 13 cel l s ( 29) . Our r esul t s pr ovi de an expl anat i on f or t he

f i ndi ngs i n t he T cel l l i neage i n t hat Bcl - x, was expr essed

pr edomi nat el y i n CD4+ CD8 + t hymocyt es, t he devel op-

ment al st age par t i cul ar l y af f ect ed by t he absence of Bcl - x

( 29) . Der egul at ed Bcl - x, expr essi on l ed t o a per t ur bat i on of

T cel l homeost asi s char act er i zed by accumul at i on of t hy-

mocyt es and mat ur e CD4 + and CD8 + T cel l s i n al l l ym-

phoi d or gans . Remar kabl y, despi t e t hi s al t er at i on, BC' - xL

der egul at i on f ai l ed t o i nhi bi t cl onal del et i on of sel f - r eact i ve

T cel l s agai nst endogenous super ant i gens and H- Y ant i gen .

The basi s f or t he f ai l ur e or poor abi l i t y of Bcl - x, and

Bcl - 2 t o bl ock cl onal del et i on compar ed wi t h T cel l deat h

i nduced by ot her st i mul i , i ncl udi ng ant i - CD3, i s uncl ear .

Dur i ng negat i ve sel ect i on, t hymocyt es bear i ng TCRs wi t h

hi gh af f i ni t y f or a sel f - ant i gen ar e del et ed ( 6) . Si gnal i ng

t hr ough CD3 i n CD4+CD8 + cel l s i s t hought t o t r ansduce

si gnal s t hat mi mi c t hose of negat i ve sel ect i on . However ,

cl onal del et i on of t hymocyt es appear s t o i nvol ve CD4-

CD8, CD28, and ot her cel l ul ar i nt er act i ons i n addi t i on t o

t he CD3- TCR compl ex ( 49, 50) . Thus, i t i s possi bl e t hat

sel f - pept i de- MHC/ TCR si gnal i ng dur i ng negat i ve sel ec-

t i on r esul t s i n a power f ul deat h si gnal t hat cannot be abr o-

gat ed by t he l evel s of Bcl - 2 or Bcl - xL pr oduced by t he

t r ansgenes . I t i s al so possi bl e t hat cer t ai n si gnal i ng pat hways

such as t hose r esponsi bl e f or cl onal del et i on i nvol ve di st i nct

deat h ef f ect or mol ecul es t hat may not be i nhi bi t ed by Bcl - 2

or Bcl - XL . Exper i ment al evi dence f or di f f er ent i nt r acel l ul ar

medi at or s of T cel l deat h has been r ecent l y pr ovi ded f or

gl ucocor t i coi ds, r adi at i on, and TCR- CD3 engagement

( 9) . For exampl e, t hymocyt e apopt osi s t r i gger ed by expo-

sur e t o y i r r adi at i on or cer t ai n DNA- damagi ng agent s but

not gl ucocor t i coi ds r equi r es t he t umor suppr essor pr ot ei n

p53 ( 51, 52) . Anot her exampl e i s t he r equi r ement of nur 77

f or TCR- medi at ed apopt osi s, wher eas i t does not pl ay a

r ol e i n ei t her gl ucocor t i coi d- or r adi at i on- i nduced deat h

( 53, 54) .

Const i t ut i ve expr essi on of bcl - 2 and bcl - x, pr ot ect ed t hy-

mocyt es f r om a number of apopt ot i c st i mul i . However , i n

cont r ast t o our r esul t s wi t h bcl - x, mi ce, a ENt - bcl - 2 t r ans-

gene t ar get ed t o t he t hymus di d not r esul t i n i ncr eased

number s of t hymocyt es or per i pher al T cel l s despi t e ade-

bcl - xL Expr essi on I s Regul at ed i n t he Thymus and Bl ocks Apopt osi s

H- Y

Mi ce*

Bcl - x, . Tot al

X 10 6

CD4 - CD8 -

Thymocyt e popul at i ons

CD4+CD8+

%,

CD4 - CD8 + CD4 +CD8 -

+ + 9 . 0 ± 1 . 0t 73 . 0 ± 9 . 0 1 ± 0 . 9 0 . 8 ± 0 . 3 15 . 9 ± 2 . 3

+ - 10 . 0 ± 2 . 0 70 . 0 ± 9 . 7 5 ± 2 . 4 0 . 6 ± 0 . 3 16 . 6 ± 3 . 0

_ - 40 . 0 ± 8 . 0 8 . 0 ± 0 . 5 85 ± 8 . 0 3 . 1 ± 0 . 2 4 . 0 ± 0 . 2



quat e expr essi on of Bcl - 2 i n t he t hymus and per i pher al

l ymphoi d or gans ( 14) . The r eason f or t he al t er ed T cel l ho-

meost asi s i n El i - bd- xLt r ansgeni c mi ce as opposed t o t he

l ack of ef f ect obser ved i n El a, - bd- 2 mi ce i s uncl ear . How-

ever , mi ce t hat ar e t r ansgeni c f or a const r uct cont ai ni ng

bd- 2 downst r eam of t he pr oxi mal pr omot er of t he l ck t y-

r osi ne ki nase gene ( l ckPr ) showed an accumul at i on of T

cel l s ( mai nl y CD8 + ) ( 13) , suggest i ng t hat bot h bcl - x and

bcl - 2 can af f ect T cel l homeost asi s . Never t hel ess, gi ven t he

di f f er ent phenot ype obser ved bet ween EI A, - bcl - x and El L-

bcl - 2- t r ansgeni c mi ce, i t can not be excl uded t hat Bcl - x, i s

mor e ef f ect i ve t han Bcl - 2 i n count er i ng some f or ms of T

cel l deat h oper at i ng i n vi vo . For exampl e, BCl _XL has been

shown t o be mor e ef f i ci ent t han Bcl - 2 i n pr ot ect i ng t he

i mmat ur e B cel l l i ne WEHI 231 f r omapopt osi s i nduced by

cer t ai n chemot her apeut i c agent s ( 55) .

Bcl - 2 and Bcl - xL di spl ay a di scor dant expr essi on pat t er n

dur i ng T cel l devel opment . BCl _XL i s pr i mar i l y expr essed i n

CD4+CD8+ t hymocyt es, downr egul at ed i n CD4+CD8 -

and CD4 - CD8+ t hymocyt es, and undet ect abl e i n mat ur e

T cel l s . I n cont r ast , Bcl - 2 i s expr essed at hi gh l evel s i n ear l y

CD4 - CD8 - T cel l pr ecur sor s, medul l ar y CD4 +CD8 - and

CD4 - CD8+ t hymocyt es and per i pher al T cel l s, but down-

r egul at ed i n cor t i cal CD4 + CD8 + t hymocyt es ( 15- 18) . Af -

t er t he submi ssi on of t hi s manuscr i pt , anot her st udy was

publ i shed ( 56) t hat showed t hat BCl _XL i s pr i mar i l y ex-

pr essed by CD4 +CD8 + t hymocyt es and conf i r med t he es-

sent i al r ol e of bcl - x dur i ng t hymi c devel opment ( 29) . BCI - xL
can pr ot ect t hymocyt es f r omvar i ous apopt ot i c st i mul i . I n-

deed, our r esul t s have shown t hat const i t ut i ve expr essi on of

Bcl - x, r esul t ed i n an accumul at i on of t hymocyt es bel ong-

i ng t o al l maj or subset s and mat ur e T cel l s i n t he per i pher y .

Thus, i t i s l i kel y t hat i t s expr essi on ser ves t o mai nt ai n

CD4 +CD8+ t hymocyt es bef or e posi t i ve sel ect i on. Because

Bcl - x, i s downr egul at ed i n mor e mat ur e si ngl e- posi t i ve

t hymocyt es and mat ur e T cel l s, we suggest t hat CD4 +CD8 +

t hymocyt es t hat ar e not posi t i vel y sel ect ed downr egul at e

BCl _XL l at er i n devel opment and f ai l t o upr egul at e Bcl - 2 . I n

cont r ast , t he subpopul at i on of CD4 +CD8 + t hymocyt es

t hat under go posi t i ve sel ect i on i s known t o upr egul at e Bcl - 2,

a sur vi val si gnal associ at ed wi t h posi t i ve sel ect i on ( 19- 22) .

Thus, t hese r esul t s suggest t hat Bcl - 2 act s l at er i n devel op-

ment t han Bcl - xL and f unct i ons as a sur vi val swi t ch f or CD4+-

CD8 + t hymocyt es dur i ng posi t i ve sel ect i on .

Di mi ni shed BcI - 2 expr essi on i n cor t i cal CD4 +CD8 +

t hymocyt es has been pr oposed t o pl ay a f aci l i t at i ng r ol e i n

t he deat h of t hymocyt es dur i ng cl onal sel ect i on ( 16- 18,

57) . I ndeed, CD4 +CD8 + t hymocyt es ar e mor e sensi t i ve t o

mul t i pl e f or ms of apopt osi s, i ncl udi ng t hose i nduced by

gl ucocor t i coi ds, y i r r adi at i on, and ant i - CD3 si gnal i ng, t han

ot her t hymocyt e popul at i ons t hat expr ess BcI - 2 ( 18, 39,

58) . Gi ven t hat over expr essi on of Bcl - x, can conf er pr o-

t ect i on agai nst mul t i pl e f or ms of apopt osi s, i t i s i nt r i gui ng

t hat CD4 +CD8 + t hymocyt es ar e sensi t i ve t o apopt osi s, de-

spi t e expr essi on of endogenous Bcl - xL pr ot ei n . A possi bl e

expl anat i on i s t hat si mul t aneous expr essi on of Bcl - 2 and

BCl _XL i s mor e ef f ect i ve t han Bcl - x, or Bcl - 2 al one i n pr o-

t ect i ng t hymocyt es f r om apopt osi s . An al t er nat i ve nonex-

cl usi ve i nt er pr et at i on i s t hat t he abi l i t y of endogenous

Bcl - xL t o pr ot ect CD4+CD8 + t hymocyt es f r om deat h si g-

nal s i s count er ed by i nt r acel l ul ar i nhi bi t or y pr ot ei ns . Ther e

i s accumul at i ng evi dence t hat t he f unct i on of Bcl - 2 and

BCl _XL i s modul at ed by sever al i nt er act i ng pr ot ei ns t hat i n-

cl ude Bax ( 59) , Bad ( 60) , and Bag- 1 ( 61) . I nt er est i ngl y,

t wo pr ot ei ns of t he Bcl - 2 f ami l y, Bad and Bax, ar e pr o-

duced by t hymocyt es and can f or m het er odi mer s wi t h

Bcl - 2 and BCI - xL ( 60, 62) . I n t i ssue cul t ur e exper i ment s,

suscept i bi l i t y of cel l s t o deat h si gnal s appear s t o be det er -

mi ned by compet i ng di mer i zat i ons among t he di f f er ent

pr ot ei ns of t he Bcl - 2 f ami l y expr essed by t he cel l ( 60) . Fur -

t her mor e, Bad bi nds mor e st r ongl y t o BCl _XL t han t o Bcl - 2,

and i t s i nt er act i on wi t h BCl _XL pr omot es cel l deat h ( 60) .

Al t hough t he pr eci se r egul at i on of Bad or Bax dur i ng t hy-

mocyt e devel opment i s unknown, i t i s t empt i ng t o specu-

l at e t hat endogenous BCl _XL i n CD4 +CD8 + i s count er ed

by i nt er act i ng pr ot ei ns, r esul t i ng i n an i ncr eased suscept i -

bi l i t y t o cel l deat h . Based on t he pr esent st udi es and t hose

by ot her s, we woul d pr opose a hypot het i cal model of T

cel l sur vi val i n whi ch t he t hr eshol d t o apopt osi s i s con-

t r ol l ed by a bal ance among sur vi val pr ot ei ns such as Bcl - 2

or Bcl - x, , t hei r i nhi bi t or y par t ner s, and t he " st r engt h" of

t he deat h si gnal . I n t hi s model , endogenous l evel s of Bcl - x,
i n CD4 +CD8+ t hymocyt es mai nt ai n T cel l sur vi val but ar e

not suf f i ci ent t o pr ot ect cel l s f r omdeat h si gnal s . Our r esul t s

suggest t hat over expr essed Bcl - xL can ef f ect i vel y compet e

f or i nhi bi t or y pr ot ei ns or compensat e f or Bcl - 2 downr egu-
l at i on and pr omot es t hymocyt e sur vi val .

We t hank Dr . Cr ai g Thompson f or pr ovi di ng t he r abbi t pol ycl onal ant i - Bcl - x ant i body, Dr . Ri char d Mi l l er
f or t he ant i - CD3 and ant i - DNP mAbs, Dr . Har al d von Boehmer f or t he H- Y- t r ansgeni c mi ce, Dr . Suzanne
Cor y f or t he EpL- SV40 casset t e, and Dr . Mi chael Cl ar ke, Dr . Phi l Si moni an, Mar y Benedi ct , and Dr . Mar i -
bel Gonzal ez- Gar ci a f or cr i t i cal r evi ew of t he manuscr i pt . We t hank t he Uni ver si t y of Mi chi gan Tr ansgeni c
Cor e f or t hei r excel l ent suppor t .
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