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Summar y

A si mpl e i n vi t r o exper i ment al syst em was devi sed t o r ef l ect t he i n vi vo gener at i on of a T cel l

anamnest i c r esponse so t hat T cel l di f f er ent i at i on coul d be exami ned at t he l evel of l ymphoki ne

gene expr essi on . Compar i son of neonat al and adul t T cel l s r eveal ed t hat bot h popul at i ons expr essed

t he genes f or i nt er l euki n 2 ( I L 2) and i t s r ecept or , but onl y adul t T cel l s wer e capabl e of t r anscr i bi ng

mRNAs f or I L- 3, I L- 4, 11, 5, 11, 6, i nt er f er on y, and gr anul ocyt e/ macr ophage col ony- st i mul at i ng

f act or . However , neonat al T cel l s coul d be i nduced t o under go f unct i onal di f f er ent i at i on i n vi t r o,
t her eby acqui r i ng t he capaci t y t o expr ess t he l ymphoki ne gene r eper t oi r e char act er i st i c f or adul t

T cel l s . These dat a suggest t hat t he T cel l s gener at ed f r om neonat al bl ood by a pr i mar y st i mul at i on

i n vi t r o ar e f unct i onal l y i ndi st i ngui shabl e f r omt he T cel l s i n adul t bl ood t hat pr esumabl y have

under gone pr i mar y st i mul at i on i n vi vo . Ther ef or e, we pr opose t hat t he t er m " memor y cel l "

be appl i ed t o t hose T cel l s t hat can be i dent i f i ed by t hei r di f f er ent i at ed st at e of i nduci bl e ef f ect or -

l ymphoki ne gene expr essi on .

Memor y i s t he hal l mar k of an i nt act i mmune syst em,

r equi r ed f or i mmuni t y agai nst i nvadi ng mi cr oor gani sms

and f or t he ef f i cacy of vacci nat i on i n pr event i ng i nf ect i ons .

I mmunol ogi c memor y i s r ecogni zed by t he capaci t y of a pr e-

vi ousl y i mmuni zed host t o r espond mor e r api dl y and wi t h

gr eat er i nt ensi t y t o a secondar y ant i geni c chal l enge ( 1) . The

cel l ul ar basi s f or memor y l i es i n t he sel ect i ve cl onal expan-

si on of ant i gen- speci f i c l ymphocyt es, a concept or i gi nal l y i n-

t r oduced by Bur net ( 2) . Ther ef or e, when compar ed wi t h a

nai ve host , a pr i med host r esponds t o a secondar y ant i geni c

exposur e mor e ef f ect i vel y si mpl y because mor e ant i gen- r eact i ve

cel l s ar e pr esent ( 3) .

I n addi t i on t o st i mul at i ng t he expansi on of ant i gen- r eact i ve

cl ones, t he pr i mar y exposur e t o ant i gen has al so been t hought

t o i ni t i at e a per manent qual i t at i ve change i n t he cel l s. For

exampl e, B cel l s r espond t o ant i gen pr i mi ng by under goi ng

mol ecul ar genet i c changes t hat r esul t i n t hei r di f f er ent i at i on

t o secr et or y cel l s, r ecogni zed mor phol ogi cal l y as a change

t o a pl asma cel l phenot ype. I n addi t i on, due t o genet i c r ecom-

bi nat i on and del et i on event s, I g H chai n cl ass swi t chi ng occur s,

r esul t i ng i n a per manent l y di f f er ent i at ed genot ype ( 4) . Al so,

as a r esul t of somat i c hyper mut at i on of Vr egi on genes, af f i ni t y

mat ur at i on of t he ant i gen- bi ndi ng r egi on t akes pl ace, ul t i -

mat el y r esul t i ng i n t he pr ef er ent i al sel ect i on and per si st ence

of t hose cel l s secr et i ng ant i bodi es wi t h t he hi ghest af f i ni t i es

( 5, 6) . As a consequence of t hese f i ndi ngs, t he concept of

B cel l memor y no l onger i ncl udes onl y t he quant i t at i ve ex-

pansi on of speci f i c B cel l cl ones, but has pr ogr essed t o a mo-

l ecul ar genet i c def i ni t i on of a t r ul y di f f er ent i at ed memor y cel l .

By compar i son, T cel l memor y has t hus f ar el uded a si mi -

l ar l y di st i nct i ve mol ecul ar genet i c anal ysi s due t o t wo f un-

dament al exper i ment al pr obl ems . Fi r st , i t has been i mpos-

si bl e t o unequi vocal l y di scr i mi nat e bet ween t he cel l s

r esponsi bl e f or t he char act er i st i c f eat ur es of t he nai ve and
memor y i mmune r esponses. Second, t he mol ecul es i nvol ved

i n T cel l ef f ect or f unct i ons had not been i dent i f i ed unt i l r e-
cent l y . Consequent l y, put at i ve nai ve and memor y T cel l popu-

l at i ons coul d not be pr epar ed i n suf f i ci ent quant i t y and pu-
r i t y t o al l ow t he appl i cat i on of bi ochemi cal and mol ecul ar

genet i c appr oaches t hat mi ght del i neat e qual i t at i ve di f f er ences
bet ween t hem.

Mor e r ecent l y, sever al i nvest i gat or s have made use of pheno-
t ypi c mar ker s t o def i ne t he cel l ul ar compar t ment i n adul t

per i pher al bl ood t hat cont ai ns memor y T cel l s . For i nst ance,
t he T cel l subset s i dent i f i ed by CD45RO, CD29, or CD58

have been shown t o have adhesi on and act i vat i on char act er i s-
t i cs t hat ar e consi st ent wi t h t he concept of an accel er at ed sec-

ondar y r ecogni t i on event dur i ng a memor y r esponse ( 7- 13) .
However , t her e i s no way of knowi ng whet her t he subset

def i ned by t he absence of t hese put at i ve memor y mar ker s i s
t r ul y ant i geni cal l y nai ve, par t i cul ar l y si nce adul t s have been

exposed r epeat edl y and over a l ong per i od of t i me t o a myr i ad
of ant i gens i n t he envi r onment . Funct i onal compar i sons be-
t ween T cel l subpopul at i ons der i ved f r omt he bl ood of i m-

munol ogi cal l y exper i enced i ndi vi dual s and separ at ed on t he
basi s of t hei r di f f er ent i al expr essi on of t hese phenot ypi c mar ker s

may t her ef or e not necessar i l y measur e nai vet e vs . memor y .
I ndeed, an al t er nat i ve i nt er pr et at i on of t he di ssi mi l ar i t i es f ound
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i n t hese popul at i ons has been pr oposed whi ch hol ds t hat t he

CD45 i sof or m mar ker s mor e appr opr i at el y di st i ngui sh be-

t ween f unct i onal l y di ver se T cel l subset s t hat evol ve and per -

si st as i ndependent l i neages ( 14- 16) .

To ci r cumvent t he uncer t ai nt i es i nher ent i n t r yi ng t o i dent i f y

and separ at e nai ve and memor y T cel l s f r om adul t bl ood,

we have made use of a bi ol ogi cal di st i nct i on bet ween nai vet e

and memor y and dr ew on t he nat ur al l y occur r i ng sour ces

of t he begi nni ng and endpoi nt s of t he devel opment of i m-

muni t y . I n t hi s r egar d, neonat al T cel l s der i ved f r omumbi l -

i cal cor d bl ood ar e nai ve wi t h r espect t o ant i geni c st i mul a-

t i on and r epr esent a popul at i on of t r ul y unpr i med cel l s. By

compar i son, T cel l s der i ved f r omadul t per i pher al bl ood have

had ampl e ant i geni c exposur e and wer e used as a sour ce of

i n vi vo pr i med cel l s t hat have acqui r ed " memor y" .

Wi t h r egar d t o a mol ecul ar char act er i zat i on of T cel l i m-

mune r esponsi veness, i t i s now est abl i shed t hat T cel l - de-

r i ved l ymphoki nes act ual l y execut e t he cel l ul ar and mol ec-

ul ar r eact i ons t hat ul t i mat el y ar e r ecogni zed as cel l ul ar

i mmuni t y : T cel l pr ol i f er at i on, T cel l hel p f or B cel l pr ol i f er -

at i on and ant i body secr et i on, as wel l as t he r ecr ui t ment and

act i vat i on of macr ophages and l eukocyt es have al l been as-

si gned t o di st i nct l ymphoki nes ( 17) . Mor eover , sensi t i ve assays

ar e now r eadi l y avai l abl e t o det ect al l of t hese mol ecul es .

Thus f ar , most st udi es di r ect ed t owar d uncover i ng f unc-

t i onal di spar i t i es bet ween nai ve and memor y T cel l s have f o-

cused on pot ent i al di f f er ences i n act i vat i on par amet er s ( 18- 20) .

However , by anal ogy t o t he genet i c di f f er ent i at i on pr ocess

of B cel l memor y, we hypot hesi zed t hat a f undament al f unc-

t i onal di st i nct i on bet ween nai ve and memor y T cel l s mi ght

ar i se by di f f er ences i n t he expr essi on of di st i nct genes, par t i c-

ul ar l y t hose encodi ng t he medi at or s of cel l ul ar i mmuni t y .

Accor di ngl y, we exami ned gene expr essi on f or a var i et y of

l ymphoki nes by t aki ng advant age of t he PCR as a hi ghl y

sensi t i ve met hod t o det ect mRNA t r anscr i pt s ( 21- 23) . Our

r esul t s, r epor t ed her e, i ndi cat e t hat t he di f f er ent i al capaci t y

t o expr ess l ymphoki ne genes under l i es and det er mi nes t he

mar ked f unct i onal di f f er ence bet ween unpr i med and pr i med

T cel l s . Mor eover , dur i ng t he cour se of t hese st udi es, we have

devel oped t he cel l ul ar and mol ecul ar met hods t o per mi t one

t o i nvest i gat e t he mechani sms r esponsi bl e f or t hi s acqui si -

t i on of an ext ended l ymphoki ne r eper t oi r e .

Mat er i al s and Met hods

Ant i bodi es

T cel l act i vat i on was per f or med usi ng 64 . 1, an I gG2a mAb

di r ect ed agai nst CD3 ( f r omDr . El l en Vi t et t a, Dal l as, TX) . Af f i ni t y-

pur i f i ed goat ant i - mouse I gG ( Fc speci f i c) was pur chased f r omOr -

ganon Tekni ka, West Chest er , PA. For i ndi r ect f l uor escent st ai ni ng,

t he f ol l owi ng mAbs wer e used at sat ur at i ng concent r at i ons : a T11

( cl one 3PT2H9) , r eact i ve wi t h CD2 ( f r om Dr . El l i s Rei nher z,

Bost on, MA) ; OKT3, OKT4, and OKT8, r eact i ve wi t h CD3,

CD4, and CD8, r espect i vel y ( Or t ho Phar maceut i cal s, Rar i t an, NJ) ;

N901 and 3118, I gG and I gM, r espect i vel y, di r ect ed agai nst CD56

( f r om Dr . Jer ome Ri t z, Bost on, MA) ; Bl , r eact i ve wi t h CD20

( Coul t er I mmunol ogy, Bost on, MA) ; 3C10, r eact i ve wi t h CD14,

and 9. 3C9, r eact i ve wi t h HLADRand DQ( f r omDr . Gi l l a Kapl an,
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NewYor k) ; 1HT4, r eact i ve wi t h CD25 ( f r omDr . El l i s Rei nher z,
Bost on, MA) . Rabbi t ant i - mouse FI TCconj ugat e was f r omZymed

Labor at or i es, San Fr anci sco, CA, and was used at 1 : 50 f i nal di l u-
t i on. Human gamma gl obul i ns used t o bl ock nonspeci f i c FcR-

medi at ed st ai ni ng wer e pur chased f r om Or ganon Tekni ka .

Cel l Cul t ur e Reagent s

Compl et e medi umconsi st ed of RPMI 1640 ( Gi bco Labor at o-

r i es, Gr and I sl and, NY) suppl ement ed wi t h 50 U/ ml peni ci l l i n,
50 14g/ ml gent amyci n, 200 Eag/ ml L- gl ut ami ne, and 10% heat -

i nact i vat ed cal f ser um ( HyCl one Labor at or i es, Logan, UT) . Ho-
mogeneous r I L2 was obt ai ned f r om Takeda Chemi cal I ndust r i es,

Osaka, Japan, and suppl i ed as a 1- mg/ ml sol ut i on i n 5 mMammo-
ni umacet at e buf f er ( pH 5) . I n some exper i ment s, 10 / AMaphi di col i n
( Si gma Chemi cal Co. , St . Loui s, MO) was used t o compl et el y i n-

hi bi t [ 3 H] TdR i ncor por at i on .

Cel l Pur i f i cat i on

Umbi l i cal cor d bl ood was col l ect ed i n pr ehepar i ni zed syr i nges

f r omheal t hy f ul l - t er m neonat es i mmedi at el y af t er vagi nal del i ver y .

Adul t bl ood was dr awn f r omheal t hy vol unt eer s . Mononucl ear cel l s

wer e i sol at ed by means of Fi col l - Hypaque di scont i nuous gr adi ent

cent r i f ugat i on . I n some i nst ances, heavy r ed cel l cont ami nat i on of

umbi l i cal cor d mononucl ear cel l s necessi t at ed f ur t her pur i f i cat i on

by cent r i f ugat i on over a 65% Per col l ( Phar maci a LKB Bi ot ech-

nol ogy, Pi scat away, NJ) gr adi ent . I nt er f ace cel l s wer e washed t hr ee

t i mes i n nor mal sal i ne and i ncubat ed at a f i nal concent r at i on of

5 x 10 6 cel l s/ ml i n 5 MML- l euci ne- met hyl - est er hydr ochl or i de

( Si gma Chemi cal Co. ) , i n ser um- f r ee medi um at r oom t emper a-

t ur e f or 45 mi n. Thi s pr ocedur e has been shown t o ef f ect i vel y el i m-

i nat e monocyt es and a l ar ge pr opor t i on of NKcel l s ( 24, 25) . The

cel l mi xt ur e was cent r i f uged at 450 g f or 20 mi n over a 43. 5%

Per col l gr adi ent t o separ at e dead cel l s and r esi dual l ow densi t y NK

cel l s and macr ophages f r om t he hi gh densi t y l ymphocyt es, as de-

scr i bed ( 26) . The cel l pel l et was washed t wi ce i n compl et e medi um,

and t o el i mi nat e r esi dual Fc- Recept or posi t i ve cel l s, N5 x 10' cel l s

wer e i ncubat ed i n a f i nal vol ume of 2 . 5 ml f or 20 mi n at 37* C

i n 100- mmbact er i ol ogi cal pet r i di shes ( Fi sher Sci ent i f i c Co . , Pi t t s-

bur gh, PA) t hat had been coat ed wi t h 10 mg/ ml human gamma

gl obul i ns i n PBS i mmedi at el y bef or e use; nonadher ent cel l s wer e

t hen col l ect ed and t he pr ocedur e r epeat ed once. The r emai nder of

t he cel l s wer e i ncubat ed f or 45 mi n at 37 ° Cat a maxi mumconcen-

t r at i on of 2 . 5 x 107 cel l s/ ml i n Lympho- Kwi k TH ( One Lambda,

Los Angel es, CA) , t o whi ch 3138 ( ceCD56 mAb) was added t o gi ve

a f i nal di l ut i on of 1 : 100 of asci t es . Tr eat ment wi t h t hi s cockt ai l

of mAbs and compl ement sel ect i vel y l yses HLA- DR* cel l s, B

cel l s, r esi dual gr anul ocyt es, NKcel l s, and CD8 * cel l s . A f i nal den-

si t y cent r i f ugat i on was per f or med t o separ at e t he dead cel l s, and

t he cel l pel l et was washed t wi ce i n compl et e medi um.

Assessment of Cel l Pur i t y

Cel l s at di f f er ent st ages of pur i f i cat i on wer e i ncubat ed wi t h

sat ur at i ng concent r at i ons of mAbs speci f i c f or var i ous sur f ace

mar ker s f or 60 mi n on i ce. I ndi r ect f l uor escent st ai ni ng was per -

f or med wi t h 1 : 50 di l ut i on of r abbi t ant i - mouse I g FI TC f or 60

mi n on i ce . Cel l s wer e t hen f i xed i n 2% par af or mal dehyde- PBS

unt i l eval uat i on by FACScan ( FRCS i s a r egi st er ed t r ademar k of

Bect on Di cki nson & Co . ) .

Umbi l i cal cor d bl ood mononucl ear cel l s f r om densi t y cent r i f u-

gat i on wer e 58- 70% CD2 * , 44- 65% CD3 * , 25- 39% CD4 * ,

9- 21%CD8* , 6- 15%CD56* , 7- 10%CD20' , 10- 20%CD14* ,



and 18- 20% HLA- DR* . Umbi l i cal cor d bl ood cel l s pur i f i ed by

L- l euci ne- met hyl - est er , FcRpanni ng, and modi f i ed Lympho- Kwi k

TH wer e 97- 99% CD2* , 96- 99% CD3 * , 95- 98% CD4* , and

0- 1%CD8* . St ai ni ng f or B cel l s, NK cel l s, monocyt es, and HLA-

DR* cel l s was undet ect abl e above backgr ound cont r ol l evel s . Less

t han 1/ 1, 000 cel l s st ai ned posi t i ve f or nonspeci f i c est er ase ( a- naph-

t hyl - acet at e est er ase ; Si gma Chemi cal Co . ) . These hi ghl y pur i f i ed

umbi l i cal cor d bl ood- der i ved Th cel l s ar e r ef er r ed t o as neonat al

T cel l s i n t he t ext .

Adul t per i pher al bl ood cel l s pur i f i ed by L- l euci ne- est er , FcRpan-

ni ng, and modi f i ed Lympho- Kwi k TH wer e 95- 98% CD2* ,

95- 98% CD3* , 95- 98% CD4* , 0- 1% CD8* , and di d not ex-

pr ess det ect abl e CD14, CD20, CD56, or HLA- DR. Less t han

1/ 1, 000 cel l s st ai ned posi t i ve f or nonspeci f i c est er ase . These cel l s

ar e r ef er r ed t o i n t he t ext as adul t T cel l s .

Cel l St i mul at i on and Cul t ur e

96- wel l , f l at - bot t omed t i ssue cul t ur e pl at es ( Cor ni ng Gl ass

Wor ks, Cor ni ng, NY) wer e coat ed wi t h 50, ul of a 20- Wg/ ml sol u-

t i on of goat ant i - mouse I gG ( Fc speci f i c) i n Tr i s- HCI ( pH 9. 5)

f or at l east 3 h at r oomt emper at ur e. I mmedi at el y bef or e use, wel l s

wer e washed t hr ee t i mes wi t h nor mal sal i ne. Unl ess i ndi cat ed ot her -

wi se, cel l s wer e added t o t he wel l s at a f i nal concent r at i on of 2

x 10 5 / wel l i n t he pr esence of 1 pg/ ml 64 . 1 ot - CD3 mAb i n com-

pl et e medi um. Thi s pr ocedur e of cr ossl i nki ng t he CD3 st r uct ur e

i s r ef er r ed t o t hr oughout t he t ext as st i mul at i on vi a a- CD3. For

f ur t her expansi on, cel l s wer e har vest ed af t er 48 h by vi gor ous pi pet -

t i ng and i ncubat ed at densi t i es not exceedi ng 106 / ml i n compl et e

medi umcont ai ni ng sat ur at i ng amount s of r I l r 2 ( 1 nM) . On t he

day of r est i mul at i on, cel l s wer e washed t wi ce, i ncubat ed at 37° C

f or 45 mi n, and washed once mor e t o r emove r esi dual r I L2. Sec-

ondar y st i mul at i on was per f or med i dent i cal l y t o pr i mar y st i mul a-

t i on . I n some exper i ment s, t he f ol l owi ng mi t ogens wer e used t o

act i vat e t he cel l s : 1 hg/ ml PHA ( Wel l come, Resear ch Tr i angl e Par k,

NC) or 11AM I onomyci n ( Cal bi ochem- Behr i ng Cor p. , San Di ego,

CA) wi t h 5 ng/ ml PMA ( Si gma Chemi cal Co. ) .

Thymi di ne I ncor por at i on

Af t er 24- 72 h i n cul t ur e, DNA synt hesi s was assessed by addi ng

0. 5 p, Ci / wel l [ ' H- met hyl ] t hymi di ne ( 10 Ci / mmol ; I CNBi ochem-

i cal s, I r vi ne, CA) f or t he f i nal 2 h of cul t ur e. Tr i pl i cat e cul t ur es

wer e har vest ed ont o gl ass f i ber f i l t er s, and r adi oact i vi t y was count ed

by l i qui d sci nt i l l at i on . Under t he speci f i ed condi t i ons peak pr ol i f er -

at i on occur r ed at 48 h. [ ' H] TdR i ncor por at i on was cal cul at ed as

cpm/ 10" cel l s/ h .

Measur ement of 11, 2, I FN- y and Gr anul ocyt e/ Macr ophage

CSF ( GM- CSFY

Super nat ant s of st i mul at ed cel l s wer e har vest ed af t er i ndi cat ed

t i me i nt er val s, cent r i f uged t o r emove cel l s and debr i s, and st or ed

at - 70* C unt i l pr ot ei n det er mi nat i ons wer e per f or med. I L2 con-

cent r at i ons wer e det er mi ned by t he CTLL2 bi oassay as descr i bed

( 27) . I NF- y and GM- CSF concent r at i ons wer e det er mi ned by

speci f i c ELI SA ( Endogen, Bost on, MA) . ELI SAs wer e per f or med

exact l y as speci f i ed by t he manuf act ur er s, and pr ot ei n concent r a-

t i ons ar e l i st ed i n pi comol es . The l i mi t s of det ect i on wer e 2. 5 pM

f or I NF- y and 1 pM f or GM- CSF.

1 Abbr evi at i on used i n t hi s paper: GM- CSF, gr anul ocyt e/ macr ophage col ony-
st i mul at i ng f act or .
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Tot al RNApr epar at i on was per f or med

essent i al l y as descr i bed ( 28) . I n br i ef , af t er i ndi cat ed t i me i nt er val s,

super nat ant s wer e r emoved f r om t he mi cr ot i t er wel l s, and i ce- col d

PBS was added. Cel l s wer e r emoved by st eady pi pet t i ng and wel l s

wer e i nspect ed f or compl et e cel l r ecover y . Cel l s wer e count ed

( Coul t er El ect r oni cs I nc . , Hi al eah, FL) and al i quot ed t o

106/ Eppendor f t ube ( 1 . 5 ml ) , pel l et ed f or 10 s i n a t abl e- t op Ep-

pendor f mi cr ocent r i f uge ( Br i nkmann I nst r ument s Co . , West bur y,

NY) , and l ysed i n 500 i t l l ysi s sol ut i on, consi st i ng of 4 Mguani di ne-

t hi ocyanat e ( Boehr i nger Mannhei mBi ochemi cal s, I ndi anapol i s, I N) ,

25 mMNa- ci t r at e ( pH 7) , 0. 5%N- l aur oyl sar cosi ne ( Si gma Chem-

i cal Co . ) , and 100 mM2- ME ( Si gma Chemi cal Co. ) . Lysat es wer e

pr epar ed at l east i n dupl i cat e, vor t exed, and st or ed at - 70° C unt i l

f ur t her pr ocessi ng . Af t er t hawi ng, 50 Al of 2 MNa- acet at e ( pH

4. 0) , 500 l i l of wat er - sat ur at ed aci d phenol ( Bet hesda Resear ch

Labor at or i es, Bet hesda, MD) , and 100 t cl of chl or of or m- i so- amyl

al cohol ( 49 : 1) wer e added t o t he l ysat es wi t h t hor ough vor t exi ng

af t er each addi t i on . The mi xt ur e was t hen chi l l ed on i ce f or 15

mi n and spun at 10, 000 g f or 15 mi n at 4° C. The aqueous phase

was r ecover ed and RNA was pr eci pi t at ed i n an equal vol ume of

2- pr opanol at - 20° Cf or at l east 90 mi n . Pr eci pi t at es wer e pel l et ed

at 4° C, washed once wi t h 75%et hanol i n di et hyl pyr ocar bonat e-

t r eat ed doubl e- di st i l l ed wat er ( DEPC- ddH20) and r epel l et ed at

4° C at 10, 000 g f or 15 mi n . Vacuum- dr i ed pel l et s wer e r esuspended

i n 10 p. l DEPC- ddH20 cont ai ni ng 2 ug ol i go- dT ( 12- 18 mer ;

Uni t ed St at es Bi ochemi cal Cor p . , Cl evel and, OH) and i ncubat ed

at 65* C f or 10 mi n . Af t er cool i ng on i ce, t he mi xt ur e was i ncubat ed

wi t h 10 t t l of 2 x RTbuf f er ( 100 mMTr i s- CI , pH 8. 3, 150 mM

KCL, 6 mMMgCl 2, 20 mMDTT) and f i nal concent r at i ons of

200 Uof MMLV r ever se t r anscr i pt ase ( Bet hesda Resear ch Labor a-

t or i es) , 1 mMdNTPs ( Uni t ed St at es Bi ochemi cal Cor p. ) , 100 Ft g/ ml

acet yl at ed BSA ( Si gma Chemi cal Co. ) , and 25 U of RNAsi n

( Pr omega Bi ot ec, Madi son, WI ) f or 60 mi n at 37°C. Tubes wer e

t hen heat ed t o 95° C f or 5- 10 mi n, and 80 P. 1 of dH20 was added

t o t he 20- P1 r eact i on mi xt ur e. Sampl es wer e st or ed at 4* C unt i l

f ur t her use. RT r eact i ons wer e per f or med si mul t aneousl y f or l y-

sat es der i ved f r om adul t and neonat al bl ood .

PCRCondi t i ons .

	

Lymphoki ne- speci f i c pr i mer pai r s I L- 2, - 3, - 4,

- 5, - 6, I FN- y, and 0- Act i n( Y) wer e pur chased ( Cl ont ech, Pal o Al t o,

CA) or synt hesi zed on a Cycl one DNA synt hesi zer ( Bi osear ch,

San Raf ael , CA) and pur i f i ed usi ng NENSORB PREP col umns

( DuPont Co. , Wi l mi ngt on, DE) : 0- act i n ( 5' ) , I Ll 0, GM- CSF, and

I L- 2R p55 . Sequences ar e speci f i c as ascer t ai ned by comput er as-

si st ed sear ch of updat ed ver si ons of GenBank . 5' and 3' pr i mer s

wer e compl ement ar y t o sequences i n t he f i r st and l ast exons, r espec-

t i vel y, or spanned exon- exon j unct i ons and ar e t her ef or e mRNA

speci f i c . 5' pr i mer s wer e desi gned t o r ecogni ze sequences no f ar -

t her t han 1, 250 by upst r eam of t he pol yT t r act of t he cDNA. The

cont r ol 0- act i n 5' pr i mer r ecogni zes a sequence exact l y 1, 252- 1, 222

by upst r eam. Pr i mer sequences ar e shown i n Fi g. 1 . I n pr el i mi nar y

exper i ment s, 10- f ol d ser i al di l ut i ons of i r r el evant DNA( A- phage)

wer e per f or med i nt o cDNA sampl es f r ombot h adul t and neonat al

Tcel l s and subj ect ed t o 25 cycl es of PCRusi ng pr i mer s ampl i f yi ng

a 500- bp f r agment ( GeneAMP ki t ; Per ki n- El mer Cet us, Emer yvi l l e,

CA) . The l i mi t of det ect i on was det er mi ned t o be i n t he or der

of 10^ mol ecul es whose ampl i f i cat i on pr oduct coul d r epr oduci bl y

be vi sual i zed as a f ai nt band af t er gel el ect r ophor esi s . Subsequent l y,

5 pl of cDNA ( r epr esent i ng RNA der i ved f r om 5 x 10° cel l s t o

ensur e a sensi t i vi t y of det ect i on of at l east one mol ecul e per cel l ,

al l owi ng f or l osses dur i ng RNA pr epar at i on and r ever se t r anscr i p-

t i on) was ampl i f i ed i n 0. 5 ml GeneAmp r eact i on t ubes ( Cet us Cor p. ,



Emer yvi l l e, CA) i n t he pr esence of 200 nMf i nal concent r at i on of

5' and 3' pr i mer s, 200 AMdNTPs, 0. 5 Uof Taq pol ymer ase ( Cet us

Cor p. ) , and PCRbuf f er cont ai ni ng 2 . 5 AMMgC12 , 50 mMKCL,

10 mMTr i s- CI ( pH 8. 3) , 4nd 0. 001% gel at i n i n a f i nal vol ume

of 25 Al . The r eact i on mi xt ur e was over l ai d wi t h a dr op of l i ght

mi ner al oi l , and PCR was per f or med i n a DNA t her mal cycl er

( Cet us Cor p . ) f or 25 cycl es : 45- s denat ur at i on at 94° C, 45- s an-

neal i ng at 60° C, and 1. 5- mi n ext ensi on at 72° C. The r eact i on

pr oduct was vi sual i zed by subj ect i ng t o el ect r ophor esi s 20 Al of

t he r eact i on mi x at 80 V f or 70 mi n i n 2%agar ose i n 0. 5x TBE

buf f er cont ai ni ng 0. 5 Ag/ ml et hi di um br omi de. 1 Ag of HaeI I I -

di gest ed Ox174 DNA( Cl ont ech) was r un i n par al l el as mol ecul ar

wei ght mar ker s ( pr ovi di ng bands at 1, 353, 1, 078, 872, 603, 310,

281, and 234 bp) . Speci f i ci t y of t he ampl i f i ed bands was val i dat ed

by t hei r pr edi ct ed si ze and r est r i ct i on enzyme di gest s gi vi ng ap-

pr opr i at el y si zed f r agment s . PCRassi st ed mRNAampl i f i cat i on was

r epeat ed at l east once f or each RNA sampl e, and has been per -

f or med on si x separ at e sampl es f r om adul t T cel l s and >25 sepa-

r at e pr i mar y and secondar y pr epar at i ons f r om neonat al T cel l s t o

dat e, yi el di ng i dent i cal r esul t s t o t he ones descr i bed i n Resul t s .

Resul t s

Act i vat i on of Neonat al TCel l s vs. Adul t TCel l s.

	

To meani ng-

f ul l y compar e f unct i onal par amet er s of neonat al and adul t

Tcel l s, i t was i mpor t ant t o ensur e t hat bot h cel l popul at i ons

coul d be act i vat ed maxi mal l y and equal l y. To do so, we capi t al -

i zed on t he f i ndi ng of Gepper t and Li psky ( 29) t hat pur i f i ed

T cel l s can be ef f i ci ent l y st i mul at ed af t er depl et i on of acces-

sor y cel l s by cr ossl i nki ng sol el y t he TCR/ CD3 compl ex, t he

cx- CD3 mAb 64 . 1 bei ng par t i cul ar l y pot ent . A compar i son

of t he concent r at i ons of cx- CD3 r equi r ed t o act i vat e neonat al

and adul t pur i f i ed CD4+ T cel l s when cr ossl i nked vi a an

i mmobi l i zed br i dgi ng ant i body i s shown i n Fi g. 2 . I n t hr ee

separ at e exper i ment s, t her e wer e no di f f er ences i n t he r esponse

t hr eshol ds of neonat al vs . adul t T cel l s, so t hat an opt i mal

dose of 1 Ag/ ml ci - CD3 was chosen f or al l subsequent ex-

per i ment s.

Sever al appr oaches wer e used t o eval uat e whet her act i va-

t i on by ci - CD3 del i ver ed equal l y pot ent si gnal s t o t he t wo

cel l popul at i ons vi a t he TCR/ CD3 compl ex . Fi r st , I L- 2

pr oduct i on was moni t or ed and f ound t o be compar abl e ( neo-

nat al T cel l s : 40 . 3 ± 22 PM vs. adul t T cel l s ; 43 . 3 ± 21

pM, n = 8) . Second, I L- 2R expr essi on as measur ed by usi ng

I L- 2R ci - p55 mAbs and f l ow cyt omet r y showed equi val ent

and maxi mal l evel s af t er 72 h of cul t ur e, i n t hat >97% of

t he cel l s st ai ned posi t i ve. Thi r d, consi st ent wi t h t hese f i ndi ngs,

pr ol i f er at i on moni t or ed by [ 3H] TdRi ncor por at i on was com-

as
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Di f f er ent i at i on of T Cel l Lymphoki ne Gene Expr essi on

JaCD3 mAb] ( Vg/ ml )

Fi gur e 2 .

	

Pr ol i f er at i on of neonat al ( 0) and adul t ( * ) T cel l s af t er 48 h

of act i vat i on wi t h var i ous doses of t x- CD3 cr ossl i nked vi a i mmobi l i zed
goat ant i - mouse I gG. [ 3 H] TdR i ncor por at i on was assessed dur i ng t he l ast
2 h of cul t ur e . Dat a ar e f r om an exper i ment r epr esent at i ve of t hr ee per -
f or med . The SD of t r i pl i cat e cul t ur es wer e al ways <10%.

Si ze of

Ampl i f i ed

mRNA 5' Sense Pr i mer 3' Ant i sense Pr i mer Fr agment

( b p)

- Act i n 5' - TGACGGGGTCACCCACACTGTGCCCATCTA3' 5' - CTAGAAGCATTGCGGTGGACGATGGAGGG3' ( 661bp)

I L- 1P 5' - CTTCATCTTTGAAGAAGAACCTATCTTCTT- 3' 5' - AATTTTTGGGATCTACACTCTCCAGCTGTA- 3' ( 331bp)

I L- 2 5' - ATGTACAGGATGCAACTCCTGTCTT- 3' 5' - GTCAGTGTTGAGATGATGCTTTGAC- 3' ( 458 bp)

I L- 3 5' . ATGA000GCCTGCCCGTCCTG- 3' 5' - GCGAGGCTCAAAGTCGTCTGTTG- 3' ( 449 bp)

I L- 4 5' - ATGGGTCTCACCTCCCAACTGCT- 3' 5' - CGAACACTTTGAATATTTCTCTCTCAT- 3' ( 456 bp)

I L- S 5' - GCTTCTGCATTTGAGTTTGCTAGCT- 3' STGGCCGTCAATGTATTTCTTTATTAAG- 3' ( 291 bp)

I L- 6 5' - ATGAACTCCTTCTCCACAAGCGC- 3' 5' - GAAGAGCCCTCAGGCTGGACTG- 3' ( 628 bp)

I FNy 5' - ATGAAATATACAAGTTATATCTTGGCTTT- 3' 5' - GATGCTCTTCGACCTCGAAACAGCAT- 3' ( 501 bp)

GM- CSF 5' - ACACTGCTGAGATGAATGAAACAGTAG- 3' 5' - TGGACTGGCTCCCAGCAGTCAAAGGGGATG3' ( 286 bp) Fi gur e 1 . Pr i mer sequences used

f or PCR- assi st ed mRNA ampl i -
I L- 2R p55 5' - TTATCATTTCGTGGTGGGGCAGATGGTTTA- 3' 5' - TCTACTCTTCCTCTGTCTCCGCTGCCAGGT3' ( 391 bp) f i cat i on .
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Fi gur e 3 . Pr ol i f er at i on of neonat al and adul t T cel l s and neonat al
mononucl ear cel l s usi ng var i ous st i mul i . ( 1) Adul t T cel l s ( n = 10) st i mu-
l at ed wi t h 1 Fog/ ml sol ubl e a- CD3 ; ( 2) neonat al T cel l s ( n = 41) st i mu-

l at ed wi t h 1 Wg/ ml sol ubl e a- CD3 ; ( 3) adul t T cel l s ( n = 10) st i mul at ed
vi a cr ossl i nked a- CD3 ; ( 4) neonat al T cel l s ( n = 41) st i mul at ed vi a cr oss-

l i nked a- CD3 ; ( 5) neonat al T cel l s ( n = 6) st i mul at ed wi t h 1 Fog/ ml PHA
and 5 ng/ ml PMA; ( 6) neonat al mononucl ear cel l s ( n = 8) st i mul at ed

wi t h 1 ) cg/ ml PHA. Backgr ound [ 3 H] TdR i ncor por at i on ± SDwas 5. 3
± 2 cpm/ 104/ h f or neonat al T cel l s, 2. 9 ± 1 f or adul t T cel l s, and 9. 5
± 1 f or neonat al mononucl ear cel l s. [ 3H] TdRi ncor por at i on was assessed
48 h af t er act i vat i on dur i ng t he l ast 2 h of cul t ur e . Er r or bar s r epr esent 1 SD.

par abl e i n t he t wo popul at i ons when measur ed at t he peak
of t he r esponse, whi ch occur r ed af t er 48 h of cul t ur e ( Fi g .
3) . As an addi t i onal t est t o ascer t ai n whet her neonat al T cel l s
wer e opt i mal l y act i vat ed, PHAwas used i n pl ace of a- CD3 .

Fi gur e 4 .

	

I FN- . y ( t op) and GM- CSF ( bot t om) concent r at i ons i n super -
nat ant s of st i mul at ed neonat al and adul t T cel l s . Super nat ant s wer e har -
vest ed 24 and 48 h af t er act i vat i on vi a a- CD3 . Pr ot ei n det er mi nat i ons
wer e per f or med by speci f i c ELI SAs . ( 1) Neonat al T cel l s, 24 h ( n = 25) ;
( 2) neonat al T cel l s, 48 h ( n = 25) ; ( 3) adul t T cel l s, 24 h ( n = 10) ;
( 4) adul t T cel l s, 48 h ( n = 10) . Er r or bar s r epr esent 1 SD.
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However , as t he pur i f i ed T cel l s di d not pr ol i f er at e i n r esponse
t o PHA, t ot al mononucl ear cel l s st i mul at ed wi t h PHA had
t o be compar ed wi t h pur i f i ed T cel l s st i mul at ed wi t h PHA
and PMA. Maxi mal [ 3 H] TdR i ncor por at i on occur r ed af t er
48 h and was f ound t o be si mi l ar f or al l exper i ment al gr oups
( Fi g . 3, col umns 5 and 6) .

Pr oduct i on of I FN- , y and GM- CSF dur i ng Pr i mar y St i mul a-
t i on. Havi ng ensur ed equi val ent act i vat i on r esul t s as def i ned
by I L2 pr oduct i on and r esponsi veness, t he secr et i on of I FN- - y
and GM- CSF was moni t or ed af t er 24 and 48 h of cul t ur e.
As r epor t ed pr evi ousl y by Br yson et al . and Wi l son et al .
( 30, 31) , and shown i n Fi g . 4 ( t op) , neonat al T cel l s di d not
pr oduce I FN- . y , even t hough adul t T cel l s secr et ed r eadi l y
det ect abl e amount s . Neonat al T cel l GM- CSF pr oduct i on al so
was undet ect abl e af t er 24 h of cul t ur e i n 24 of 30 sampl es
exami ned, and at t he l i mi t of det ect i on ( 1- 1 . 7 pM) i n t he
r emai ni ng si x sampl es . ( Fi g. 4, bot t om) . By compar i son, adul t
T cel l s secr et ed GM- CSF by 24 h and even hi gher l evel s by
48 h . I t i s not ewor t hy t hat i n cont r ast t o I FN- - y secr et i on,
neonat al T cel l super nat ant s al so cont ai ned GM- CSF when
t est ed at 48 h . Ther ef or e, neonat al T cel l s seem capabl e of
mount i ng a GM- CSF secr et or y r esponse, al t hough i t i s del ayed
compar ed wi t h t he adul t T cel l r esponse. I n separ at e exper i -
ment s ( not shown) , we have f ound t he i nduct i on of GM-
CSF secr et i on t o be ent i r el y I L- 2 dependent .

Lymphoki ne Gene Expr essi on Det ect ed by PCR- assi st ed mRNA
Ampl i f i cat i on. Si nce our met hods of TCR/ CD3 t r i gger i ng
r esul t ed i n equi val ent act i vat i on of neonat al and adul t T cel l s
as moni t or ed by 11, 2 pr oduct i on, yet r esul t ed i n def i ci ent
I FN- y and GM- CSF secr et i on, i t appear ed as t hough neo-
nat al T cel l s mi ght be unabl e t o expr ess some l ymphoki ne
genes. Ther ef or e, t o exami ne l ymphoki ne gene expr essi on mor e
compr ehensi vel y, t he PCR t echni que was chosen t o pr ovi de
t he most sensi t i ve assay f or t he pr esence or absence of mRNA.
As shown i n Fi g. 5, bef or e i n vi t r o act i vat i on, bot h neonat al
T cel l s and adul t T cel l s wer e devoi d of mRNA f or any of
t he l ymphoki nes t est ed . I n cont r ast , as shown i n Fi g . 6, adul t
T cel l s cont ai ned r eadi l y det ect abl e l evel s of mRNA f or I L- 2,

Fi gur e 5 .

	

PCR- assi st ed mRNA ampl i f i cat i on of adul t ( t op) and neo-
nat al ( bot t om) T cel l s i mmedi at el y bef or e st i mul at i on .



Fi gur e 6 .

	

PCR- assi st ed mRNA ampl i f i cat i on of adul t ( t op) and neo-

nat al ( bot t om) T cel l s 3 h af t er pr i mar y act i vat i on vi a u- CD3 .

I L- 3, I L- 4, I L- 5, I FN- y, GM- CSF, and I L- 2R p55 as ear l y

as 3 h af t er st i mul at i on . By compar i son, neonat al T cel l s onl y

expr essed det ect abl e mRNAs f or I L- 2 and t he I L- 2Rp55 chai n

at t hi s t i me i nt er val .

To exami ne t he ki net i cs of l ymphoki ne mRNA expr es-

si on, cel l s wer e har vest ed af t er 3, 6, 9, 24, and 48 h of st i mu-

l at i on . Adul t T cel l s showed t he same l ymphoki ne expr es-

si on pr of i l e t hr oughout t he st udy per i od ( Fi g . 7) , I L- 6 mRNA

bei ng onl y f ai nt l y det ect abl e and onl y af t er pr ol onged cul -

Fi gur e 7.

	

PCR- assi st ed mRNA ampl i f i cat i on of adul t T cel l s at var i ous

t i mes af t er st i mul at i on vi a a- CD3 . Fr om t op t o bot t om: 6, 9, 24, and

48 h af t er act i vat i on .

3 0 Di f f er ent i at i on of T Cel l Lymphoki ne Gene Expr essi on

t ur e ( 24 h) . By compar i son, neonat al T cel l s wer e i ncapabl e

of pr oduci ng any of t he l ymphoki nes, wi t h t he not abl e ex-

cept i ons of I L- 2 and GM- CSF ( Fi g. 8) . GM- CSF mRNAwas

r epr oduci bl y det ect ed i n neonat al T cel l s af t er 24 h of cul -

t ur e, and i n some exper i ment s i t appear ed as ear l y as 9 h af t er

st i mul at i on . However , t he r emai nder of t he l ymphoki nes r e-

mai ned undet ect abl e up t o 48 h of cul t ur e.

Lymphoki ne mRNA Expr essi on i n Response t o Al t er nat i ve

St i mul i . Some r epor t s have i ndi cat ed t hat nai ve T cel l s mi ght

have a hi gher act i vat i on t hr eshol d t han pr i med T cel l s ( 18- 20) .

Ther ef or e, i t was i mpor t ant t o t est al t er nat i ve pat hways of

st i mul at i on t o det er mi ne whet her neonat al T cel l s wer e si mpl y

st i mul at ed subopt i mal l y, or whet her t hey wer e act ual l y i n-

capabl e of expr essi ng most of t he l ymphoki ne genes. The

combi nat i ons of PHA/ PMA and I onomyci n/ PMA at con-

cent r at i ons t hat r esul t ed i n opt i mal pr ol i f er at i on had no ef f ect

on t he i nduci bi l i t y of any of t he l ymphoki ne mRNAs t est ed

( Fi g. 9) . Agai n, onl y 1172 and I L- 2R p55 mRNAs wer e de-

t ect ed under t hese condi t i ons, t her eby conf i r mi ng t he r esul t s

obt ai ned usi ng a- CD3 f or st i mul at i on .

Compar i son of Neonat al T Cel l s wi t h Neonat al Mononucl ear

Cel l s. Si nce t he T cel l s wer e ext ensi vel y pur i f i ed bef or e st i m-

ul at i on, i t was possi bl e t hat cel l s exhi bi t i ng a l ymphoki ne

pr of i l e t ypi cal of adul t cel l s coul d have been l ost dur i ng t he

Fi gur e 8 .

	

PCR- assi st ed mRNAampl i f i cat i on of neonat al T cel l s at var -

i ous t i mes af t er st i mul at i on vi a ct - CD3 . Fr om t op t o bot t om: 6, 9, 24,

and 48 h af t er act i vat i on .



Fi gur e 9.

	

PCR- assi st ed mRNA ampl i f i cat i on of neonat al Tcel l s af t er

pr i mar y st i mul at i on wi t h PHA and PMA ( t op) or I onomyci n and PM

( bot t om) .

pur i f i cat i on pr ocedur e. Al t er nat i vel y, cost i mul i or i gi nat i ng

f r om accessor y cel l s mi ght be necessar y f or neonat al T cel l s

t o expr ess l ymphoki ne genes ot her t han 11, 2 . Ther ef or e, t ot al

mononucl ear cel l s wer e st i mul at ed wi t h 1 Fag/ ml PHAand

t est ed f or cyt oki ne mRNA expr essi on. As shown i n Fi g . 10,

t he mRNAs f or I I r 3, I L4, I I r 5, and I FN- y st i l l r emai ned

undet ect abl e under t hese condi t i ons, whi l e I L- 10, I L- 6, and

GM- CSF mRNAs wer e easi l y ampl i f i ed, as expect ed f r om

t he pr esence of monocyt es and NK cel l s.

The Di f f er ent i at i on of Neonat al TCel l s I n Vi t r a

	

The f or e-

goi ng exper i ment s ser ved t o i l l ust r at e a di st i nct di f f er ence

bet ween neonat al and adul t T cel l s i n t hei r capaci t i es t o ex-

pr ess l ymphoki ne genes. However , t hi s i nabi l i t y t o expr ess

l ymphoki ne genes upon a pr i mar y st i mul at i on i n vi t r o mi ght

be expl ai ned si mpl y by an i mmat ur i t y on t he par t of t he neo-

nat al cel l s . Consequent l y, i t was cr uci al t o ascer t ai n whet her

t he pr i mar y i n vi t r o st i mul at i on coul d act ual l y mi mi c t he

i n vi vo si t uat i on, pr omot i ng a swi t ch, so t hat upon secondar y

st i mul at i on, an adul t - t ype l ymphoki ne r eper t oi r e coul d be

expr essed. Ther ef or e, neonat al T cel l s wer e st i mul at ed as be-

f or e f or 48 h, t hen washed out of a- CD3 and cul t ur ed wi t h

Fi gur e 10.

	

PCI t assi st ed mRNA ampl i f i cat i on of neonat al mononucl ear
cel l s af t er 3 h of pr i mar y st i mul at i on wi t h PHA. Mononucl ear cel l s wer e
pr epar ed by a 65%Per col l - gr adi ent cent r i f ugat i on .
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a sat ur at i ng concent r at i on of r I L2 . At var yi ng i nt er val s, t he

cel l s wer e r est i mul at ed vi a ct - CD3 usi ng t he same pr ot ocol

devel oped f or t he pr i mar y st i mul at i on .

Af t er 7- 10 d of cul t ur e, t he cel l s cease pr ol i f er at i ng, and

expr ess no l ymphoki ne mRNAs ( Fi g . 11, t op) . Then, upon

r est i mul at i on vi a t he TCR/ CD3 compl ex, t he i n vi t r o pr i med

neonat al T cel l s expr ess wi t hi n 3 h t he mRNAs f or al l of

t he l ymphoki nes pr oduced by adul t T cel l s, wi t h t he excep-

t i on of I I r 5 . As shown i n Fi g . 11, a det ai l ed t i me cour se af t er

r est i mul at i on r eveal ed t hat I L5 mRNA does appear , but onl y

af t er a l ag per i od of t i 9 h. I t t hen per si st s al ong wi t h t he

ot her l ymphoki ne mRNAs f or as l ong as 48 h. Al so, when

t er t i ar y st i mul at i on of neonat al T cel l s was per f or med, I L5

mRNA was appar ent af t er 3 h. No l ymphoki ne t r anscr i pt s

wer e det ect ed i n t he absence of r est i mul at i on . Al so, when

I I r 2 was r epl eni shed wi t hout r est i mul at i on of t he TCR/ CD3

compl ex, onl y GM- CSF mRNA was appar ent . Cont r ol neo-

nat al Tcel l s pl aced onl y i n medi umand t hen st i mul at ed af t er

5 d vi a ot - CD3 st i l l pr oduced onl y I I r 2 and I L2R mRNA,

i n a f ashi on i dent i cal t o neonat al cel l s t hat wer e st i mul at ed

when f r eshl y i sol at ed . Mor eover , t he capaci t y t o expr ess an

ext ended l ymphoki ne mRNA pr of i l e was al so r ef l ect ed i n

t he secr et i on of t he gene pr oduct s : al l super nat ant s har vest ed

24 h af t er secondar y st i mul at i on cont ai ned r eadi l y det ect abl e

l evel s of I FN- ' y ( 19 . 2 ± 4. 1 pM, n = 25) and GM- CSF ( 71. 4

± 7. 8 pM, n = 25) .

Fi gur e 11 .

	

PCR- assi st ed mRNA ampl i f i cat i on of secondar y neonat al
T cel l s. Neonat al T cel l s wer e pr i mar i l y st i mul at ed wi t h a- CD3 and ex-
panded i n r l I L2 f or 7 d. Fr omt op t o bot t om: i mmedi at el y bef or e r est i mu-
l at i on, 3 h af t er r est i mul at i on vi a a- CD3, 9 h af t er r est i mul at i on, and
48 h af t er r est i mul at i on .



The swi t ch i n t he capaci t y t o expr ess t he l ymphoki ne genes

f i r st becomes det ect abl e af t er 3 d of cul t ur e and i s st abl e f or

as l ong as 14 d, af t er whi ch t he cel l s begi n t o di e i f not r e-

st i mul at ed . These r esul t s suggest ed t hat t he swi t ch coul d not

be expl ai ned by t he sel ect i ve out gr owt h of a mi nor subset

of al r eady di f f er ent i at ed cel l s pr esent at t he i ni t i at i on of cul -

t ur e. However , t o conf i r m t hi s i nt er pr et at i on, neonat al T cel l s

wer e st i mul at ed i n t he pr esence of aphi di col i n t o pr event DNA

r epl i cat i on . As aphi di col i n speci f i cal l y bl ocks DNApol ymer ase

I and I I wi t hout af f ect i ng RNA synt hesi s or bl ast ogenesi s,

i t i s an i deal agent t o pr event pr ol i f er at i on wi t hout over al l

met abol i c i nhi bi t i on ( 32) . Af t er 5 d of st i mul at i on i n t he

pr esence of aphi di col i n, vi abl e cel l s wer e r ecover ed and r e-

st i mul at ed vi a ot - CD3 . Agai n, a l ymphoki ne pr of i l e t ypi cal

of di f f er ent i at ed T cel l s was det ect ed.

Di scussi on

Pr i mar y ant i geni c exposur e i n vi vo i ni t i at es changes i n t he

i mmune syst em t hat can ul t i mat el y l ead t o i mmuni t y . One
cr uci al f eat ur e of i mmuni t y i s t he capaci t y of t he host t o

" r emember " t he pr i mi ng ant i gen, and t her eby r espond t o

i t mor e ef f i ci ent l y ; t hi s pr oper t y of t he i mmune syst em i s

convent i onal l y t er med i mmunol ogi c memor y ( 1, 33) . The

pr eci se nat ur e of t he event s gover ni ng t he acqui si t i on of

memor y i n vi vo has escaped di r ect exper i ment al scr ut i ny, par t l y

because of t he i naccessi bi l i t y and compl exi t y of t he cel l ul ar

component s i nvol ved . As a f i r st st ep t owar d an adequat e i n

vi t r o r epr esent at i on of t he pr ocesses det er mi ni ng T cel l

memor y, we devi sed a si mpl e exper i ment al model syst em t hat

makes use of t he bi ol ogi cal l y def i ned cel l ul ar sour ces of na-

i vet e and memor y, yet appl i es a r educt i oni st appr oach wi t h

r espect t o T cel l act i vat i on and t he measur ement of T cel l

r esponsi veness . Thi s i n vi t r o syst em demonst r at es a cl ear

qual i t at i ve di f f er ence bet ween unpr i med and pr i med T cel l s,

i n t hat ant i geni cal l y vi r gi n cel l s can r espond t o act i vat i on

by pr ol i f er at i ng, yet cannot secr et e ef f ect or l ymphoki nes ot her

t han I L2 . By compar i son, ant i geni cal l y exper i enced cel l s ar e

shown t o be capabl e of expr essi ng many, i f not al l , of t he

l ymphoki nes i nvol ved i n an i mmune/ i nf l ammat or y r esponse

i mmedi at el y upon st i mul at i on . Most i mpor t ant , nai ve T cel l s

can and do r espond t o a pr i mar y i n vi t r o act i vat i on by a

di f f er ent i at i on pr ocess, whi ch t hen enabl es t hem t o expr ess

t he ent i r e r eper t oi r e of ef f ect or l ymphoki nes i mmedi at el y upon

subsequent r est i mul at i on . Ther ef or e, t hi s i n vi t r o syst em of

T cel l di f f er ent i at i on mi mi cs t he accel er at ed nat ur e and f unc-

t i onal super i or i t y of t he i n vi vo anamnest i c i mmune r esponse.

I t shoul d be emphasi zed t hat t he ear l y st udi es by Tedder

et al . , ( 34, 35) compar i ng put at i ve nai ve and memor y T cel l

subset s separ at ed f r om adul t bl ood f ound t hat memor y cel l s

coul d pr ovi de hel p f or t he gener at i on of ant i body- f or mi ng

cel l s, whi l e nai ve T cel l s wer e def i ci ent i n t hi s r egar d . How-

ever , at t hi s t i me, T cel l hel p had not yet been ascr i bed t o

di st i nct l ymphoki nes, so t hat i t was i mpossi bl e t o pr oceed

t o a mol ecul ar di ssect i on of t he phenomenon . Subsequent l y,

Sander s et al . ( 7, 18) , Sal mon et al . ( 36) , and Lewi s et al .

( 37) di d exami ne t he pr oduct i on of l ymphoki nes, not abl y

I FN- y and I L 4, and f ound t hat t he put at i ve nai ve cel l subset
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was def i ci ent i n bot h t he mRNA expr essi on and t he secr e-

t i on of t hese l ymphoki nes r el at i ve t o t he put at i ve memor y

cel l subset . Separ at e st udi es by Lewi s et al . ( 38) usi ng Nor t her n

bl ot anal ysi s t o exami ne I NF- y mRNA expr essi on by neo-

nat al T cel l s suppor t ed t he i mpr essi on t hat ant i geni cal l y nai ve

T cel l s wer e somehow def ect i ve i n t hei r capaci t y t o r espond

t o st i mul at i on by t he pr oduct i on of at l east some l ymphoki nes.

However , t he mechani sm under l yi ng such a f unct i onal de-

f i ci ency has r emai ned cont r over si al and i l l def i ned, and t hus

f ar , i t has not been appr oached wi t h a mol ecul ar genet i c hy-

pot hesi s i n mi nd . Rat her , most i nvest i gat or s have f ocused on

uncover i ng di f f er ences i n t he act i vat i on par amet er s bet ween

nai ve and memor y T cel l s, and have not di r ect l y posed t he

quest i on as t o whet her pr i med T cel l s mi ght di f f er f r omun-

pr i med T cel l s qual i t at i vel y by t hei r abi l i t y or i nabi l i t y t o

expr ess mul t i pl e ef f ect or l ymphoki ne genes .

To devi se an exper i ment al appr oach t hat woul d al l ow an

unambi guous i nt er pr et at i on of t he r esul t s i n t er ms of gene

expr essi on, sever al concept ual and t echni cal pr obl ems had t o

be t aken i nt o consi der at i on .

( a) I t was cr uci al t o begi n t he anal ysi s wi t h - a homoge-

neous popul at i on of ant i geni cal l y vi r gi n T cel l s, si nce any

cont ami nat i on of t he nai ve T cel l s wi t h al r eady pr i med cel l s

woul d have pr ecl uded a meani ngf ul anal ysi s . However , t he

exact cel l ul ar compar t ment s r esponsi bl e f or memor y and na-

i vet e have r emai ned uncer t ai n, so t hat i t has been di f f i cul t

t o i dent i f y r epr esent at i ve cel l subset s i n adul t bl ood and t o

separ at e t hemf r omone anot her . I n t hi s r egar d, sever al pheno-

t ypi c mar ker s have r ecent l y been pr oposed t o di st i ngui sh be-

t ween nai ve and memor y T cel l s . For i nst ance, i t has been

shown t hat t he T cel l subset s def i ned by CD26, CD29,

CD45RO, or CD58 ar e capabl e of r espondi ng t o r ecal l an-

t i gens and t her ef or e, by def i ni t i on, cont ai n memor y T cel l s

( 7- 9) . A number of i nvest i gat or s have made use of t hese

mar ker s t o separ at e cel l s and have r epor t ed di f f er ences i n act i -

vat i on par amet er s and f unct i onal and phenot ypi c char act er -

i st i cs of t he subset s obt ai ned ( 7, 10, 18- 20, 36, 37, 39- 43) .

A di st i nct di sadvant age of t hi s st r at egy l i es i n t he i nevi t abl e

cr osscont ami nat i on wi t h t he r eci pr ocal subset , whi ch essen-

t i al l y pr ecl udes t he appl i cat i on of sensi t i ve mol ecul ar genet i c

appr oaches t hat mi ght det ect t he pr oduct s of t hose f ew con-

t ami nat i ng cel l s . I n addi t i on, t he mar ker CD45RO, f or ex-

ampl e, does not per se qual i t at i vel y del i neat e " memor y" , si nce

many ot her cel l t ypes of t he hemat opoi et i c l i neage expr ess

i t , i ncl udi ng i mmat ur e t hymocyt es ( 44, 45) . Accor di ngl y, t o

ci r cumvent t he ambi gui t i es i nher ent i n i dent i f yi ng and separ -

at i ng put at i ve nai ve and memor y T cel l s i n adul t bl ood, we

capi t al i zed on t he onl y known nat ur al sour ce of pur el y nai ve

cel l s, t hose f ound i n newbor ns . By def i ni t i on, neonat al T cel l s

der i ved f r omumbi l i cal cor d bl ood r epr esent a popul at i on com-

pr i sed pr i mar i l y of vi r gi n T cel l s, i n t hat ant i geni c exposur e

i n ut er o i s r ar e. Thi s st at e of f unct i onal i mmune nai vet 6 i s

r ef l ect ed i n t he f act t hat neonat es ar e l ess ef f i ci ent t han adul t s

at mount i ng an ef f ect i ve i mmune r esponse t o a var i et y of

i nf ect i ous agent s ( 46) . By compar i son, a consi der abl e pr opor -

t i on of T cel l s der i ved f r om adul t bl ood have memor y, i n

t hat nor mal i ndi vi dual s have had ext ensi ve exposur e t o en-



vi r onment al mi cr obes and have devel oped l ong- l ast i ng i m-

muni t y t o most i nf ect i ous agent s .

( b) To i nt er pr et any di f f er ences i n t he l ymphoki ne gene

expr essi on bet ween neonat al and adul t T cel l s as at t r i but abl e

t o t he T cel l s t hemsel ves, i t was cr i t i cal t o r i gor ousl y pur i f y

t hemf r omcont ami nat i ng gr anul ocyt es, B cel l s, monocyt es,

and NK cel l s, whi ch ar e al so known t o pr oduce some cyt oki nes

( 47- 49) .

( c) I n vi ew of sever al r epor t s t hat have suggest ed t hat neo-

nat al monocyt es ar e r el at i vel y i mmat ur e or mi ght even have

suppr essi ve ef f ect s, i t was i mpor t ant t o use a syst em depl et ed

of accessor y cel l s ( 50, 51) . Mor eover , I naba and St ei nman ( 52)

have pr ovi ded evi dence t hat unpr i med and pr i med T cel l s

have di st i nct r equi r ement s f or APC. As wel l , phenot ypi c

st udi es have suggest ed t hat pr i med cel l s have a hi gher den-

si t y of a number of act i vat i on mol ecul es on t hei r sur f ace ( 10,

11) . Most of t hese mol ecul es f aci l i t at e cel l - cel l i nt er act i on,

whi l e some have al so been i mpl i cat ed i n auxi l i ar y si gnal i ng .

Si nce most of t hese st r uct ur es f i nd t hei r count er par t s on mono-

cyt es, i t has been suggest ed t hat a compl ex of t r i gger i ng mol -

ecul es i nvol vi ng t he TCR and t hese accessor y st r uct ur es i s

mor e easi l y f or med wi t h pr i med t han unpr i med cel l s ( 11, 53) .

Thus, onl y an accessor y cel l - depl et ed syst em avoi ds t he ex-

per i ment al ambi gui t y and di f f i cul t i es i n t he i nt er pr et at i on of

r esul t s t hat ar i se when st i mul at i on i s per f or med i n t he pr es-

ence of monocyt es and ot her non- T cel l s .

( d) Some i nvest i gat or s have emphasi zed t hat pr i med T cel l s

expr ess a hi gher densi t y of anci l l ar y mol ecul es, such as CD2,

CD18/ CD11a, CD28, CD29, CD44, CD54, CD58, et c. , con-

t r i but i ng t o t hei r l ower t hr eshol d f or act i vat i on ( 8, 11, 53,

54) . Ther ef or e, t o compar e neonat al and adul t T cel l s meani ng-

f ul l y, i t was mandat or y t o devi se an ef f i ci ent and equal syst em
f or act i vat i ng t he cel l s, one t hat f unct i oned sol el y vi a a t r i g-

ger i ng st r uct ur e pr esent i n equal densi t i es on bot h popul a-

t i ons, and one t hat woul d be i ndi f f er ent t o any di ssi mi l ar i t i es

i n T cel l accessor y mol ecul es . Thi s was accompl i shed by cr oss-
l i nki ng excl usi vel y t he CD3/ TCRcompl ex vi a i mmobi l i zed

ci - CD3, whi ch has been shown t o be an ef f ect i ve st i mul us
f or T cel l s even i n t he absence of accessor y cel l s ( 29) .

( e) I t was necessar y t o demonst r at e t hat t he si gnal s t r ans-

duced t hr ough t he TCR/ CD3 compl ex wer e equi val ent f or
bot h neonat al and adul t T cel l s, par t i cul ar l y si nce sever al r epor t s

have i mpl i ed t hat neonat al T cel l s ar e somehow i mmat ur e
( 55- 59) . When moni t or ed by I L2/ I L2R- medi at ed pr ol i f er -

at i on, cr ossl i nki ng wi t h a- CD3 yi el ded si mi l ar r esul t s wi t h
i dent i cal ot - CD3 dose- r esponse r el at i onshi ps f or bot h neo-

nat al and adul t T cel l s ( Fi gs . 2 and 3) . Mor eover , when t r i g-
ger i ng vi a t he TCR/ CD3 compl ex was bypassed ent i r el y usi ng

phor bol est er and cal ci um i onophor e, i dent i cal l ymphoki ne
pat t er ns wer e obser ved as wi t h a- CD3- medi at ed act i vat i on

( Fi g. 9) . Ther ef or e, i n t hi s exper i ment al act i vat i ng syst em,
i t i s unl i kel y t hat di f f er ent i al l ymphoki ne mRNAexpr essi on

by neonat al and adul t T cel l s i s at t r i but abl e t o di f f er i ng act i -
vat i on t hr eshol ds or due t o di f f er ences i n known i nt r acel -
l ul ar si gnal t r ansduct i on pat hways.

( f ) To i mpl i cat e a swi t ch i n gene expr essi on, i t was i m-
por t ant t o use a sensi t i ve met hod such as t he PCR t o mon-
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i t or mRNAexpr essi on ( 21- 23) . The par t i cul ar r eact i on condi -
t i ons chosen wer e desi gned t o det ect as f ew as one mRNA

mol ecul e/ cel l , gi ven t hat al l t he cel l s i n t he popul at i on under

st udy wer e r espondi ng t o act i vat i on . Wi t hi n t hese l i mi t s of
det ect i on, neonat al T cel l s expr essed easi l y det ect abl e l evel s
of I L- 2 and I L2R p55 mRNA t r anscr i pt s, yet di d not ex-
pr ess any of t he ot her l ymphoki nes t est ed f or . Ther ef or e, at
t hi s sensi t i vi t y l evel , i t can onl y be concl uded t hat t he vast

maj or i t y of neonat al CD4+ T cel l s cannot expr ess t he genes
encodi ng most of t he T cel l l ymphoki nes upon onl y a pr i -
mar y st i mul at i on .

Fi nal l y, havi ng uncover ed a f undament al di f f er ence bet ween

neonat al and adul t T cel l l ymphoki ne gene expr essi on, i t was
obl i gat or y t o demonst r at e t hat a pr i mar y st i mul at i on of neo-

nat al T cel l s woul d l ead t o t hei r di f f er ent i at i on i n vi t r o, al -
l owi ng t hem t o expr ess an adul t - t ype l ymphoki ne pat t er n
upon r est i mul at i on. Ot her wi se, t he l ack of t he capaci t y t o
expr ess t he maj or i t y of l ymphoki ne genes coul d have been
i nt er pr et ed as mer el y a si gn of i mmat ur i t y on t he par t of
t he neonat al T cel l s . As secondar y st i mul at i on of neonat al
T cel l s di d r esul t i n t he expr essi on of a l ymphoki ne r eper -
t oi r e t ypi cal of T cel l s exposed t o ant i geni c st i mul at i on i n
vi vo, our dat a suppor t t he i nt er pr et at i on t hat neonat al T cel l s

r eal l y ar e mat ur e : t hey can r espond t o TCR/ CD3 act i vat i on
i n vi t r o by pr ol i f er at i ng, and al so by di f f er ent i at i ng t o f ul l y

compet ent , l ymphoki ne- secr et i ng ef f ect or cel l s . I t i s i mpor -
t ant t o not e t hat our dat a ar e der i ved f r omwhol e cel l popu-
l at i ons and t her ef or e cont r i but e no i nf or mat i on as t o f unc-
t i ons of si ngl e cel l s. However , i t i s wor t hy of emphasi s t hat
al l at t empt s t o demonst r at e cl onal segr egat i on or r est r i ct i on
of l ymphoki ne gene expr essi on by human T cel l cl ones si mi l ar

t o t hat r epor t ed wi t h mur i ne T cel l cl ones have f ai l ed t o dat e
( 36, 60- 62) .

When consi der i ng t he nat ur e of a pr i mar y i mmune r e-
sponse compar ed wi t h an anamnest i c r esponse, our r esul t s

ar e consi st ent wi t h t he char act er i st i cs of t he phenomenon
r ecogni zed i n vi vo as i mmunol ogi c memor y . Thus, i f our

i n vi t r o f i ndi ngs ar e r ef l ect i ve of what act ual l y occur s upon
i nt r oduct i on of ant i gen i n vi vo, t he f i r st sever al days ar e t aken
up by t he I L- 2- pr omot ed cl onal expansi on of l ymphocyt es .
Assumi ng t hat ant i gen per si st s dur i ng t hi s per i od, t he ex-

panded cl ones of nai ve T cel l s t hat have under gone t he di f f er en-
t i at i ve swi t ch woul d t hen be capabl e of r ecei vi ng a secondar y
st i mul at i on f r om per si st i ng ant i gen . Ul t i mat el y, t he secr e-
t i on of t he r est of t he l ymphoki nes woul d di r ect t he r ecr ui t -
ment and act i vat i on of t he r emai nder of cel l s t hat par t i ci pat e
i n a f ul l y devel oped i mmune r esponse. By compar i son, a

pr evi ousl y pr i med host t hat al r eady has an expanded ant i gen-
exper i enced popul at i on i s capabl e of secr et i ng al l of t he

l ymphoki nes i mmedi at el y upon ant i geni c st i mul at i on . Con-
sequent l y, t he t empo of t he anamnest i c r esponse i s mor e r api d
compar ed wi t h a pr i mar y r esponse because of t wo f undament al
di f f er ences i n t he T cel l popul at i ons : a pr i med host has an
expanded number of ant i gen- r eact i ve cel l s, and t hese cel l s ar e
al r eady di f f er ent i at ed so t hat t hey can r el ease al l of t he i mmune-
i nf l ammat or y l ymphoki nes i mmedi at el y af t er ant i gen t r i g-
ger i ng.



Wi t h r espect t o addi t i onal mechani sms t hought t o be i n-

vol ved i n t he phenomenon of i mmunol ogi c memor y, sever al

st udi es have i ndi cat ed t hat memor y cel l s al so di f f er f r omnai ve

cel l s i n t hei r t i ssue di st r i but i on and r eci r cul at i on pat t er ns ( 12,

13, 63) . These char act er i st i cs may hel p expl ai n t he obser ved

r api d accumul at i on of pr i med cel l s at i nf l ammat or y f oci and

may al so cont r i but e t o t he known l ongevi t y of cel l - medi at ed

i mmuni t y ( 11- 13) . Fur t her mor e, t he r esponse t o ant i gen

dur i ng a secondar y exposur e may begi n mor e r api dl y because

pr i med T cel l s may be mor e sensi t i ve t o l ower ant i gen con-

cent r at i ons ( 10, 11, 18- 20) . However , i n addi t i on t o t hese

char act er i st i cs of memor y, t he dat a pr esent ed her e i mpl y t hat

much of t he f unct i onal super i or i t y of t he anamnest i c i mmune

r esponse l i es i n t he di f f er ent i at ed st at e of a pr i med T cel l t hat

enabl es i t t o i mmedi at el y secr et e pr eci sel y t hose ef f ect or l ym-

phoki nes t hat ar e r equi r ed f or a f ul l - f l edged, coor di nat e i m-

mune def ense .

Fr omt he way our i n vi t r o exper i ment s wer e pl anned and

per f or med, di f f er ences i n act i vat i on t hr eshol ds, known si g-

nal l i ng pat hways, and accessor y cel l cont r i but i ons coul d be

excl uded as r esponsi bl e f or t he t wo di st i nct f unct i onal T cel l

phenot ypes . I nst ead, al l of our dat a ar e consi st ent wi t h t he

i nt er pr et at i on t hat by anal ogy t o B cel l s, T cel l s al so under go

an act i vat i on- dependent di f f er ent i at i on event t hat per mi t s t hei r

secr et i on of mul t i pl e ef f ect or l ymphoki nes upon r est i mul a-

t i on. Accor di ngl y, we pr opose t hat t he t er m" memor y T cel l "

be r eser ved f or t hose T cel l s i dent i f i ed by t hei r di f f er ent i at ed

st at e of l ymphoki ne gene i nduci bi l i t y . T cel l memor y t hus

ent ai l s not onl y t he cl onal expansi on of speci f i c T cel l s, but

al so encompasses a di f f er ent i at i on event t hat al l ows addi t i onal

l ymphoki ne gene expr essi on .

Thi s t ent at i ve def i ni t i on pr ovi des f or a t est abl e wor ki ng

hypot hesi s of T cel l memor y. I n par t i cul ar , i t can now be
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compar ed wi t h and compl ement ed by ot her cr i t er i a t hat have

been advanced, especi al l y f or t he phenot ypi c del i neat i on of

memor y T cel l s. I n t hi s r egar d, most dat a der i ved f r om

CD45RO- or CD58- based separ at i ons of adul t T cel l s ar e

congr uent wi t h t hi s hypot hesi s, al t hough a si mi l ar l y com-

pr ehensi ve anal ysi s of l ymphoki ne gene expr essi on i n t he com-

pl et e absence of accessor y cel l s has not yet been at t empt ed

( 36, 39) . Fur t her pr oof f or t he val i di t y of t hi s def i ni t i on i s

t o be expect ed f r omi n vi vo exper i ment al syst ems t hat af f or d

a det ai l ed exami nat i on of successi ve st ages i n t he physi ol ogi c

devel opment of cel l - medi at ed i mmuni t y . Cl i ni cal dat a f r om

pat hophysi ol ogi c condi t i ons may pr ove even mor e usef ul , i n

t hat a possi bl e cause f or i mmunodef i ci enci es coul d be t he f ai l ur e

t o acqui r e, or al t er nat i vel y, t he l oss of , memor y T cel l f unc-

t i on. Si mi l ar l y, t he concept of T cel l t ol er ance may benef i t

f r omt he hypot hesi s advanced her e : i t i s ent i r el y concei vabl e

t hat an aner gi c T cel l genet i cal l y r esembl es a nai ve cel l , but

one t hat cannot under go t he swi t ch t o a f unct i onal memor y

phenot ype. I t i s al so at t r act i ve t o specul at e t hat some pat hogens

may have evol ved st r at egi es t hat sel ect i vel y i nt er f er e wi t h t hi s

di f f er ent i at i on pr ocess of t he T cel l as a means t o evade cel -

l ul ar i mmuni t y .

At t hi s st age, i t i s pr emat ur e t o specul at e i n det ai l as t o

t he mol ecul ar mechani sms t hat mi ght account f or t he ap-

par ent coor di nat e change i n l ymphoki ne gene expr essi on t hat

under l i es t he swi t ch f r omnai vet e t o memor y. However , si nce

t he model syst em descr i bed i n t hi s r epor t pr ovi des al l of t he

component s necessar y f or t he di f f er ent i at i on of T cel l s i n vi t r o,

t her eby r ecapi t ul at i ng t he devel opment al hi st or y of t he anam-

nest i c T cel l r esponse i n vi vo, a mol ecul ar di ssect i on of t he

mechani sms t hat det er mi ne and gover n t he devel opment of

T cel l memor y i s f easi bl e.
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