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Fr om t he Basel I nst i t ut e f or I mmunol ogy, CH- 4005 Basel , Swi t zer l and

I mmunol ogi cal l y exper i enced cel l s or t hei r pr ogeny ar e abl e t o medi at e a vi g-

or ous r esponse upon ant i geni c r est i mul at i on . Thi s " memor y" r esponse i s t hought

t o occur as a r esul t of t he cl onal expansi on of ant i gen- r eact i ve cel l s and t hei r per si s-
t ence i n t he host ( 1, 2) . However , ot her f act or s al so cont r i but e t o t he memor y r e-
sponse . Memor y T cel l s ar e f unct i onal l y mor e pot ent t han nai ve T cel l s, si nce t hey
have an enhanced abi l i t y t o pr oduce I FN- y and I L- 4 upon ant i geni c r est i mul at i on

( 3- 5) . Memor y T cel l s al so show i ncr eased expr essi on of cer t ai n adhesi on/ act i vat i on

mol ecul es, whi ch pr obabl y f aci l i t at es cel l - cel l i nt er act i ons, ant i gen r ecogni t i on, and
t r i gger i ng of t he memor y popul at i on ( 3- 9) . Adhesi on mol ecul es t hat show an i n-

cr eased expr essi on on memor y T cel l s i ncl ude CD2 and i t s l i gand, CD58, CD44,

and CD11a. Memor y T cel l s i n humans al so expr ess t he p180 i sof or mof CD45, t er med

CD45RO, wher eas nai ve T cel l s expr ess t he p220/ 205 i sof or ms, CD45RA ( 10, 11) .

I n some mi ce st r ai ns, memor y T cel l s can be di st i ngui shed pur el y by t he expr essi on

of Pgp- 1 ( 12, 13) , t he mouse homol ogue of human CD44 ( 14, 15) . The evi dence t hat

sur f ace phenot ype can di st i ngui sh nai ve f r ommemor y T cel l s i s t hat : ( a) l ympho-

cyt es f r om cor d bl ood ar e ent i r el y of nai ve phenot ype ( 3) ; ( b) t he per cent age of T

cel l s of memor y phenot ype i ncr eases wi t h age ( 9, 16) ; ( c) pr ol i f er at i ve r esponses t o

r ecal l ant i gen r esi des pur el y wi t hi n t he memor y phenot ype ( 3, 13) ; and ( d) nai ve

T cel l s acqui r e t he memor y phenot ype upon act i vat i on ( 3, 11) . I nt er est i ngl y, t he

al t er ed expr essi on of homi ng r ecept or s such as MEL- 14/ Leu- 8 and CD44 on act i -

vat ed/ memor y T cel l s ( 3, 12, 17- 19) mi ght r esul t i n al t er ed pat t er ns of r eci r cul at i on
f or T cel l s upon t r ansi t i on t o t he memor y st at e .

Memor y T cel l s ar e t hought t o be l ong- l i ved cel l s t hat cont i nuousl y r eci r cul at e

bet ween bl ood and l ymphoi d t i ssues ( 20- 22) . The ext r avasat i on of such cel l s t o l ymph
nodes ( LNs) t i s medi at ed by " homi ng r ecept or " mol ecul es on t he l ymphocyt e cel l

sur f ace t hat i nt er act wi t h " vascul ar addr essi ns" expr essed on hi gh endot hel i al venul es

( HEV) . Anot her r eci r cul at i on r out e i s t he ext r avasat i on of cer t ai n l ymphocyt es t o

per i pher al t i ssues such as ski n, and t hei r event ual dr ai nage t o a LNvi a t he af f er ent

l ymph. Af f er ent l ymphocyt es ar e di st i nct bot h f unct i onal l y and phenot ypi cal l y f r om
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l ymphocyt es t hat ent er LNs f r omt he bl ood ( 23, 24) , i ndi cat i ng t hat di f f er ent cr i t er i a

mi ght oper at e f or l ymphocyt e ext r avasat i on t o l ymphoi d and nonl ymphoi d t i ssues ( 23) .

I n t hi s r epor t , we i dent i f i ed nai ve and memor y T cel l s i n sheep by t hei r expr essi on

of a number of cel l sur f ace mar ker s . Usi ng t he sheep model , we wer e abl e t o addr ess

t wo i mpor t ant quest i ons concer ni ng i mmunol ogi cal memor y : do memor y T cel l s

cont i nuousl y r eci r cul at e f r ombl ood t o l ymphoi d t i ssue i n t he same manner as nai ve

T cel l s, and ar e memor y T cel l s l ong- l i ved?

Mat er i al s and Met hods

Ani mal s andSur ger y.

	

Whi t e Al pi ne x Bl ack Jur a ewes wer e obt ai ned f r omVer suchsbet r i eb
Sennwei d, Ol sber g, Swi t zer l and . Ewes ( r angi ng i n age bet ween 10 and 18 mo) used f or ex-
per i ment s r equi r i ng cannul at i on of l ymph duct s wer e kept i n met abol i sm cages and gi ven
f ood and wat er ad l i bi t um.

The popl i t eal ef f er ent l ymph duct and one t o t wo af f er ent l ymph duct s dr ai ni ng t he l ower
par t of t he r i ght hi nd l eg wer e cannul at ed as descr i bed ( 25) . Lymph was col l ect ed f r om can-
nul at ed l ymph duct s usi ng st er i l e pol yet hyl ene col l ect i on bot t l es cont ai ni ng 1 ml of nor mal
sal i ne suppl ement ed wi t h 500 U hepar i n, 500 I U of peni ci l l i n, and 500 l ug of st r ept omyci n.

Af t er sur ger y, col l ect ed cel l s wer e moni t or ed by Gi emsa st ai ni ng of cyt ospot s, t o ensur e t hat

any ef f ect s of t r auma f r om sur ger y had subsi ded .
mAbs.

	

Numer ous mAbs have been pr oduced agai nst sheep l eukocyt e mol ecul es . The de-
t ai l s of t hese mAbs and t he cel l sur f ace mar ker s t hey r ecogni ze ar e summar i zed i n Tabl e

I . Al so used i n t hi s st udy was a pr evi ousl y unchar act er i zed mAb, t er med 1710- 150, t hat r ecog-

ni zes t he sheep CD11a ( LEA- 1) mol ecul e ( vi de i nf r a) .

Cel l Suspensi ons .

	

Cel l s col l ect ed f r om t he af f er ent or ef f er ent l ymph wer e washed t wo t o

t hr ee t i mes i n PBS/ 1% FCS. PBL wer e pr epar ed usi ng 60%Per coI l . For t he pr epar at i on of
act i vat ed T cel l s, PBL wer e st i mul at ed i n t he MLR f or a per i od of 14 d, as descr i bed ( 26) .

I mmunof uor escent St ai ni ng and Fl owCyt omet r y .

	

For one- col or i mmunof l uor escence st ai ni ng,

106 cel l s wer e r eact ed wi t h 50 p, l of mAb super nat ant f or 10 mi n at 4 ° C. Cel l s wer e t hen

washed once and r esuspended i n 50 pl of FI TC- goat ant i - mouse I g ( Cappel Labor at or i es,
Cochr anvi l l e, PA) . Af t er a 10- mi n i ncubat i on at 4° C, cel l s wer e washed t wi ce and anal yzed

usi ng a FACScan f l ow cyt omet er ( Bect on Di cki nson &Co. , Mount ai n Vi ew, CA) . Pr opi di um
i odi de was used t o i dent i f y and excl ude dead cel l s .

For t wo- col or i mmunof l uor escence, cel l s wer e st ai ned f or gr een f l uor escence as descr i bed
above, and wer e t hen st ai ned f or r ed f l uor escence as f ol l ows. Unoccupi ed si t es on t he FI TC- goat
ant i - mouse I g wer e bl ocked usi ng 20 141 of 10% nor mal mouse ser um, and t hen 50 JAI of
bi ot i nyl at ed mAb was added t o t he cel l suspensi on . Af t er a 10- mi n i ncubat i on at 4° C, cel l s
wer e washed once and i ncubat ed wi t h 50 A1 of st r ept avi di n- phycoer yt hr i n ( PE) ( Sout her n
Bi ot echnol ogy, Bi r mi ngham, AL) . Af t er 1 mi n, cel l s wer e washed t wi ce and anal yzed on
t he FACScan .

For war d and 90° l i ght scat t er wer e used t o gat e on vi abl e l ymphocyt es . For si ngl e- col or

f l uor escence, 5, 000 event s wer e col l ect ed, and f or t wo- col or f l uor escence, 10, 000 event s wer e

col l ect ed. To anal yze T cel l s, B cel l s, or T cel l subset s f or t he expr essi on of CD2, CD44,

CD58, and CD11a, a t wo- col or i mmunof l uor escence st ai ni ng was per f or med, and gat es wer e

set such t hat onl y posi t i vel y st ai ned cel l s i n t he r ed di r ect i on, i . e . , CD5h' , CD4* , CD8h' , y/ S' ,

or sl g' wer e anal yzed f or gr een f l uor escence .
Br dU Tr eat ment .

	

12- mo- ol d sheep wer e i nj ect ed t hr ough an i nt r avenous cat het er wi t h br omo-

deoxyur i di ne ( Br dU) ( Si gma Chemi cal Co. , St . Loui s, MO) at a concent r at i on of 15 mg/ ml ,

once a day, at a dose r at e of 15 mg/ kg of body wei ght .

Br dUSt ai ni ng.

	

A t wo- col or i mmunof l uor escence met hod was used t o anal yze Br dU i n-
cor por at i on and cel l sur f ace phenot ype . The ent i r e pr ocedur e was per f or med i n r ound-

bot t omed 96- wel l pl at es . Cel l s wer e st ai ned f i r st wi t h bi ot i nyl at ed mAb t o cel l sur f ace mol e-

cul es f ol l owed by avi di n- FI TC. Af t er washi ng i n PBS, t he cel l s wer e f i xed by r esuspendi ng
i n 100 1Al of 70%et hanol . Af t er a 20- mi n i ncubat i on at r oomt emper at ur e, cel l s wer e spun

and r esuspended i n 100 t t l of 3 NHCl cont ai ni ng 0 . 5% Tween 20, and wer e i ncubat ed f or
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a f ur t her 20 mi n at r oomt emper at ur e . 100 pl of PBS was added, and cel l s wer e t hen cen-
t r i f uged and r esuspended i n 100 Al of 0 . 1 Mdi sodi um t et r abor at e, pH 8 . 5, f or 2- 3 mi n . 100
f t l of PBS was added, t he cel l s wer e spun, and t hen washed once i n PBS 0 . 5% Tween 20 .
Cel l s wer e t hen st ai ned wi t h 20 pl ant i - Br dU ant i body ( Bect on Di cki nson I mmunocyt om-
et r y Syst ems, Mount ai n Vi ew, CA) . Af t er a 20- mi n i ncubat i on, cel l s wer e washed wi t h
PBS/ Tween and wer e i ncubat ed wi t h PE- conj ugat ed goat ant i - mouse I g ( Sout her n Bi ot ech-
nol ogy) . Cel l s wer e washed t wi ce wi t h PBS/ Tween and wer e anal yzed on t he FACScan . Con-
t r ol st ai ni ng was per f or med on unf i xed cel l s t o ensur e t hat t he f i xat i on pr ocedur e di d not
i nf l uence t he composi t i on of t he suspensi on or sel ect f or any par t i cul ar cel l t ype . Al l of t he
mAbs used i n t hi s st udy wer e st i l l at t ached t o t he cel l sur f ace af t er f i xat i on and HCl t r eat -

ment , al t hough t he i nt ensi t y of st ai ni ng was al ways l ess t han t hat of unf i xed cel l s . Al so, t he
second- st ep goat ant i - mouse I g- PE di d not r eact wi t h t he pr i mar y mAb.

I n Vi t r o Pr ol i f er at i on of Sheep T Cel l s t o Recal l Ant i gen.

	

A 3 . 8- yr - ol d sheep t hat had been mul -
t i pl y i nj ect ed wi t h pur i f i ed r abbi t I gGwas used as a bl ood donor t o exami ne an i n vi t r o pr ol i f er -
at i ve r esponse by T cel l s t o a r ecal l ant i gen . The l ast i mmuni zat i on of t hi s sheep wi t h r abbi t
I g occur r ed 8 mo bef or e t he i n vi t r o pr ol i f er at i on assays r epor t ed her e . Nai ve and memor y
CD4' T cel l s f r omper i pher al bl ood wer e separ at ed on t he basi s of CD45Rexpr essi on, usi ng
t wo- col or i mmunof l uor escence st ai ni ng.

Cel l s wer e st ai ned and sor t ed under st er i l e condi t i ons usi ng a FAGS 440 ( Bect on Di ck-
i nson & Co. ) . Sor t ed cel l s wer e pl at ed at 105/ wel l i n st er i l e 96- wel l cul t ur e pl at es i n DMEM
suppl ement ed wi t h 10%FCS, 2 MML- gl ut ami ne, 1 mMsodi umpyr uvat e, 2- ME, nonessen-
t i al ami no aci ds, and ant i bi ot i cs . Syngenei c PBL i r r adi at ed wi t h 3, 000 r ad wer e used at
105 / wel l as f eeder cel l s . St i mul at i on wi t h ant i gen was per f or med f or 5 d i n a humi di f i ed i n-
cubat or wi t h 7%C02 at 37° C. Cul t ur es wer e pul sed f or 8 h wi t h 1 LC/ wel l [ 3H] t hymi di ne
( Amer shamI nt er nat i onal , Amer sham, UK) and har vest ed ont o gl ass f i l t er s . Thymi di ne i n-
cor por at i on was det er mi ned usi ng a l i qui d sci nt i l l at i on count er ( Packar d I nst r ument Co. I nc . ,
Downer s Gr ove, I L) .

I mmunopr eci pi t at i on and SDS- PAGE.

	

Pr ocedur es f or i mmunopr eci pi t at i on and SDS- PAGE
f ol l owed pr evi ousl y descr i bed met hods ( 29) .

Resul t s

Expr essi on of Adhesi on Mol ecul es by Sheep Lymphocyt es .

	

The sheep has been used ex-

t ensi vel y f or st udi es on l ymphocyt e r eci r cul at i on, par t i cul ar l y wi t h r espect t o t he

pr oper t i es of l ymphocyt es ent er i ng and l eavi ng si ngl e LNs vi a t he af f er ent and ef f er ent

l ymphat i cs ( 23, 25) . The ai mof t hi s st udy was t o i dent i f y nai ve and memor y T cel l s

i n sheep, and exami ne t hei r r eci r cul at i on pat t er ns and di vi si on r at e.

TABLE I

mAbs Used and t he Cel l Sur f ace Mar ker s t hey Recogni ze

Sheep l eukocyt e

mol ecul e Ot her names Si ze

kD

mAb used

Expr essi on

i n sheep Ref er ence

CD2 Tl l 55 36F a/ S T cel l s 26

CD58 LFA- 3/ Tl l TS 42 L180- 1 Al l l eukocyt es 27

CDl l a/ CD18 LFA- 1 180, 95 F10- 150 Al l l eukocyt es -

CD44 Pgp- 1 94 25- 32 Ubi qui t ous 14

CD45R LCAp220 220 73B B cel l s, some T 28

CD45 LCA 220, 210, 180 1- 11- 32 Al l l eukocyt es 28

CD4 T4 55 17D - 30- 40% T cel l s 26

CD8 T8 36 38- 65 - 20- 30% T cel l s 29

TCR- . y/ 6 44, 36 86D - 30- 60% T cel l s 30
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Most of t he mol ecul es used t o di st i ngui sh nai ve and memor y T cel l s i n humans
have al so been i dent i f i ed i n sheep . These i ncl ude CD2, CD58 ( LFA- 3) , C1344, and
CD11a ( LFA- 1) , as wel l as t he CD45Rmol ecul e. The expr essi on of t hese mol ecul es
on sheep l eukocyt es i s shown i n Fi g . 1 . FAGS anal ysi s shows t hat CD2 subdi vi des
sheep T cel l s i nt o t hr ee popul at i ons : CD2- , CD21 ° , and CD2hi . The CD2- subset
i s made up by t he - y/ S f r act i on of T cel l s, whi ch can const i t ut e up t o 60% of PBL,
dependi ng upon t he age of t he ani mal ( 30) . The r el at i ve pr opor t i ons of t he CD2 °
and CD2" subset s was f ound t o be age dependent , and CD2h' cel l s wer e absent f r om
neonat al bl ood ( see bel ow) . Apar t f r om humans, t he sheep i s t he onl y speci es i n
whi ch t he l i gand f or CD2, CD58, or LFA- 3/ TUTS has been i dent i f i ed ( 27) . Unl i ke

FI GURE 1 .

	

Expr essi on and mol ecul ar char act er i zat i on of adhesi on mol ecul es i n sheep. Pr of i l es
show t he st ai ni ng of PBL, per i pher al bl ood ( PB) B cel l s, per i pher al bl ood T cel l s, t hymocyt es,
and gr anul ocyt es wi t h ant i - CD2, ant i - CD58, ant i - CD44, ant i - CDl l a, and ant i - CD45R, as i ndi -
cat ed . Per i pher al bl ood T cel l s and B cel l s wer e i dent i f i ed and anal yzed usi ng t wo- col or i m-
munof l uor escence, as descr i bed i n Mat er i al s and Met hods. The br oken l i ne i n each pl ot si gni f i es
t he poi nt beyond whi ch cont r ol ant i bodi es showed no f l uor escence st ai ni ng. An SDS- PAGE anal -
ysi s of t he f i ve mol ecul es i s shown on t he bot t om hal f of t he f i gur e. Lanes 1 and 2, CD2; l anes
3 and 4, CD58; l anes 5 and 6, CD44 ; l anes 7 and 8, CD11a/ CD18 ; l anes 9 and 10, CD45R.
Lanes 1, 3, 5, 7, and 9 wer e r un under r educi ng condi t i ons ; l anes 2, 4, 6, 8, and 10 wer e r un
under nonr educi ng condi t i ons .
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humans, CD58 i n sheep i s expr essed by al l l ymphocyt es, whet her t hey ar e nai ve

or memor y/ act i vat ed . However , CD58 i s expr essed most st r ongl y by dendr i t i c cel l s

( 26) and B cel l s ( Fi g. 1) . The CD44 adhesi on mol ecul e i s one of t he most wi del y

di st r i but ed mol ecul es i n t he body, and i s expr essed on vi r t ual l y al l l eukocyt es i n sheep

( 14) . Lymphocyt es t hat ar e CD44 - or CD44' ° ar e t hose t hat ar e most sessi l e, such

as cor t i cal t hymocyt es and ger mi nal cent r e cel l s . Thi s expr essi on i s consi st ent wi t h

one pr oposed r ol e f or CD44 as a l ymphocyt e homi ng r ecept or ( 31) . Anot her adhe-

si on mol ecul e, CD11a ( LFA- 1) , r ecogni zed by a mAb F10- 150, i s expr essed by al l sheep

l eukocyt es, i ncl udi ng i mmat ur e T cel l s and B cel l s ( Fi g . 1) . F10- 150 r ecogni zes CDl l a

as j udged by t he char act er i st i c mol ecul ar mass of t hi s mol ecul e ( see bel ow) , t he si mi l ar

r eact i vi t y pat t er n of mAb F10- 150 agai nst sheep l eukocyt es compar ed wi t h ant i - CDl l a

mAbs i n humans and mi ce ( 32, 33) , and t he abi l i t y of mAb F10- 150 t o bl ock t he

sheep MLRand cyt ot oxi c Tcel l ki l l i ng agai nst al l ogenei c t ar get s ( not shown) . Last l y,

a r est r i ct ed epi t ope of CD45 ( l eukocyt e common ant i gen) i s expr essed on al l B cel l s

( 28) , but al so on NK- l i ke cel l s ( unpubl i shed r esul t s) , and some per i pher al T cel l s,

par t i cul ar l y dur i ng f et al and ear l y post - nat al l i f e ( see bel ow) . Thi s mol ecul e i n sheep

i s i dent i cal t o one of t he r est r i ct ed epi t opes of human CD45, t er med CD45RA, whi ch

has an M, of 220 and 205 kD, and i s expr essed on B cel l s, NK cel l s, and nai ve T

cel l s ( 34) . I n t hi s r epor t we wi l l r ef er t o t he sheep mol ecul e as CD45R.

The bot t omhal f of Fi g. 1 shows an SDS- PAGE anal ysi s of sheep adhesi on mol e-

cul es . CD2 mi gr at ed as a 50- 55- kD mol ecul e, and i t s l i gand, CD58, mi gr at ed at

42 kD, i n accor dance wi t h pr evi ous r epor t s ( 26, 27) . The CD44 " l ymphocyt e homi ng

r ecept or " mi gr at ed as a 94- kD mol ecul e, wher eas t he CD11a/ CD18 mol ecul es ( i m-

munopr eci pi t at ed by t he ant i - CD11a mAb F10- 150) mi gr at ed at 180 and 95 kD, r espec-
t i vel y . Under nonr educi ng condi t i ons, most mol ecul es mi gr at ed sl i ght l y f ast er , al -
t hough none cont ai ned i nt er chai n di sul f i de bonds . Sheep CD45Rusual l y mi gr at ed

as a si ngl e component of Mr 220 kD, al t hough on one occasi on, a 205- kD compo-

nent was evi dent .

Phenot ype of Nai ve andAct i vat ed TCel l s i n Sheep.

	

I n our at t empt s t owar ds i dent i f yi ng

nai ve and memor y T cel l s i n sheep, we anal yzed t he expr essi on of adhesi on mol e-
cul es and CD45R on T cel l s f r omt he bl ood of f et al and neonat al l ambs . I n sheep,
pl acent at i on i s such t hat t he f et us devel ops i n a compl et el y ant i gen- f r ee envi r on-

ment and wi t hout mat er nal l y der i ved I g . Fi g . 2 shows t hat CD2, CD58, CD44, and

CD11a wer e expr essed at l ower l evel s on neonat al T cel l s compar ed wi t h t he l evel s

f ound on T cel l s f r oma 2- yr - ol d sheep . Al so, CD45Rwas expr essed by t he maj or i t y

of neonat ed l amb T cel l s . T cel l s f r omf et uses at var i ous st ages of gest at i on showed

a st ai ni ng pat t er n si mi l ar t o t hat obt ai ned f or Tcel l s f r omnewbor n l ambs ( not shown) .

I n cont r ast t o neonat al T cel l s, adul t T cel l s wer e composed of t wo subpopul a-

t i ons : one i dent i cal i n phenot ype t o nai ve T cel l s, and t he ot her popul at i on expr essi ng

i ncr eased l evel s of CD2, CD58, CD44, and CD11a, and no CD45R ( Fi g . 2) . Thi s

l at t er popul at i on appear ed N3- 4 mo of age and usual l y compr i sed - 30- 40 17o of T

cel l s i n sheep 1- 2 yr of age . Af t er a 14- d cul t ur e of neonat al T cel l s i n t he MLR,

a FACS anal ysi s showed t hat al l adhesi on mol ecul es wer e mar kedl y upr egul at ed ( Fi g .

2) . I n addi t i on, vi r t ual l y al l act i vat ed T cel l s expr essed MHC cl ass I l mol ecul es,
had a l ar ge cel l si ze ( not shown) , but no l onger expr essed CD45R.

Response t o Recal l Ant i gen Resi des wi t hi n t he Memor y Phenot ype.

	

We t est ed t he pr ol i f er -

at i ve r esponse of t he put at i ve nai ve and memor y T cel l subset s i n sheep t o a r ecal l
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FI GURE 2 .

	

Phenot ype of neonat al T cel l s and compar i son t o adul t T cel l s and act i vat ed neo-
nat al Tcel l s. Neonat al bl ood was obt ai ned f r oma 2- h- ol d l amb. Adul t bl ood was f r om a 2- yr - ol d
sheep. Lymphocyt es wer e separ at ed on 60%Per col l , st ai ned i n t he gr een di r ect i on wi t h mAb
f ol l owed by FI TC- goat ant i - mouse I g, and i n t he r ed di r ect i on wi t h a mi xt ur e of ant i - CD4-
bi ot i n and ant i - CD8- bi ot i n f ol l owed by avi di n- PE. Lymphocyt es wer e gat ed such t hat onl y CD4'
and CD8h' T cel l s wer e anal yzed . Br oken l i nes ar e st ai ni ng of neonat al Tcel l s, wher eas unbr oken
l i nes ar e st ai ni ng of adul t T cel l s ( t op) or act i vat ed neonat al T cel l s ( bot t om) .

ant i gen . CD4 + cel l s f r om a sheep i mmuni zed wi t h r abbi t I g wer e sor t ed i nt o

CD45R' and CD45R- subset s ( see Fi g. 3 A) . As i n humans, i ncr eased expr essi on

of CD2, CD58, CD44, and CD11a cor r el at ed wi t h t he CD45R- phenot ype ( not

shown) . Fi g. 3 B shows t hat , on a cel l t o cel l basi s, t he pr ol i f er at i ve r esponse t o t he

r ecal l ant i gen used was - 15- 20- f ol d gr eat er wi t hi n t he put at i ve memor y f r act i on

of sheep CD4' T cel l s ( CD45R- ) compar ed wi t h t he nai ve f r act i on ( CD45R ) . The

pr ol i f er at i on by t he memor y f r act i on was speci f i c f or t he r ecal l ant i gen ( r abbi t I g) ,

si nce t he same popul at i on showed a much smal l er r esponse t o an unseen ant i gen,

keyhol e l i mpet hemocyani n ( KLH) . I n addi t i on, t he memor y f r act i on of an uni m-

muni zed sheep showed ver y l i t t l e pr ol i f er at i on t o r abbi t I g ( dat a not shown) .

TCel l s i n Af f er ent Lymph Di spl ay a Memor y Phenot ype.

	

The above st udi es demon-

FI GURE 3 . Response of CD4* T cel l s of
nai ve and memor y phenot ypes t o r ecal l an-
t i gen. PBL wer e f r oma sheep mul t i pl y pr i med
wi t h r abbi t I gG. Cel l s wer e i sol at ed, dual
st ai ned wi t h ant i - CD45RFI TC and ant i -
CD4- PE, and sor t ed on t he FACS i nt o t wo
popul at i ons, CD4' , CD45R- ( desi gnat ed
popul at i on I ) and CD4' , CD45R' ( popul a-
t i on I I ) ( A) . Sor t ed cel l s wer e st i mul at ed i n
vi t r o f or 5 d wi t h an opt i mumconcent r at i on
( 20 t ~g/ ml ) of ei t her r abbi t I gG, an i r r el evant
ant i gen ( KLH) , or wi t h not hi ng. Bshows t he
r esponse of t he sor t ed cel l s t o bot h ant i gens,
as measur ed by [ 3H] t hymi di ne i ncor por at i on
( expr essed as cpm, y axi s) .



MACKAY ET AL .

	

807

st r at ed t hat T cel l s i n sheep, l i ke t hose i n man and mouse, can be di vi ded i nt o nai ve

and memor y phenot ypes based on expr essi on of adhesi on mol ecul es and CD45 i so-

f or ms. We exami ned t he pr esence of nai ve and memor y T cel l s i n t he t hr ee mai n

compar t ment s of r eci r cul at i ng cel l s: bl ood, af f er ent l ymph, and ef f er ent l ymph . Fi g.

4 shows a r epr esent at i ve FACS anal ysi s of T cel l s ( CD4' and CD8+) i n af f er ent

l ymph, ef f er ent l ymph, and bl ood of a si ngl e ani mal . The expr essi on of al l adhesi on

mol ecul es t est ed was mar kedl y hi gher on Tcel l s f r omt he af f er ent l ymph, and r esem-

bl ed t he l evel s seen on t he put at i ve memor y subset i n bl ood . Mor eover , CD45R,

whi ch i s absent f r omact i vat ed/ memor y Tcel l s, was al so absent f r omTcel l s i n af f er ent
l ymph . Af f er ent l ymphocyt es wer e onl y sl i ght l y l ar ger t han ef f er ent l ymphocyt es,

al t hough t hey di d expr ess hi gher l evel s of MHC cl ass I and cl ass I I mol ecul es, as

r epor t ed pr evi ousl y ( 23) . The r esul t s i ndi cat ed t hat al l Tcel l s wi t hi n af f er ent l ymph

wer e pur el y of memor y phenot ype .

Most T Cel l s i n Ef f er ent Lymph Di spl ay a Nai ve Phenot ype.

	

I n cont r ast t o af f er ent
l ymph Tcel l s, t he maj or i t y of Tcel l s i n ef f er ent l ymph expr essed CD45R, and showed
l ow expr essi on of adhesi on mol ecul es ( Fi g . 4) , compar abl e wi t h t he phenot ype of

neonat al Tcel l s, or t he put at i ve nai ve f r act i on i n adul t bl ood ( si ze Fi g . 2) . However ,

not al l cel l s i n ef f er ent l ymph wer e of nai ve phenot ype ; usual l y a smal l pr opor t i on

wer e of memor y phenot ype ( 0- 10%) , par t i cul ar l y i n ol der sheep.

Di f f er ent Reci r cul at i on Pr oper t i es of TCel l Subset s May Cor r el at e wi t h Memor y Phenot ype.

	

I n

a pr evi ous r epor t , we not ed t hat l ymphocyt e subset s possessed unequal capaci t y f or

ext r avasat i on i nt o LNs and i nt o per i pher al t i ssue vascul ar beds ( 23) . The obser va-

t i on her e t hat nai ve and memor y T cel l s pr ef er ent i al l y accumul at e i n ef f er ent and

af f er ent l ymph, r espect i vel y, i ndi cat ed t hat t he r el at i ve pr opor t i ons of T cel l subset s

wi t h memor y or nai ve phenot ypes may r el at e t o t he sel ect i ve mi gr at i on pat t er n of

l ymphocyt e subset s . Fi g . 5 shows t he t ypi cal composi t i on of T cel l subset s and B

CD2 CD58 CD44 CD11a CD45R

A~

T cel l s f r om :

bl ood

ef f er ent l ymph

af f er ent l ymph

FI GURE 4 .

	

Phenot ype of T cel l s wi t hi n di f f er ent compar t ment s of t he r eci r cul at i ng l ymphocyt e

pool . Cel l s wer e st ai ned i n t he r ed di r ect i on wi t h ant i - CD4 and ant i - CD8 bi ot i n f ol l owed by

avi di n- PE, and i n t he gr een di r ect i on wi t h t he i ndi cat ed mar ker ( see Mat er i al s and Met hods) .

Br oken l i nes i ndi cat e t he l evel of f l uor escence usi ng negat i ve cont r ol ant i bodi es. Gat es wer e wer e

set such t hat onl y CD4' and CD8' l ymphoi d cel l s f r om each cel l pr epar at i on wer e anal yzed

f or gr een f l uor escence st ai ni ng .
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CD4

	

CD8

	

Y6 TCR

	

B Cel l s

af f er ent l ymph

ef f er ent l ymph

bl ood

FI GURE 5 .

	

Di f f er ent i al accumul at i on of T cel l subset s i n var i ous compar t ment s of t he r eci r -

cul at i ng pool . Lymphocyt es i n af f er ent l ymph, ef f er ent l ymph, and bl ood wer e st ai ned wi t h mAbs

speci f i c f or t he T cel l subset s CD4, CD8, or TCR. y/ $ or wi t h donkey ant i - sheep I g- FI TC t o

i dent i f y Bcel l s . The per cent age of r eact i ve cel l s f or each mar ker i s i ndi cat ed f or each st ai ni ng .

cel l s i n t he di f f er ent l ymphoi d compar t ment s of a 12- mo- ol d sheep. The anal ysi s

of t hi s and si x ot her sheep demonst r at ed a sel ect i ve enr i chment f or di f f er ent subset s

i n var i ous compar t ment s . I n al l cases, CD4+ cel l s wer e mar kedl y enr i ched i n bot h

af f er ent and ef f er ent l ymph, compar ed wi t h t hei r r el at i vel y l ow l evel s i n t he bl ood

( N22%) . Thi s i ndi cat ed t hat CD4 + cel l s had a st r ong pr opensi t y t o bi nd t o LN

HEVand al so t o endot hel i al cel l s i n per i pher al t i ssues . However , y/ 6 T cel l s showed

a compl et el y di f f er ent bi as . They wer e enr i ched i n af f er ent l ymph, but wer e l ow

i n number i n ef f er ent l ymph . Mor eover , a pr evi ous r epor t showed t hat y/ 6 T cel l s

i n sheep pr obabl y do not ent er mesent er i c LNs f r om t he bl ood at al l ( 30) . y/ S T

cel l s, whi ch can compr i se up t o 60%of sheep PBL, compr i sed onl y 1% of mesen-

t er i c LN cel l s ( 30) . By i mmunohi st ol ogy, i t was f ound t hat t he maj or i t y, i f not al l ,

of t hese y/ S T cel l s had pr obabl y ent er ed t he node f r omt he af f er ent l ymph ( 23, 29) .

I n any event , y/ 6 T cel l s wer e pr ef er ent i al l y ext r act ed by endot hel i umi n per i pher al

t i ssues and not by HEV of LNs . The i nt er pr et at i on f or CD8+ cel l s i s compl i cat ed

by t he f act t hat some NK cel l s and y/ S T cel l s expr ess CD8, al bei t at l ower l evel s

t han f or CD8' a/ a T cel l s . Cer t ai nl y, CD8+ cel l s wer e concent r at ed i n ef f er ent

l ymph compar ed wi t h bl ood, and hence, a sel ect i ve enr i chment of t hi s cel l t ype pr ob-

abl y al so occur s at LN HEV.

The number s of B cel l s, assessed by sur f ace I g st ai ni ng, was ver y l ow i n af f er ent

l ymph, consi st ent wi t h pr evi ous obser vat i ons ( 23, 35) , and i ndi cat i ve t hat B cel l s

pass f r om bl ood t o per i pher al t i ssues much mor e sl owl y t han do T cel l s .

Fi g. 6 shows t hat t he t hr ee T cel l subset s expr essed di f f er ent l evel s of adhesi on

mol ecul es and CD45R. CD4+ cel l s wer e enr i ched i n t he CD44 h' subset , wher eas

y/ 6 T cel l s wer e enr i ched i n t he CD44 10 subset . Al so, y/ 6 T cel l s expr essed l ower

l evel s of CD11a, and wer e negat i ve f or CD2 . The CDl l ah' subset of PBL, evi denced

45, 10% 20% ~~ 4x

47 . 24%

11- - L

6% 16%

22% 16% 13% 35x
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FI GuPE 6.

	

Expr essi on of mem-
or y mar ker s on CD4* , CD8* ,
and , y/ 6' Tcel l subset s i n bl ood.
The CD4* , CD8* , or y/ 8* sub-
set s i n bl ood wer e i dent i f i ed
usi ng bi ot i nyl at ed mAbs f ol -
l owed by avi di n- PE. Gr een
f l uor escence ( ant i - CD2, ant i -
CD58, ant i - CD44, ant i - CD11a,
and ant i - CD45R) was assessed
on gat ed CD4, CD8, or - yl b T
cel l subset s. The key f or t he
st ai ni ng pr of i l e f or each T cel l
subset i s i ndi cat ed on t he t op
r i ght hand si de. The bot t om
r i ght hand si de of t he f i gur e
shows an SDS- PAGE anal ysi s of
t he CD45 mol ecul e i mmuno-
pr eci pi t at ed f r om ( 1) pur i f i ed
CD4* cel l s and ( 3) pur i f i ed
y/ S* cel l s . Each popul at i on was
pur i f i ed f r ombl ood by panni ng,
and CD45 was i mmunopr eci p-
i t at ed wi t h mAb 1- 11- 32 ( 28) ,
whi ch sees al l i sof or ms of sheep
CD45 .

by t he second peak i n t he FACS pr of i l e of Fi g . 4, was composed ent i r el y of CD8*

cel l s . These CD11ah ' cel l s wer e not evi dent i n ef f er ent l ymph. PBL f r om si x sheep

wer e st udi ed, and i n al l cases, t he r esul t s obt ai ned wer e si mi l ar t o t hose shown i n

Fi g. 5, i ndi cat i ng t hat t he l evel s of adhesi on mol ecul es expr essed on t he t hr ee T cel l

subset s ar e t i ght l y r egul at ed .

The gener al l y l ower expr essi on of adhesi on mol ecul es on ' Y/ S T cel l s mi ght , at

f i r st gl ance, i ndi cat e t hat t hese cel l s ar e most l y nai ve T cel l s . However , when ' Y/ S

T cel l s wer e anl ayzed f or CD45R expr essi on, vi r t ual l y al l wer e negat i ve, bot h i n

bl ood ( Fi g. 6) and i n af f er ent and ef f er ent l ymph ( not shown) . I f expr essi on of di f f er ent

i sof or ms of CD45 on y/ S T cel l s cor r el at es wi t h nai ve and memor y f unct i on, as i t

does f or CD4* cel l s, t hi s pat t er n of CD45 expr essi on woul d i ndi cat e t hat t he vast

maj or i t y of ci r cul at i ng y/ S T cel l s ar e memor y T cel l s, despi t e t he f act t hat t hey

expr ess l ower l evel s of adhesi on mol ecul es compar ed wi t h CD4* or CD8* memor y

cel l s . To conf i r m t hat y/ S T cel l s di d i n f act expr ess t he p180 i sof or m of CD45, y/ 8

T cel l s wer e pur i f i ed, f r om whi ch CD45 was i mmunopr eci pi t at ed ( Fi g . 6) . ' Y/ S T

cel l s f r ombl ood expr essed al most excl usi vel y t he p180 f or m of CD45, wher eas f or

CD4* and CD8+ cel l s, bot h t he p180- and p220- kD i sof or ms wer e i mmunopr eci p-

i t at ed .

Cel l Pr ol i f er at i on among Nai ve and Memor y T Cel l s .

	

The ant i - Br dU st ai ni ng t ech-

ni que, whi ch can be used t o det ect cel l s i ncor por at i ng Br dU i nt o t hei r DNAdur i ng

t he S phase of t he cel l cycl e ( 36) , has t he advant age over ot her t echni ques t hat mea-

sur e cel l pr ol i f er at i on i n t hat i t avoi ds t he si de ef f ect s caused by r adi oact i ve l abel s ;

and can be used i n a t wo- col or anal ysi s wi t h cel l sur f ace ant i gen- speci f i c mAbs ( 37) .

Fi g. 7 shows a t wo- col or i mmunof l uor escence anal ysi s of PBL f r oman 12- mo- ol d
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1 . 5%

FI GURE 7 .

	

Cel l di vi si on wi t hi n di f f er ent popul at i ons of sheep l ymphocyt es and wi t hi n di f f er ent
compar t ment s of t he r eci r cul at i ng pool . ( A) Phenot ypi c anal ysi s of di vi di ng cel l s wi t hi n bl ood

of a 12- mo- ol d sheep . Br dUwas admi ni st er ed i nt r avenousl y f or a per i od of 8 d. The phenot ype

of cel l s t hat had i ncor por at ed Br dUwas assessed usi ng t wo- col or i mmunof l uor escence ( see Mat er i al s

and Met hods) . Af t er 8 d of l abel i ng, t he pr opor t i on of PBL t hat had i ncor por at ed Br dU was

34%. ( B) Br dU i ncor por at i on by cel l s i sol at ed f r om af f er ent l ymph, ef f er ent l ymph, and bl ood .

I n t hi s i nst ance, Br dU l abel i ng was f or a per i od of 3 d, and Br dUi ncor por at i on was det er mi ned

by a si ngl e- col or i mmunof l uor escence anal ysi s . The pr opor t i on of cel l s t hat i ncor por at ed Br dU

i n each compar t ment i s i ndi cat ed accor di ngl y.

sheep t hat had r ecei ved Br dU f or a per i od of 8 d. Appr oxi mat el y 35%of PBL had

i ncor por at ed Br dU over t hi s t i me per i od . The t wo- col or anal ysi s showed t hat al l

of t he CD44h' cel l s had under gone at l east one di vi si on over t hi s t i me per i od, and

t hat t he st ai ni ng i nt ensi t y f or CD44 was much gr eat er f or t he Br dU+ subset com-

par ed wi t h t he Br dU- subset . Si mi l ar r esul t s, al bei t l ess obvi ous, wer e obt ai ned wi t h

cel l s st ai ned f or CD2, CD58, and CD11a. St ai ni ng wi t h ant i - CD45R showed t hat

t he CD45R° cel l s ( nai ve T cel l s) wer e nondi vi di ng, wher eas a pr opor t i on of t he

CD45Rhi cel l s ( B cel l s) wer e di vi di ng ( not shown) . These r esul t s st r ongl y suggest

t hat t he memor y subset cont ai ned a hi gh per cent age of cel l s t hat had ent er ed t he

S phase of t he cel l cycl e over t he t i me cour se st udi ed .

I f memor y cel l s ar e a di vi di ng popul at i on, t hen one woul d expect an accumul a-

t i on of Br dU+ l ymphocyt es wi t hi n t he af f er ent l ymph. Thi s was exami ned by can-

nul at i ng t he af f er ent and ef f er ent l ymph duct s of 12- mo- ol d sheep and anal yzi ng

Br dU i ncor por at i on . For t echni cal r easons, t he l engt h of Br dU admi ni st r at i on f or

t hese cannul at ed sheep was onl y 3 d. Fi g. 7 Bshows t hat af f er ent l ymph di d i ndeed

cont ai n many Br dU+ cel l s ( 25%) , i n cont r ast t o t he ef f er ent l ymph, whi ch cont ai ned
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<2%. Bl ood cont ai ned a l evel of Br dU cel l s t hat was i n bet ween t hese t wo val ues

( 12%) . Two- col or i mmunof l uor escence anal ysi s of PBL wi t h T cel l subset mar ker s

and ant i - Br dU r eveal ed t hat , over an 8- d l abel i ng per i od, a compar abl e pr opor t i on

of CD4+ and CD8' T cel l s had i ncor por at ed Br dU ( t i 25%, compar ed wi t h - 40%

f or t hey/ 8 T cel l subset ) . I n af f er ent l ymph, al l t hr ee T cel l subset s showed a com-

par abl e l evel of Br dU i ncor por at i on ( N25%f or t he 3- d l abel i ng per i od) .

I t shoul d be not ed t hat Br dU has a r el at i vel y shor t hal f - l i f e i n vi vo, and si nce Br dU

was admi ni st er ed onl y once per day, t he val ues pr esent ed her e may be an under est i -

mat i on of t he act ual number of cel l s t hat ent er ed t he S phase of t he cel l cycl e over

t he cour se of Br dUt r eat ment . Despi t e t hi s, t he r esul t s demonst r at e t he much hi gher

i nt r i nsi c pr ol i f er at i on of memor y cel l s compar ed wi t h nai ve cel l s, and of af f er ent

l ymphocyt es compar ed wi t h ef f er ent l ymphocyt es . I n t hese exper i ment s, we coul d

not di st i ngui sh bet ween newl y f or med cel l s or i gi nat i ng f r ompr i mar y l ymphoi d t i ssues,

and cel l s t hat wer e di vi di ng i n t he per i pher y ; however , t he sheep used f or our exper i -

ment s wer e 12 mo ol d, an age at whi ch t he t hymus and i l eal Peyer ' s pat ches have

i nvol ut ed .

Di scussi on

The pur pose of t he pr esent st udy was t o compar e t he r eci r cul at i on pat hways and

pr ol i f er at i on of nai ve and memor y Tcel l s . Such a st udy was cont i ngent on t he abi l i t y

t o phenot ypi cal l y di st i ngui sh nai ve and memor y T cel l s i n sheep . Si mi l ar t o man

and mouse, memor y T cel l s i n sheep wer e CD45R- and expr essed hi gher l evel s of

adhesi on mol ecul es, wher eas nai ve T cel l s wer e CD45R+ , CD2' ° , CD44' ° , CD58' ° ,

and CD11 1 ° . Nai ve T cel l s wer e most numer ous at bi r t h, and decr eased i n number

as t he ani mal aged . Af t er i n vi t r o act i vat i on, nai ve Tcel l s showed i ncr eased expr es-

si on of CD2, CD44, CD58, and CD11a, and decr eased expr essi on of CD45R: pheno-

t ypi c changes t hat al so occur when nai ve cel l s under go t r ansi t i on t o memor y cel l s

i n vi vo. The obser ved hi gher expr essi on of adhesi on mol ecul es on memor y cel l s coul d

not be at t r i but ed t o i ncr eased cel l si ze, si nce cel l s i n t he memor y popul at i on of PBL

wer e not bl ast cel l s and wer e onl y sl i ght l y l ar ger t han cel l s i n t he nai ve popul at i on

( dat a not shown) . Al so, T cel l s i n af f er ent l ymph ( pr edomi nant l y memor y cel l s) wer e

onl y sl i ght l y l ar ger t han t hose i n ef f er ent l ymph ( pr edomi nant l y nai ve cel l s) ( 23)

or cel l s i n neonat al bl ood ( not shown) . Fi nal l y, t he r esponse by sheep T cel l s t o a

r ecal l ant i gen ( Fi g. 3) r esi ded wi t hi n t he put at i ve memor y popul at i on and not i n

t he nai ve popul at i on of cel l s .

Thi s st udy shows t hat nai ve and memor y T cel l s r eci r cul at e t hr ough t he body

by di f f er ent pat hways . Cel l s of t he memor y phenot ype accumul at ed i n t he af f er ent

l ymph, i ndi cat i ve of a bl ood t o t i ssue r eci r cul at i on pat hway, i n cont r ast t o t he nai ve

phenot ype t hat accumul at ed i n ef f er ent l ymph, i ndi cat i ve of a bl ood t o LNr eci r cu-

l at i on pat hway. The enr i chment of t he nai ve phenot ype i n ef f er ent l ymph i ndi cat es

t hat t hese cel l s wer e pr ef er ent i al l y ext r act ed f r om t he bl ood by HEV, si nce >90%

of ef f er ent l ymphocyt es ar e der i ved f r omcel l s ent er i ng t he node at HEV and N6%

ar e der i ved f r om t he af f er ent l ymph ( 25) . The l ow number s of memor y T cel l s i n

ef f er ent l ymph mi ght be der i ved pur el y f r omt he af f er ent l ymph. The ef f i ci ent r eci r -

cul at i on of nai ve T cel l s t hr ough LNs i s al so evi denced by t he ext ensi ve r eci r cul a-

t i on of l ymphocyt es bet ween bl ood, LNs, and ef f er ent l ymph i n sheep f et uses ( 38,

39) . Reci r cul at i on i s t her ef or e a physi ol ogi cal pr oper t y of nai ve l ymphocyt es . We
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have not exami ned t he cel l s i n t he af f er ent l ymph of f et al sheep, whi ch pr esumabl y
ar e of nai ve phenot ype ; commencement of memor y T cel l r eci r cul at i on t hr ough pe-

r i pher al t i ssues must begi n somet i me af t er bi r t h .
I t i s possi bl e t hat t he l ow number s of memor y T cel l s i n ef f er ent l ymph mi ght

be due t o r et ent i on and deat h of memor y T cel l s i n t he LN, as i s t he case f or T

cel l bl ast s i nj ect ed i nt o syngenei c r eci pi ent s ( 40) . The r el at i vel y r api d t ur nover f or

at l east a pr opor t i on of t he memor y T cel l popul at i on i mpl i es t hat a l ar ge number

of t hese cel l s must al so by dyi ng. Nai ve and memor y T cel l s may have an equal

capaci t y t o ent er LNs vi a HEV, and t he assumpt i on t hat t he composi t i on of ef f er ent

l ymph cor r el at es wi t h event s occur r i ng at LN HEVwoul d be wr ong. Recent l y we

have pr oduced a mAb t o t he sheep MEL- 14/ Leu- 8 mol ecul e and f i nd t hat t he mol e-

cul e i s expr essed at hi gh l evel s by al l nai ve T cel l s, but i s absent f r om a pr opor t i on

( - 30%) of memor y T cel l s or af f er ent l ymph T cel l s ( Mackay, C. R. , manuscr i pt

i n pr epar at i on) . However , whet her l ymphocyt e bi ndi ng t o LNHEV i s st r i ct l y r el at ed

t o MEL- 14/ Leu- 8 expr essi on i s uncer t ai n . I n any event , i t i s mai nl y t he nai ve phe-

not ype t hat exi t s t he node, and vi r t ual l y al l of t hese cel l s expr ess hi gh l evel s of

MEL- 14/ Leu- 8 .

The r eci r cul at i on pat hways f or nai ve and memor y T cel l s descr i bed her e may be

of si gni f i cance i n i mmunol ogi cal sur vei l l ance of t he body f or f or ei gn ant i gens . I n

most i nst ances, a pr i mar y i mmune r esponse i s i ni t i at ed i n a LNt o whi ch an ant i gen

has dr ai ned, and, subsequent t o t hi s, memor y l ymphocyt es l eave vi a t he ef f er ent

l ymph and event ual l y dr ai n i nt o t he bl ood t hr ough t he t hor aci c duct . I t seems ap-

pr opr i at e t hat memor y cel l s shoul d mi gr at e sel ect i vel y t hr ough per i pher al t i ssues

such as ski n, wher e ant i gens ar e f i r st encount er ed . On t he ot her hand, nai ve l ym-

phocyt es shoul d r eci r cul at e r api dl y and i n l ar ge number s t hr ough LNs, because t he

f r equency of ant i gen- r eact i ve cel l s wi t hi n t he nai ve popul at i on i s so l ow; r eci r cul at i ng

pur el y t hr ough LNs i s t he ef f ect i ve r out e f or nai ve l ymphocyt es t o make cont act

wi t h a new ant i gen .
Hownai ve and memor y l ymphocyt es t ake di f f er ent r eci r cul at i on r out es i s uncl ear ,

but t hi s pr esumabl y depends on di f f er ent i al expr essi on of homi ng r ecept or mol e-

cul es . Par adoxi cal l y, CD44 and CD11a, bot h of whi ch have been r epor t ed t o pl ay

a r ol e i n HEV r ecogni t i on ( 31, 41, 42) , ar e expr essed at l ower l evel s on t hose cel l s

t hat have been ext r act ed by t he LN f r om t he bl ood . Thi s pat t er n of expr essi on has

al so been not ed i n monkeys ( 43) . Hence, LNhomi ng may be medi at ed pr i nci pal l y

by anot her st r uct ur e l i ke MEL- 14 i n mi ce ( 44) and LAM- 1/ Leu- 8 i n humans ( 17,

45) , and CD44 and CD11a mi ght ser ve an accessor y adhesi on r ol e . CD44 i s a wi del y

di st r i but ed mol ecul e ( 14) , and pr obabl y pl ays a mor e gener al r ol e i n cel l adhesi on

f or numer ous cel l t ypes . I n cont r ast t o CD44, t he MEL- 14 homi ng r ecept or i s down-

r egul at ed af t er T cel l act i vat i on, and t hi s causes al t er at i ons i n t he homi ng behavi or

of t he act i vat ed cel l s ( 17- 19) . Al so, r at T cel l bl ast s gener at ed i n vi vo mi gr at e pr ef er -

ent i al l y t o t he i nt est i ne, and not t o LNs ( 40) . These r esul t s ar e consi st ent wi t h MEL-

14/ LAM- 1 act i ng as LNhomi ng r ecept or s, wher eas CD44 and CD11a pr obabl y act

as gener al adhesi on mol ecul es and mi ght be t he pr i nci pal mol ecul es i nvol ved i n l ym-

phocyt e ext r avasat i on i n t i ssues such as ski n . The memor y/ CD44" subset i n humans

adher es mor e avi dl y t o cul t ur ed endot hel i al cel l s, and i s t he cel l t ype t hat accumu-

l at es i n synovi umand i nf l ammat or y i nf i l t r at es ( 46, 47 ; see al so r ef er ence 43) . Lym-

phocyt es i n af f er ent l ymph of sheep mi ght be pr ef er ent i al l y ext r act ed f r om bl ood

because of t hei r hi gh l evel s of CD44 . However , t hi s pr ef er ent i al ext r act i on has t o
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be r econci l ed wi t h t he homi ng behavi or of T cel l subset s . For i nst ance, y/ S T cel l s

accumul at ed i n af f er ent l ymph, and i n t hi s si t e t hey expr essed hi gh l evel s of CD44,

CD58, and CD11a ( but wer e CD2- ; dat a not shown) . Yet , y/ S T cel l s i n bl ood ex-

pr essed l ower l evel s of CD44 and CD11a, i ndi cat i ng t hat a si mpl e ext r avasat i on of

t hese cel l s f r ombl ood t o t i ssues based on expr essi on of CD44/ CD11a does not appl y.

However , t he enr i chment of y/ S T cel l s i n af f er ent l ymph mi ght be expect ed, si nce

t he vast maj or i t y of y/ 6 Tcel l s i n bl ood expr essed t he p180 i sof or mof CD45, i ndi ca-

t i ve of a memor y phenot ype. Based on t he pat t er n est abl i shed f or CD4' and CD8'

memor y T cel l s, y/ S T cel l s mi ght al so pr ef er ent i al l y accumul at e i n af f er ent l ymph

by t he same, as yet unknown mechani sm.

I t has gener al l y been assumed t hat memor y cel l s ar e a popul at i on of r est i ng, l ong-

l i ved cel l s . Thi s par adi gm may need t o be r eassessed, si nce r ecent exper i ment s i n

r at s i ndi cat e t hat B cel l and T cel l memor y depends on t he per si st ence of ant i gen

( 48, 49 ; and D. Gr ay, manuscr i pt i n pr epar at i on) . These st udi es i mpl y t hat mai n-

t enance of memor y r equi r es r epeat ed ant i geni c st i mul at i on and cel l di vi si on by ant i gen-

speci f i c cl ones. The per si st ence of ant i gen i n t he host f or l ong per i ods of t i me i s qui t e

pl ausi bl e, si nce ant i gens i n t hei r nat i ve f or mhave been det ect ed on f ol l i cul ar den-

dr i t i c cel l s 12 mo af t er i mmuni zat i on ( 50) . Ant i gen r et ai ned on f ol l i cul ar dendr i t i c

cel l s mi ght ser ve as a r ecor d of a host ' s pr evi ous i mmunol ogi cal exper i ences, and

t her ef or e coul d act as a depot t o pr ovi de f or ongoi ng st i mul at i on of ei t her nai ve

cel l s or cel l s t hat have pr evi ousl y been pr i med ( 49) . The Br dU l abel i ng exper i ment s

descr i bed her e est abl i sh t hat a l ar ge pr opor t i on of cel l s di spl ayi ng t he memor y pheno-

t ype had di vi ded at l east once dur i ng t he 8- d l abel i ng per i od . I n addi t i on, a si zeabl e

pr opor t i on ( 25%) of af f er ent l ymph cel l s, al l of whi ch possess t he memor y pheno-

t ype, had t aken up Br dU af t er a much shor t er l abel i ng per i od ( 3 d) , wher eas ver y

f ewef f er ent l ymphocyt es wer e l abel ed over t he same per i od of Br dUt r eat ment . Thi s

i ndi cat es t hat most per i pher al T cel l s i n sheep ar e l ong l i ved, si nce t he r at i o of T

cel l s i n t he bl ood or af f er ent l ymph compar ed wi t h t he t ot al number of T cel l s i n

t he r eci r cul at i ng pool i s ver y smal l ( 51) . The r el at i vel y r api d t ur nover f or memor y

T cel l s and t he sl owt ur nover of nai ve T cel l s concor ds wel l wi t h t he r esul t s of Spr ent

and Bast en ( 21) , who showed an aver age l i f espan f or mouse t hor aci c duct T cel l s

of 4- 6 mo. Thor aci c duct l ymph i s a composi t e of ef f er ent l ymph f r om al l LNs i n

t he body, and we show her e t hat t he ef f er ent l ymph of t he popl i t eal node, whi ch

compr i ses pr edomi nat el y nai ve cel l s, does i ndeed cont ai n ver y f ew cycl i ng cel l s . I n

addi t i on, exper i ment s i n r at s al so showed most per i pher al T cel l s t o be l ong l i ved,

and t hat cycl i ng cel l s accumul at ed wi t h t i me mor e i n bl ood t han i n LNs ( 52) . How-

ever , t he above f i ndi ngs di f f er somewhat f r om t hose of Fr ei t as and col l eagues ( 53,

54) , who r epor t ed t hat t he maj or i t y of per i pher al Band Tl ymphocyt es i n t he mouse

have a l i f espan of onl y 2- 3 d. The basi s f or t hese di f f er ences i s not yet known. I n

any event , a body of evi dence now i ndi cat es t hat at l east some component s of T

cel l memor y may not be cont ai ned wi t hi n t he l ong- l i ved T cel l popul at i on . Rat her ,

ant i gen- speci f i c T cel l cl ones mi ght exi st f or ext ended per i ods of t i me by way of cel l

di vi si on t hr ough per si st ent ant i geni c st i mul at i on .

Summar y

I n t hi s r epor t , we have addr essed t wo quest i ons concer ni ng i mmunol ogi cal memor y :

t he way i n whi ch nai ve and memor y T cel l s r eci r cul at e t hr ough t he body, and t he

i nt r i nsi c r at e of di vi si on wi t hi n t he nai ve and memor y popul at i ons. We i dent i f i ed
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nai ve and memor y T cel l s i n sheep by t hei r cel l sur f ace phenot ype and t hei r abi l i t y

t o r espond t o r ecal l ant i gen . Memor y T cel l s wer e CD2h' , CD58h' , CD44hi , CD11ah' ,

and CD45R- , as per t ai ns i n man . T cel l s t hat cr ossed f r om bl ood t o t he t i ssues of

t he hi nd l eg and accumul at ed i n t he popl i t eal af f er ent l ymph wer e al l of memor y

phenot ype . Conver sel y, T cel l s i n ef f er ent l ymph, 90%v of whi ch ent er ed t he l ymph

node ( LN) vi a hi gh endot hel i al venul es ( HEV) , wer e most l y of t he nai ve phenot ype

( CD2' ° , CD58' ° , CD44 1° , CD11P, and CD45R+) . The mar ked enr i chment of t hese

t wo phenot ypes i n di f f er ent r eci r cul at or y compar t ment s i ndi cat ed t hat memor y T

cel l s sel ect i vel y t r af f i c f r ombl ood t o per i pher al t i ssues t o LN( vi a af f er ent l ymph) ,

wher eas nai ve T cel l s sel ect i vel y t r af f i c f r ombl ood t o LN( vi a HEV) . We ar gue t hat

t he di f f er ent i al use of t hese t wo r eci r cul at i on pat hways pr obabl y opt i mi zes l ympho-

cyt e i nt er act i ons wi t h ant i gen . The nonr andomdi st r i but i on of T cel l subset s i n var -

i ous r eci r cul at or y compar t ment s may be r el at ed t o t he r el at i ve pr opor t i on of memor y

cel l s i n each subset . I n par t i cul ar , y/ b T cel l s i n bl ood wer e al most excl usi vel y of

memor y phenot ype, and accumul at ed pr ef er ent i al l y i n af f er ent , but not i n ef f er ent ,

l ymph . Fi nal l y, usi ng t he br omo- deoxyur i di ne l abel i ng t echni que, we f ound t hat

at l east a si zeabl e pr opor t i on of memor y T cel l s, whet her i n bl ood or af f er ent l ymph,

wer e a di vi di ng popul at i on of cel l s, wher eas nai ve T cel l s wer e a nondi vi di ng popu-

l at i on . Thi s r esul t suppor t s an al t er nat i ve model of l ymphocyt e memor y t hat as-

sumes t hat mai nt enance of memor y r equi r es per si st ent ant i geni c st i mul at i on .

We t hank Dr . B. Rocha f or assi st ance wi t h t he Br dU st ai ni ng t echni que, Dr . M. - F. Beya
f or pr oduci ng t he FI O- 150 cel l l i ne, Dr . T. Hi i ni g f or t he ant i - LFA- 3 cel l l i ne, D. Thor pe f or
assi st ance wi t h cel l sor t i ng, Dr s . R. Pal aci os, A. de l a Her a, D. Gr ay, and I . R. Mackay f or
r evi ewi ng t he manuscr i pt , Dr . A. Kel us f or pr ovi di ng i mmuni zed sheep, and Ni col e Schoepf l i n
f or hel p i n pr epar i ng t he manuscr i pt .
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