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LongTer m Human Hemat opoi esi s i n

t he SCI D- hu Mouse

By Rei ko Nami kawa, Kat her i ne N. Wei l baecher ,

Hi det o Kaneshi ma, Edwi n J . Yee, and Joseph M. McCune

Fr om SySt emi x, I nc. , Pal o Al t o, Cal i f or ni a 94303

Summar y

Coi mpl ant at i on of smal l f r agment s of human f et al t hymus and f et al l i ver i nt o i mmunodef i ci ent

SCI D mi ce r esul t ed i n t he f or mat i on of a uni que st r uct ur e ( Thy/ Li v) . Ther eaf t er , t he SCI D- hu
mi ce showed r epr oduci bl e and l ong- t er m r econst i t ut i on of human hemat opoi et i c act i vi t y . For

per i ods l ast i ng 5- 11 mo af t er t r anspl ant at i on, act i ve T l ymphopoi esi s was obser ved i nsi de t he
gr af t s and cel l s t hat wer e negat i ve f or T cel l mar ker s wer e f ound t o have col ony- f or mi ng uni t s
f or gr anul ocyt e/ macr ophage ( CFU- GM) and er yt hr oi d bur st - f or mi ng uni t ( BFU- E) act i vi t y i n
t he met hyl cel l ul ose col ony assay. I n addi t i on, st r uct ur es si mi l ar t o nor mal human bone mar r ow
wer e obser ved i nsi de t he Thy/ Li v gr af t s, consi st i ng of bl ast cel l s, mat ur e and i mmat ur e f or ms
of myel omonocyt i c cel l s, and megakar yocyt es . These dat a i ndi cat e l ong- t er m mai nt enance, i n

vi vo, of human pr ogeni t or cel l s f or t he T l ymphoi d, myel omonocyt i c, er yt hr oi d, and mega-
kar yocyt i c l i neages . The r ol e of t he i mpl ant ed f et al l i ver f r agment s was anal yzed usi ng HLA-

mi smat ched Thy/ Li v i mpl ant s . The HLA t ype of t he l i ver donor was f ound on T cel l s and
macr ophages i n t he gr af t . I n addi t i on, cel l s gr own i n t he met hyl cel l ul ose col ony assay and cel l s

i n a bone mar r ow- l i ke st r uct ur e, t he " t hymi c i sl e, " expr essed t he HLA t ype of t he l i ver donor .
Thus, t he Thy/ Li v i mpl ant s pr ovi ded a mi cr oenvi r onment i n whi ch t o f ol l owhuman hemat opoi et i c
pr ogeni t or cel l s f or mul t i pl e l i neages . The f or mat i on of t he Thy/ Li v st r uct ur es al so r esul t s i n
a cont i nuous sour ce of human T cel l s i n t he per i pher al ci r cul at i on of t he SCI D- hu mouse . Though

pr esent f or 5- 11 mo, t hese cel l s di d not engage i n a xenogr af t ( gr af t - ver sus- host ) r eact i on . Thi s
ani mal model , t he f i r st i n whi ch mul t i l i neage human hemat opoi et i c act i vi t y i s mai nt ai ned f or

l ong per i ods of t i me, shoul d be usef ul f or t he anal ysi s of human hemat opoi esi s i n vi vo.

n vi vo exper i ment s wi t h t he l abor at or y mouse have con-
t r i but ed much t o our under st andi ng of t he mammal i an

hemat opoi et i c syst em. Adopt i ve t r ansf er of congenei c hema-

t opoi et i c cel l s i nt o l et hal l y i r r adi at ed host s has shown t hat
some popul at i ons of cel l s have t he capaci t y t o di f f er ent i at e

al ong mul t i pl e l i neages . Mat ur e pr ogeny ar e t her eaf t er as-
sayed by sampl i ng cel l s i n t he per i pher al bl ood and/ or col o-
ni es f or med i n t he spl een ( 1) . I n t hi s f ashi on, consi der abl e
i nf or mat i on has been gat her ed about mur i ne hemat opoi et i c
pr ogeni t or cel l s ( 2- 5) . The i n vi vo ef f ect s of hemat opoi et i c
gr owt h f act or s have al so been demonst r at ed i n exper i ment s
wi t h l abor at or y ani mal s ( 6- 9) .

Met hods accept abl e f or use i n t he mouse cannot be easi l y

t r ansf er r ed t o man . As a r esul t , anal ogous aspect s of human
hemat opoi esi s ar e much l ess wel l def i ned. Sever al at t empt s
have been made i nst ead t o t r ansf er cr i t i cal el ement s of t he

human hemat opoi et i c syst emi nt o a mouse ( 10- 12) . Af t er i n-
t r avenous i nocul at i on of human bone mar r ow cel l s i nt o i m-
munodef i ci ent bg/ nu/ xi d mi ce, human col ony- f or mi ng uni t s
f or macr ophage and gr anul ocyt e/ macr ophage ( CFU- M and
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CFU- GM) , ' and er yt hr oi d- bur st f or mi ng uni t s ( BFU- E)
wer e l at er r ecover ed f r om t he mouse bone mar r ow ( 12) . I n
anot her exper i ment , pr ogeni t or cel l s f r omhuman f et al l i ver
wer e admi ni st er ed i nt r avenousl y t o i mmunodef i ci ent C. B- 17
sci d/ sci d ( SCI D) mi ce ( 13) t hat had been pr evi ousl y engr af t ed
wi t h human f et al t hymus . Lat er , t he mat ur at i on of human
T cel l s and myel omonocyt i c cel l s coul d be obser ved ( 14) . Al -
t hough each of t hese exper i ment al syst ems di d show evi dence
of human hemat opoi esi s, nei t her pr ovi ded condi t i ons neces-
sar y f or l ong- t er m r econst i t ut i on wi t h human cel l s of mul -
t i pl e l i neages . Li kel y, human hemat opoi et i c st em cel l s wer e
ei t her not pr ovi ded, not mai nt ai ned, and/ or unabl e t o di f f er en-
t i at e as t hey nor mal l y woul d .

Gi ven t he compl ex r egul at or y mechani sms t hat sur r ound
hemat opoi esi s, i t seems l i kel y t hat human st em cel l s woul d
best sur vi ve wi t hi n a physi ol ogi c mi cr oenvi r onment t hat i s

1 Abbr evi at i ons used i n t hi s paper . BFU- E, er yt hr oi d bur st - f or mi ng uni t ;
CFU- c, col ony- f or mi ng uni t s i n cul t ur e ; CFU- GM, CFU f or gr anul o-

cyt e/ macr ophage ; gw, gest at i onal weeks ; TN, t r i pl e negat i ve .
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human . I n each of t he exampl es ci t ed above, such a mi cr oen-
vi r onment was not pr ovi ded . We r epor t nowt hat when i n-
t act f r agment s of human f et al l i ver and t hymus ar e coi m-
pl ant ed i nt o t he SCI D mouse, st r uct ur al el ement s si mi l ar t o
human bone mar r ow ar e obser ved t o f or mand t o r emai n f unc-
t i onal f or per i ods of t i me as l ong as 15 mo. These el ement s
ar e associ at ed wi t h mul t i l i neage human hemat opoi et i c di f f er en-
t i at i on . Thi s ani mal model shoul d pr ovi de a power f ul t ool
f or t he anal ysi s of t he physi ol ogy and pat hophysi ol ogy of
human hemat opoi esi s .

Mat er i al s and Met hods

Const r uct i on of SCI D- hu Mi ce.

	

Homozygous C. B- 17 sci d/ sci d mi ce
( SCI D) wer e br ed, t r eat ed wi t h ant i bi ot i cs as descr i bed ( 14) , and
used when 6- 8 wk ol d . Met hoxyf l ur ane anest hesi a was appl i ed
dur i ng al l oper at i ve pr ocedur es . Bef or e i mpl ant at i on, cel l s f r om
human f et al t hymus ( 14- 23 gest at i onal weeks [ gw] ) or l i ver ( 18- 23
gw) wer e t yped f or MHCcl ass I al l oant i gens on a FACS. Thymus
and l i ver wer e cut wi t h a shar p bl ade i nt o smal l pi eces ( N1 x 1
x 1 mm) . One t o t wo of t hese f r agment s wer e i mpl ant ed under
t he ki dney capsul e of SCI D mi ce wi t h a 18- gauge t r ocar . At t en-
t i on was pai d t o conf i r m t hat t hese f r agment s st ayed cl ose t oget her
under t he capsul e. Mi ce r ecei vi ng t hymus f r agment al one wer e desi g-
nat ed Thy/ - ; t hose i mpl ant ed wi t h a combi nat i on of t hymus and
l i ver f r agment s wer e desi gnat ed Thy/ Li v. Based on t he HLA al l o-
t ype anal ysi s, Thy/ Li v i mpl ant s t hat wer e al l ogenei c wi t h r espect
t o one anot her wer e pr epar ed so t hat cel l movement coul d l at er
be t r aced.

Anal ysi s of Thymi c Gr af t s .

	

The mi ce wer e ki l l ed by cer vi cal di s-
l ocat i on and t he gr af t under t he ki dney capsul e was r emoved under
st er i l e condi t i ons and pl aced i n HBSS ( wi t hout phenol r ed; Gi bco
Labor at or i es, Gr and I sl and, NY) suppl ement ed wi t h 2%FCS and
10 mMHepes ( HBSS- FCS) . Appr oxi mat el y one- t hi r d of t he t i ssue
was f r ozen f or i mmunohi st ol ogy; t he r emai nder was t eased i nt o
a si ngl e cel l suspensi on f or anal ysi s by i mmunof l uor escence ( f or
phenot ype) and by met hyl cel l ul ose cul t ur e ( f or t he pr esence of
col ony- f or mi ng uni t s) .

Ant i bodi es.

	

Mouse mAbs agai nst human T cel l mar ker s and
human MHCcl ass I ant i gens wer e di r ect l y conj ugat ed wi t h FI TC
or PE. These i ncl uded OKT3 ( CD3) , OKT4 ( CD4) , OKT8 ( CD8) ,
W6/ 32 ( monomor phi c cl ass I det er mi nant ) , MA2 . 1 ( HLA- A2,
B17) , BB7. 2 ( HLAA2) , BB7. 1 ( HLAB7, Bw42) , MB40 . 2( HLA
B7, B40) , and GAPA3 ( HLA- A3) . FI TC- or PE- HLel ( CD45) and
LeuMl ( CD15) wer e pur chased f r om Bect on Di cki nson I mmu-
nocyt omet r y Syst ems, San Jose, CA. The mouse mAb MEM- 43,
whi ch st ai ns al l hemat opoi et i c cel l s of human or i gi n, was ki ndl y
pr ovi ded by Dr . VHof ej §i , I nst i t ut e of Mol ecul ar Genet i cs, Czecho-
sl ovak Academy of Sci ences, Pr aha, Czechosl ovaki a ( 15) . The mouse
mAb Ly5. 1 was obt ai ned f r omDr . G. Spangr ude, Rocky Moun-
t ai n Labor at or i es, Hami l t on, MT, i t r eact s agai nst most of t he he-
mat opoi et i c cel l s i n t he SCI D mouse . Bot h MEM- 43 and Ly5. 1
wer e bi ot i nyl at ed . Al l ant i bodi es and r eagent s wer e t i t r at ed and
used at sat ur at i ng concent r at i ons .

I mmunohi st ochemi st r y.

	

Phenot ypi c char act er i zat i on of cel l s i n bi -
opsy sect i ons f r omt he gr af t s was car r i ed out usi ng st andar d t ech-
ni ques . I n br i ef , 6- P. m f r ozen sect i ons wer e pr epar ed, f i xed wi t h
acet one, and t hen sequent i al l y i ncubat ed wi t h a f i r st - st age mAb
f ol l owed by bi ot i nyl at ed hor se ant i - mouse I gG( Vect or Labor at o-
r i es, I nc . , Bur l i ngame, CA) . Al kal i ne phosphat ase ( ALP) - conj ugat ed
avi di n ( Cal t ag Labor at or i es, Sout h San Fr anci sco, CA) was added
and vi sual i zed usi ng t he subst r at e napht hol - AS phosphat e ( Si gma

1056

	

Long Ter m Human Hemat opoi esi s I n Vi vo

Chemi cal Co. , St . Loui s, MO) wi t h Fast Bl ue BB sal t ( Si gma Chem-
i cal Co. ) . Endogenous phosphat ase act i vi t y was bl ocked by addi ng
l evami sol e ( 0 . 25 mM) i n t he r eact i on .

Col ony- f ar mi ng Uni t s i n Cul t ur e ( CFU- c) Assay.

	

Sel ect i on f or cel l s
t hat wer e t r i pl e negat i ve ( TN) f or CD3, CD4, and CD8 was
per f or med by i mmunomagnet i c bead separ at i on ( 5, 16) . The cel l
suspensi on was i ncubat ed f i r st wi t h a cockt ai l of ant i bodi es, FI TC-
OKT3, - OKT4, and - OKT8, and t hen wi t h magnet i c beads cou-
pl ed t o sheep ant i - FI TC ant i bodi es ( Advanced Magnet i cs, Cam-
br i dge, MA) . CD3' , 4' , and 8' cel l s wer e r emoved by magnet i c
depl et i on . The degr ee of enr i chment of t he TN cel l s was det er -
mi ned af t er war ds by FRCS. The TN f r act i on as wel l as unsepa-
r at ed popul at i ons wer e assayed f or t he pr esence of cl onal hemat o-
poi et i c pr ogeni t or cel l s i n semi sol i d medi um, usi ng pr evi ousl y
descr i bed met hods ( 17) . Br i ef l y, TNcel l s or whol e t hymocyt es wer e
pl at ed i n 35- mmpet r i di shes at a concent r at i on of 5- 10 x 10^/ ml
or 1 x 106/ ml , r espect i vel y, i n 1- ml cul t ur es consi st i ng of 1%
met hyl cel l ul ose ( 1, 500 cent i poi ses, Si gma Chemi cal Co . ) i n I MDM
( Gi bco Labor at or i es) cont ai ni ng 20%FCS, 0. 05 mM2- ME, 200
mmL- gl ut ami ne, 0. 8% l ept - al bumi n ( Ar mour Phar maceut i cal ,
Tar r yt own, NY) , 0. 08% NaHC03, and human r ecombi nant
er yt hr opoi et i n ( Amgen Bi ol ogi cal s, Thousand Oaks, CA) at t he
concent r at i on of 1 U/ ml , and 10%Mo- condi t i oned medi a ( 18) .
The met hyl cel l ul ose cul t ur es wer e i ncubat ed at 37° C i n a humi di f i ed
at mospher e of 5%C0 2 i n ai r and wer e count ed af t er 10- 14 d t o
det er mi ne t he t ot al number of col oni es per di sh. CFU- c wer e char ac-
t er i zed as havi ng gr eat er t han 30 cel l s and consi st ed mai nl y of gr an-
ul ocyt es and macr ophages ( CFU- GM) or mul t i pl e cl ust er s of
er yt hr oi d cel l s ( BFU- E) , al t hough ot her l i neages coul d be obser ved
i n some of t he col oni es . The number of t he col oni es was nor mal -
i zed per 105 pur e TN cel l s based on t he r esul t s of FACS anal ysi s
of t he cel l s af t er magnet i c bead separ at i on .

I mmunof uor escence Anal ysi s .

	

I mmunof l uor escence anal ysi s wi t h
a si ngl e l aser FACScan ( Bect on Di cki nson I mmunocyt omet r y
Syst ems) was per f or med wi t h t he cel l suspensi ons f r om t he gr af t s
and cel l s r ecover ed f r om CFU- c . Thymocyt es f r om t he gr af t s wer e
anal yzed f or t hei r CD4/ CD8 pr of i l es wi t h PE- OKT4 and FI TC-
OKT8 . Cel l s f r omCFU- GMand BFU- Ecol oni es i n t he met hyl -
cel l ul ose cul t ur es wer e pi cked wi t h a nar r owed gl ass pi pet t e and
pool ed . They wer e t hen st ai ned wi t h bi ot i nyl at ed MEM- 43 or Ly5 . 1
f ol l owed by FI TC- avi di n ( Cal t ag Labor at or i es) as t he second st age .
For t he anal ysi s of al l ogenei c Thy/ Li v const r uct s, t he HLA t ypes
of t he t hymocyt es and t he cel l s r ecover ed f r ommet hyl cel l ul ose cul -
t ur e wer e det er mi ned wi t h mAbs agai nst al l ot ypes of MHCcl ass
I ant i gens . Cel l s wer e r esuspended i n HBSS- FCS cont ai ni ng 1 t ag/ ml
pr opi di umi odi de and anal yzed wi t h gat es set t o excl ude debr i s,
cl umps, and dead cel l s .

Resul t s

Coi mpl ant at i on of Human Fet al Li ver and Thymus Resul t s i n
Act i ve Human Hemat opoi esi s. SCI D- hu mi ce wer e const r uct ed
by i mpl ant i ng smal l f r agment s of human f et al t hymus and/ or
f et al l i ver beneat h t he ki dney capsul e. When t hymus i mpl ant s
wer e engr af t ed al one ( desi gnat ed Thy/ - ) , most ( >90%) wer e

obser ved t o i ni t i al l y gr ow and t hen r ecede. Wi t hi n 3 mo,
t he gr af t s wer e smal l and f i r m by gr oss exami nat i on . Cor -
t i cal t hymocyt es wer e depl et ed at t hat t i me ( Fi g . 1 A) and
human T cel l s wer e no l onger det ect abl e i n t he per i pher al
bl ood. I n a mi nor i t y of cases ( <10%) , Thy/ - gr af t s wer e
mai nt ai ned as l ong as 11 mo . I n t hese ani mal s, cor t i cal and



medul l ar y t hymocyt es r emai ned i nt act and human T cel l s con-
t i nued t o mat ur e i nt o t he per i pher al ci r cul at i on ( see Tabl e 1) .

Cont i nuous human T l ymphopoi esi s occur r ed much mor e
f r equent l y when i nt act f r agment s of f et al t hymus and l i ver
wer e coi mpl ant ed i nt o t he same SCI D- hu mi ce ( desi gnat ed
Thy/ Li v) . I n 50%of ani mal s, human T cel l s wer e det ect abl e
i n t he per i pher al ci r cul at i on at 6 mo ( and i n some cases, f or
per i ods of t i me as l ong as 15 mo) . On gr oss exami nat i on,
t he gr af t s i n t hese ani mal s wer e l ar ge and sof t . Mi cr oscopi -
cal l y, t he hi st ol ogy showed a t hymus st r uct ur e whi ch was
i ndi st i ngui shabl e f r omt hat of a nor mal human t hymus ( Fi g .
1 B) . Act i ve T l ymphopoi esi s was r ef l ect ed i n cor t i cal and
medul l ar y ar eas t hat wer e f i l l ed wi t h t hymocyt es . I n cont r ast
t o t he depl et i on of cor t i cal doubl e- posi t i ve cel l s obser ved i n
most Thy/ - gr af t s, FACS anal ysi s of Thy/ Li v gr af t s showed
CD4/ CD8 pr of i l es cont ai ni ng doubl e- posi t i ve t hymocyt es
compar abl e t o t he l evel s f ound i n nor mal f et al t hymus ( Tabl e
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Fi gur e 1 .

	

Hi st ol ogi cal f eat ur es of t he

gr af t s . ( A) Typi cal hi st ol ogy of Thy/ -
gr af t s wi t hout hemat opoi et i c act i vi t y,
3 mo af t er i mpl ant at i on . The cor t i cal

ar ea i s mai nl y composed of epi t hel i al
cel l s ( upper hay) ; smal l number of l ym-

phocyt es ar e obser ved i n t he medul l a
( l ouvr hay) ( Gi emsa st ai ni ng, x 80) . ( B)

Typi cal hi st ol ogy of Thy/ Li v gr af t s

wi t h hemat opoi et i c act i vi t y, 6 mo af t er
i mpl ant at i on. Bot h cor t i cal ( upper hay)
and medul l ar y ( bur r hay) ar eas ar e f i l l ed
wi t h t hymocyt es and t he st r uct ur e of

t he t hymus i s i ndi st i ngui shabl e f r om
t hat of a nor mal t hymus ( Gi emsa

st ai ni ng, x80) . ( C) The st r uct ur e of
t he t hymi c i sl e. Bl ast cel l s, mat ur e and

i mmat ur e f or ms of myel omonocyt i c
cel l s, and megakar yocyt es ar e obser ved

( Gi emsa st ai ni ng, x320) . ( D) I m-
munoal kal i ne phosphat ase st ai ni ng of

t hymi c i sl e wi t h Leu- Ml . Most of t he
cel l s ar e posi t i ve f or myel omonocyt i c

l i neage mar ker , Leu- Ml . ( x200) .

1) . Hepat ocyt es wer e not obser ved i n t he Thy/ Li v gr af t s, al -
t hough st r uct ur es si mi l ar t o bi l i ar y duct s wer e somet i mes
obser ved i n t he per i pher y of t he gr af t s . Much mor e f r equent l y,
ar eas cont ai ni ng hemat opoi et i c bl ast cel l s, i mmat ur e and ma-
t ur e f or ms of myel omonocyt i c cel l s, and megakar yocyt es wer e
obser ved ( Fi g . 1 C) . Most of t he cel l s f ound i n t hese ar eas
( desi gnat ed t hymi c i sl es) wer e posi t i ve f or t he human my-
el omonocyt i c mar ker , Leu- M1 ( CD15) ( Fi g. 1 D) . Some, i n-
cl udi ng mul t i - nucl eat ed l ar ge cel l s ( as shown i n Fi g. 1 C) ,
wer e al so st ai ned wi t h a mouse mAb agai nst t he pl at el et r el at ed
ant i gen, gpI I b ( CD41) ( AMAC, I nc . , West br ook, ME) .
Thymi c i sl es l ocal i zed i n t he sept al ar ea of t he t hymi c i m-
pl ant , par t i cul ar l y i n ar eas i n whi ch t he sept um i nvagi nat ed
t he t hymi c medul l a ( Fi g . 4 D) . Mi cr oscopi cal l y, t hese ar eas
had a st r uct ur e si mi l ar t o t hat of nor mal human bone mar r ow.
Thymi c i sl es wer e al so obser ved i n t he r ar e Thy/ - gr af t s t hat
sust ai ned hemat opoi esi s f or l ong per i ods of t i me .



These f i ndi ngs suggest ed t hat Thy/ Li v gr af t s wer e associ at ed
wi t h mul t i l i neage human pr ogeni t or cel l act i vi t y . To dem-
onst r at e t hi s act i vi t y di r ect l y, cel l s f r omt he gr af t s wer e pr e-
enr i ched f or TNcel l s by negat i ve sel ect i on f or T cel l mar ker s
( CD3, CD4, CD8) , and t hen pl at ed i n t he met hyl cel l ul ose
col ony assay. The r esul t s, summar i zed i n Tabl e 1, showed
t hat 8 of 10 gr af t s ( 80%) cont ai ned pr ogeni t or cel l act i vi t y
f or CFU- c . Col oni es of bot h t he CFU- GMl i neage and t he
BFU- E l i neage wer e obser ved i n most cases of t he gr af t s, 6- 11
mo af t er t r anspl ant at i on . The cel l s r ecover ed f r omCFU- GM
and BFU- E col oni es wer e pool ed and st ai ned wi t h ei t her t he
human- speci f i c ant i body, MEM- 43, or t he mouse- speci f i c an-
t i body, Ly5 . 1, t o conf i r m t hat t hey or i gi nat ed f r omhuman
pr ogeni t or s ( Fi g . 2) . The vast maj or i t y of t hese cel l s ( >70%)
wer e posi t i ve f or MEM- 43 i n al l t he sampl es anal yzed ( n =
20) ; none of t hem had a si gni f i cant number of mouse cel l s
st ai ned wi t h Ly5 . 1 . Even when most of t he pool ed col oni es
wer e BFU- E, most of t he cel l s wer e st i l l posi t i ve f or MEM-
43 . These r esul t s st r ongl y suggest ed t hat t he cel l s der i ved
f r omCFU- GMand t hose f r omBFU- Ewer e of human or i gi n .

Human Hemat opoi et i c Pr ogeni t or Cel l s i n t he Thy/ Li v Gr af t s
Ar e Der i vedf r om t he Fet al Li ver. Coi mpl ant at i on of syngenei c
f et al l i ver and t hymus r esul t ed i n r epr oduci bl e and l ong- t er m
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human hemat opoi esi s, wher eas i mpl ant at i on of t hymus al one
usual l y di d not . To t est t he possi bi l i t y t hat hemat opoi et i c
pr ogeni t or cel l s and/ or st r omal cel l s f r omt he f et al l i ver wer e
r esponsi bl e f or t hi s act i vi t y, SCI D- hu mi ce wer e pr epar ed
wi t h combi nat i ons of human f et al l i ver and t hymus t hat wer e
al l ogenei c wi t h r espect t o human MHCcl ass I ant i gens. mAbs
agai nst mar ker cl ass I ant i gens wer e t hen used t o t r ace cel l
movement .

I n 23 of t he 41 al l ogenei c Thy/ Li v gr af t s anal yzed ( 56%) ,
l ong- t er mT l ymphopoi esi s ( 5- 11 mo) was document ed bot h
by t he pr esence of mat ur e human T cel l s i n t he per i pher al
ci r cul at i on and by t he mai nt enance of a cor t i cal component
of i mmat ur e CD4+ / CD8 + t hymocyt es . I n addi t i on, hema-
t opoi et i c pr ogeni t or cel l s coul d be det ect ed wi t h a f r equency
( 16 of 19, or 84%) si mi l ar t o t hat of syngenei c Thy/ Li v gr af t s
( 80%) . Some of t hose r esul t s ar e summar i zed i n Tabl e 2 . The
HLA t ypes of medul l ar y t hymocyt es and t he cel l s r ecover ed
f r om CFU- c assay wer e anal yzed. I nvar i abl y, i t was f ound
t hat pr ogeni t or act i vi t y i n t he Thy/ Li v i mpl ant s was der i ved
f r om t he f et al l i ver . A r epr esent at i ve exper i ment i s shown
i n Fi g . 3 . I n t hi s case, t he t hymus donor was HLAA3+,
A2 - , B7 - ( st ai ned wi t h GAPA3) ; t he f et al l i ver donor was
HLA- A3+, A2+, 137 - ( st ai ned wi t h GAPA3 and MA2 . 1) .

' Phenot ype of t hymocyt es, 4+/ 8+ ; CD4 and CD8 doubl e- posi t i ve, 4+/ 8 - ; CD4 si ngl e- posi t i ve, 4- / 8+ ; CD8 si ngl e- posi t i ve, 4 - / 8 - ; CD4 and
CD8 doubl e- negat i ve .
$ CD3 - , CD4 - , CD8 - t r i pl e negat i ve popul at i on .
5 St andar d devi at i on .

I I Cal cul at ed per 106 whol e t hymocyt es .

Tabl e 1 . CD4/ CD8 Pr of i l e and Pr ogeni t or Cel l Act i vi t y i n Fet al Thymus,

Thymocyt es'

Thy/ - , and Thy/ Li v Syngenei c Gr af t s

CFU- c( / 105 TNT)

Const r uct I ncubat i on 4 +/ 8+ 4+ / 8 - 4- / 8+ 4- / 8 - CFU- GM BFU- E

Ungr af t ed ( 19 gw) 85 . 9 6. 9 3. 0 4. 1 20 . 5 15 . 0

t hymus ( 22 gw) 72 . 9 17 . 4 4. 0 5. 6 16 . 9 10 . 0

Thy/ - 9- 11 wk 2. 5 32 . 2 49 . 7 15 . 9 ND ND

( 10 cases) ±6 . 1S ±13. 8 ±15. 1 ±10. 9 ND ND

Thy/ - 11 mo 70 . 1 24 . 6 3. 9 1 . 4 1 . 3 8. 7

11 mo 61 . 1 31 . 8 5 . 5 1 . 7 0. 0 0 . 7

Thy/ Li v 11 mo 71 . 9 20 . 4 6. 7 1 . 0 6. 5 6. 9

11 mo 70 . 4 21 . 9 7 . 0 0. 8 12 . 0 15 . 0

11 mo 60 . 2 29 . 2 9. 2 1 . 5 0. 0 0. 0

7 mo 78 . 1 17 . 0 3. 7 1 . 2 3. 0 36 . 8

7 mo 77 . 5 17 . 4 4. 3 0. 8 17 . 0 50 . 8

7 mo 74 . 0 19 . 7 4. 5 1 . 9 5. 6 11 3, 211

6 mo 73 . 1 20 . 5 5 . 2 1 . 2 4. 0 22 . 7

6 mo 72 . 2 22 . 2 4. 5 1 . 1 44 . 6 60 . 8

6 mo 49 . 5 33 . 5 15 . 1 1 . 9 2. 6 6 . 9

6 mo 7. 0 20 . 0 8. 8 64 . 2 0. 0 0. 0



Fi gur e 2 .

	

I mmunof l uor escence anal ysi s of t he cel l s r ecover ed f r omCFU- c

assay. The cel l s r ecover ed f r om t he met hyl cel l ul ose cul t ur e wer e st ai ned

wi t h ei t her human- speci f i c ant i body, MEM- 43 ( A) , or mouse- speci f i c an-

t i body, Ly5 . 1 ( B) . Cel l s st ai ned wi t h FI TC- avi di n as a cont r ol showed

mi ni mumr eact i vi t y ( 0 . 16%) . Most of t he cel l s wer e posi t i ve f or MEM- 43
( 76%) , wher eas a smal l popul at i on of t he cel l s wer e posi t i ve f or Ly5 . 1

( 3 . 8%) .

6 mo af t er coi mpl ant at i on of t hese or gans, FACS anal ysi s of
medul l ar y t hymocyt es demonst r at ed hi gh l evel st ai ni ng wi t h
t he ant i - HLA cl ass I f r amewor k ant i body, W6/ 32, and t he
ant i body speci f i c f or t he f et al l i ver donor , MÁ2 . 1 ( Fi g. 3 A) .
When CD3 - , CD4 - , CD8 - t hymocyt es wer e pl at ed i n
met hyl cel l ul ose, CFU- GM, and BFU- Ef or med . These cel l s,
t oo, wer e st ai ned wi t h MÁ2 . 1 and posi t i ve f or HLA- A2 ( Fi g .
3 B) .

The al l ogenei c coi mpl ant s of f et al l i ver and t hymus wer e
exami ned by i mmunohi st ol ogy. I n a r epr esent at i ve exampl e
shown i n Fi g . 4, t he t hymus donor was HLAB7+ ( st ai ned
wi t h BB7 . 1 and MB40 . 2) and t he f et al l i ver donor was HLA
A2+ ( st ai ned wi t h MA2 . 1 and BB7 . 2) . 7 mo af t er coi mpl an-
t at i on, bi opsy sect i ons wer e st ai ned wi t h ei t her ant i body . Ep-
i t hel i al cel l s i n t he cor t ex and medul l a wer e st i l l HLA- B7
( Fi g. 4 A) . Most of t he ot her cel l s i n t he gr af t wer e der i ved,
however , f r om t he HLA- A2+ f et al l i ver donor . These i n-
cl uded medul l ar y t hymocyt es, macr ophages i n t he cor t ex ( Fi g .
4 B) , as wel l as t he di ver se popul at i ons of cel l s f ound wi t hi n
t he t hymi c i sl es ( Fi g . 4, C and D) .

The r esul t s of t he HLA t ypi ng of t hymocyt es, macr ophages
i n t hymus, and cel l s r ecover ed f r omCFU- c assay ar e summa-
r i zed i n Tabl e 2. Cor t i cal macr ophages and medul l ar y t hymo-
cyt es showed t he HLA t ype of t he f et al l i ver donor i n al l
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Fi gur e 3 .

	

Anal ysi s of HLA t ype of t hymocyt es ( A) and CFU- c ( B)

or i gi nat i ng f r om al l ogenei c Thy/ Li v gr af t , 6 mo af t er i mpl ant at i on . The
t hymus donor was posi t i ve f or GAPA3 and t he l i ver donor f or bot h GAPA3

and MÁ2 . 1 . Ant i body BB7 . 1, whi ch was i r r el evant t o bot h donor s, was
i ncl uded as a cont r ol . ( A) The t hymocyt e suspensi on was st ai ned wi t h

t he cockt ai l of PE- OKT3, - OKT4, and - OKT8 and FI TCW6/ 32, - MÁ2 . 1,
or - BB7 . 1 . Those t hat expr ess MHCcl ass I ant i gens ( def i ned by W6/ 32)
wer e posi t i ve f or t he HLA t ype of t he f et al l i ver donor ( MÁ2. 1) . ( B) Cel l s
r ecover ed f r om met hyl cel l ul ose cul t ur e wer e st ai ned wi t h FI TCW6/ 32,

- MÁ2 . 1 or - BB7 . 1 . Cel l s posi t i ve f or W6/ 32 and t he f et al l i ver donor
t ype ( MÁ2 . 1) wer e obser ved.

cases anal yzed by i mmunohi st ol ogy. Al t hough medul l ar y
t hymocyt es wer e obser ved by FRCS anal ysi s t o have a chi -
mer i c st at us i n some cases, t he maj or popul at i on was shown
by HLA t ypi ng t o or i gi nat e f r omt he f et al l i ver donor . Mi xed
cel l popul at i ons compr i sed of CFU- GMand BFU- E wer e
al so demonst r at ed t o or i gi nat e f r om f et al l i ver donor . How-
ever , t hese wer e l i kel y t o r epr esent t he HLA t ypes expr essed
on gr anul ocyt e/ macr ophage l i neage cel l s because not al l of
t he cel l s f r om BFU- E may expr ess HLA mol ecul es . Thus,
i n associ at i on wi t h t he mi cr oenvi r onment of t he f et al t hymus,
pr ogeni t or cel l ( s) car r i ed wi t hi n t he f et al l i ver f r agment s wer e
abl e t o gi ve r i se t o l ong- t er m T cel l mat ur at i on as wel l as
t o di f f er ent i at i on al ong t he myel omonocyt i c and possi bl y
er yt hr oi d pat hways .

Absence of Gr af t - ver sus- Host Di sease i n SCI D- hu Mi ce af t er
Long- Ter mHemat opoi et i c Reconst i t ut i on . The SCI D- hu mi ce
descr i bed i n t hi s r epor t had mat ur e human T cel l s i n t he pe-
r i pher al ci r cul at i on f or l ong per i ods of t i me . I n ot her exper i -
ment s, t hese cel l s have been shown t o be f unct i onal , r espondi ng
i n vi t r o t o mi t ogens as wel l as t o ant i bodi es agai nst CD3
( Kr owka, J. F. , et al . , manuscr i pt i n pr epar at i on) . To eval uat e
whet her t hese cel l s wer e r eact i ng agai nst t he host mouse
t i ssues, or gans such as l i ver , ski n, gut , spl een, and l ung f r om
a t ot al of 10 SCI D- hu mi ce wer e exami ned 5- 11 mo af t er
Thy/ Li v i mpl ant at i on . Macr oscopi cal l y and mi cr oscopi cal l y,
no pat hol ogi cal changes of gr af t - ver sus- host di sease ( GVHD)
wer e obser ved .



Di scussi on

I n t hi s r epor t , we descr i be an i mpr oved const r uct i on of
t he SCI D- hu mouse. When human f et al l i ver was t r anspl ant ed
i nt o t he SCI D mouse as an i nt act or gan al ong wi t h human
f et al t hymus, human hemat opoi esi s was est abl i shed r epr oduc-
i bl y, al ong mul t i pl e l i neages, and f or l ong per i ods of t i me .
The t wo or gans j oi ned as uni que Thy/ Li v st r uct ur es, whi ch
of t en devel oped f ocal ar eas of hemat opoi et i c act i vi t y . Mi cr o-
scopi cal l y, t hese ar eas ( t hymi c i sl es) wer e si mi l ar t o nor mal
human bone mar r ow, cont ai ni ng bl ast cel l s, i mmat ur e and
mat ur e f or ms of gr anul ocyt es, and megakar yocyt es . When
pl at ed i n t he met hyl cel l ul ose col ony assay t o t est f or hemat o-
poi et i c pr ogeni t or cel l act i vi t y, t he Thy/ Li v gr af t s yi el ded
CFU- c f or t he myel omonocyt i c and er yt hr oi d l i neages . I n
vi vo, pr ogeni t or s t o t he T l ymphoi d l i neage wer e evi denced
by t he cont i nued pr oduct i on of i mmat ur e cor t i cal t hymo-
cyt es and mat ur e human T cel l s i n t he t hymus and t hei r
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Fi gur e 4 . The expr essi on of t he

MHC cl ass I ant i gens i n an al l ogenei c
Thy/ Li v gr af t , 7 mo af t er i mpl ant at i on,

as anal yzed by i mmunoal kal i ne phos-
phat ase met hod. The t hymus donor

was posi t i ve f or HLA- B7 ( st ai ned wi t h
BB7 . 1 and MB40. 2) and t he f et al l i ver

donor was posi t i ve f or HLAA2 ( st ai ned
wi t h MA2 . 1 and BB 7 . 2) . ( A) Sect i on

was st ai ned wi t h BB7. 1 . Epi t hel i al cel l s
i n bot h cor t i cal ( upper hay) and medul -

l ar y ( l ower hay) ar eas wer e posi t i ve f or

t hymus donor t ype, HLA- B7 ( x 120) .

( B) Sect i on was st ai ned wi t h MA2 . 1 .

Medul l ar y t hymocyt es ( l ower hay) and

macr ophages wi t h dendr i t i c shape i n

t he cor t i cal ar ea ( upper hay) wer e posi -

t i ve f or t he l i ver donor t ype, HLA- A2

( x120) . ( C) Sect i on was st ai ned wi t h

MA2 . 1. Cel l s i n t he t hymi c i sl e ( cent er )
as wel l as medul l ar y t hymocyt es ( l ower

l ef t ) wer e posi t i ve f or t he l i ver donor
t ype, HLA- A2 ( x160) . ( D) Hi st ol ogy
of t he t hymi c i sl e shown i n C. The

cl ust er of myel omonocyt i c cel l s i s l o-
cat ed i n t he sept al ar ea adj acent t o t he

medul l ar y ar ea of t he t hymus ( Gi emsa
st ai ni ng,

	

x 160) .

pr ogeny i n t he per i pher al bl ood . Al l of t hese pr ogeni t or ac-
t i vi t i es wer e mai nt ai ned i n t he Thy/ Li v gr af t s f or per i ods
of t i me r angi ng bet ween 5 and 11 mo. Fi nal l y, al l wer e de-
r i ved f r omhemat opoi et i c cel l s donat ed by t he f et al l i ver , and
not t he f et al t hymus, i mpl ant . These f i ndi ngs i ndi cat e t hat
SCI D- hu mi ce wi t h human Thy/ Li v coi mpl ant s cont ai n
st r omal mi cr oenvi r onment ( s) r equi si t e f or t he l ong- t er m mai n-
t enance of human hemat opoi et i c pr ogeni t or cel l s. As such,
t hi s ani mal model per mi t s syst emat i c eval uat i on of human
hemat opoi esi s .

I n pr evi ous st udi es wi t h SCI D- hu mi ce, l ong- t er m human
hemat opoi esi s di d not occur ( 14) . I mmat ur e cor t i cal t hymo-
cyt es of t he human t hymi c gr af t event ual l y became depl et ed ;
mat ur e human T cel l s i n t he per i pher al bl ood di sappear ed
af t er 2- 3 mo. These cel l s may have been dest r oyed, sequest er ed
el sewher e, and/ or si mpl y not r epl eni shed. Gi ven t he desi gn



" See same f oot not e of Tabl e 1 l egend .
t See same f oot not e of Tabl e 1 l egend .
S HLA t ype of macr ophages i n t hymus anal yzed by i mmunohi st ol ogy .
I I HLA t ype of medul l ar y t hymocyt es anal yzed by i mmunohi st ol ogy/ FACS.
1 HLA t ype of cel l s der i ved f r om CFU- GM and BFU- E anal yzed by FACS.
" See f oot not e I I of Tabl e 1 l egend .
# HLA t ype of f et al l i ver donor .

of t he exper i ment , t he l at t er possi bi l i t y seemed pr obabl e. The
hemat opoi et i c cel l f r act i on of human f et al l i ver ( cont ai ni ng

pr ogeni t or cel l act i vi t y) had been t eased away f r omt he st r omal
mat r i x of t he or gan . Once i nj ect ed i nt r avenousl y i nt o SCI D- hu
mi ce wi t h human t hymi c i mpl ant s, l ong- t er m hemat opoi -
esi s di d not ensue. Li kel y, hemat opoi et i c pr ogeni t or cel l s had
been pr ovi ded i n l i mi t i ng number s and/ or wi t hout t he neces-
sar y condi t i ons f or sel f - r enewal .

I n t he cur r ent st udy, t he f et al l i ver was i nst ead i mpl ant ed
i nt act . Hemat opoi et i c pr ogeni t or cel l s wer e i nt r oduced t o-
get her wi t h t he hepat i c st r omal cel l s wi t h whi ch t hey nor -
mal l y i nt er act . Techni cal l y and concept ual l y, t hi s pr ocess i s
si mpl e. Wi t h f ewer mani pul at i ons, mor e of t he el ement s neces-
sar y f or act i ve human hemat opoi esi s ( most of whi ch ar e un-
known) may be i mpl ant ed as a f ul l y f unct i onal uni t . The
l i ver gr af t s do not gr ow on t hei r own when pl aced beneat h
t he ki dney capsul e of t he SCI D mouse. When, however , t he
f et al l i ver i s coi mpl ant ed wi t h gr af t s of human t hymus, a
novel st r uct ur e ( Thy/ Li v) i s f or med. I n many cases, t hi s st r uc-
t ur e i s associ at ed wi t h mul t i l i neage human pr ogeni t or cel l
act i vi t y when assayed i n vi t r o. Funct i onal hemat opoi esi s i s
t hen mai nt ai ned i n vi vo f or per i ods of t i me as l ong as 15 mo.

Mul t i pl e dynami cs may under l i e t he genesi s of t he Thy/ Li v
st r uct ur e . I t i s possi bl e t o envi si on a chi mer i c associ at i on be-
t ween some cel l popul at i ons of t he f et al l i ver and t hose of
t he t hymus . Fet al l i ver cel l s t hat move i nt o t he par enchyma
of t he t hymus coul d t her eaf t er be mai nt ai ned. Coi mpl ant a-
t i on of f et al l i ver adj acent t o t hymus may al so have an i n-

1061

	

Nami kawa et al .

di r ect ef f ect , e. g. , by way of di f f usi bl e f act or s . I n al l pr oba-
bi l i t y, t hese and ot her i nf l uences occur si mul t aneousl y . The
hemat opoi et i c cel l f r act i ons of t he f et al l i ver donor , f or i n-
st ance, move i nt o and/ or t hr ough t he t hymus . Demonst r at ed
i n a t r ansi ent assay bef or e, t hi s di f f er ent i at i on pr ocess i s shown
her e t o occur i n a f ashi on whi ch i s bot h st abl e and r epr oduc-
i bl e. Over 50%of t he Thy/ Li v i mpl ant s sust ai n human he-
mat opoi esi s . Al l of t hose anal yzed i n an al l ogenei c set t i ng
demonst r at e r epopul at i on by t he hemat opoi et i c cel l s f r om
t he f et al l i ver donor . I t i s not cl ear t hat t he st r omal cel l s of
t he t hymi c i sl es ar e al so der i ved f r om t he f et al l i ver donor .
These cel l s may i nst ead be t hymi c- der i ved and wi t h di ver se
bi ol ogi c pot ent i al . I n t he cur r ent st udi es, some SCI D- hu mi ce
wi t h t hymi c i mpl ant s al one showed t he same, suggest i ng t hat
t he t hymus i t sel f has t he mi cr oenvi r onment ( s) t hat can sup-
por t pr ogeni t or cel l s . Ot her s have r epor t ed pr ogeni t or cel l
act i vi t y i n f et al and neonat al t hymus ( 19 ; Wei l baecher , K. N. ,
unpubl i shed obser vat i ons) and t he act i vi t y of t hymi c epi t he-
l i al cel l s t o i nduce myel omonocyt i c di f f er ent i at i on of pr ogeni t or
cel l s ( 19) .

I r r espect i ve of t he pat hways by whi ch t he Thy/ Li v i m-
pl ant s ar e f or med, t he dat a suggest t hat t hey ar e sui t abl e
mi cr oenvi r onment s f or t he l ong- t er m mai nt enance of human
hemat opoi et i c pr ogeni t or cel l s. Usi ng a combi nat i on of i n
vi t r o and i n vi vo assays, mat ur at i on of t hese cel l s i nt o t he
T l ymphoi d, er yt hr oi d, myel omonocyt i c, and megakar yocyt i c
ser i es was obser ved . I t i s not cl ear whet her t her e i s one l ong-
l i ved popul at i on of pl ur i pot ent ( st em) cel l s and/ or mul t i pl e

Tabl e 2 . CD4/ CDS Pr of i l e, Pr ogeni t or Cel l Act i vi t y, and HLA Type of Var i ous Li neages of Cel l s i n Al l ogenei c Thy/ Li v Cr af t

Thymocyt es" CFU- c( / 105 TM) HLA

I ncubat i on 4+/ 8+ 4+/ 8 - 4 - / 8+ 4- / 8 - CFU- GM BFU- E Mos TI I CFU- ct

8 mo 72 . 0 23 . 4 3. 6 1. 0 0. 0 0. 0 Lt # L/ L ND

7 mo 86 . 7 10 . 4 2 . 2 0. 8 85 . 9 0. 0 L L/ ND L

7 mo 57 . 6 30 . 4 9 . 3 2. 7 0. 0 0. 0 L L/ ND ND

6 mo 79 . 9 14 . 9 4 . 5 0. 7 0. 0" 1 . 3" " L L/ L ND

6 mo 79 . 8 14 . 9 3 . 7 1 . 5 19 . 3 38 . 5 L L/ L L

6 mo 73 . 7 18 . 9 5 . 7 1 . 7 8. 1 48 . 4 L L/ L L

5 mo 85 . 0 8. 8 5 . 6 0. 6 4. 8' " 4. 8" " L L/ L ND

5 mo 82 . 8 11 . 4 5 . 3 0. 5 6 . 5 3 . 5 L L/ L L

5 mo 79 . 7 13 . 2 6. 6 0. 5 3. 7 2. 4 L L/ L L

5 mo 76 . 2 14 . 1 8 . 9 0. 8 0. 8" ' 0 . 0" " L L/ L ND

5 mo 67 . 2 24 . 4 7. 4 1 . 1 0 . 0 1 . 0 ND L/ L ND

5 mo 65 . 2 25 . 0 8 . 7 1 . 1 3. 5 4. 0 ND L/ L L



popul at i ons of l ong- l i ved, l i neage- r est r i ct ed pr ogeni t or s . I t
i s now possi bl e, however , t o di scr i mi nat e among t hese al t er -
nat i ves and t o i dent i f y di ver se subpopul at i ons of cel l s by t r ans-
f er r i ng t hem speci f i cal l y i nt o SCI D- hu mi ce wi t h Thy/ Li v
i mpl ant s . Taki ng advant age of t he uni que mi cr oenvi r onment
of t hese i mpl ant s, t he mouse coul d t hus pr ovi de an i n vi vo
r ead- out f or human hemat opoi et i c pr ogeni t or cel l s .

The i mpr ovement s r epor t ed her e i n t he SCI D- hu mouse
ar e st i l l not compl et e. Fi r st , bi ol ogi c var i abi l i t y r emai ns be-
t ween donor t i ssues, i ndi vi dual ani mal s, and cohor t s of
ani mal s . Even gr oss f unct i ons, such as t he pr esence or ab-
sence of sust ai ned hemat opoi esi s, ar e onl y obser ved i n 50%
of t he ani mal s . Even among t hese ani mal s, t her e i s a r ange
i n t he l evel of r econst i t ut i on by donor f et al l i ver hemat opoi -
et i c cel l s. Such bi ol ogi c di ver si t y i s a r eal i t y i n any compl ex
syst em. Exper i ment al desi gns must t her ef or e be ei t her i nde-
pendent of t hese var i abl es or obser vant of t hei r ef f ect of t he
dat a. On a mor e gener al l evel , t he hemat opoi et i c f unct i on
of t he Thy/ Li v t r anspl ant s i s i n some obvi ous ways di f f er ent
t han t hat whi ch occur s physi ol ogi cal l y i n man . Even t hough
human pr ogeni t or cel l s t o mul t i pl e l i neages can be mai nt ai ned,
not al l of t hemdi f f er ent i at e wi t h equal ef f i ci ency i n vi vo . When
anal yzed by FACS, human T cel l s ar e f ound i n t he per i pher y
but no cel l s i n ot her l i neages, such as B cel l s, gr anul ocyt es,
and macr ophages ar e obser ved . Myel omonocyt i c cel l s and
megakar yocyt es ar e conf i ned i nst ead wi t hi n t he Thy/ Li v pa-
r enchyma . Fur t her , even t hose cel l popul at i ons t hat do di f f er en-
t i at e wel l i n t he SCI D- hu ( e . g. , T cel l s) do not exi st l at er
i n abundance. I f t hese ar e poi nt s of l i mi t at i on, t hey al so ser ve
as a f oundat i on f or f ur t her i mpr ovement . I n a quant i t at i ve
or qual i t at i ve sense, speci f i c gr owt h f act or s and/ or cel l popu-
l at i ons may st i l l be def i ci ent . Once pr ovi ded i n appr opr i at e
amount s or anew, hemat opoi et i c f unct i ons t hat ar e not now
pr esent may become appar ent . I f so, i mpr ovement of t he SCJD-
hu mouse wi l l be accompani ed by addi t i onal i nsi ght i nt o t he
compl ex r egul at or y mechani sms sur r oundi ng hemat opoi esi s
per se .

Ref er ences

A number of novel exper i ment al oppor t uni t i es ar e pr ovi ded
by t he hemat opoi et i c f unct i ons associ at ed wi t h t he Thy/ Li v
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