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Abstract 

L i t t l e is k n o w n about the mechanisms that regulate the maintenance and expression o f 

the self-renewal and differentiation properties o f hematopoietic stem cel ls ( H S C ) i n v i v o or i n 

v i t ro . M u r i n e H S C can be detected and quantitated by i n v i v o assays and there is evidence to 

suggest that many, i f not a l l , H S C can be detected i n vi t ro by their ab i l i ty to sustain the l ong -

t e rm p roduc t ion o f c o l o n y - f o r m i n g ce l l s i n culture. H o w e v e r , at the t ime this thesis was 

in i t ia ted , reproduc ib le and speci f ic assays for the i n v i t ro detect ion and m a n i p u l a t i o n o f 

l y m p h o - m y e l o i d progenitors had not been developed. I have dev ised such an assay w h i c h 

relies on the jo in t expression o f l y m p h o i d and m y e l o i d differentiative potentials i n the same 

culture. M y studies have shown that the cel ls detected by this assay, termed L T C - I C M L , are 

c lo se ly related to totipotent cel ls w i t h long- te rm compet i t ive i n v i v o repopula t ing potent ial 

( C R U ) by their s imi lar resistance to k i l l i n g by 5-fluorouracil and their >500-fold co-enrichment 

i n a - 0 . 0 3 % subpopulation o f adult marrow cells . 

T h e m y e l o i d L T C - I C and L T C - I C M L assays were used to determine whether the 

maintenance o f long-term in vitro l y m p h o - m y e l o i d differentiation potential correlates w i th the 

persistence o f i n v i v o multi l ineage reconstitution abil i ty. W e found that L T C - I C and L T C - I C M L 

are bo th better main ta ined i n cul ture than C R U , suggest ing that the ab i l i t y to generate 

c lonogen ic progenitors i n v i t ro for >4 weeks and the abi l i ty to compet i t ive ly reconstitute a l l 

lineages i n myeloablated recipients can be differently regulated. 

A s a first step towards analyz ing the mechanism(s) u t i l i zed by the s tromal feeder layer 

i n s t imulating L T C - I C M L in vitro, its replacement wi th two stromal ce l l -der ived growth factors, 

in te r leukin ( L L ) - l l and the F l t3 l igand ( F L ) were investigated. A subpopulat ion o f fetal l i ve r 

ce l l s h igh ly enr iched for C R U was used as a starting mater ial since both I L - 1 1 and F L had 

previous ly been reported to act on pr imi t ive fetal l iver-der ived hematopoietic cel ls . T h e results 

o f these experiments show that both LL-11 and F L support the development and maturation o f 

early B lineage cells but that their activities i n this regard are not identical . 

i i 
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I . Introduction 

M o s t types o f mature b lood cells possess functional lifespans o f on ly days. A s a result, 

their numbers must be cont inual ly replenished f rom less mature precursors that have greater 

prol i ferat ive potential but are, nevertheless, l imi ted to the generation o f progeny be long ing to 

on ly one or two lineages. Such cells are, in turn, derived f rom a hierarchy o f progressively less 

developmental ly restricted progenitors. The most pr imi t ive o f these can g ive rise to a l l m y e l o i d 

and l y m p h o i d lineages and are additionally capable o f producing functionally indist inguishable 

daughter cel ls through a process o f self-renewal (Figure 1.1). T h e term "hematopoiet ic stem 

c e l l " ( H S C ) is used to refer to multipotent cells possessing such l y m p h o - m y e l o i d self-renewal 

abi l i ty w h i c h distinguishes them from the vast majority o f progenitor cells . 

A l t h o u g h H S C and progeni tor cel ls can circulate ( rev iewed i n ( M e t c a l f and M o o r e 

1971)), most no rma l ly reside i n the bone mar row. The pro l i fe ra t ion and different iat ion o f 

progeni tors and the release o f hematopoiet ic ce l l s f r o m the mar row are a l l b e l i e v e d to be 

regulated to some extent by f ixed non-hematopoietic marrow elements, i nc lud ing endothel ial , 

re t icular , and f ib roblas to id ce l l s , through contact-dependent and independent mechanisms 

( rev iewed i n ( D o r s h k i n d 1990)). D a i l y demands for the product ion and export o f b l o o d cel ls 

under normal conditions and in response to common hematological stresses such as bleeding or 

infec t ion , can be met at the l eve l o f prol i ferat ing marrow progenitor cel ls wi thout detectable 

perturbations o f the H S C p o o l w h i c h remains largely quiescent ( W i l l i a m s ' H e m a t o l o g y , 5th 

ed.). H S C normal ly compr ise <0.01% o f the normal adult mar row c e l l popula t ion . T h i s and 

the fact that H S C possess no dist inguishing morpholog ica l features has made their direct study 

us ing convent iona l mic roscopy technical ly imprac t ica l . H o w e v e r , over 3 decades ago, it was 

found that these diff icul t ies c o u l d be c i rcumventedby s t imula t ing i n d i v i d u a l progenitors to 

express their ab i l i ty to g ive rise to morpho log ica l ly and phenotypica l ly recognizable progeny 

either i n v i v o or i n vitro. 

1 
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1.1 Hie ra rch ica l organizat ion o f hematopoietic ce l l types revealed by funct ional studies o f 

single cells 

T h e deve lopmen t o f methods for r evea l i ng differences i n the p ro l i f e r a t ive and 

differentiation potentials o f separable populations o f hematopoietic cells i n v i v o and i n vitro has 

a l l o w e d the i d e n t i f i c a t i o n o f deve lopmen ta l stages w h i c h precede the a c q u i s i t i o n o f 

recognizable l ineage-specif ic morpho log ica l characteristics. H o w e v e r , this approach has also 

revealed considerable heterogeneity wi th in and overlap between the earliest defined progenitor 

c e l l populat ions . M o r e o v e r , w h i l e the development o f late precursors into end cel ls appears 

very t ightly regulated i n v i v o , regulation o f the numbers o f hematopoietic cel ls at earlier stages 

appears to be less r ig id ly control led and may also change during ontogeny. 

1.1.1 Progenitor ce l l types defined by colony assays 

Studies based on the format ion o f co lonies y i e l d three types o f i n fo rma t ion about 

p rogen i to r ce l l s : (i) enumera t ion o f co lon ies p rov ides an estimate o f the f requency o f 

progenitors i n a g iven test populat ion; (i i) analysis o f the ce l lu la r compos i t i on o f clones can 

reveal the differentiative potential o f the or iginal c lonogenic progenitor; and (i i i) changes to the 

culture condit ions can a l low a definit ion o f the responsiveness o f different progenitor ce l l types 

to different factors. T h e use o f co lony assays to generate such in format ion has a l l o w e d the 

ident i f icat ion and quantitation o f cells at different stages o f hematopoietic c e l l development as 

w e l l as a descript ion o f the factors that can regulate their activities and the f ie ld o f hematology 

owes m u c h o f its present understanding to the invest igat ion o f i n v i v o and i n v i t ro c o l o n y -

forming cel ls . 

3 



a) In v i v o spleen co lony- fo rming units ( C F U - S ) 

T h e first quantitative co lony assay for p r imi t ive hematopoiet ic cel ls was descr ibed i n 

1961 by T i l l and M c C u l l o c h ( T i l l and M c C u l l o c h 1961). T h e y found that a p ropor t ion o f 

marrow cells injected intravenously ( IV) into lethally irradiated recipients lodged i n the spleen 

and proliferated there, forming discrete, macroscopic nodules w i th in 7 to 12 days. These c o u l d 

be easi ly enumerated i n situ and excised for further study. T h e s ingle c e l l o r i g i n o f the cel ls 

w i t h i n i n d i v i d u a l nodules was established f rom analyses o f spleen co lon ies obtained after 

in jec t ion o f m a r r o w ce l l s f r o m m ice c a r r y i n g rad ia t ion- induced c h r o m o s o m a l aberrations 

(Becker , et a l 1963). Subsequent studies showed that the cel ls w h i c h g ive rise to i n d i v i d u a l 

spleen colonies (co lony-forming unit-spleen, C F U - S ) can vary markedly i n their proliferat ive, 

differentiative, and self-renewal potential ( T i l l , et a l 1964; W u , et a l 1967; W o r t o n , et a l 1969; 

M a g l i , et a l 1982; Priest ley and W o l f 1985). Ind iv idua l spleen colonies detectable w i t h i n 7-9 

days after in jec t ion o f no rma l adult mar row cel ls usua l ly conta in a restr icted spectrum o f 

differentiated cells . They consist o f either erythroid or granulocytic cells but rarely both (Curry 

and Trent in 1967; M a g l i , et al 1982), rare daughter C F U - S (Me tca l f and M o o r e 1971) and very 

occasional l y m p h o i d precursors (Lepault , et a l 1993). Those subsequently detected on days 12-

14 are often composed o f mul t ip le m y e l o i d lineages and more frequently conta in daughter 

C F U - S as w e l l as B and T lymphocyte precursors (S iminov i t ch , et a l 1963; C u r r y and Tren t in 

1967; Lepaul t , et al 1993). In addit ion, i n the marrow o f normal adult mice , a larger proport ion 

o f day 8 than day 12 C F U - S are ac t ive ly c y c l i n g , as measured by b r o m o d e o x y u r i d i n e 

incorporat ion (Hodgson and Brad ley 1984; Piet rzyk, et a l 1985). D a y 8 C F U - S do not exclude 

the v i t a l dye Rhodamine-123 to the same extent (Ploemacher and B r o n s 1989) and are more 

sensi t ive to k i l l i n g by the cyc le -ac t ive drug 5- f luorourac i l ( 5 - F U ) ( H o d g s o n and B r a d l e y 

1979). The fact that the majority o f day 8 C F U - S can be phys ica l ly separated f r o m the bu lk o f 

day 12 C F U - S (Ploemacher and Brons 1989) i n suspensions o f normal adult mouse mar row 

cel ls also supports the concept that these cel ls represent two b i o l o g i c a l l y dist inct populat ions 

4 



and the greater differentiative and self-renewal potential o f the latter w o u l d identify them as the 

more pr imit ive . 

E v e n w i t h i n the subset o f day 12 C F U - S , var iable se l f - renewal and different iat ive 

abil i t ies are observed ( T i l l , et al 1964; W u , et al 1967). T w o models , depicted i n F igure 1.2, 

were i n i t i a l l y p roposed to account for this v a r i a b i l i t y . T h e first , t e rmed H e m o p o i e s i s 

Engendered R a n d o m l y ( H E R ) , postulates that a single ce l l may either g ive rise to progeny l ike 

i tself or be removed i n some way and that these two events occur randomly and independently 

o f the cel l ' s previous history. T i l l et a l ( T i l l , et al 1964) found good agreement between the 

dis t r ibut ion o f C F U - S they observed and a M o n t e - C a r l o s imula t ion o f a s imp l i f i ed birth-and-

death process w i t h f ixed bi r th and death probabil i t ies and a f ixed generation t ime. T w o sample 

runs w i t h the probabi l i t ies o f b i r th and death set at 0.6 and 0.4, respect ive ly , are s h o w n i n 

F i g u r e 1.2. In this m o d e l , the fate o f i n d i v i d u a l C F U - S is not t igh t ly c o n t r o l l e d but the 

behaviour o f the populat ion as a who le is regulated by mechanisms that establish the birth and 

death probabi l i t ies as w e l l as the proport ion o f C F U - S that are c y c l i n g (Becker , et al 1963). A 

second m o d e l , appositely termed H I M (Hemopoie t ic Inductive M i c r o e n v i r o n m e n t ) , proposes 

that the behaviour o f i n d i v i d u a l cel ls is determined by their par t icular mic roenv i ronmen ta l 

interact ions (Cur ry and Tren t in 1967). In this case, pluripotent cel ls subjected to iden t ica l 

condi t ions w o u l d a l l respond i n a very s imi l a r manner and g ive rise to essent ial ly iden t ica l 

colonies . Howeve r , subsequent i n vi tro studies revealed that daughter pluripotent ce l l types are 

r a n d o m l y dis t r ibuted i n macroscop ic m i x e d mye lo id -e ry th ro id co lon ies (Humphr i e s , et a l 

1981) and that pairs o f clonogenic progenitors derived f rom ind iv idua l , micromanipula ted cells 

frequently express non-ident ical differentiative potential ( reviewed i n ( O g a w a 1993)) despite 

essentially uni form culture conditions and the absence o f the k i n d o f heterogeneity inherent i n a 

tissue microenvironment . 
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b) In vi tro clonogenic progenitors 

Ident i f icat ion o f the precise molecu la r events that underl ie ear ly hematopoie t ic c e l l 

development requires procedures that a l low the cel ls o f interest to be detected and their in i t i a l 

responses to be examined. This need, plus the desire to investigate analogous p r imi t ive human 

hematopoiet ic progenitors p rov ided a strong impetus to the ident i f ica t ion o f condi t ions that 

w o u l d a l low the proliferative and differentiative potential o f ind iv idua l hematopoietic progenitor 

cel ls to be expressed and detected i n vi t ro . There are two m a i n components to the assays that 

were subsequently developed to achieve this goal: the use o f a semi-so l id matr ix , such as agar, 

m e t h y l c e l l u l o s e , or p l a s m a c lo t serves to keep each c lone p h y s i c a l l y d is t inc t , and the 

establishment o f an opt imal concentration o f growth stimulatory factors by p rov id ing a suitable 

unde r ly ing feeder c e l l layer or by incorpora t ing appropriate cul ture supernatants or, more 

recently, recombinant growth factors into the culture m e d i u m . The first such assay described 

detected the g rowth o f m o n o c y t i c and g ranu locy t i c co lon ies i n s e m i - s o l i d agar cultures 

(Brad ley and M e t c a l f 1966; P l u z n i k and Sachs 1965). T h r o u g h extensions o f this approach, 

commit ted progenitors for most o f the mye lo id and l y m p h o i d lineages have now been identified 

(Figure 1.3, (Suda, et a l 1989) and rev iewed i n (Dexter, et a l 1984)). In general , the t im ing o f 

appearance o f mature ce l l s i n the c o l o n y can be used to d i sc r imina te l ineage-res t r ic ted 

progeni tors at different stages o f different iat ion. T h i s is poss ib le because the immedia t e 

progeny o f more differentiated progenitors begin to undergo terminal maturat ion resul t ing i n 

the rap id appearance o f smal l colonies o f mature cel ls . In contrast, the immedia te progeny o f 

more ancestral c e l l types apparently need to complete several addit ional c e l l cycles before any 

o f the ce l l s p roduced are able to ini t iate t e rmina l matura t ion events. A s a result , these 

progenitors can g ive rise to larger colonies i n w h i c h evidence o f mature forms appears after a 

greater delay. The majori ty o f c lonogenic cel ls g ive rise to on ly one or two types o f mature 

progeny and w i l l not be discussed further here. 
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C o l o n y assays for mur ine and human mult ipotent m y e l o i d progeni tors have been 

avai lable for almost two decades (Fauser and Messner 1979; H a r a and O g a w a 1978; Johnson 

and M e t c a l f 1977). S o o n after they were described, it was shown that there is some over lap 

between day 9 C F U - S i n adult mouse marrow and progenitors detected i n vi t ro by their abi l i ty 

to generate m a c r o s c o p i c m u l t i l i n e a g e c o l o n i e s c o m p o s e d o f g r a n u l o c y t i c , e r y t h r o i d , 

megakaryocyt ic , and monocy t i c cel ls ( C F U - G E M M ; Humphr ies , et a l 1979b; Johnson 1980). 

Rep la t i ng experiments have also shown that some o f these mul t i l ineage co lonies may conta in 

daughter C F U - G E M M but that the majority o f them display a rather l imi t ed abi l i ty to give rise 

to daughter C F U - G E M M i n tertiary subcultures (Humphries , et a l 1981). S u c h findings placed 

these mult ipotent progenitors i n the upper reaches o f the hematopoiet ic hierarchy and were 

soon f o l l o w e d by the description o f a subset o f murine (Nakahata and O g a w a 1982), and later 

human (Leary, et al 1984), pluripotent i n vitro clonogenic progenitors w i th s imi lar self-renewal 

capacity. These latter progenitors give rise to colonies that consist o f 40-1000 cel ls w i t h a blast 

m o r p h o l o g y w h i c h may show no evidence o f terminal maturat ion even after 16 days. U p o n 

replat ing, 42 o f 43 "blast" colonies analyzed i n one report gave rise to C F U - G E M M w i t h an 

average p la t ing eff ic iency o f 8 0 % and, i n 20 o f 43 cases, secondary blast colonies were also 

observed (Nakahata and O g a w a 1982). Dif ferent ia t ion o f blast cel ls into B and cy to tox ic T 

l y m p h o i d progenitors has also been demonstrated under appropriate in vitro culture condit ions 

(Mina to , et a l 1988; H i r ayama , et al 1992). In addit ion, it has been reported that I L - 3 - i n d u c e d 

blast colonies derived f rom cells i n the spleens o f 5-FU-treated mice may contain day 8 and day 

12 C F U - S , as w e l l as cel ls capable o f reconstituting both l y m p h o i d and m y e l o i d lineages for 

up to 10 weeks i n irradiated recipients (Tsunoda, et al 1991). 

A r a n d o m d i s t r i bu t ion o f de r iva t ive c o l o n y types was obse rved i n s ing le c e l l 

subcul tures o f d ispersed p r imary blast co lon ies and o f pa i red daughter ce l l s replated by 

mic roman ipu l a t i on (Suda, et a l 1983b; Suda, et al 1984). Th i s further reinforced the concept 

that c o m m i t m e n t and se l f - renewal s t i l l o ccu r s tochas t ica l ly under a var ie ty o f g r o w t h 

stimulatory conditions. T w o models o f stochastic stem ce l l commitment have been suggested to 
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account for the l ineage distributions observed (Figure 1.4, ( O g a w a 1993)). T h e m o d e l shown 

on the left envisages the random, progressive restriction o f differentiative potential and predicts 

the existence o f o l igopotent ia l progenitors. The other accounts for mul t i l ineage co lon ies by 

a l l o w i n g three types o f s tem c e l l d iv i s ions to occur s tochast ica l ly : a d u p l i c a t i o n d i v i s i o n 

generat ing two daughter H S C ; a maintenance d i v i s i o n g i v i n g rise to one stem c e l l and one 

random-lineage, monopotential progenitor ce l l ; and a terminal d i v i s i o n dur ing w h i c h stem c e l l 

potential is lost and two monopotent ial progenitors are produced. H o w e v e r , as pointed out by 

O g a w a , the models shown i n F igu re 1.4 are based on studies o f isola ted progenitors i n an 

ar t i f ic ia l culture system and at least some o f the variat ion i n the co lony types seen may be the 

result o f loca l ized cytokine interactions occurring during colony formation (Ogawa 1993). 

Af t e r the ident i f ica t ion o f Steel factor (SF) and in te r leuk in ( IL) -7 as g rowth factors 

i n v o l v e d i n the development o f early B l y m p h o i d cel ls (Lee , et a l 1989; Suda , et a l 1989; 

M c N i e c e , et a l 1991b), a second culture stage was added to the blast co lony assay to evaluate 

their B l y m p h o i d progenitor content. It was found that a considerable propor t ion ( -40%) o f 

p r ima ry blast co lonies der ived f r o m h igh ly pur i f i ed mar row cel l s f r o m 5-FU-t rea ted mice 

contained cel ls that cou ld give rise to both m y e l o i d and l y m p h o i d colonies when replated i n the 

presence o f S F and I L - 7 (Hi rayama , et al 1992). Qui te recently, O g a w a and his col leagues 

have descr ibed a s ingle stage assay conta in ing S F , I L - 7 , e ry thropoie t in ( E P O ) , and I L - 1 1 

w h i c h a l lows an evaluat ion o f both the m y e l o i d and the l y m p h o i d potentials o f h igh ly pur i f ied 

subpopulat ions o f no rma l mar row cel ls ( B a l l , et a l 1995). A l t h o u g h the data are l i m i t e d at 

present, it appears that the m y e l o i d potential o f the colonies may be unaffected by the presence 

or absence o f B l y m p h o i d progenitors. Interestingly, no B l y m p h o i d differentiation appears to 

occur when pur i f ied marrow cel ls f rom 5-FU-treated mice are plated i n the same single stage 

assay, despite the fact that the colonies produced can readi ly give rise to B l y m p h o i d colonies 

upon replat ing i n cultures conta in ing S F and I L - 7 . B a l l et al suggest that the progenitors i n 

normal marrow that cou ld form primary l ympho-mye lo id colonies i n the presence o f I L - 7 + S F 

10 



© ^ 0 

X ) fl o 
O *-' 

x! cd ft+3 
2 A 

S M 

O « 4 M 

<D _, > 
60 A O 

i w « ft O y 
o • £ - f l 

od <D '-' fl S M u 
7 
5 £ § 
43 60T3 
6 ° 2 o fe; S 
S M a K 

o 
"o 
o 

oo 
a o 

(N 

a 
o 
-a 

T3 
X 

oo od 0 \ 

ON 

cd ON ft 

1 o '3 
CO -fl (U 

•2 fl 
00 fl 

cd 0) ^ oo cd OB 
o O 

fl^ 

a 
D 
o 
ft 
o 
00 

60 O . ,s-i 

-H-O 
CO 

fl* ^ 

s -fl 
O Q 

O 
.13 

O fl 
"g 

P S T ! 
° 

. y <u o •*-» _, 
uo i fl 

.Sw-2 
8 0 S 
*a •*-> a 
M >i c D O (D XI O 60 

°̂  i 
<u 60 a 

— 0 0 

T3 
O 

*3 1 O 

^ H X) -fl 
D O 
fl 1 § 

P M 

< u 
£ S3 
oj 
c B 
2 o 

« + M ^3 
S cd 
<u o 
OO S M 

- * M -73 

1̂ 
.-fl £ 

S M <*> 

O <0 

£ JM 

2 o s ft 
U 60 

O0 S M 

cd <2 

11 



+ IL-11 + E p o migh t have been ac t ive ly prol i fera t ing ce l l s that were thus sensi t ive to the 

cyto toxic action o f 5 - F U ( B a l l , et al 1995). 

1.1.2 P r imi t ive progenitors defined by assays o f long-term proliferative potential 

O n e o f the def in ing characterist ics o f the H S C compar tment is its ab i l i ty to sustain 

b l o o d c e l l p roduct ion for the l i fe t ime o f an an imal . B o t h i n v i v o and i n v i t ro assays that use 

t ime to discriminate between cells capable o f short-term as opposed to longer-term proliferation 

have been developed. A s depicted i n Figure 1.5, there is potentially considerable overlap i n the 

c e l l populations detected by these different assays. 

a) Long- te rm i n v i v o reconstituting cells 

The most rigorous functional definit ion o f a H S C is a ce l l that can provide the long-term 

reconstitution o f a l l b lood ce l l lineages i n a recipient animal . In order to ensure the detection o f 

graft-derived reconst i tut ion, it is necessary to have some means o f d i sc r imina t ing between 

hematopoie t ic ce l l s o f donor and host o r i g in . E a r l y exper iments made use o f cytogenet ic 

markers, either naturally occurr ing, such as the T 6 marker (Ford, et a l 1966) or Y chromosome 

(Lamar 1984) or induced by pr ior sublethal i r radiat ion o f donor mice ( W u , et a l 1967). M o r e 

c o m m o n n o w is the use o f congenic mice w h i c h a l low b lood ce l l genotypes to be dist inguished 

b y e lec t rophores is o f encoded G p i - l a / G p i - l b i soenzymes ( V a n Zan t 1983), H b b d / H b b s 

h e m o g l o b i n species (Harr i son 1980) or c e l l surface allo-antigens that are detectable by f low 

cytometry after labe l l ing o f the cel ls w i th appropriate antibodies, such as ant i -Ly-5 .1 and anti-

L y - 5 . 2 (Spangrude and Sco l l ay 1990)). 

F igure 1.6 shows the general design o f the long-term i n v i v o reconsti tution assay used 

i n this thesis. The cells o f interest are injected I V , usually into supralethally irradiated recipients 

12 
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although, i n theory at least, it should be possible to use any strategy that reduces the number or 

regenerat ive potent ia l o f the host H S C popula t ion . I f the graft does not conta in the ce l l s 

necessary for short-term hematological rescue, the recipients w i l l die o f hematologica l failure, 

usual ly w i th in 14-20 days. I f the graft does not contain cells capable o f long-term engraftment, 

o n l y transient (1-2 months) reconstitution o f b l o o d c e l l p roduct ion occurs. In cases where the 

long- te rm engraftment potential o f sma l l numbers o f test cel ls is to be assessed, par t icular ly 

where l i m i t i n g d i lu t ion analysis techniques are being used to quantitate input H S C numbers, it 

m a y be necessary to co-inject an addi t ional dose o f ce l l s to ensure the short-term su rv iva l o f 

recipients . These so-ca l led helper ce l l s must be d is t inguishable f r o m the test ce l l s and, i f 

necessary, f rom the hosts' o w n cel ls . 

The size o f the test c e l l and addi t ional c e l l i nocu la and the t ime at w h i c h animals are 

analyzed both depend on the objective(s) o f the experiment. The competi t ive repopulation assay 

first descr ibed by Har r i son (Harr i son 1980; Har r i son , et a l 1993) compares the relat ive abi l i ty 

o f two populat ions to contribute to long- term hematopoiet ic reconst i tut ion. In this case, the 

helper c e l l populat ion usual ly consists o f a f ixed dose (usually l - 2 x l 0 6 cel ls) o f fresh marrow 

w h i c h serves as the standard o f repopulat ion potential against w h i c h the test popu la t ion is 

measured. Har r i son and his colleagues have shown that there is an inverse correlat ion between 

the number o f H S C injected and the var iance o f the percentage repopula t ion observed i n 

recipients w h i c h can be used to der ive estimates o f the H S C content o f the test popula t ion 

(Harr i son , et a l 1993). Howeve r , because this method does not track i n d i v i d u a l H S C , it cannot 

d i s t ingu ish between an increase i n the prol iferat ive capaci ty o f H S C and an increase i n the 

number o f H S C present in the test population. 

T h e compet i t ive repopulat ion unit ( C R U ) assay descr ibed by S z i l v a s s y et a l , on the 

other hand, has been shown to spec i f ica l ly detect i n d i v i d u a l l y m p h o - m y e l o i d hematopoiet ic 

cel ls both by analysis o f c o m m o n reconstitution o f l y m p h o i d and m y e l o i d tissues by. l i m i t i n g 

numbers o f cel ls and by retroviral mark ing o f ind iv idua l H S C (Szi lvassy , et al 1990; Fraser, et 
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al 1992). In this assay, l i m i t i n g numbers o f test cel ls are injected into groups o f i rradiated 

recipients together w i t h ~ 1 0 5 normal marrow cel ls or helper ce l l s c o m p r o m i s e d i n their ab i l i ty 

to compet i t ive ly repopulate irradiated animals by serial transplantation (Sz i lvassy , et al 1990) 

w h i c h ensure the short- term s u r v i v a l o f the recipients and p rov ide a cer ta in degree o f 

compe t i t ion . T h e frequency o f C R U i n the starting c e l l suspension can then be der ived by 

means o f l im i t i ng di lu t ion statistics f rom the proportion o f animals reconstituted at each dose o f 

test cel ls used (Fazekas de St. Gro th 1982). 

These compet i t ive repopulat ion strategies have been used to show that, ove ra l l , the 

H S C content o f l ong - t e rm cul tures ( L T C ) is reduced by c o m p a r i s o n to fresh m a r r o w 

(Har r i son , et a l 1987; Fraser, et a l 1990), a l though some H S C can prol iferate i n cul ture 

wi thout los ing their i n v i v o repopulating abil i ty (Fraser, et al 1992). In addi t ion, i t has recently 

been s h o w n that human mar row c e l l transplants can regenerate hematopoiesis i n i rradiated 

immunodef ic i en t mice (Lapidot , et a l 1992; Cashman , et a l 1994) or immunodef i c i en t m ice 

ca r ry ing human organ transplants ( K y o i z u m i , et al 1992; C h e n , et a l 1994), thus potent ia l ly 

p rov id ing a basis for the future development o f a C R U assay for human hematopoietic cells . 

In v i v o assays for p r imi t ive , l ineage-restricted progenitors have also been descr ibed. 

M i c e homozygous for the severe combined immunodef ic iency ( S C I D ) mutation lack functional 

B and T cel ls . Sublethal ly irradiated animals can be cured o f this defect by a graft o f normal or 

cul tured marrow cells (Dorshkind , et al 1984; Dorshk ind , et a l 1986; F u l o p and P h i l l i p s 1986). 

S ince a l l subsequently detectable lymphocy te act ivi ty can be attributed to donor ce l l s , this 

sys tem provides a very sensitive read-out o f l y m p h o i d reconsti tution potential . M y e l o p o i e s i s 

is , however , apparently normal is these animals (Bosma , et a l 1983; D o r s h k i n d , et a l 1984) so 

that a lack o f m y e l o i d potential i n the test populat ion also needs to be demonstrated to establish 

the l y m p h o i d restriction o f the reconstituting cells i n this system. 
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b) Long- te rm culture-initiating cells ( L T C - I C ) 

T h e advantage o f i n v i v o systems, even w h e n perturbed by i r rad ia t ion , drugs, or 

congenital hematological deficiencies, is that they provide information relevant to processes that 

occur i n the intact animal . The corresponding disadvantage o f such systems is that it is diff icult 

to monitor, or selectively manipulate, the ini t ia l events that lead to hematopoietic reconstitution. 

In vi t ro systems w h i c h a l low the generation o f differentiating m y e l o i d cel ls for several months 

(Dexter, et a l 1977; Greenberger 1978) have p rov ided the means to investigate the regulat ion 

and maintenance o f hematopoietic progenitors and stem cells under conditions w h i c h reproduce 

many aspects o f the mar row environment (Dexter , et a l 1984; Eaves and E a v e s 1988). In 

addi t ion , these culture systems have served as the basis for the development o f quantitative 

assays for very pr imi t ive hematopoietic cells. 

Because bo th c o m m i t t e d progeni tor ce l l s and their ma tu r ing progeny have f ini te 

proliferative potentials and the lifespans o f their f inal products are relatively short, the presence 

o f prol i fera t ing commi t t ed progenitors i n cultures for extended periods o f t ime impl i e s their 

o r i g i n f r o m a more p r imi t i ve c e l l type i n the starting i n o c u l u m . T h i s reasoning l ed to the 

development o f long-term culture assays for analogous pr imi t ive cells o f human (Sutherland, et 

a l 1990; B a u m , et al 1992; Breems, et a l 1994; Pettengell, et al 1994) and murine (Ploemacher, 

et al 1989) o r ig in . P loemacher et a l moni tored the appearance and disappearance o f loca l i zed 

areas o f prol i fera t ing hematopoiet ic ce l ls , referred to as cobblestone areas because o f their 

pavement- l ike appearance i n the adherent layer o f L T C over a per iod o f 4 weeks (Ploemacher, 

et a l 1989). T h e y found a strong correlat ion between the frequency o f such cobblestone areas 

( C A ) detectable on day 28 and i n v i v o marrow repopulating cells capable o f generating day 12 

C F U - S and C F U - C i n the marrow o f irradiated recipients over a per iod o f 12-13 days. U s i n g 

popula t ions that differed i n their content o f day 7-8 C F U - S , day 12 C F U - S and ce l l s w i t h 

m a r r o w repopula t ing ab i l i ty ( M R A ) , they also showed that day 12 C F U - S frequencies 

cor re la ted w e l l w i t h the presence ce l l s detectable as C A ( C A F C ) on day 10 o f L T C . 
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Furthermore , they showed that day 28 C A F C were largely separable f rom day 10 C A F C and 

day 12 C F U - S , thus va l ida t ing this assay for the study o f very p r imi t ive hematopoiet ic cel ls . 

B y in i t ia t ing m i c r o - L T C wi th l i m i t i n g numbers o f cells , the frequency o f C A F C i n the starting 

populat ion cou ld also be determined (Ploemacher, et al 1991). 

T h i s methodology is s imi lar to that independently developed for human cel ls where the 

presence o f c lonogenic cel ls i n cultures init iated at l i m i t i n g d i lu t ions , rather than a v i sua l end 

poin t , was used to der ive the frequency and c l o n o g e n i c output capac i ty o f the i n i t i a l 

hematopoietic precursors cells (Sutherland, et al 1990). Because the cells detected i n this assay 

can g ive rise to c lonogenic progeny i n culture for >5-8 weeks, they were christened "long-term 

cu l tu re - in i t i a t ing ce l l s " ( L T C - I C ) . A l t h o u g h i n v i v o assays are not, as yet, ava i l ab le to 

quantitate human H S C , grafts enr iched for ce l l s expressing C D 3 4 can protect patients g iven 

myeloabla t ive therapy against marrow failure (Berenson, et a l 1990), suggesting that human i n 

v i v o repopulat ing cel ls are C D 3 4 + . It has also been shown that the majori ty o f L T C - I C can be 

recovered i n the CD34+ fraction o f human bone marrow (Sutherland, et a l 1989; Sutherland, et 

al 1990). 

1.1.3 E a r l y stages o f B l y m p h o i d development 

T h e study o f B and T c e l l development, un l ike that o f most o f the other hematopoiet ic 

l ineages, has re l ied more on the use o f molecular and i m m u n o l o g i c a l techniques than on the 

detect ion o f different types o f progenitors by d i sc r imina t ing i n v i t ro co lony assays. Def ined 

condi t ions that support the extensive proliferat ion o f T c e l l progenitors, w i t h or wi thout their 

accompany ing differentiation, have been diff icult to establish and this situation may be further 

compounded by the fact that most o f the cel ls produced dur ing normal T ce l l development are 

e l iminated by apoptotic mechanisms. O n the other hand, specific cytokines that can support the 

fo rma t ion o f co lon ies by B c e l l progenitors (see above) have been ident i f ied . In add i t ion , 
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condi t ions that a l low their long-term propagation i n vi tro have been identif ied ( W h i t l o c k and 

W i t t e 1982). Never the less , ear ly stages o f B c e l l deve lopment have been def ined most 

p r ec i s e ly i n terms o f changes i n the express ion o f va r ious c e l l surface markers and 

rearrangements i n the immunog lobu l in (Ig) genes that these cells undergo (reviewed i n ( R o l i n k 

and M e l c h e r s 1991)). O n l y relatively recently have responses to specific growth factors begun 

to be included as additional discriminating features o f early stages o f B c e l l development. 

In the adult, the pr imi t ive B ce l l progenitor poo l matures i n the intersinusoidal spaces o f 

the marrow i n close contact w i t h stromal cel ls i n the absence o f antigen s t imulat ion (Jacobsen 

and O s m o n d 1990) and is cu l l ed o f aberrant and self-reactive members before immature I g M + 

B cel ls enter the c i rcula t ion (Deenan, et al 1990). A s shown i n F igure 1.7, the earliest B c e l l 

progenitors reported i n adult mouse marrow are those that express neither the B 2 2 0 ( C D 4 5 R O ) 

nor the F a l l - 3 antigens ( M i i l l e r - S i e b u r g 1991). These early progeni tors can g ive rise to B 

lymphocytes when co-cul tured w i t h an adherent stromal layer but, un l ike F a l l - 3 + B 2 2 0 " cel ls , 

cannot reconsti tute a l l l ineages i n i rradiated recipient an imals . B 2 2 0 is expressed on a l l 

subsequent stages o f B c e l l development i n combina t ion w i t h other antigens ( (Coffman and 

W e i s s m a n 1981) and r e v i e w e d i n ( R o l i n k and M e l c h e r s 1993)). C D 4 3 ( l eukos i a l i n ) is 

expressed o n ear ly progenitors o f several l ineages but its coexpress ion w i t h B 2 2 0 i n the 

absence o f heat stable antigen ( H S A ) marks an early p ro-B stage in w h i c h rearrangement o f the 

(1 heavy cha in diversi ty ( D H ) and j o i n i n g ( J H ) regions is just beg inn ing (Hardy , et a l 1991). A 

variable ( V H ) region is subsequently spliced to the D J H segment and then a constant (C^) region 

is added to produce the complete | i heavy chains ( V D J C ^ ) detectable i n the cy top lasm. L i g h t 

cha in gene rearrangement ( common ly K before X) is generally in i t ia ted upon cy top lasmic | i 

heavy cha in expression and, i f both heavy and l ight chains are p roduc t ive ly rearranged, c e l l 

surface expression o f I g M occurs ( reviewed i n (Yancopoulos and A l t 1986)). T h e precise role 

o f the so-ca l led surrogate l ight cha in , a complex o f V p r e . B and X5 proteins, w h i c h has been 

found associated w i t h | i , heavy cha in at the c e l l surface throughout early B c e l l development 

(P i l l a i and Ba l t imore 1987) is not yet completely clear. Howeve r , the analysis o f X5 knock-out 
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m i c e suggests that express ion o f the surrogate l igh t c h a i n is essent ia l for the n o r m a l 

development o f pre-B cells (Ki tamura , et a l 1992). 

In para l le l w i t h these phenotypic and genomic changes, deve lop ing B lymphocy te s 

undergo stage-dependent variations in their growth requirements. The transition to B220+ pro-

B cel ls is dependent on contact w i th an adherent stromal c e l l layer (Landreth and D o r s h k i n d 

1988; Sudo , et a l 1989; B i l l i p s , et al 1992). Late p ro -B cells can then proliferate i n the absence 

o f further contact w i th stromal cel ls , first in the presence o f S F and EL-7 together ( M c N i e c e , et 

a l 1991b; B i l l i p s , et a l 1992) and then w i t h I L - 7 alone (Namen , et al 1988; L e e , et a l 1989; 

Suda , et a l 1989). A d d i t i o n a l maturation again requires co-culture w i t h a competent adherent 

c e l l l ayer ( C u m a n o , et a l 1990), a l though different s ignals appear to be i n v o l v e d . T h i s is 

evidenced by the fact that, although fetal l ive r cel ls can progress f rom a B220~ to a B220+ pre-

B c e l l stage i n s t romal cell-free cultures supplemented w i t h I L - 1 1 + S F + I L - 7 , the same 

cond i t ions do not a l l o w the further t ransi t ion f r o m a p re -B c e l l to a l i p o p o l y s a c c h a r i d e -

responsive B c e l l (Kee , et al 1994). 

M a n y o f these early stages o f B c e l l development were ident i f ied i n i m m o r t a l i z e d c e l l 

l ines de r ived under l y m p h o i d long-term culture condi t ions o r ig ina l ly descr ibed by W h i t l o c k 

and W i t t e ( W h i t l o c k and W i t t e 1982). H o w e v e r , these condi t ions do not ma in t a in H S C 

( K u r l a n d , et a l 1984; D o r s h k i n d , et al 1986). M y e l o i d L T C w h i c h support H S C maintenance 

(Fraser, et a l 1990; Fraser, et al 1992) but not the growth o f B or T l ineage cel ls (Dexter and 

Spooncer 1978) can g ive rise to B l y m p h o i d cel ls when they are swi tched to l y m p h o i d L T C 

condi t ions (Denis and Wi t t e 1986; D o r s h k i n d 1986). In conjunct ion w i t h the i n v i t ro assays 

recently described for detecting l ympho-mye lo id progenitors i n human fetal mar row (Baum, et 

a l 1992), mur ine fetal l i ve r (Cumano , et a l 1992), and adult mouse mar row ( H i r a y a m a , et al 

1992; B a l l , et a l 1995), we have hypothesized that this culture swi tch ing system may a l l ow the 

process o f B c e l l progenitor derivat ion f rom H S C to be examined i n greater detail (see Thes is 

Object ives , Sect ion 1.4, be low) . 
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1.1.4 Impact o f cyc l ing status and seeding efficiency on stem ce l l measurements 

T h e seeding ef f ic iency o f C F U - S is measured by c o m p a r i n g the number o f spleen 

colonies generated by a standard dose o f cells wi th the number produced by a m u c h larger dose 

o f input cel ls recovered f rom the spleen 2-24 hours later (S iminovi tch , et al 1963). Estimates o f 

the seeding fraction, f, thus determined vary w i d e l y (3-25%, rev iewed i n ( M e t c a l f and M o o r e 

1971)). A number o f factors have been shown to affect f value measurements. F o r example , 

C F U - S f r o m mar row, spleen, fetal l i ve r have different f values as do di f ferent ia l ly c y c l i n g 

C F U - S ( L o r d , et a l 1993). It has also been shown that there is a ~ 2 - f o l d reduc t ion i n the 

detection o f C F U - S as a result o f antibody label l ing o f the injected cells (Szi lvassy , et a l 1989). 

H o w e v e r , populations o f adult marrow cells can now be obtained by f low cytometry w h i c h are 

at least 10% pure C R U (Smith , et al 1991; M o r r i s o n and W e i s s m a n 1994). Thus for C R U , the 

plat ing efficiency must be at least 10%. 

E v e n relat ively modest differences i n the self-renewal and death rates, c e l l cyc l e length 

or the propor t ion o f the populat ion prol iferat ing can have a considerable impact on the rate at 

w h i c h mature cel ls are produced f rom H S C . Th i s is i l lustrated i n F igure 1.8 where theoretical 

g rowth curves were calculated for two populat ions ( A and B ) w i t h s l igh t ly different k ine t ic 

parameters ( A : % o f populat ion c y c l i n g = 25, % loss /d iv i s ion = 19, c e l l cyc l e length = 24 hrs; 

B : % c y c l i n g = 35, % loss = 20, cyc l e length = 22 hrs). 

It has been shown that some types o f pr imit ive hematopoietic cells can enter and exit the 

c e l l cyc l e i n long-term cultures upon the addition o f various directly or indirect ly acting factors 

(Eaves, et a l 1991; T o k s o z , et a l 1992). H o w e v e r , not m u c h else is k n o w n about the effects o f 

different culture condit ions on c e l l cyc le kinet ics nor on the seeding eff ic iency o f H S C . N o r is 

i t k n o w n h o w w e l l cur ren t ly def ined cul ture cond i t ions ma in t a in the l y m p h o - m y e l o i d 

differentiation potential and self-renewal abili ty w h i c h are the defining attributes o f H S C . 
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Figure 1.8 Impact o f slight differences i n cyc le length, % popula t ion c y c l i n g , and 
% popula t ion dy ing /d iv i s ion . L i n e A (# ) defined as cyc le length = 24 hrs, % c y c l i n g 
= 25 , % dy ing /d iv i s ion = 19. L i n e B (H) defined as cyc l e = 22 hrs, % c y c l i n g = 35 , % 
dy ing = 20. Equa t ion of the l ines: 

total output = starting # x ((1 + % cyc l ing) x (1 - % d y i n g ) ) ( d a y s / c y c l e l e n g t h ) 
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1.2 Regulat ion o f early stages o f hematopoiesis 

The ordered development o f mature b l o o d c e l l populat ions f rom H S C must i n v o l v e a 

series o f cont ro l mechanisms that translate extracel lular signals into the changing patterns o f 

gene express ion that u l t imate ly define each o f the var ious b l o o d c e l l types. It is n o w w e l l 

established that the su rv iva l , prol iferat ion and maturation o f different types o f hematopoiet ic 

progenitors i n v i v o is regulated by their interactions w i t h the soluble and membrane-bound 

products o f a var ie ty o f c e l l types, i n c l u d i n g other b l o o d ce l l s , and w i t h ex t race l lu la r 

components o f their envi ronment . In the last 20 years, over 20 such media tors and their 

receptors have been ident i f ied and character ized at the m o l e c u l a r l e v e l . T h e cascade o f 

in t racel lu lar events tr iggered by the interactions o f hematopoiet ic cel ls w i t h their mo lecu la r 

surroundings is n o w an area o f intense invest igat ion w h i c h is beg inn ing to y i e l d fascinat ing 

insights into the intricate network o f molecules i n v o l v e d i n transducing external signals to the 

nucleus. 

1.2.1 Stromal cells 

In n o r m a l adult an ima l s , the m a r r o w is the o n l y site i n w h i c h m y e l o p o i e s i s , 

e r y t h r o p o i e s i s , and l y m p h o p o i e s i s p r o c e e d s i m u l t a n e o u s l y . M o r e o v e r , a l t h o u g h 

extramedullary hematopoiesis can occur transiently when progenitors are int roduced I V , as is 

the case i n experimental or c l i n i c a l transplantation settings, long-term hematopoiesis becomes 

es tabl ished o n l y i n the bone mar row. Thus loca l influences exerted by the mar row st roma 

appear cr i t ica l for the support o f sustained b lood ce l l production (reviewed i n (Dorshk ind 1990; 

L i c h t m a n 1984)). 

Ultrastructural and radio label l ing studies have revealed newly produced and matur ing 

b l o o d cells o f different lineages to be local ized wi th in the extravascular spaces between marrow 

sinuses i n close association wi th f ixed tissue elements, co l l ec t ive ly referred to as stromal cel ls 
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( W e i s s 1976; T a v a s s o l i and S h a k l a i 1979; L i c h t m a n 1981; O s m o n d , et a l 1992). T h i s 

popula t ion includes endothelial , reticular and fibroblastoid cells (Dorshk ind 1990). Ad ipocy tes 

are also present i n the marrow but are not thought to represent a distinct populat ion but rather to 

be de r ived f rom fibroblasts w h i c h have accumulated l i p i d ( L i c h t m a n 1981; W e i s s 1976). 

E n d o t h e l i a l cel ls f o r m a complete l i n i n g o f the l u m i n a l side o f the mar row sinuses and are, 

themselves , par t ia l ly covered on their ab lumina l face by ret icular c e l l processes ( L i c h t m a n 

1984). N e w l y generated b l o o d cel ls migrate through this barrier to enter the c i rcu la t ion . The 

v o l u m e o f c y t o p l a s m i n ret icular cel ls can be altered i n response to hema to log i ca l stress, 

thereby expos ing more or less o f the endothel ia l surface to migra t ing b l o o d ce l l s ( L i c h t m a n 

1984). T h e control exerted by endothelial and reticular cells appears to go beyond the phys ica l 

regulat ion o f b l o o d c e l l c i rcula t ion , however . A n indica t ion o f this is the fact that the stromal 

environments o f the marrow and spleen can differentially support the development o f different 

hematopoie t ic c e l l l ineages. F o r example , i n the mouse granulopoies is predominates i n the 

mar row w h i l e erythropoiesis is favoured i n the spleen (Curry and Trent in 1967). S t romal cells 

m a y also alter the levels o f g rowth factors and inhibi tors present i n the mar row cav i ty by 

in f luenc ing the in f lux or eff lux o f soluble mediators p roduced elsewhere (Shadduck, et a l 

1989), as w e l l as by releasing such factors themselves. S t roma l ce l l s have been shown to 

produce a variety o f growth regulators, either const i tut ively or i n response to s t imula t ion by 

growth factors or other agents (reviewed i n (Coze 1994)). 

S t romal cel ls o f the fibroblast-adipocyte-endothelial lineages are not the on ly potential 

regulators o f hematopoiesis w i t h i n the marrow. The mar row microenvi ronment also contains 

numerous extracel lular matr ix ( E C M ) molecules , i nc lud ing f ibronect in , hemonect in , var ious 

co l l agens , t h rombospond in , l a m i n i n , and pro teoglycans . It a lso, o f course , i nc ludes the 

hematopoie t ic ce l l s , themselves . Mac rophages and l y m p h o c y t e s , i n par t icu lar , have the 

potential to exert regulatory influences through ce l l -ce l l interactions and the secretion o f growth 

factors ( reviewed i n (Chabannon and Torok-Storb 1992)). The involvement o f macrophages i n 

early e ry thro id c e l l maturation is a case i n point. In the marrow, deve lop ing erythroblasts are 
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found c lus tered around central macrophages w h i c h p r o v i d e them w i t h i r o n and release 

erythroid burst-promoting activities such as granulocyte-macrophage colony-s t imula t ing factor 

( G M - C S F ) ) . A t a later stage, parasinal macrophages phagocytose erythroblast n u c l e i when 

they are expel led during red ce l l maturation (Lichtman 1984). 

The examinat ion i n vi tro o f stromal cells and their interactions w i t h hematopoietic cells 

has revealed that the extracel lular matr ix components produced i n long- t e rm cultures, and 

presumably i n v i v o , can influence the migrat ion, proliferat ion, shape, and metabol ic functions 

o f d e v e l o p i n g b l o o d ce l l s i n add i t ion to p r o v i d i n g a s t ructural m e s h w o r k for c e l l u l a r 

interactions ( reviewed i n (Dorshk ind 1990; V e r f a i l l i e , et al 1994)). A s shown i n F igu re 1.9, a 

number o f speci f ic receptor- l igand b i n d i n g mechanisms by w h i c h hematopoie t ic ce l l s and 

s tromal cel ls can interact w i t h each other and w i t h the E C M have now been ident i f ied. These 

interact ions can be regulated at several levels . In the case o f S F and macrophage c o l o n y -

s t imula t ing factor ( M - C S F ) w h i c h are produced both i n soluble and membrane-bound forms, 

s t imulat ion o f hematopoietic cells can occur without the need for stromal cel ls to secrete these 

factors (Stein, et al 1990; T o k s o z , et al 1992). O n another l eve l o f regulat ion, hematopoiet ic 

ce l l s express a var ie ty o f adhesion receptors, such as in tegr ins , C D 4 4 and select ins, i n a 

maturat ion stage and act ivat ion state-dependent manner (Cla rk , et al 1992; H y n e s 1992). F o r 

example , re t iculocytes lose their adherence to f ibronect in as they mature into erythrocytes 

(Patel, et al 1985). In addition, interaction o f at least some adhesion receptors w i th their ligands 

on s t romal cel ls or i n the E C M can also alter their o w n act ivat ion state ( rev iewed i n (Hynes 

1992)). S i m i l a r l y , s t romal cel ls can modi fy their pattern o f in te r leuk in m R N A synthesis i n 

response to the growth factors that they, themselves, produce (Gut ie r rez -Ramos , et a l 1992). 

T h e product ion o f E C M components and the expression o f adhesion receptors by stromal cells 

can be modula ted by a variety o f mediators. One example is the alteration by cort icosteroids 

(Bent ley , et a l 1988) o f the sulphation pattern o f g lycosaminoglycans and thus their abi l i ty to 

interact w i t h other components o f the microenvi ronment (C la rk , et a l 1992). A no t he r is the 

abi l i ty o f members o f the transforming growth factor (TGF)-(3 fami ly to regulate the synthesis 
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o f c o l l a g e n and o ther E C M c o m p o n e n t s ( S p o r n and R o b e r t s 1989) . F i n a l l y , 

g lycosaminog lycans , par t icular ly heparan sulphate, can sequester and effect ively concentrate 

g rowth factors w h i c h regulate hematopoiet ic c e l l g rowth and mig ra t i on as w e l l as cer ta in 

s t romal c e l l functions. E x a m p l e s o f growth factors thus affected inc lude I L - 3 (Roberts , et a l 

1988) , G M - C S F ( G o r d o n , et a l 1987) , b a s i c f i b r o b l a s t g r o w t h fac to r ( b - F G F ) 

( G o s p o d a r o w i c z and C h e n g 1986; Rapraeger, et a l 1991), and macrophage in f l ammato ry 

protein (MIP)-1(5 (Tanaka, et a l 1993). B y this mechanism o f l o c a l concentrat ion, sub l imina l 

g r o w t h factor p r o d u c t i o n by s t romal ce l l s m igh t be able to exert a potent effect on 

hematopoietic target cells i n their v ic in i ty . Th is type o f loca l i zed control o f hematopoiesis was 

env i saged a lmost two decades ago (Schof i e ld 1978) as an ex tens ion o f the H I M m o d e l 

o r i g i n a l l y p roposed by C u r r y and Tren t in (Cur ry and Tren t in 1967) (see sec t ion 1.1.1a, 

above). 

1.2.2 G r o w t h factors and inhibitors 

The presence i n culture supernatants condit ioned by stromal cel ls o f "activities" capable 

o f regulat ing the prol i ferat ion and differentiation o f hematopoiet ic cel ls eventual ly led to the 

iden t i f i ca t ion and subsequent c l o n i n g o f a large number o f g rowth factors and inhib i tors 

responsible for these activit ies. Hematopoie t ic co lony-s t imula t ing factors and inter leukins are 

fa i r ly s m a l l molecu les w i t h protein cores o f 10-70 k i loda l tons . T h e y are general ly soluble 

g lycoprote ins and are produced by a variety o f c e l l types throughout the body ( rev iewed i n 

( C o z e 1994) and ( M e t c a l f and N i c o l a 1995)). S ix ty years after the d iscovery o f erythropoiet in 

i n the serum o f rabbits made anemic by b leeding , M - C S F , granulocyte ( G ) - C S F , G M - C S F , 

and m u l t i - C S F (now k n o w n as I L - 3 ) were pur i f ied and the types o f co lony growth they were 

or ig ina l ly found to support are reflected i n their names. T o date, more than 15 interleukins have 

been c loned , many o f w h i c h have ple io t ropic or over lapping activit ies, as i l lustrated i n T a b l e 

1.1. T h e recent avai labi l i ty o f b io log i ca l l y active recombinant growth factors, i n combina t ion 

w i t h the use o f hematopoietic c e l l l ines and sorted c e l l populat ions has led to an exp los ion o f 
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i n fo rmat ion about the b i o l o g i c a l effects o f these factors. H o w e v e r , a l though more than 20 

hematopoietic regulators have already been identified, there are s t i l l many "activities" that have 

not yet been assigned to any k n o w n cytokines. F o r example , no factor has yet been found that 

can replace the abi l i ty o f S17 fibroblasts together w i t h l ipopo lysacchar ide to s t imulate the 

maturation o f pre-B cells into mature Ig-secreting lymphocytes (Kee, et al 1994). 

A s is evident f rom Table 1.1, the same factor, e.g., S F or I L - 6 , can have very different 

effects on cells i n different lineages, both wi th in and outside the hematopoiet ic system. Others 

have different effects at different stages o f maturation w i t h i n the same l ineage. F o r example , 

I L - 1 st imulates B c e l l p ro l i fe ra t ion but inh ib i t s p r e -B c e l l g rowth . In add i t ion , there is 

considerable funct ional over lap between many factors, i.e., different factors can exert very 

s imi la r effects on a particular c e l l populat ion. F o r example, I L - 1 , I L - 4 , and TGF-(3 a l l increase 

V C A M expression on endothel ial cel ls w h i l e I L - 3 , G - C S F , and G M - C S F can a l l support the 

growth o f granulocytic colonies. O f note as w e l l is the requirement o f h igh ly purif ied pr imi t ive 

progenitor cells for the combined activity o f several growth factors to promote their growth and 

different ia t ion m a x i m a l l y ( M i g l i a c c i o , et a l 1991; L i and Johnson 1992; T s u j i , et a l 1992; 

M i u r a , et al 1993). S u c h a dependence on mul t ip le act ivat ing s t imu l i m a y protect H S C and 

other immature progeni tor ce l l s f rom excess ive turnover or ampl i f i ca t ion . T h e m a x i m u m 

prol i fe ra t ion o f more mature progenitors l i ke C F U - M , on the other hand, is poss ib le i n the 

presence o f single factors such as M - C S F (Metca l f and N i c o l a 1995)). 

O g a w a and his colleagues, amongst others, have extensively documented the different 

roles o f var ious g rowth factors i n support ing co lony format ion by h i g h l y pur i f i ed mouse 

mar row ce l l s . These studies have led them to group factors into three categories: late-acting 

l ineage-spec i f ic factors such as E P O , M - C S F , and I L - 5 , in termediate-act ing l ineage-non

specif ic factors such as I L - 4 , I L - 3 , G M - C S F , and factors i n v o l v e d i n act ivat ing or sustaining 

the c y c l i n g o f p rev ious ly dormant progenitors such as L L - 6 , I L - 1 1 , S F , and G - C S F . N o n e o f 

these categories are necessar i ly mu tua l ly e x c l u s i v e . F o r example , G - C S F regulates the 

29 



tn 
CU 
U S 
CU 
S -
4) 

c+H 
cu 

rf 
O N 
O N 

^ oo 
O N 
O N 

03 

CD 

ca C CD ^ ^ 

i l l 81 

cs 
^ J-t <̂  ° ^ 
O N O N 

13 "rf 
CD CD 

rf" SrT 

a-a 
t | 

O N 
O N 

'o 
CD 

13 
CD 

O N 
O N 

13 
oo 
O N 

CD 
ts "3 
33 O N ^ 

,3 1—1 '3 
y 3 o 

43 

O N 
O N 

^ 13 

rf 
I 

> O H N ffi 

O N 
O N 

CD 
N 
O 

U 

C O 
O N 
O N 

co 03 
CD UH 

CD 
O 

CO 
cu 

o 
co 
CD 
CO 
rf 

a 
CD 
a 
~o a rf 
43 

O 
UH 
M 

a 
CD 
bO 
O 

I I 

o a > a CO 
CD 

co CD 

_a a 
OH 

rf 
43 
T3 
a 
rf ^_ 
CD co 

•*-] CD 

o -a 
CO 
o . 
CD CD 

CD 

13 pq 

2 ^ 

£ > 
• S i 

l l CD CD 
_ UH 

a o 
CD 

CO CO 

a 
o 
UH 
CH 

SH 'o 
DH o rf 
s 
CD 

43 

2d 
,CD M 

^3 43 

& a 
8.2 

S i -S 
CH.-H ^ 

o 
CJ 

a 

-4-< 3 1— 

co 

_ a £ rf s 

5 o 
ft ° 
O c/i 

-a bo 
co •ri 
CD 43 
rf ft 

n - H CD 
3 O 

. ! •§ a c co .a 

rf 
43 „ 
OH O 

•4—1 
3 c 2 

t3 2 b 
CH bo-SL 

43 cD <H-H 43 
O 

co 
EH '3 
DH 

o o -a ̂  
' " 6 0 

^ 5b & 

UH 
0 
« co '*3 3? 
CD " 
°*> 0 ro 

2 H 8 
CL,T3 bp 

=3 g.3 
° 'C 2 

a 
<U O H ^ 

O O ^ > 

a a |_J 
*H3 \a c,, 

rf rf O 

UH UH _ 
o 

1 s i 
CH CH cj 
co co CD 
CD CD co 

rf O 

CH 3 U „ 
ft 

CD >~> 3 
UH CO CO 

rf rf 
"3 3 

co co .a 

o 
u 
03 

a 
3 

r2 
TH 
CD M 

a 

30 



o 
O N 
O N 

O N 
O N 

03 
-t—' 
to 

to 
• —H 
X I 
co 
03 

3 

T T 
O N 
O N 

O N 
O N 

to 
N 
O 

03 
•4—1 

to 
to" 
to S 3 O U 

oo 
O N 

-3 oo 
O O N o —< 
Z l 3 

<H X 

^ x 
to (U 
S * 

O N 

2 O N 

iS ©v 
••3 ^ 
fl, o" ' ' w e 

<+H <D -3. 

111 

O N 

o °^ 
O N 1 - 1 

13 ^ 
to * 
.5 .fl 

O N 
O N 
Y - H 

<u 
N 
O 

U 

O N 
O N 

03 

"5 

o3 

03 

m 
O N 
O N 

03 

•a 

O N 
O N 

S 13 
to 

to .« 

3 
to 

o 
O N 
O N 

O N 00 

St °^ 5 
O N ,—! 03 
O N _ > H 

to fl - I 

u 

to 
I-
o 

X 

o3 fl 

XI ^H 
>H C 

to -fl 
>. o 
CO OH 

•2 §< 
CO CO 

S.S 
flPH 
to on PH^ 

to o 
SH 
O 

to 
o 
to 

'SH 
3 
Cu 

CO 

3 
O 

to 
X 

"cs d 
SH M 

X 

3 
C 

co 
i 

PH 
U 
CO 

T3 
fl 
o3 
PH 

• X 
to 

vo" 
i 

to ^ 
3 ^ 

43 ° C 

^O 

co CT3 

2 >H 
OH to 
PH C 
3 
CO CO 

O . S 
« X fl fl 
to « 
PH.S 

c 
3 

> ~ . SH 

c o 
O c S 

to g> 
- i n fl r — v 

[T. 

i i u 

03 '-O O 
SH CO \s 
o 

PH 
CO 
U 

O 

PH 
CO 

S-H 
O 

-4—» 

PH 
"to 

to 
4—> 
CO 

31 

T3 

00 

m 

1 

M 
PH 

SH 

oo2 
• f l u ! 

5 x 
.o ft 

CO 

fl 
03 

SH f-H 
ooO 



prol i fera t ion and maturation o f neutrophil progenitors ( M e t c a l f and N i c o l a 1983) but can also 

act w i t h S F i n support ing blast co lony formation (Hi rayama , et a l 1992). T h e earliest acting 

growth factors can be further subdivided on the basis o f their functional s imilar i t ies . Effec t ive 

s t imulat ion o f p r imi t ive progenitors occurs when cytokines f rom at least two o f the subgroups 

interact w i t h each other ( O g a w a 1993). Ano the r way o f th ink ing o f growth factor interactions 

( M e t c a l f 1993) distinguishes the synergy between cytokines such as S F + G M - C S F that results 

i n an increased c e l l p roduc t ion by responsive progenitors ( M c N i e c e , et a l 1991a) and the 

recruitment o f progenitors by factors such as S F + E p o that increases the number responding 

cel ls ( M i l l e r , et a l In Press). T h e exposure o f hematopoiet ic progeni tor ce l l s , whatever their 

developmental stage, to mul t ip le cytokines cou ld thus result i n their enhanced recruitment and 

proliferation. 

O v e r l a p i n the ab i l i t y o f different hematopoie t ic g r o w t h factors to support the 

prol i ferat ion and differentiation o f p r imi t ive progenitors i n vi t ro w o u l d predict that the loss o f 

any s ingle factor might have l i t t le impact on the generation i n v i v o o f ear ly hematopoiet ic 

progenitors whi le potentially e l iminat ing a subset o f mature end cel ls . Th i s has proven to be the 

case i n several strains o f mice n o w k n o w n to be natural ly deficient i n the p roduc t ion o f a 

part icular g rowth factor or its receptor such as Steel factor (SI), c -k i t ( W ) , or M - C S F (op/op) 

mutants. In addi t ion, a large array o f m ice rendered deficient by targeted gene dis rupt ion i n 

embryon ic stem cel ls , l i ke the knock-outs for I L - 7 , I L - 2 and the I L - 7 receptor have shown a 

s imi l a r picture. A n i l lustrat ive l ist o f the phenotypes o f such animals is s h o w n i n Tab le 1.2. 

A l t h o u g h the reduct ion i n mature end cel ls can be quite dramatic when a g rowth factor or its 

receptor is absent such as le thal anemias i n some SI and W mutants and B and T c e l l 

deficiencies i n I L - 7 and I L - 7 receptor knock-outs , to date no single or double g rowth factor or 

g rowth factor receptor knock-out has resulted i n the complete abol i t ion o f a part icular l ineage, 

i nd i ca t ing that considerable redundancy exists i n v i v o even for so-ca l led l ineage-spec i f ic 

regulators. 
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T h e regula t ion o f hematopoiesis also invo lves mechanisms by w h i c h prol i fera t ive 

responses can be specifical ly curtailed to facilitate the restoration o f homeostasis after i l lness or 

in jury . T h e pos i t ive and negative signals required to ensure a p h y s i o l o g i c a l l y appropriate 

balance may operate at many levels . F o r example , as an in i t i a l , s e l f - l imi t ing response to M -

C S F s t imulat ion, monocytes and macrophages rapidly downregulate their surface express ion 

o f M - C S F receptors (Me tca l f and N i c o l a 1995). B and T cel ls , for their part, can secrete T G F -

(3, the most potent k n o w n suppressant o f lymphocyte prol i ferat ion (Sporn and Roberts 1989). 

A t a different l eve l , t ransmodulation o f the responsiveness o f hematopoiet ic cel ls to G M - C S F , 

I L - 3 and I L - 5 can occur due to the competit ive usage by their respective receptors o f a c o m m o n 

(3 subunit necessary for h igh affinity l igand b ind ing (Ihle, et a l 1994). F i n a l l y , several negative 

regulators, termed chemokines , have been ident i f ied w h i c h act p redominant ly to inh ib i t the 

proliferat ion o f very pr imi t ive hematopoietic cells . The interactions o f TGF-(3 and I L - 1 provide 

a p a r a d i g m for the d y n a m i c and antagonist ic con t ro l o f hematopoies i s . I L - 1 is a pro

in f l ammatory molecu le i n v o l v e d i n the act ivat ion o f i m m u n e functions, the s t imula t ion o f 

cy tok ine product ion, i nc lud ing G - C S F , G M - C S F , M - C S F and I L - 3 , by a variety o f ce l ls , and 

the increased expression o f growth factor receptors and c e l l surface adhesion molecules (Coze 

1994). T G F - p , on the other hand, inhibi ts each o f these activit ies and, i n addi t ion, stimulates 

the secretion and inhibits the ce l l surface expression o f the I L - 1 receptor (Ruscett i , et al 1992). 

O f part icular interest is the abi l i ty o f hematopoietic inhibi tors such as TGF-(3 and M I P - l a to 

ma in t a in p r i m i t i v e progeni tors i n a n o n - c y c l i n g state, thereby protec t ing t hem f r o m the 

deleterious effects o f chemotherapeut ic agents des igned to k i l l p ro l i fe ra t ing tumour ce l l s 

( r ev iewed i n ( M o o r e 1991)). TGF-(3 and M I P - l a have both been shown to prevent the re

entry o f immature progenitors into S-phase i n cultures upon s t imula t ion by either a ha l f 

m e d i u m exchange or the addi t ion o f I L - 1 (Cashman, et al 1990) and s igni f icant ly reduce the 

generation o f C F U - G E M M by h igh ly pur i f ied C D 3 4 + C D 4 5 R A l o w C D 7 1 l o w p r im i t i ve human 

co rd b l o o d progenitor cells ( M a y a n i , et al 1995). 
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1.2.3 Receptor s ignal l ing and transcription factors 

T h e receptors for the C S F s and most o f the interleukins thus far c loned have now also 

been ident i f ied . T h e major i ty o f the receptors are members o f the hemopo ie t i n receptor 

superfamily w h i c h is characterized by the distinctive arrangement i n the extracellular domain o f 

4 conserved cysteine residues and the presence, usual ly p r o x i m a l to the outer c e l l membrane, 

o f a conserved T r p - S e r - X - T r p - S e r m o t i f (where X can be any amino acid) . T h e hemopoie t in 

receptors do not possess in t r ins ic k inase ac t iv i ty but are b e l i e v e d to act ivate associated 

members o f the Jak, Src , Fes , and A b l famil ies o f tyrosine kinases upon l i g a n d b i n d i n g . In 

m a n y cases, the spec i f i c , l i g a n d - b i n d i n g components o f these receptors associate w i t h 

promiscuous subunits w h i c h confer h igh affinity b ind ing such as the c o m m o n (3 subunit o f I L -

3, I L - 5 , and G M - C S F or s ignal transducing capabili t ies as is the case w i t h the g p l 3 0 molecule 

shared by I L - 6 , L I F , and I L - 1 1 (Ihle, et a l 1994; rCishimoto, et a l 1994). A n o t h e r f a m i l y o f 

g rowth factor receptors includes the M - C S F receptor c-fms, c-ki t , f lk-2/ f l t3 and the platelet-

der ived g rowth factor receptor ( P D G F R ) . The def ining features o f this subfami ly o f tyrosine 

kinase receptors inc lude the presence o f an intracellular kinase domain split by a non-catalytic 

insert o f 60-100 amino acids and five extracellular immunoglobu l in - l ike domains (Yarden, et al 

1987). It is be l i eved that these receptors can direct ly del iver intracel lular signals upon l igand 

b ind ing ( U l l r i c h and Schlessinger 1990). 

In general , the b i n d i n g o f hematopoiet ic g rowth factors to their receptors, whether 

hemopoie t in receptors or receptor tyrosine kinases, induces homo- or he terodimer iza t ion o f 

receptor components w h i c h then ini t iate downs t ream s i g n a l l i n g pa thways v i a a host o f 

in t racy toplasmic intermediates, i n c l u d i n g var ious kinases and phosphatases, as w e l l as their 

respective substrates. U l t ima te ly , the t ransmission o f these signals to the nucleus can alter the 

t ranscript ional regulat ion o f c e l l type-specific genes (Ihle, et a l 1994; K i s h i m o t o , et a l 1994). 

S ince cel ls f rom different lineages express different arrays o f cel lular products, it is l i k e l y that 

the product ion o f many o f these molecules might cont ro l led at a t ranscr ipt ional l eve l dur ing 
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differentiation. Indeed, number o f transcription factors i nvo lved regulating i n the development 

o f part icular hematopoietic c e l l l ineages have recently been identif ied. A s i l lustrated i n F igure 

1.10, and l i k e the hematopoiet ic g rowth factors, these transcript ion factors can be c lass i f ied 

acco rd ing to their pattern o f express ion and act ivi ty (Ness and E n g e l 1994). F o r example , 

d is rupt ion o f the G A T A - 2 gene results i n a marked reduct ion o f a l l hematopoiet ic precursors 

(Tsai , et al 1994). Some transcription factors, l ike c - M y b , are expressed on ly i n immature cells 

but their express ion is not l ineage-restricted (Ness and E n g e l 1994). The Ikaros transcript ion 

factors, on the other hand, are required for the development o f a l l l y m p h o i d but not m y e l o i d 

l ineages (Georgopou los , et a l 1994), w h i l e S C L / t a l - 1 is m a i n l y expressed i n m y e l o i d and 

erythroid progenitors ( B o c k a m p , et a l 1994; O r k i n 1995). Interestingly, P U . l appears to cross 

the l y m p h o i d - m y e l o i d d iv ide since embryos deficient for this transcription factor have normal 

numbers o f erythroid and megakaryocyt ic progenitors but are defective in their development o f 

monocyte , granulocyte, B ce l l and T ce l l progenitors (Scott, et a l 1994). Pax5 and G A T A - 1 are 

necessary for the deve lopment o f s ingle- l ineage progeni tors w i t h i n the B and e ry th ro id 

l ineages, respectively (Urbanek, et al 1994; W e i s s and O r k i n 1995), al though G A T A - 1 is also 

expressed i n mast ce l l s and megakaryocytes (Ness and E n g e l 1994). Other t ranscr ip t ion 

factors, such as M Z F 1 , N F A T , and Oct -2 , are expressed i n more mature c e l l types o f a s ingle 

l ineage (neutrophils, T cel ls and B cel ls , respectively) (Ness and E n g e l 1994). A l t h o u g h the 

t ranscr ip t ion factors d i scussed here are shown i n F i g u r e 1.10 as ac t ing o n l y w i t h i n the 

hematopoiet ic system, many o f them are also expressed in unrelated tissues i n w h i c h they play 

roles i n the differentiation o f non-hematopoietic cel ls (Ness and E n g e l 1994; O r k i n 1995). F o r 

example , P a x 5 is i n v o l v e d i n m i d b r a i n patterning (Urbanek, et a l 1994) and G A T A - 1 is 

expressed i n Ser to l i cel ls i n the testes ( Y o m o g i d a , et al 1994). The specif ic i ty o f transcription 

factors, l i k e that o f g rowth factors and inhibi tors , is very m u c h a funct ion o f the context i n 

w h i c h they act. 
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GATA-3: 
NFAfH 

Myeloid 
stem cell 

Figu re 1.10 Transcription factors invo lved i n hematopoietic ce l l development. (Adapted 
f r o m Ness 1994) 
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1.3 Ontogeny o f the murine hematopoietic system 

In the deve lop ing embryo, the first morpho log ica l ly recognizable hematopoiet ic cel ls 

appear 7.5-8 days postcoitus as erythropoietic islands generally conf ined to the y o l k sac ( Y S ) 

m e s o d e r m ( (Thei le r 1989) and r e v i e w e d i n ( M e t c a l f and M o o r e 1971)). In v i t ro c o l o n y -

fo rming cel ls ( C F C ) can be isolated f rom the same presomit ic and 1-4 somite stage ( M e t c a l f 

and M o o r e 1971). B e g i n n i n g at the 10- to 12-somite stage (8.5 days postcoitus) , B l y m p h o i d 

precursors can be i so la ted f r o m the body , Y S ( C u m a n o , et a l 1993), and paraaor t ic 

splanchnopleura ( G o d i n , et a l 1993). A t this stage, the Y S is also a source o f C F U - S ( M e t c a l f 

and M o o r e 1971). B y day 9, the heart begins to beat and b l o o d c i r cu la t ion i n the embryo is 

ini t ia ted. C F C are then found i n s imi la r numbers i n the Y S and i n the c i r cu la t ing b l o o d . In 

birds and amphibians, grafting experiments have shown that, after an in i t i a l transitory wave o f 

Y S hematopo ies i s , de f in i t ive b l o o d c e l l p roduc t ion is d e r i v e d f r o m s tem ce l l s i n the 

mesodermal reg ion surrounding the aorta (Die te r l en -Lievre and M a r t i n 1981; Turpen , et al 

1981; M a e n o , et a l 1985; C o r m i e r and Die te r len-Lievre 1988). In mice , H S C capable o f long-

term reconstitution o f a l l b lood lineages have been detected by day 10 (31- to 40-somite stage) 

i n the corresponding aorta-gonad-mesonephros ( A G M ) region ( M e d v i n s k y , et a l 1993) and are 

also detectable i n the Y S and fetal l ive r by day 11 (Me tca l f and M o o r e 1971; M e d v i n s k y , et al 

1993). Whe the r adult H S C first originate i n the Y S and subsequently migrate to the A G M 

reg ion and fetal l i ve r or whether H S C f rom the A G M reg ion seed the other t w o organs is 

currently an area o f active investigation. B l o o d ce l l production i n the Y S and A G M region then 

wanes as the fetal l i v e r becomes the p r i m a r y site o f e m b r y o n i c and ear ly pos tnata l 

hematopoiesis . The fetal bone marrow is co lon ized by b l o o d stem cel ls 3-4 days before bi r th 

and gradually replaces the l iver as the predominant hematopoietic organ by 2 weeks postpartum 

and thereafter remains the principal site o f normal hematopoietic ce l l development (Me tca l f and 

M o o r e 1971). 

39 



1.3.1 Compar i son o f hematopoietic stem cells from fetal and adult tissues 

T h e exact re la t ionship between fetal and adult H S C is s t i l l unclear. A s ment ioned 

above, there are cel ls present in the embryo as early as 10 days postcoitus that are capable o f 

susta ining long- te rm hematopoiesis after transplantation into i rradiated adult m i c e . It is not 

k n o w n , however , whether these same cel ls or those present i n the mar row o f adult mice are 

able to recapitulate the development o f hematopoietic cel ls that occurs i n the fetus f rom day 10 

onward . A l t h o u g h H S C derived f rom fetal and adult sources are s imi la r i n possessing l y m p h o -

m y e l o i d potential and an extensive abi l i ty to mainta in this property through subsequent c e l l 

d iv is ions , they have been found to behave differently i n several respects. 

P h y s i c a l l y , on to log ica l ly earl ier progenitors are larger and less dense (Rebe l , et a l In 

Press) . U n l i k e the vast majori ty adult mar row H S C , they express the c e l l surface antigen 

A A 4 . 1 and, by 14 days postcoitus, v i r tua l ly a l l express some l eve l o f M a c - 1 , an antigen 

no rma l ly expressed by mye lo -monocy t i c cel ls i n adult mice (Rebe l , et a l In Press). A larger 

p ropor t ion o f fetal H S C than adult mar row H S C also appear to be ac t ive ly pro l i fe ra t ing 

( F l e m i n g , et al 1993). Fetal H S C also reconstitute pr imary and secondary transplant recipients 

to a m u c h greater degree than do their adult marrow counterparts (Rebel , et a l In Press) but the 

extent to w h i c h this may be due to an increased proport ion o f prol i ferat ing H S C , a decreased 

loss o f H S C to death or differentiation, or an increased self-renewal rate is not clear at present. 

T h e erythroid, B and T c e l l differentiative potentials expressed by fetal and adult H S C 

are also somewhat different. Studies i n sheep have shown that early fetal H S C g ive rise to 

erythrocytes expressing fetal OC2Y2 hemoglobin whereas erythrocytes der ived f rom H S C later i n 

development produce adult a 2 ( 3 2 hemoglob in ( W o o d and Weathera l l 1973; W o o d , et a l 1976; 

B u n c h , et a l 1981; W o o d , et al 1985). It has also been shown that a developmenta l sw i t ch 

occurs i n the subsets o f T and B cel ls produced by fetal and adult H S C (Ikuta, et a l 1990; 

Kantor , et al 1992). A n apparently B cell-macrophage-restricted progenitor has been identif ied 
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i n fetal l ive r but an equivalent ce l l i n adult marrow has not been detected (Cumano, et a l 1992). 

Thus the concept o f an H S C capable o f perpetuating i tself without change f rom the t ime o f its 

o r ig ina l generation i n the fetus to the end o f adult l i fe is now being questioned. It seems l i k e l y 

that i n mammals , as i n amphibians and birds, a transient wave o f hematopoiesis occurs i n the 

fetus w h i c h is then rep laced by a "def in i t ive" stage o f hematopoies is later i n gestat ion 

(Die te r l en -Lievre 1975; Die te r l en -L ievre and M a r t i n 1981; Turpen , et al 1981; M a e n o , et a l 

1985) . 
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1.4 Thesis objectives 

A s descr ibed i n the preceding sections, it is n o w w e l l es tabl ished that m a m m a l i a n 

hematopoiesis originates throughout adult l ife f rom a self-maintaining popula t ion o f cel ls w i t h 

the capacity to generate mult iple types o f l y m p h o i d and m y e l o i d b lood cells . M o r e o v e r , i n v i v o 

studies have shown that many o f these have enormous proliferat ive capaci ty. S u c h cel ls i n the 

mouse can be detected and quantitated by appropriate i n v i v o assays. H o w e v e r , at the t ime this 

thesis was init iated, reproducible and specif ic assays for their detection i n v i t ro had not been 

developed. 

T h e o v e r a l l goa l o f this thesis was to obta in i n fo rma t ion about the r egu la t ion o f 

totipotent hematopoietic stem ce l l differentiation and self-renewal using i n vi tro approaches on 

the assumption that this might facilitate the analysis and manipula t ion o f these processes. A s a 

first object ive, I therefore sought to explore the poss ib i l i ty o f m o d i f y i n g the L T C - I C assay to 

detect the cells o f interest. The first chapter describes the features o f the assay that was devised 

for this purpose, its va l ida t ion as a quantitative and specif ic method for measur ing p r imi t ive 

ce l l s w i t h l y m p h o - m y e l o i d potential and the frequency o f the cel ls it detects i n var ious c e l l 

suspens ions . C o m p a r i s o n o f these values w i t h L T C - I C , C R U and other types o f later 

hematopo ie t i c progeni tors was then pursued to es tabl i sh the in te r re la t ionsh ip o f these 

opera t iona l ly def ined c e l l types. These studies are descr ibed i n Chapter III and have been 

publ i shed (Lemieux , et al 1995). 

The key f ind ing f rom this part o f m y work was that the L T C - I C and L T C - I C M L assays 

appear to measure the same cells i n adult mouse marrow as are detected i n v i v o as C R U , albeit 

w i t h apparently different eff iciencies. M y next objective was to analyze the maintenance o f 

L T C - I C and L T C - I C M L populat ions i n v i t ro under var ious L T C cond i t ions s ince it had 

prev ious ly been shown that some C R U can undergo self-renewal d iv is ions under m y e l o i d L T C 

condi t ions . In c l i n i c a l and research settings where hematopoiet ic cel ls are kept i n culture for 
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some length o f t ime, for example during marrow purging or gene transfer, it is c ruc ia l to k n o w 

h o w the reconsti tuting ce l l s are affected by such ex v i v o manipula t ions . It was, therefore, o f 

interest to determine whether the persistence o f i n vi tro l y m p h o - m y e l o i d potential as measured 

by the L T C - I C M L assay is predict ive o f i n v i v o H S C maintenance (as measured by the C R U 

assay. T o do this, mar row cel ls f rom normal and myeloab la ted mice were cu l tured under 

var ious condit ions and for variable periods i n order to document the i n vi t ro maintenance o f i n 

v i v o repopula t ing ce l l s and i n v i t ro l y m p h o - m y e l o i d progeni tors . H o w e v e r , because the 

frequency o f cells detected using the L T C - I C M L assay was found to be lower than anticipated, 

another series o f experiments were first undertaken to see i f further modif ica t ions to the L T C -

I C M L assay might increase its sensit ivi ty. These studies and the results obtained are presented 

i n Chapter I V . 

T h e f ina l objective was to investigate whether certain specif ic g rowth factors c o u l d 

replace the role o f the feeders at very early stages o f hematopoietic c e l l differentiation as a first 

step towards e luc ida t ing the mechanisms by w h i c h the funct ions o f L T C - I C M L migh t be 

regulated. Here the approach taken was to initiate cultures w i t h a rare, pur i f ied subpopulat ion 

o f fetal l i ve r ce l l s k n o w n to be h igh ly enr iched i n its content o f C R U (Rebe l , et a l In Press). 

These cells were then cultured for 1-2 weeks i n the absence o f stromal cells but i n the presence 

o f va r ious combina t ions o f F l t 3 l i gand , I L - 7 , S F and I L - 1 1 . These g rowth factors were 

selected for these studies because each had been shown to be produced by s t romal fibroblasts 

and to have activity in st imulating early B lineage progenitors. A t the end o f the culture period, 

the types o f ce l l s present were analyzed. T h e results o f these experiments are descr ibed i n 

Chapter V . 
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I I . Mater ials and methods 

2.1 An ima l s 

E i g h t - to 16-week o l d ( C 5 7 B L / 6 J x C 3 H / H e J ) F 1 ( B 6 C 3 F , ) and ( C 5 7 B L / 6 Pep3b x 

C 3 H / H e J ) F j ( P e p C 3 F j ) mice bred and mainta ined i n the an imal fac i l i ty o f the B . C . Cance r 

Research Centre (Vancouver , B . C . ) were used i n a l l experiments. Parental strain breeders were 

o r i g i n a l l y obta ined f r o m the Jackson Labora to r ies ( B a r Ha rbo r , M E ) . B 6 C 3 F j m ice are 

homozygous for the L y - 5 . 2 allele. P e p C 3 F j are L y - 5 . 1 / L y - 5 . 2 heterozygotes. 

2 .2 Preparation o f marrow ce l l suspensions 

A 21-gauge needle was used to f lush mar row cel l s f rom femurs and t ibias into c o l d 

A l p h a m e d i u m containing 2 % fetal ca l f serum ( F C S ) (S temCel l Technologies Inc., Vancouver , 

B . C . ) . S i n g l e - c e l l suspensions were then obtained by repeated gentle aspirat ion through the 

needle. F o r studies o f i n v i v o effects o f 5-f luorouraci l ( 5 - F U ) , mice were injected I V w i t h 150 

m g / k g body weight o f sterile 5 - F U (Hoffman L a Roche , Base l ) 2 days pr ior to harvest ing the 

mar row. F o r antibody labe l l ing experiments, cel ls were col lected i n i c e - c o l d Hank ' s balanced 

salt so lu t i on ( S t e m C e l l ) con ta in ing 2 % F C S ( H F ) , incuba ted for 30 minutes o n ice i n 

a m m o n i u m chlor ide to lyze red b l o o d cel ls , centrifuged and gently resuspended i n H F . 

2.3 Ant ibodies and growth factors 

Recombinan t murine Steel Factor , recombinant human I L - 7 , and recombinant human 

F l t3 l igand were generous gifts f rom Immunex (Seattle, W A ) . H u m a n I L - 1 1 and human I L - 6 
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pur i f i ed f rom supernatants o f C O S cel ls transiently expressing the appropriate c D N A s were 

prepared and titered for bioact ivi ty i n the Terry F o x Laboratory (Vancouver , B C ) . 

T h e monoc lona l antibodies used for f l ow cytometr ic analyses and sor t ing were E l 3-

161.7 (ant i -Sca-1) , S7 ( a n t i - C D 4 3 ) , the l ineage markers R A 3 - 6 B 2 (an t i -B220) , R B 6 - 8 C 5 

(ant i -Gr-1) , 53-7.3 (ant i -Ly-1) , M l / 7 0 (ant i -Mac-1) , and T e r l l 9 (an erythroid l ineage marker 

(Ikuta, et a l 1990)). H y b r i d o m a s produc ing monoc lona l ant i -Sca-1, an t i -B220 , and ant i -Gr-1 

antibodies were provided by D r . G . Spangrude ( R o c k y M o u n t a i n Labora tory , H a m i l t o n , M T ) . 

D r . Spangrude also p rov ided the h y b r i d o m a p roduc ing the an t i -Ly-5 .1 ant ibody (A20-1 .7 ) 

used to detect donor-der ived cel ls i n C R U assays (see be low) . T e r l 19 was a gift f rom D r . T . 

K i n a ( K y o t o U n i v e r s i t y , S a k y o - k u , K y o t o ) . T h e h y b r i d o m a s 53-7.3 and M l / 7 0 were 

purchased f rom the A m e r i c a n T y p e Cul ture C o l l e c t i o n ( A T C C , R o c k v i l l e , M D ) . B io t i ny l a t ed 

S7 was purchased f rom Pharmingen (San D i e g o , C A ) . D r . S. Sz i lvas sy (Sys temix , Pa lo A l t o , 

C A ) p rov ided the hybr idoma w h i c h produces the an t i - IgG F c receptor antibody 2 . 4 G 2 used to 

b l o c k non-specific staining. A n t i - B 2 2 0 , ant i -Gr-1 , an t i -Mac-1 , a n t i - L y - 1 , T e r l 19 were labelled 

w i t h f l uo re sce in i so th iocyana te ( F I T C ) and an t i -Sca-1 was l a b e l l e d w i t h c y a n i n e - 5 -

s u c c i n i m i d y l ester under the direct ion o f D r . P . Lansdorp (Terry F o x Labora tory) f rom w h o m 

they were obtained. B io t iny l a t ed wheat germ agglut in in ( W G A ) was purchased f rom V e c t o r 

Labora tor ies Inc. (Bur l ingame , C A ) , s treptavidin conjugated to phycoe ry th r in ( S A P E ) and 

a l l o p h y c o c y a n i n ( A P C ) f rom Cedar lane Labora tor ies L t d . ( H o r n b y , O N ) , and p r o p i d i u m 

iodide (PI) f rom S i g m a C h e m i c a l C o . (St. L o u i s , M O ) . 

2 .4 C e l l purification 

A d u l t P e p C 3 F j marrow cells were incubated for 30 minutes w i t h the f o l l o w i n g F I T C -

labe l l ed l ineage-specif ic ( L i n ) antibodies: an t i -B220 , a n t i - L y - 1 , an t i -Gr -1 , and a n t i - M a c - 1 . 

Af te r 2 washes w i t h H F to remove unbound antibody, the cel ls were incubated for 25 minutes 

w i t h B i o M a g ® sheep anti-fluorescein I g G magnetic beads (Advanced Magne t i c s , Cambr idge , 
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M A ) and Lin+ cells depleted by magnetic separation according to the manufacturer's directions. 

Af ter 2 more washes wi th H F , the cells were incubated for 30 minutes w i t h biot inylated wheat-

germ agglut inin ( W G A ) and again washed twice. The cells were then stained w i t h an antibody 

cock ta i l conta in ing the same F I T C - l a b e l l e d a n t i - L i n antibodies as before, C y - 5 - l a b e l l e d anti-

Sca -1 , and S A P E . The cells were then washed two f ina l t imes, w i t h P I added to the last wash 

to a l l ow the detection o f nonviable (PI+) cel ls . A n aliquot o f stained but unsorted cel ls was set 

aside for use i n the determination o f enrichment and recovery values. C e l l s were sorted on a 

F A C S t a r + (Bec ton D i c k i n s o n & C o . , San Jose, C A ) equipped w i t h 5 W argon and 30 m W 

h e l i u m neon lasers. V i a b l e (PP) cel ls were gated to retain the popula t ion o f Sca-1+ cel ls w i t h 

l o w forward and orthogonal l ight scattering properties. F r o m this popula t ion , the L i n - W G A + 

fraction was col lected under sterile condit ions into 5 0 % H F . U s e o f the same controls and gate 

settings as p rev ious ly described (Rebel , et a l 1994) a l l owed the reproducible i so la t ion o f the 

0 .02% o f total nucleated P e p C 3 F l marrow cells that have a Sca-1+ L i n - W G A + phenotype. 

T h e pro tocol used for sorting Pep3b fetal l i ve r cel ls was very s imi l a r (Rebe l , et a l In 

Press). V i a b l e Sca-1+ cells w i th somewhat higher forward and side scatter properties than adult 

mar row cel ls were selected on ly i f they were also B 2 2 0 " L y - P T e r l 19" G r - P . T h e an t i -Mac-1 

ant ibody was exc luded f rom this l ineage cock ta i l since almost a l l day 14.5 fetal l i ve r cel ls 

express the M a c - 1 antigen (Rebel , et a l In Press). In addi t ion, no select ion was made on the 

basis o f W G A b ind ing . 

2 .5 In v i v o assays 

2 .5 .1 C o l o n y - f o r m i n g unit-spleen ( C F U - S ) 

The day 12 C F U - S content o f ce l l suspensions was determined as o r ig ina l ly described 

( T i l l and M c C u l l o c h 1961). B r i e f l y , appropriate d i lu t ions o f the ce l l s to be tested (e.g., 4-

8 x l 0 4 no rmal mar row cel ls or 5 - 8 x l 0 5 mar row cel ls f rom 5 - F U treated mice) were injected 
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into syngeneic recipients that had been irradiated with 950 cGy given in a single dose at -100 

cGy/min from a 1 3 7 C s y-ray source (Atomic Energy of Canada, Chalk River, Ont.). The 

spleens were excised 12 days later, fixed in Telleyesniczky's solution and macroscopic surface 

colonies counted. 

2.5.2 Competitive repopulation unit (CRU) assay 

A modification of the limiting dilution assay for C R U described by Szilvassy et al 

(Szilvassy, et al 1990; Szilvassy and Cory 1993) was used. Briefly, decreasing numbers of 

test cells of PepCSF] origin were injected together with 105 unseparated fresh adult marrow 

cells from B6C3FJ mice into B6C3FJ recipients that had been irradiated with 950 cGy (as for 

CFU-S assays). After >5 weeks, a small blood sample was taken from the tail of each recipient 

and the nucleated cells then stained with FITC-labelled anti-Ly-5.1 and biotinylated anti-Gr-1 

plus SAPE. Animals showing Ly-5.1+ staining of both lymphoid and myeloid cells in the 

circulation, as determined by their light scattering profiles (lymphoid window) and anti-Gr-1 

staining (>5% of Gr-1 + [myeloid] cells also Ly-5.1+), were considered to be repopulated by 

C R U present in the injected test cells. CRU frequencies were calculated by limiting dilution 

analysis using the maximum likelihood solution (Fazekas de St. Groth 1982). 

2.6 In vitro assays 

2.6.1 Clonogenic cell assays 

To assay for erythroid (BFU-E), mixed granulocyte/macrophage (CFU-GM), and 

multi-lineage (CFU-GEMM) clonogenic progenitors, cells were suspended in Alpha medium 

containing 0.8% methylcellulose, 30% FCS, 1% bovine serum albumin, 0.1 mM B-

mercaptoethanol (8-ME), 3 U/ml human erythropoietin, and 2% pokeweed mitogen-stimulated 
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mouse spleen c e l l condi t ioned m e d i u m (S temCel l ) and 1 m l aliquots plated i n 35 m m petri 

dishes ( S t e m C e l l ) . C o l o n i e s were scored i n situ after 14 days o f incuba t ion at 3 7 ° C i n a 

humid i f i ed atmosphere o f 5% C 0 2 i n air, us ing cri teria established and used i n this laboratory 

for many years (Humphries , et a l 1979a). 

A m o d i f i c a t i o n o f a p r e v i o u s l y desc r ibed C F U - p r e - B assay was used to detect 

c lonogenic pre-B c e l l progenitors (Suda, et al 1989). B r i e f l y , cells were plated i n 1 m l cultures 

o f A l p h a m e d i u m conta ining 0.8% methylcel lu lose , 3 0 % o f a selected batch o f F C S , 0.1 m M 

8 - M E (S temCel l ) plus 0.2 ng /ml recombinant human inter leukin-7 ( I L - 7 , Immunex , Seattle, 

W A ) and, for cul tured ce l l s , 5 n g / m l recombinant mur ine Stee l Fac to r ( S F , Immunex) . T h e 

predominant co lony type ar is ing f rom fresh mar row cel ls plated i n I L - 7 alone for 7 days at 

3 7 ° C i n 5% C 0 2 i n air possessed the dist inct ive morpho logy o f B l y m p h o i d colonies (Lee , et 

a l 1989; Suda , et a l 1989; M c N i e c e , et al 1991b) and >90% o f the ce l l s f r o m i n d i v i d u a l l y 

analyzed colonies were B220+ by f l o w cytometry. In contrast, ce l l s harvested f r o m "switched" 

long- t e rm cultures (see be low) frequently gave rise to some m o n o c y t i c and g ranu locy t i c 

co lon ies when the C F U - p r e - B assays contained S F as w e l l as I L - 7 . In addi t ion , there were 

other colonies produced i n these assays that d i d not have a typ ica l pre-B c o l o n y morpho logy 

but were found to conta in ce l l s expressing B 2 2 0 and hav ing a t yp ica l l y m p h o i d morpho logy 

upon staining wi th M a y - G r i i n w a l d - G i e m s a . These colonies often contained two distinct B220+ 

populat ions , one m u c h brighter than the other, poss ib ly ind ica t ing a mix ture o f pro- (B220+) 

and pre -B (B220++) cel ls . In cases where it was diff icul t to make a l ineage assignment based 

so le ly o n c o l o n y morpho logy , the colonies were i nd iv idua l l y p l u c k e d and either stained w i t h 

M a y - G r i i n w a l d - G i e m s a for morpho log ic analysis or poo led by c o l o n y type for analysis o f 

B 2 2 0 express ion by f l o w cytometry . P r e l im ina ry experiments con f i rmed (Lee , et a l 1989; 

M c N i e c e , et al 1991b) that the number o f C F U - p r e - B detected i n fresh mar row i n the presence 

o f I L - 7 alone or i n cul tured c e l l preparations i n the presence o f S F p lus I L - 7 was a l inear 

function o f the input ce l l concentration (data not shown). 
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2 .6 .2 M y e l o i d long-term culture-initiating cel l ( L T C - I C ) assay 

Test ce l l s were cul tured i n A l p h a m e d i u m supplemented w i t h 12 .5% F C S , 12.5% 

horse serum, 0.1 m M 8 - M E , 2 m M L-g lu t amine , 0.2 m M i - inos i t o l , and 20 uJVI fo l i c ac id 

( M y e l o C u l t , S t e m C e l l ) to w h i c h 10" 6 M f resh ly d i s s o l v e d h y d r o c o r t i s o n e s o d i u m 

hemisuccinate (Sigma) was added shortly pr ior to use. Cul tures were in i t ia ted by seeding the 

test cel ls onto irradiated (1500 c G y ) , adherent marrow feeder layers establ ished 10-14 days 

earl ier i n the same m e d i u m from an i n o c u l u m o f 1-1.5 x 1 0 6 no rmal mouse mar row cel ls per 

c m 2 o f tissue culture surface. The cultures were then mainta ined at 3 3 ° C w i t h w e e k l y ha l f 

m e d i u m changes and concomitant r emova l o f ha l f o f the non-adherent ce l l s . Af t e r 4 weeks, 

each cul ture was harvested separately, cor responding adherent and non-adherent fractions 

p o o l e d , and then each c o m b i n e d suspension assayed for B F U - E , C F U - G M , and C F U -

G E M M . U s i n g the same statistical methods as for calcula t ing C R U frequencies, the frequency 

o f L T C - I C i n the test populat ion was determined f rom the proport ion o f negative cultures (i.e., 

those containing none o f these mye lo id c lonogenic cells) at each input c e l l dose tested. 

2 .6 .3 L y m p h o - m y e l o i d long-term culture-initiating ce l l ( L T C - I C M L ) assay 

T o detect and quantitate those L T C - I C that can give rise to l y m p h o i d as w e l l as m y e l o i d 

c lonogenic cel ls i n vi t ro , a two-stage culture system was used. T h e rationale for the details o f 

this procedure and the experiments validating it are presented i n the Chapter in. Test cells were 

in i t i a l ly seeded onto pre-established irradiated marrow feeders i n the same way as for the L T C -

I C assay described above and carried i n the same manner for the first 4 weeks. Cul tures set up 

for l i m i t i n g d i l u t i o n assays were seeded in to either 9 6 - w e l l plates ( N u n c l o n , N u n c A / S , 

D e n m a r k or Fa l con , B e c t o n D i c k i n s o n Labware , L i n c o l n Park, N.J.) or 2 4 - w e l l plates (Fa lcon 

or C o r n i n g , C o r n i n g Glass W o r k s , C o r n i n g , N . Y . ) , depending on the number o f cel ls seeded 

per w e l l (up to 1 0 5 ce l ls per w e l l i n 9 6 - w e l l plates and up to 1 0 6 ce l l s per w e l l i n 2 4 - w e l l 
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plates). La rge r cultures were generally set up i n either 35 m m tissue culture dishes (Corning) 

(up to 2 x l 0 6 cel ls per dish) or T 2 5 tissue culture flasks (Fa lcon or Corn ing ) (up to 8 x l 0 6 cel ls 

per flask). A t the end o f the 4 week mye lo id culture period, a l l o f the m e d i u m and non-adherent 

cells were removed, the adherent layer was washed twice wi th w a r m R P M I 1640 (S temCel l ) to 

m i n i m i z e the amount o f residual horse serum and hydrocort isone (since both o f these inhib i t 

mur ine B lymphopoies i s ( W h i t l o c k and Wi t t e 1982)), and the v o l u m e o f m e d i u m or ig ina l ly 

r e m o v e d was replaced w i t h R P M I 1640 supplemented w i t h 5% F C S and 50 ( i M 6 - M E 

( L y m p h o C u l t , S temCel l ) . The cultures were then placed at 3 7 ° C (Whi t lock and Wi t t e 1982) for 

a further week. A t the end o f this t ime, each culture was harvested i n d i v i d u a l l y , t ryps in ized 

adherent cel ls poo led w i t h their corresponding non-adherent ce l l s , and h a l f o f the combined 

ce l l s were assayed for m y e l o i d c lonogenic cel ls ( B F U - E , C F U - G M , C F U - G E M M ) and the 

other ha l f for C F U - p r e - B . L T C - I C M L frequencies i n the o r ig ina l test c e l l suspension were 

calcula ted as described above for C R U and L T C - I C f rom the propor t ion o f negative cultures 

(defined i n this case as those that d id not contain both m y e l o i d and l y m p h o i d c lonogenic cells) 

at each input ce l l dose tested. 

2 .6 .4 Stromal cell-free culture o f fetal l iver cells 

Fe ta l l i ve r cel ls were cul tured at 3 7 ° C i n A l p h a - M E M supplemented w i t h 200 m M 

glutamine, 10~4 M |3-mercaptoethanol and, unless otherwise indicated, 3 0 % o f a selected fetal 

ca l f serum (StemCel l ) i n 3 5 - m m (StemCell ) or 6 0 - m m (Falcon) petri dishes. After 1 week, hal f 

o f the spent m e d i u m was removed, centrifuged and the pelleted cel ls resuspended i n the same 

v o l u m e o f fresh m e d i u m and returned to their or ig ina l cultures. In some experiments, the cells 

were cul tured i n Iscove's m e d i u m and the F C S was replaced w i t h a serum substitute w h i c h 

consis ted 200 ( ig /ml transferrin, 10 p.g/ml insu l in , 1% bovine serum a lbumin , 0 .07% sod ium 

bicarbonate (S temCel l ) , and 4 0 | l g / m l human l o w density l ipoproteins (S igma) . Appropr ia te 

growth factors were added as described in the text at the init iat ion o f the cultures and again after 

1 week as part o f the half m e d i u m exchange. 
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III . Character izat ion and purif icat ion o f a pr imi t ive hematopoietic c e l l type i n adult mouse 

marrow capable o f l ympho-mye lo id differentiation i n long-term marrow "switch" cultures 

3.1 Summary 

In this chapter, I describe a modi f i ca t ion o f the assay for long- te rm cul ture- in i t ia t ing 

cel ls ( L T C - I C ) that a l lows a subset o f murine L T C - I C , designated as L T C - I C M L , to express 

both their m y e l o i d ( M ) and l y m p h o i d (L) differentiative potentials i n vi t ro. The modi f i ed assay 

invo lves cul tur ing test cel ls at l i m i t i n g di lut ions on irradiated mouse mar row feeder layers for 

an in i t i a l 4 weeks under condit ions that support myelopoies is and then for an addi t ional week 

under condi t ions permiss ive for B lymphopo ies i s . A l l o f the c lonogen ic p re -B progenitors 

( C F U - p r e - B ) detected i n such post-switch L T C appear to be the progeny o f uncommit ted cells 

present i n the o r ig ina l c e l l suspension since exposure o f lymphoid- res t r i c ted progenitors to 

m y e l o i d L T C cond i t ions for >7 days was found to i r r eve r s ib ly terminate C F U - p r e - B 

product ion and, i n cultures init iated w i t h l i m i t i n g input cells numbers such that no progenitors 

o f any type detected i n >70% o f cultures one week after the switch, the presence o f C F U - p r e - B 

was tightly associated wi th the presence o f myelo id 1 c lonogenic cel ls , regardless o f the puri ty o f 

the input populat ion. L i m i t i n g d i lu t ion analysis o f the proport ion o f negative cultures measured 

for different numbers o f input cells showed the frequency o f L T C - I C M L i n normal adult mouse 

m a r r o w to be 1 per 5 x l 0 5 ce l l s w i t h an enr ichment o f ~ 5 0 0 - f o l d i n the S c a - 1 + L i n ~ W G A + 

fract ion as also found for compet i t ive i n v i v o repopulat ing units ( C R U ) and convent iona l ly 

def ined L T C - I C . L T C - I C M L also exhib i ted the same resistance to treatment i n v i v o w i t h 5-

f luorouraci l as C R U and L T C - I C , thereby dist inguishing these three populations f rom the great 

majority o f both i n vitro clonogenic cells and day 12 C F U - S . The abil i ty to quantitate cells wi th 

dua l l y m p h o i d and m y e l o i d differentiation potentials i n vi t ro , without the need for their pr ior 

purif icat ion, should facilitate studies o f totipotent hematopoietic stem ce l l regulation. 
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3.2 Introduction 

T h e existence i n adult mouse mar row o f hematopoiet ic ce l l s w i t h the potent ia l to 

generate both l y m p h o i d and m y e l o i d progeny for extended.periods o f t ime i n v i v o is w e l l 

established ( W u , et al 1968; A b r a m s o n , et a l 1977; D i c k , et a l 1985; L e m i s c h k a , et al 1986). 

M o r e recent ly, i n v i v o methods for quantitating these ce l l s have been deve loped (Har r i son 

1980; H o d g s o n , et a l 1982; Sz i lvas sy , et a l 1990). These methods have a l l o w e d signif icant 

strides to be made i n their pur i f icat ion, characterization and part ial separation f rom cel ls w i t h 

short-term i n v i v o repopulat ing abil i ty ( C F U - S ) (Visser and van B e k k u m 1990; Spangrude, et 

al 1991), a l though the proport ion o f day 12 C F U - S that may also be long- te rm repopulat ing 

l y m p h o - m y e l o i d ce l l s remains controvers ia l (Spangrude, et a l 1988; P loemacher and B r o n s 

1989; Ploemacher , et al 1989; Jones, et a l 1990). In vi t ro methodologies for demonstrating the 

l y m p h o - m y e l o i d differentiation o f single progenitor cells i n h igh ly purif ied populations o f both 

fetal (Cumano, et a l 1992) and adult (Hirayama, et al 1992; B a l l , et a l 1995) murine o r ig in have 

also been described recently. The latter has been useful not only for establishing the phenotype 

o f cel ls i n the adult that have l ympho-mye lo id potential but also for ident i fying specific growth 

factor combinat ions that a l l o w these differentiative potentials to be expressed ( O g a w a 1993). 

H o w e v e r , because the assay procedure requires the i n i t i a l i so l a t i on o f a h i g h l y pur i f i ed 

popula t ion, its ut i l i ty to address many questions is l imi ted both by practical considerations and 

the re l iance on the quest ionable assumpt ion that any par t icular pattern o f surface marker 

express ion w i l l be i nva r i ab ly associated w i t h the de f in ing different iat ive or pro l i fera t ive 

properties o f the most pr imit ive hematopoietic ce l l types (Rebel , et a l 1994). 

A n al ternative approach to detect ing very p r i m i t i v e hematopoie t i c ce l l s i n bo th 

unseparated and purif ied mouse marrow makes use o f the long-term culture ( L T C ) system first 

described by Dexter et al (Dexter, et al 1977).This culture system has been shown to reproduce 

many features o f the environment w i th in the marrow i n v i v o and to support for several weeks 

the maintenance and self-renewal o f cel ls w i t h i n v i v o l y m p h o - m y e l o i d repopulat ing abi l i ty 
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(Fraser, et al 1990; Fraser, et al 1992). The frequency i n adult mouse marrow o f cel ls that fo rm 

"cobblestone areas" o f prol iferat ing cel ls v i s ib l e i n the adherent layer o f L T C after 4-5 weeks 

(cobblestone area-forming cells, C A F C ) correlates w e l l w i t h the frequency o f cells w i th i n v i v o 

long-term repopulating ability ( L T R A ) , both before and after their extensive purif icat ion ( D o w n 

and Ploemacher 1993). In addition, some cultures w i th cobblestone areas also contain cells that 

can reconstitute l y m p h o i d and m y e l o i d l ineages upon their t ransplantat ion in to i r radiated 

recipient mice (Ploemacher, et a l 1991). Thus C A F C and i n v i v o repopulat ing cel ls have been 

cons ide red to be o v e r l a p p i n g , i f not i den t i ca l , popu la t ions . D i r e c t e x a m i n a t i o n o f the 

l ymphopo ie t i c potential o f murine C A F C has been prec luded by the fact that the condi t ions 

used for their detection are not permiss ive for lymphopo ies i s (Dexter and Spooncer 1978). 

H o w e v e r , it has p rev ious ly been shown that B l y m p h o i d c e l l development m a y be observed 

when established L T C are "switched" to conditions or ig ina l ly described by W h i t l o c k and Wi t t e 

( W h i t l o c k and W i t t e 1982) that do support the long- te rm i n v i t ro p roduc t ion o f mur ine B 

l ineage ce l l s (Denis and W i t t e 1986; D o r s h k i n d 1986). W e n o w show that extension o f the 

conven t iona l l i m i t i n g d i lu t ion C A F C assay w i t h a one week culture pe r iod under W h i t l o c k -

Wi t t e condit ions after an in i t ia l 4 weeks under standard m y e l o i d condit ions and the use o f both 

a m y e l o i d and a pre-B clonogenic ce l l read-out (depicted i n F igure 3.1) a l lows the quantitation 

i n v i t ro o f a subpopulat ion o f L T C - i n i t i a t i n g cells ( L T C - I C ) that have demonstrable m y e l o i d 

and l y m p h o i d potential ( L T C - I C M L ) . These cel ls also share other d is t inguish ing properties o f 

long- term i n v i v o repopulating cells . The L T C - I C M L assay is applicable to unseparated as w e l l 

as h i g h l y pur i f ied starting populat ions and should therefore complement and extend exis t ing 

methodologies for investigating the molecular basis and control o f hematopoietic s tem c e l l self-

renewal and lineage determination. 
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3.3 Results 

3.3.1 Similar i t ies o f L T C - I C and C R U 

A l t h o u g h the results o f human L T C - I C (Sutherland, et al 1990) and mur ine C A F C 

studies suggested that a murine L T C - I C assay w o u l d detect very pr imi t ive cells i n adult mouse 

mar row, it had not yet been formal ly shown that this was the case. W e therefore compared the 

frequency and phenotype o f L T C - I C as defined here us ing a 4 week m y e l o i d c lonogenic c e l l 

output end point w i t h various other progenitor c e l l types detectable i n n o r m a l adult mouse 

mar row, i n c l u d i n g C R U , as shown i n Tab le 3.1. The frequencies o f L T C - I C and C R U were 

ca lcu la ted by l i m i t i n g d i lu t ion analysis as descr ibed i n the M e t h o d s . A s can be seen, the 

frequency, and hence the number, o f C R U in normal marrow was found to be the same as that 

measured previous ly (Szi lvassy , et a l 1990; R e b e l , et al 1994) and is approximate ly twice that 

o f L T C - I C but on ly approximately l / 100 th that o f either the p re -B l y m p h o i d or total m y e l o i d 

c lonogen ic progenitors detectable i n vi t ro. In addi t ion, the smal l subpopulat ion o f S c a - l + L i n -

W G A + cells i n normal adult mouse marrow that was previously shown to be h igh ly enriched i n 

C R U (Jurecic, et al 1993; Rebe l , et al 1994) was found to be s imi la r ly enriched approximately 

700- fo ld i n L T C - I C and wi th a s imi lar recovery, w i th simultaneous e l imina t ion >90% of the i n 

v i t r o c l o n o g e n i c progeni tors . In teres t ingly , a l though C F U - G , C F U - M , and C F U - G M 

c o m p r i s e d most o f the c lonogen ic ce l l s detected i n the 4 week harvests o f these L T C - I C 

assays, 3 o f the 9 cultures seeded w i t h input c e l l numbers that resulted i n <30% o f posi t ive 

assays at week 4 so that the probabi l i ty o f >1 L T C - I C per culture was <15% also contained 

one or more C F U - G E M M . A s expected for the c lonogen i c c e l l output f r o m i n d i v i d u a l 

progenitors ( T i l l , et a l 1964; Humphr i e s , et al 1981; O g a w a 1993), the total c lonogen ic c e l l 

content o f each o f these 9 cultures var ied markedly , ranging f rom 1 to 356 granulocyte and/or 

macrophage progenitors (median=20) wi th up to 38 C F U - G E M M (median<l) . 
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Table 3.2 shows a compar ison o f the effect 150 m g / k g body weight o f 5 - F U g iven i n 

v i v o o n the mar row content o f C R U and L T C - I C 2 days later. In this case, f requency 

measurements were mul t ip l ied by the total femoral cel lulari ty to obtain the absolute populat ion 

size estimates shown. C R U and L T C - I C populat ions both showed 3 to 4 - fo ld decreases after 

5 - F U treatment. In contrast, pa ra l l e l measurements o f the number o f i n v i t ro c lonogen ic 

m y e l o i d and pre-B progenitors as w e l l as day 12 C F U - S i n the same mar row c e l l suspensions 

s h o w e d these popula t ions to be m ar ked ly reduced by >80-fo ld , as p r e v i o u s l y reported 

( H o d g s o n and B r a d l e y 1979; Suda , et a l 1983a; V e t v i c k a , et a l 1986). T h u s b y their 

frequency, surface antigen expression, and sensitivity to 5 - F U i n v i v o , L T C - I C defined by a 4-

week m y e l o i d c lonogen ic c e l l end point were indis t inguishable f rom C R U and both were 

separable f rom the majori ty o f cel ls detectable by short-term co lony assays, i n c l u d i n g day 12 

C F U - S . 

Da ta f rom these studies were also used to analyze the relat ionship between the number 

o f ce l l s seeded into L T C - I C assay cultures and the average m y e l o i d c lonogen ic c e l l output 

measured 4 weeks later. A s shown i n F igure 3.2, the c lonogen ic c e l l content o f 4 w e e k - o l d 

m y e l o i d L T C was found to be directly proport ional to the input c e l l number over a wide range 

o f values. The slope o f the l ines fitted to the data d i d not s ignif icant ly differ f rom l ineari ty i n 

L T C - I C assays o f unseparated mar row f rom normal (p=0.59) or 5 - F U treated (p=0.48) mice 

nor for those init iated w i t h 25-100 S c a - l + L i n " W G A + cel ls (p=0.36). These results validate the 

use o f graded doses o f input marrow cells and l i m i t i n g d i lu t ion analysis to quantitate the L T C -

I C content o f both unseparated marrow cel ls suspensions and derivat ive fractions that may be 

var iably enriched i n their L T C - I C content. 
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Table 3.2 C o m p a r i s o n o f the effect o f 5 - F U i n v i v o on different types o f hematopoiet ic 

progenitor populations. 

Progenitor type N o . o f progenitors / femur F o l d decrease 

N o r m a l mice 2 days post 5 - F U 

C F U - p r e - B (2 .0 ± 0.38) x 1 0 4 (8) <0.36 * (6) >5.5 x 1 0 4 

C F C (6.8 ± 0.55) x 1 0 4 (5) 550 ± 200 (5) 120 

D a y 12 C F U - S (3.2 ± 0.59) x 1 0 3 (4) 40 ± 14 (3) 80 

L T C - I C 640 ± 140 (4) 200 ± 120 (2) 3 

L T C - I C M L 37 ± 4 (8) 13 ± 3 (5) 3 

C R U 1100 ± 190 (3) 290 ± 150 (2) 4 

Va lues shown represent the mean ± S E M from (n) experiments. 

* N o C F U - p r e - B colonies have been detected i n >10 7 cells assayed to date. 
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Figu re 3.2 L i n e a r relationship between the concentration o f input cel ls seeded into L T C - I C 

assay cultures and the number o f m y e l o i d c lonogenic cel ls measured after maintenance o f the 

cultures for 4 weeks under m y e l o i d L T C condit ions. A = S c a - l + L i n " W G A + cel ls [slope = 0.88, 

9 5 % C . I . = 0.02 to 1.7], • = unseparated normal mar row [sol id l ine , slope = 1.3, 9 5 % C . I . = 

0.14 to 2.4] , • = mar row f rom 5 - F U treated mi ce [dashed l ine , slope = 1.3, 9 5 % C . I . = 0.29 

to 2.3] . 
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3.3 .2 Development o f an assay for lympho-mye lo id L T C - I C ( L T C - I C M L ) 

T h e L T C - I C assay desc r ibed above c lea r ly p rov ides a means o f quant i ta t ing a 

popu la t ion o f p r im i t i ve cel ls that share a number o f features o f ce l l s w i t h i n v i v o l y m p h o -

m y e l o i d different ia t ion potent ia l . Never theless , the cul ture condi t ions used do not a l l o w 

detect ion o f the l y m p h o i d potential that some L T C - I C might be expected to possess. T o 

overcome this l imita t ion, we took advantage o f the observation that when murine m y e l o i d L T C 

are "switched" to condit ions that are permiss ive for B lymphopoies i s , product ion o f B lineage 

ce l l s can sometimes be ini t iated (Denis and Wi t t e 1986; D o r s h k i n d 1986). W e hypothes ized 

that i f cultures were swi tched after an in i t ia l 4 week per iod under m y e l o i d L T C condi t ions , i n 

order that a l l m y e l o i d c lonogenic cells detected cou ld be assumed to have arisen f rom L T C - I C , 

it might be possible to identify a t ime when the product ion o f C F U - p r e - B was w e l l under way 

before the product ion o f m y e l o i d c lonogenic cells had markedly decreased. T o investigate this 

p o s s i b i l i t y , w e measured the rate o f appearance o f C F U - p r e - B and the concomi t an t 

disappearance o f mye lo id progenitors i n L T C - I C assay cultures that, instead o f being harvested 

at 4 weeks , were swi tched to W h i t l o c k - W i t t e condit ions for variable periods o f t ime and then 

harvested and assayed as described i n the Methods . F igure 3.3 shows the c o m b i n e d results o f 

3 such experiments . A s expected, no C F U - p r e - B were present after 4 weeks under m y e l o i d 

L T C condi t ions nor for the first 4 days after the swi tch to l y m p h o i d L T C condi t ions . W i t h i n 7 

days, however , C F U - p r e - B had become readily detectable and over the course o f the next 7 

days their numbers cont inued to increase rap id ly before l e v e l l i n g off. C o n c o m i t a n t l y , the 

in i t i a l ly large number o f m y e l o i d clonogenic cells present i n 4 week-o ld m y e l o i d L T C decl ined 

progress ively w i t h <1% o f the input number or <0.1% o f the number detectable at the t ime o f 

the swi tch s t i l l present by the third week post-switch. B a s e d on the in i t i a l f indings f rom these 

experiments , subsequent studies focussed on an analysis o f cultures harvested one week after 

the swi t ch (shown schematical ly i n F igure 3.1) at a t ime when C F U - p r e - B , a l though not yet 

present at m a x i m a l levels, are nevertheless readily detectable. 

60 



^ 1000-j 

0 7 14 21 28 

Days post-switch 

Figu re 3.3 K i n e t i c s o f the appearance o f C F U - p r e - B (•) and the concomi t an t rate o f 

disappearance o f m y e l o i d c lonogenic cells (•) i n L T C mainta ined for an in i t i a l 4 week per iod 

under m y e l o i d L T C condit ions and then swi tched to l y m p h o i d L T C condi t ions . B u l k m y e l o i d 

L T C were init iated w i t h > 2 x l 0 6 normal marrow cells i n either 35 m m or 60 m m tissue culture 

dishes containing preestablished irradiated mouse marrow adherent layers. D a y 0 refers to data 

for cultures mainta ined under standard m y e l o i d L T C condi t ions for 4 weeks at 3 3 ° C . T h e 

remain ing cultures were swi tched to l y m p h o i d L T C condit ions and then harvested at the times 

s h o w n for assessment o f both types o f c lonogenic ce l l s ( C F C ) . In these experiments , C F U -

p re -B co lony assays contained I L - 7 but no S F to reduce the background o f m y e l o i d colonies 

that are s t imulated when S F is present. V a l u e s shown are the mean ± S E M for data f rom 3 

experiments. T o a l l ow data f rom different experiments to be combined , c lonogenic c e l l y ie lds 

have been expressed as a percentage o f the number measured for the o r ig ina l mar row input o f 

that experiment. 
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3.3 .3 Va l ida t ion o f the L T C - I C M L assay 

T o evaluate the usefulness o f the L T C - I C M L assay as a method for quantitating cel ls i n 

va r ious ly manipula ted test c e l l suspensions, the re la t ionship be tween the number o f ce l l s 

i n i t i a l l y seeded into each assay culture and the number o f c lonogenic m y e l o i d and l y m p h o i d 

ce l l s detectable 5 weeks later was assessed. A s shown i n F igure 3.4, the output o f C F U - p r e - B 

increased l inear ly w i t h increasing input ce l l concentrations (p=0.91). A s expected f rom Figure 

3.2, the number o f m y e l o i d c lonogen ic cel ls measured s imul taneous ly also increased as a 

function o f the input ce l l number (data not shown). However , the majority o f these w o u l d have 

been der ived f rom myeloid-restr icted L T C - I C (see be low) and hence a meaningful assessment 

o f the re la t ionsh ip between input c e l l dose and output o f L T C - I C M L - d e r i v e d m y e l o i d 

c lonogenic cells cou ld not be made. 

U s e o f the design shown i n F igure 3.1, even as a l i m i t i n g d i lu t ion procedure, to detect 

an input c e l l w i t h dual l y m p h o i d and m y e l o i d potential assumes that none o f the C F U - p r e - B 

detected one week after sw i t ch ing culture condi t ions w o u l d be der ived f r o m a l y m p h o i d -

restricted progenitor present at the ini t iat ion o f the culture. The consistent absence o f C F U - p r e -

B i n 4 w e e k - o l d cultures at the t ime o f the swi tch (Figure 3.3, above) provides some support 

for this a s sumpt ion . H o w e v e r , i t w o u l d not e x c l u d e the po ten t i a l pers i s tence o f a 

cort icosteroid/horse serum-resistant, lymphoid-res t r ic ted C F U - p r e - B progenitor . T o address 

such a p o s s i b i l i t y , three add i t iona l types o f analyses were undertaken. In the first , the 

distr ibution o f C F U - p r e - B and m y e l o i d clonogenic cel ls was examined i n cultures initiated w i t h 

l i m i t i n g numbers o f input cel ls . F o r this analysis, we evaluated on ly those cultures where the 

input was such that <30% o f the cultures assessed at the end o f the 5 week pe r iod were found 

to contain any type o f c lonogenic ce l l , either l y m p h o i d or m y e l o i d . In such cases, it is un l ike ly 

(p<0.15) that more than one c e l l w i t h the capaci ty to generate either l y m p h o i d or m y e l o i d 

c lonogen ic progeny detectable 5 weeks later w o u l d have been seeded into a s ingle culture. 

E l e v e n o f the 98 such cultures ana lyzed (Table 3.3) contained C F U - p r e - B . In 10 o f these, 
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Input cells per L T C 

Figu re 3.4 L i n e a r r e la t ionsh ip be tween the number o f C F U - p r e - B 

detected i n L T C - I C M L assay cultures and the concentra t ion o f n o r m a l , 

unseparated marrow cel ls in i t i a l ly seeded (slope = 1 . 1 , 9 5 % C . I . = -0.49 to 

2.6) . V a l u e s s h o w n represent the mean ± S E M o f data p o o l e d f r o m 3 

l imi t i ng di lut ion experiments. 
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m y e l o i d c lonogen ic ce l l s were also present; i.e., s ign i f ican t ly more often than the 2 o f 11 

expected i f the presence o f m y e l o i d c lonogenic cells and C F U - p r e - B i n the same culture were 

due to the coincident input o f two independently segregating progenitor c e l l types occurr ing at 

the observed frequencies o f 2 2 % m y e l o i d - p o s i t i v e and 1 1 % l y m p h o i d - p o s i t i v e cultures 

(p<0.0001, Fisher 's E x a c t Test). These 11 cultures were also useful for def in ing the var iabi l i ty 

i n c lonogen ic c e l l output characteristic o f i nd iv idua l L T C - I C M L . The number o f C F U - p r e - B 

present amongst the 5 week progeny o f s ingle L T C - I C M L ranged f rom 2 to 146 (median=55) 

and the cor responding number o f m y e l o i d c lonogen ic c e l l p rogeny ranged f r o m 3 to 138 

(median=9). The latter were compr ised ma in ly o f C F U - M and C F U - G M but i n one o f the 11 

cultures, inc luded 6 C F U - G E M M . 

T h e second approach we used to investigate the single c e l l o r ig in o f m i x e d l y m p h o i d -

m y e l o i d cultures i n the L T C - I C M L assay was to evaluate the distr ibution o f progenitor types i n 

cultures initiated wi th subpopulations o f normal mouse marrow. The S c a - k fraction was found 

to be depleted o f L T C - I C M L ~5 - fo ld and these cel ls enr iched ~40- fo ld i n the S c a - 1 + fraction. 

Further selection o f the - 0 . 0 2 % o f total B M i n the S c a - l + L i n " W G A + subfraction d i d not a l low 

the l y m p h o i d and mye lo id clonogenic cel l-producing activities o f whole marrow to be separated 

and both types o f progenitors c o u l d be found together i n cultures in i t ia ted w i t h as few as 35 

Sca-1+ L i n - W G A + cel ls . A s shown i n Table 3.1, this fraction was found to be enr iched - 5 0 0 -

f o l d for L T C - I C M L and s imi la r ly enriched for C R U and L T C - I C and w i t h approximate ly the 

same overa l l recovery (7%). 

A th i rd set o f experiments was set up to address the poss ib i l i ty that there might exist a 

ve ry ear ly ( p r e - C F U - p r e - B ) but lymphoid-res t r ic ted progenitor that c o u l d persist throughout 

the in i t i a l 4 weeks o f m y e l o i d L T C but not y i e l d detectable progeny C F U - p r e - B unt i l after the 

s w i t c h to condi t ions permiss ive for their su rv iva l . The poss ible existence o f such a c e l l has 

been inferred f r o m the f ind ing that ce l l s f rom 6 to 20 w e e k - o l d l y m p h o i d L T C can upon 

adoptive transfer into immunocompromised mice reconstitute and sustain p o l y c l o n a l B and T 
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l y m p h o p o i e s i s for up to 10-12 weeks ( K u r l a n d , et a l 1984; D o r s h k i n d , et a l 1986), even 

though neither C F U - S nor mar row repopula t ing ce l l s c o u l d be detected after 6 weeks i n 

l y m p h o i d L T C ( K u r l a n d , et al 1984) (see also F igure 3.3). W e therefore in i t ia ted a series o f 

cultures w i t h n o r m a l mar row and main ta ined them for 8 weeks at 3 7 ° C as descr ibed by 

W h i t l o c k and W i t t e ( W h i t l o c k and W i t t e 1982). A t the end o f this i n i t i a l cul ture pe r iod , 

duplicate cultures were harvested and their C F U - p r e - B content measured (Table 3.4). H a l f o f 

the r e m a i n i n g f lasks were then swi tched to m y e l o i d L T C cond i t i ons b y r e m o v i n g and 

d iscard ing a l l o f the culture m e d i u m and nonadherent cel ls , wash ing the adherent layer twice 

w i t h w a r m R P M I and then rep lac ing the o r ig ina l v o l u m e w i t h m y e l o i d L T C m e d i u m and 

incubat ing the cultures at 3 3 ° C . The remain ing flasks were m o c k swi tched by per forming the 

same manipulat ions but replacing the or iginal vo lume o f l y m p h o i d L T C m e d i u m wi th an equal 

amount o f fresh l y m p h o i d L T C m e d i u m and returning the cultures to 3 7 ° C . Af te r a further 7 

days , a l l but the con t ro l cultures were swi t ched to l y m p h o i d L T C cond i t i ons and then 

main ta ined for a f ina l 4 weeks wi thout further change. C o n t r o l cul tures were main ta ined 

throughout under l y m p h o i d L T C conditions although a m o c k swi tch was performed in paral lel 

w i t h the switched cultures. A l l cultures were then harvested and assayed i nd iv idua l l y for C F U -

p re -B . A s shown i n Tab le 3.4, product ion o f C F U - p r e - B c o u l d not be reinit iated i n l y m p h o i d 

cultures that had been exposed to m y e l o i d L T C condit ions for 7 days i n spite o f the cont inued 

output o f C F U - p r e - B i n control L T C mainta ined uninterrupted under l y m p h o i d condi t ions , 

suggest ing that m y e l o i d L T C condi t ions are h igh ly and rap id ly toxic to the earliest reported 

l y m p h o i d progenitor types. 

3 .3 .4 Sensi t ivi ty o f L T C - I C M L to 5 - F U i n v i v o 

G i v e n the greater resistance o f C R U and L T C - I C populat ions, as compared to C F U - S 

and i n v i t ro c lonogenic pre-B and m y e l o i d progenitors, to the effectss o f a s ingle inject ion o f 

150 m g / k g body weight o f 5 - F U , it was o f interest to examine the same c e l l suspensions for 
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Table 3.4 Disappearance o f lymphoid-res t r ic ted progenitors f rom 8 w e e k - o l d 

l y m p h o i d L T C after a 7 day period o f culture under mye lo id L T C condit ions. 

Days under mye lo id Days post swi tch to C F U - p r e - B per L T C 
L T C conditions l ympho id L T C 

conditions 

Exper iment #1 0 0 1690 * 

7 0 nd 

0 28 24600 

7 28 0 

Exper iment #2 0 0 8160 * 

7 0 nd 

0 28 62500 

7 28 0 

In these experiments , 8 x l 0 6 normal mar row cel ls were seeded onto preestablished 
feeders i n T 2 5 tissue culture flasks and maintained for 8 weeks under l y m p h o i d L T C 
condi t ions w i t h standard b i - w e e k l y m e d i u m exchanges i n order to p rov ide a test 
p o p u l a t i o n o f l ympho id - r e s t r i c t ed progeni tor ce l l s . S o m e o f the cul tures were 
harvested at this t ime and assayed for their C F U - p r e - B content. Others were then 
m o c k swi t ched (i.e., two washes w i t h R P M I before replac ing the culture m e d i u m 
w i t h fresh l y m p h o i d L T C medium) and carried for a further 4 weeks as before. The 
last group o f cultures were swi tched to m y e l o i d L T C condi t ions (i.e., m y e l o i d L T C 
culture m e d i u m , 3 3 ° C ) after 2 washes wi th R P M I and carried for 1 week under these 
condi t ions before be ing swi tched back to l y m p h o i d L T C condi t ions . A t each t ime 
point , dupl icate T 2 5 flasks were assayed for C F U - p r e - B c o l o n y assays con ta in ing 
I L - 7 + S F , except where noted. 

* C F U - p r e - B co lony assays contained on ly I L - 7 . 

nd = not done. 
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the effect o f this treatment on L T C - I C M L . A c c o r d i n g l y , as for the other types o f progenitors 

measured, L T C - I C M L numbers were determined by l i m i t i n g d i lu t ion analysis and popula t ion 

sizes calculated before and after 5 - F U treatment. The results are presented i n Tab le 3.2. It can 

be seen that the 5 - F U treatment reduced the femoral content o f L T C - I C M L ~3 - fo ld . T h i s is 

s imi l a r to the effect o f 5 - F U on both C R U and L T C - I C and is i n marked contrast to the ^ 8 0 -

f o l d reduct ion observed for both m y e l o i d and l y m p h o i d - restr icted progeni tors detected i n 

short-term i n vi tro c lonogenic assays as w e l l as for day 12 C F U - S . 

3.4 Discuss ion 

M u c h attention is current ly focussed o n the iden t i f i ca t ion and charac ter iza t ion o f 

mo lecu la r events that b r ing about changes i n the tot ipotency o f hematopoie t ic s tem ce l l s , 

i n c l u d i n g those that r emain funct ional ly intact throughout n o r m a l adult l i f e . S u c h studies 

require b i o l o g i c a l assays that permi t the f u l l d ifferent iat ive potent ia l o f these ce l l s to be 

displayed and that also a l low their discr iminat ion from progeny wi th more restricted properties. 

The approach that appears to satisfy these requirements best involves the transplantation o f test 

ce l l s in to a congenic host that has been suff ic ient ly perturbed hema to log ica l ly to p rov ide a 

suitable environment for any injected hematopoietic stem c e l l to generate identif iable progeny 

be long ing to a l l o f the various hematopoiet ic lineages ( K e l l e r , et a l 1985; Fraser, et a l 1990; 

Sz i l va s sy , et al 1990; Smi th , et al 1991). W h i l e this approach has been useful i n establ ishing 

that many C F U - S are not totipotent long-term repopulat ing cel ls ( reviewed i n (Visse r and van 

B e k k u m 1990)), it does not eas i ly l end i t se l f to invest igat ions o f the stage at w h i c h any 

part icular differentiative function o f a manipulated or altered stem c e l l may become manifest. 

M o r e o v e r , the extent and nature o f the s t imulat ion p rov ided by the mic roenv i ronment o f the 

injected mouse is difficult to assess or modify. 
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A n alternative approach is to try to define i n vi t ro condit ions and end points that a l l ow 

the spec i f ic detect ion o f totipotent hematopoie t ic ce l l s . R e c e n t l y , cond i t i ons have been 

described for the i n vitro detection o f murine cells w i th B l y m p h o i d as w e l l as va ry ing degrees 

o f m y e l o i d differentiation potential. However , the appl icabi l i ty o f these procedures is restricted 

to either fetal test cells (Baum, et a l 1992; Cumano , et al 1992) or h igh ly pur i f ied adult marrow 

populat ions (H i r ayama , et a l 1992; B a l l et a l , 1995). In this report, w e have s h o w n h o w the 

pr inciples o f the L T C - I C assay, previously developed for both human (Sutherland, et a l 1990) 

and mur ine (P loemacher , et al 1989) m y e l o i d progeni tors , can be used to ove rcome the 

inherent l imi ta t ions o f a l l o f the approaches reported to date. F i r s t , the L T C - I C M L assay 

procedure we have described is performed entirely i n vi t ro. Second, it is bo th quantitative and 

specif ic for cel ls w i t h l y m p h o - m y e l o i d differentiation potential . F i n a l l y , it can be appl ied to 

unseparated as w e l l as h ighly purif ied populations o f adult mouse bone marrow. 

Several l ines o f investigation were pursued to establish the specifici ty o f the L T C - I C M L 

assay since previous w o r k by D o r s h k i n d ( D o r s h k i n d 1986) and Den i s and W i t t e (Denis and 

W i t t e 1986), on w h i c h the L T C - I C M L assay is based, had not e x c l u d e d the impor tant 

poss ib i l i ty that a lymphoid-restr ic ted progenitor might persist under Dexte r culture condi t ions 

and then subsequent ly generate C F U - p r e - B w h e n the cul tures were s w i t c h e d to more 

permiss ive condit ions for this latter c e l l type. A n a l y s i s o f the c lonogenic ce l l content o f L T C -

I C M L assay cultures ini t iated w i t h <1 c lonogenic precursor per culture (p>0.85) showed that 

the presence o f C F U - p r e - B and m y e l o i d c lonogenic cel ls 5 weeks later were not independent 

events (p>0.9999). Second , even i n h igh ly pur i f ied c e l l suspensions, ce l l s able to produce 

C F U - p r e - B i n the L T C - I C M L assay cou ld not be separated f rom cel ls able to generate m y e l o i d 

p rogeny . T h i r d , a l though ce l l s f r o m l y m p h o i d cultures have p r e v i o u s l y been s h o w n to 

reconstitute p o l y c l o n a l B lymphopo ies i s but not mye lopo ies i s upon adopt ive transfer into 

i m m u n o d e f i c i e n t m i c e ( K u r l a n d , et a l 1984; D o r s h k i n d , et a l 1986), w e were unable to 

demonstrate the persistence o f either C F U - p r e - B or their puta t ive l y m p h o i d - r e s t r i c t e d 

precursors after even a single week o f exposure to m y e l o i d L T C condi t ions . T a k e n together, 
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these results p rov ide strong evidence that the L T C - I C M L assay detects i n d i v i d u a l cel ls w i t h 

l y m p h o - m y e l o i d potential. 

S o m e differences were found, however , in the frequencies o f ce l l s detected as C R U , 

L T C - I C and L T C - I C M L , particularly the latter. One possible explanation for these discrepancies 

is that each assay detects a distinct populat ion. Another poss ib i l i ty is that the end point used i n 

each case measures b io log ica l ly ident ical or h igh ly over lapping populat ions but w i t h different 

efficiencies. The 4 day lag t ime that we observed before the appearance o f C F U - p r e - B i n post-

s w i t c h L T C - I C M L assay cultures (Figure 3.3) and the failure to detect the persistence o f any 

earlier type o f B lineage restricted precursor (Table 3.4) suggests that the C F U - p r e - B detected 

i n pos t -swi tch cultures may have to differentiate f rom those L T C - I C M L s t i l l present after a 4 

week pe r iod o f culture under m y e l o i d culture condi t ions . P rev ious studies have shown that 

C R U decline approximately 7-fold during that t ime (Fraser, et a l 1992). Thus the design o f the 

L T C - I C M L assay may include a corresponding inherent decrease i n plat ing efficiency. 

W e have also demonstrated that the m y e l o i d c lonogenic progenitor output o f the L T C -

I C assay and the C F U - p r e - B output o f the L T C - I C M L assay are l i nea r ly related to the 

concen t ra t ion o f L T C - I C and L T C - I C M L , r espec t ive ly , i n the start ing c e l l suspens ion . 

M o r e o v e r , this was true for a w ide range o f input c e l l numbers , both for unseparated and 

h ighly purif ied test ce l l populations although, not surprisingly, some inh ib i t ion was apparent at 

the highest starting ce l l concentrations. Such a linear input-output relationship validates the use 

o f l i m i t i n g d i lu t ion statistics to derive absolute frequencies o f the c e l l type be ing assayed, as 

long as excessive input ce l l concentrations are avoided. 

In the present study, we explo i ted this fact to carry out a compar i son o f the numbers 

and properties o f cel ls defined as m y e l o i d and l y m p h o - m y e l o i d L T C - I C and C R U . A l l three 

methods were found to detect cel ls w i t h the same rare surface antigen phenotype and h igh 

resistance to i n v i v o administrat ion o f 5 - F U , the latter presumably ref lect ing a s imi l a r ly s low 
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rate o f turnover o f these cells i n the normal adult mouse. Importantly, these characteristics o f 

L T C - I C , L T C - I C M L and C R U were not shared by the >90% o f progenitors detectable i n short-

term c lonogenic assays, inc lud ing day 12 C F U - S (Table 3.2). W h i l e it has been clear for some 

t ime that not a l l day 12 C F U - S are detectable as C R U (Ploemacher and B r o n s 1989), the data 

i n Table 3.2 provide the first quantitative evidence that some C R U and L T C - I C are not l i ke ly to 

be detectable as day 12 C F U - S , since 2 days after i n v i v o exposure o f m i c e to 5 - F U the 

number o f day 12 C F U - S present i n the femur was <20% o f the number o f C R U or L T C - I C . 

In summary, we have devised a new i n vi t ro method for iden t i fy ing and quantitating 

l y m p h o - m y e l o i d ce l l s ( L T C - I C M L ) i n adult mouse bone mar row w h i c h rel ies on the jo in t 

express ion o f these different ia t ive potentials i n the same cul ture . T h e m o l e c u l a r s ignals 

responsible for stimulating the various differentiation events that L T C - I C M L must undergo to be 

detected r emain undef ined al though, based on what has been learned for human L T C - I C 

( B a u m , et a l 1992; Sutherland, et al 1993) and murine and human C A F C (Neben , et al 1993; 

B r e e m s , et a l 1994), we presume that these ce l l s are ac t ivated by factors p roduced by 

fibroblasts i n the irradiated adherent marrow feeder layers. B o t h L T C - I C and L T C - I C M L appear 

to be c lose ly related to totipotent murine cel ls w i t h long- term i n v i v o repopulat ing potential 

( C R U ) . T h e L T C - I C and L T C - I C M L assays may , therefore, serve as usefu l surrogate 

procedures for invest igat ing factors that affect C R U function and maintenance i n culture. The 

present studies also support the l i k e l i h o o d that the human L T C - I C assay may detect cel ls w i t h 

s imi lar properties inc luding long-term in v i v o repopulating potential. 
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I V . Character izat ion o f properties that a l l ow stromal cel l -responsive l y m p h o - m y e l o i d cells 

( L T C - I C M L ) to be detected i n vi tro and their distinction from i n v i v o repopulating abil i ty 

4.1 Summary 

In Chapter III (also (Lemieux , et a l 1995)), a method was descr ibed for detecting the 

- 1 0 % o f long-term culture-initiating cells ( L T C - I C ) present i n normal adult mouse marrow that 

can express their dual l y m p h o i d and m y e l o i d differentiation potential i n v i t ro . A l s o , a c lose 

relat ionship o f these cel ls , referred to as L T C - I C M L , to those w i t h long- term i n v i v o l y m p h o -

m y e l o i d repopula t ing potent ial , referred to as compet i t ive repopula t ing units ( C R U ) was 

es tabl ished f r o m experiments demonstrat ing their co -pur i f i ca t ion , i n spite o f a 15-30- fo ld 

difference i n their apparent frequency. T o examine further the re la t ionship be tween ce l l s 

detectable by these two assays, a series o f addi t ional studies were undertaken. These have 

shown that two modif ica t ions to the procedure can increase the output o f C F U - p r e - B i n the 

L T C - I C M L assay ~2- fo ld . The first is to p ro long the second phase o f the assay when the cells 

are maintained under l y m p h o i d condit ions f rom 7 to 10 days. The second is to inc lude another 

l y m p h o i d c e l l s t imulat ing factor, F l t -3 l igand ( F L ) , i n the C F U - p r e - B assay, itself. H o w e v e r , 

neither o f these manipulat ions increased the frequency o f input cel ls u l t imate ly detectable as 

L T C - I C M L . Reduc t ion o f the in i t ia l , m y e l o i d L T C phase o f the L T C - I C M L assay f rom 4 wks to 

1 w k revea led a p r ev ious ly undescr ibed, 5 - F U and steroid-resistant p r i m i t i v e B l ineage 

progenitor c e l l type present i n marrow at a frequency comparable to that o f myeloid-res t r ic ted 

progeni tors and higher than that o f L T C - I C M L . T h e abi l i ty o f these p r i m i t i v e B l ineage 

precursors to persist i n m y e l o i d L T C for at least 1 w k , a l though not for 4 w k s , as shown i n 

Chapter III, precludes the adoption o f this shortened pro tocol for the routine measurement o f 

i n d i v i d u a l stroma-responsive cel ls w i t h l y m p h o - m y e l o i d differentiation potential . T h e use o f 

S17 f ibroblasts instead o f mouse L T C adherent feeder layers also fa i l ed to increase the 

sensi t iv i ty o f the L T C - I C M L assay, al though this d i d improve C R U maintenance, as reported 
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prev ious ly ( W i n e m a n , et al 1993). Interestingly, both L T C - I C and L T C - I C M L numbers were 

better maintained i n m y e l o i d L T C (4 ± 1 - fo ld and 1.5 ± 0.5 - fo ld decrease, respectively, i n the 

first 3-4 w k s , n=2) than C R U (10 ± 2 - fo ld decrease i n the same per iod, n=3). Thus different 

mechanisms appear to a l low lympho-mye lo id cells to express their differentiation potentialities 

i n long- te rm cultures and after transplantation into myeloabla ted recipients . These f indings 

b u i l d on previous observations indica t ing a discrepancy i n the importance o f S F i n these two 

situations and support a m o d e l o f H S C regulat ion i n w h i c h retention o f tot ipotent ial i ty and 

maintenance o f responsiveness to specific regulators are not tightly l inked . 

4 .2 Introduction 

B l o o d c e l l p roduc t ion originates throughout adult l i f e f r o m a s m a l l popu la t i on o f 

hematopoiet ic stem cel ls characterized by an enormous proliferat ive capacity and an abi l i ty to 

generate both l y m p h o i d and m y e l o i d progeny. S u c h cel ls have been k n o w n to exis t i n the 

marrow o f both adult mice and humans for many years ( W u , et a l 1968; A b r a m s o n , et al 1977; 

Tu rhan , et a l 1989). H o w e v e r , quantitative methods that a l l o w their def in i t ive and specif ic 

d i s t i n c t i o n f r o m other types o f p r i m i t i v e ce l l s w i t h more res t r ic ted p r o l i f e r a t i v e or 

differentiation properties have only recently been devised (Ploemacher, et al 1989; Sutherland, 

et a l 1990; S z i l v a s s y , et al 1990). F o r measurements o f absolute frequencies o f mur ine 

hematopoiet ic stem cel ls , an i n v i v o l i m i t i n g d i lu t ion assay for compet i t ive repopulat ing units 

( C R U ) (Sz i lvassy , et al 1990) offers the most direct approach and has been p ivo ta l i n a l l o w i n g 

the ident i f ica t ion o f var ious factors that may support (Fraser, et a l 1992) or alter s tem c e l l 

r enewal (Sauvageau, et a l 1995). Nevertheless , i n v i v o systems do not l end themselves as 

readi ly to an analysis o f the earliest stages o f stem c e l l commitment as w o u l d suitable i n vi t ro 

alternatives. A s s a y s based on the co-cul ture o f p r im i t i ve hematopoiet ic ce l l s w i t h s t romal 

fibroblasts under condit ions permissive for long-term myelopoies is and stem c e l l maintenance 

have been described for both human (Sutherland, et a l 1989; Sutherland, et a l 1990; Breems, et 
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a l 1994) and murine (Ploemacher, et al 1989; L e m i e u x , et a l 1995) systems. The end point i n 

these assays is the detection i n culture o f co lony-forming progeny for periods exceeding the life 

span o f intermediate progenitors , i.e., >4 weeks for mur ine cel ls (P loemacher , et a l 1989; 

L e m i e u x , et a l 1995) and >5-6 weeks for human cel ls (Sutherland, et a l 1990; B a u m , et a l 

1992; Breems , et al 1994). The use o f graded doses o f input cel ls i n these assays then a l lows 

the derivation o f progenitor frequencies by l imi t ing di lut ion analysis. 

The so-cal led long-term culture-init iat ing cells ( L T C - I C ) thus detected share numerous 

features w i t h C R U and, i n adult mouse bone mar row, are co -pur i f i ed i n fractions enr iched 

>500-fold for C R U (Lemieux , et al 1995). Th is w o u l d lead one to anticipate that most L T C - I C 

might also have lymphopoie t ic potential as was, i n fact, suggested by experiments w i t h human 

fetal ma r row ( B a u m , et al 1992). H o w e v e r , cort icosteroids and horse serum, w h i c h are key 

components o f the growth m e d i u m used i n L T C - I C assays (Dexter, et a l 1977; Greenberger 

1978) are h igh ly toxic for murine l y m p h o i d cells ( W h i t l o c k and W i t t e 1982), thus requir ing a 

two step procedure to detect murine L T C - I C w i t h l y m p h o - m y e l o i d potent ial . B a s e d on the 

observations o f D o r s h k i n d (Dorshk ind 1986) and Denis and Wit te (Denis and Wi t t e 1986) that 

B l y m p h o i d c e l l p roduct ion c o u l d be ini t iated when established mur ine m y e l o i d L T C were 

"switched" to steroid/horse serum-free medium, we tested the feasibi l i ty o f super imposing this 

modi f ica t ion on the standard l imi t ing di lut ion murine L T C - I C assay. Eva lua t ion o f the m y e l o i d 

and p re -B c lonogenic c e l l content o f cultures maintained for an in i t i a l 4 weeks under m y e l o i d 

L T C cond i t ions and then for a further week under condi t ions pe rmi s s ive for p r e -B c e l l 

p roduc t ion ( W h i t l o c k and Wi t t e 1982) revealed the existence o f a subset o f L T C - I C , termed 

L T C - I C M L , w i t h both m y e l o i d and l y m p h o i d potential ( L e m i e u x , et a l 1995). H o w e v e r , the 

frequency o f L T C - I C M L was consistently ~ 15-fold lower than L T C - I C and ~30-fo ld lower than 

C R U , regardless o f the puri ty o f the ce l l suspension assayed. 

In this chapter, the results o f experiments designed to e x p l a i n this d i screpancy by 

testing various strategies that might either improve the detection o f B lymphopoie t i c abi l i ty or 
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reduce the potential loss o f l y m p h o - m y e l o i d cel ls dur ing the first 4 weeks o f cul ture under 

m y e l o i d L T C condi t ions are described. A l t h o u g h the results obtained have not a l l o w e d the 

sens i t iv i ty o f the L T C - I C M L assay to be s ign i f i can t ly increased, they have revea led an 

unexpected disparity i n the rate o f decl ine o f cel ls detectable as C R U and L T C - I C / L T C - I C M L 

w h e n these are ma in ta ined under L T C cond i t ions . In add i t ion , they have a l l o w e d the 

identif ication o f a previously unrecognized lymphoid-restricted, steroid-resistant progenitor ce l l 

type different f rom cel ls capable o f producing C F U - p r e - B for >8 weeks under l y m p h o i d L T C 

condi t ions . 

4 .3 Results 

4 .3 .1 Effect o f p ro longing the l y m p h o i d phase o f the L T C - I C M L assay and us ing F L i n C F U -

pre-B assays on L T C - I C M L plat ing efficiency and C F U - p r e - B generation 

P rev ious t ime course studies o f b u l k cultures o f adult mouse m a r r o w swi tched to 

l y m p h o i d condi t ions after an in i t i a l 4 week per iod under m y e l o i d L T C condi t ions had shown 

that C F U - p r e - B numbers continued to increase rapidly (~30-fold) between the first and second 

weeks after the swi t ch and that m y e l o i d C F C remained at >10% o f input for up to 10 days 

( L e m i e u x , et a l 1995) (see also F i g u r e 4.3 b e l o w ) . W e therefore compared the effect o f 

assessing C F U - p r e - B and m y e l o i d C F C on the 1 0 t h rather than the 7 t h day after the swi tch i n 

cultures ini t ia ted w i t h l i m i t i n g numbers o f marrow cel ls f rom normal or 5-FU-treated mice . In 

the experiments w i t h normal marrow, we also tested the effect o f supplementing the C F U - p r e -

B assays w i t h 100 n g / m l o f F L since this factor has recently been shown to support early 

stages o f l y m p h o i d c e l l d i f fe ren t ia t ion ( H a n n u m , et a l 1994; H i r a y a m a , et a l 1995; 
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Macka reh t s ch i an , et a l 1995). F igure 4.1 shows the frequency dis tr ibut ions o f m y e l o i d and 

l y m p h o i d C F C numbers per L T C - I C M L assay culture obtained for each o f the condi t ions 

compared. The average number o f c lonogenic m y e l o i d and C F U - p r e - B progenitors detected i n 

the pos i t ive cultures is shown i n Tab le 4 .1 . It can be seen that extension o f the l y m p h o i d 

culture per iod f rom 7 to 10 days signif icantly increased the number o f C F U - p r e - B detected i n 

some L T C - I C M L assay cultures and hence also increased their average number per culture. 

C F U - p r e - B detection was further enhanced up to 3-fo ld when F L was incorporated into the 

m e t h y l c e l l u l o s e m e d i u m used i n the C F U - p r e - B assays. Never the less , nei ther o f these 

modif icat ions significantly changed the proportion o f cultures i n w h i c h at least one C F U - p r e - B 

c o u l d be detected, regardless o f the or ig in o f the input cells . Moreove r , extension o f the period 

o f culture under l y m p h o i d condit ions f rom 7 to 10 days d id cause a slight decrease not only i n 

the number o f m y e l o i d C F C per culture but also in the proport ion o f cultures i n w h i c h m y e l o i d 

C F C were detected. T h i s effect was part icularly pronounced i n assays o f 5 - F U mar row where 

the proport ion o f cultures i n w h i c h no m y e l o i d C F C were detected increased f rom 4 % to 50%. 

T h i s suggests that there may be subtle differences or changes i n the behaviour o f the - 3 0 % o f 

mar row L T C - I C M L that survive 5 - F U treatment. O v e r a l l , the frequency o f cultures conta ining 

both l y m p h o i d and m y e l o i d C F C d i d not change as a result o f changing the durat ion o f the 

l y m p h o i d culture phase o f the L T C - I C M L assay (Table 4.1). 

F igu re 4.1 Dis t r ibu t ion o f c lonogenic cells i n 5 week-o ld L T C - I C M L swi tched to l y m p h o i d 

L T C condi t ions for either a "standard" 7 day (panels A and B ) or "extended" 10 day (panels C 

and D ) per iod pr ior to harvesting and assessment. M u l t i p l e replicate cultures were seeded w i t h 

5 x l 0 4 m a r r o w ce l l s f r o m n o r m a l or 5 -FU- t rea ted m i c e and each cul ture then assayed 

ind iv idua l ly to determine its content o f C F U - p r e - B ( A , C ) and m y e l o i d C F C ( B , D ) . 
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4 . 3 . 2 Effect o f substituting S17 cells as feeders i n the L T C - I C M L assay 

Since others had shown that S17 cells cou ld support the reappearance o f B lineage cells 

i n bu lk cultures (Col l ins and Dorshk ind 1987) and also maintain long-term i n v i v o repopulating 

cel ls at c lose to input numbers for up to 3 weeks w h i c h is better than w i t h i rradiated marrow 

adherent layers (Wineman , et al 1993), it was o f interest to determine whether S17 cel ls might 

also be superior to normal marrow feeders for the detection o f L T C - I C M L . H o w e v e r , when this 

was tested, i t was found that the use o f S17 ce l l s as feeders gave the same L T C - I C M L 

frequencies for both no rma l and 5 - F U marrow c e l l suspensions as when feeders established 

f rom fresh mar row were used (Table 4.2). M o r e o v e r , as shown i n Tab le 4 .3 , the l ack o f an 

increase i n L T C - I C M L p la t ing eff iciency on S17 feeders c o u l d not be attributed to a decl ine o f 

their capaci ty to mainta in C R U numbers as compared to either irradiated mar row feeders or a 

combina t ion o f S F ( lOOng/ml) and I L - 6 (10 ng/ml) ( M i u r a , et al 1993; Rebe l , et al 1994). 

These results suggest that al though C R U and L T C - I C M L i n normal adult mar row may 

be the same cells , some o f the attributes responsible for their detection i n these two assays may 

be different and hence different ly regulated. S u c h a concept already exists i n the human 

system, where S F has been shown to be unnecessary for human L T C - I C maintenance or 

de tec t ion under L T C cond i t i ons , even though S F a lone c a n m a i n t a i n L T C - I C and , i n 

combina t ion w i t h other factors, can effectively substitute for a suitable f ibroblas t -containing 

feeder i n their detection (Sutherland, et a l 1993). Furthermore, recent experiments w i t h murine 

cel ls have conf i rmed that S F is not necessary for L T C - I C detection (Dougherty 1995) but that 

the i n v i v o detection o f C R U i n adult mouse marrow is dependent on S F st imulat ion ( M i l l e r , et 

al In Press). T o test this hypothesis further, a series o f addi t ional experiments were performed 

to determine whether the number o f cells detectable as C R U , L T C - I C , L T C - I C M L , and day 12 

C F U - S w o u l d change relative to one another when normal marrow cel ls were mainta ined i n 

culture under different conditions. The results o f these experiments are described be low. 
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Table 4.2 A b i l i t y o f S17 ce l l s to substitute for p r ima ry m a r r o w feeder layers i n the 

standard L T C - I C M L assay protocol . 

N o r m a l marrow 5 - F U mar row 

Feeder layer Per femur * Per 1 0 5 t Per femur Per 1 0 5 

Pr imary marrow 

S17 stromal ce l l l ine 

40 (26 - 65) 

48 (36 - 64) 

0.23 ± 0.04 

0.30 ± 0.07 

12 (6 - 24) 

1 8 ( 1 5 - 2 2 ) 

0.22 ± 0.06 

0.32 ± 0.05 

* N u m b e r o f L T C - I C M L per femur (range) 

t N u m b e r o f L T C - I C M L per 10 5 cells ± S E M 

Tab le 4.3 A b i l i t y o f S17 ce l l s to support C R U i n cultures o f unseparated mouse 

mar row cel ls mainta ined for 1 week i n m y e l o i d L T C m e d i u m i n compar i son to cultures 

c o n t a i n i n g pre-es tabl i shed i r rad ia ted p r ima ry m a r r o w feeders and s t romal ce l l - f ree 

suspension cultures supplemented w i t h S F and I L - 6 . 

Suspension culture + 
M a r r o w feeder S17 ce l l l ine j L _ g + S F * 

Exper iment #1 33 117 7 

#2 31 30 4 

#3 15 27 7 

A v e r a g e ± S . D . 26 ± 10 58 ± 5 1 6 ± 2 

Dup l i ca t e or triplicate T 2 5 flasks w i t h the indicated feeders or growth factors were seeded 
w i t h 3 x l 0 6 total normal marrow cel ls . The flasks for each group were harvested 1 week 
later and their poo led adherent and non-adherent cel ls assessed for the presence o f C R U as 
described i n the Methods . 

* M y e l o i d L T C m e d i u m was supplemented w i t h I L - 6 (10 ng/ml) and S F (50 ng/ml) at the 
ini t ia t ion o f the cultures. 
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4 .3 .3 D i f f e r e n t i a l main tenance i n v i t ro o f va r ious func t iona l attributes o f p r i m i t i v e 

hematopoietic cells 

A s can be seen i n F i g u r e 4.2, the number o f C R U i n unseparated suspensions o f 

n o r m a l adult mar row decreased ~ 10-fold over the course o f 3-4 weeks when the cel ls were 

kept under m y e l o i d L T C condi t ions and a further 10-fold over the next 3-4 weeks (data not 

shown) . T h i s rate o f dec l ine i n repopulat ing potential is consistent w i t h p rev ious f indings 

(Fraser, et al 1992; van der Slui js , et a l 1993). Interestingly, i n the same experiments C F U - S , 

L T C - I C and L T C - I C M L were a l l found to decl ine less r ap id ly (i.e., by 2, 4 and 1.5-fold, 

respect ively, after 3-4 weeks) . Maintenance o f the same input cel ls on the same feeders but i n 

m e d i u m permiss ive for pre-B ce l l product ion consistently prov ided poorer support for each o f 

these c e l l types, w h i c h a l l decreased to <3% of input levels by 3-4 weeks. 

4 . 3 .4 K i n e t i c s o f C F U - p r e - B disappearance under m y e l o i d L T C condi t ions and their rate o f 

reappearance after switching to l ympho id L T C conditions 

In the previous chapter, w e showed that ce l l s capable o f ma in t a in ing long- te rm B 

l y m p h o p o i e s i s i n cul ture were h igh ly sensit ive to and hence rap id ly k i l l e d by exposure to 

corticosteroids and poss ibly other factors present i n horse serum. Th i s suggested that a l l o f the 

C F U - p r e - B detected i n the L T C - I C M L assay might have to be produced by l y m p h o - m y e l o i d 

progenitors s t i l l present at the t ime o f the swi tch to l y m p h o i d L T C condit ions. S ince such cel ls 

c lear ly decl ine several fo ld during the in i t ia l 4 weeks o f culture under m y e l o i d L T C condit ions 

(F igure 4.2), it seemed l i k e l y that an increased number o f L T C - I C M L w o u l d be detected by 

swi t ch ing to l y m p h o i d condi t ions sooner. T o determine h o w early this might be done, fresh 

mar row cel ls were cul tured for an in i t i a l 4 or 7 days under m y e l o i d L T C condi t ions and the 

cultures were then switched to l y m p h o i d L T C conditions for a further 7 to 21 days. A t the t ime 

o f the swi tch , and at weekly intervals thereafter, duplicate cultures were harvested and assayed 
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Figure 4.2 Rela t ive maintenance o f early hematopoietic progenitors for 3-4 

weeks under m y e l o i d ( H ) or l y m p h o i d ( IB) L T C condi t ions. 
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for C F U - p r e - B . T h e presence o f l y m p h o i d ce l l s i n the resul t ing co lon ies was ve r i f i ed by 

recover ing a l l the cel ls f r o m the methylce l lu lose assay cultures and e x a m i n i n g their surface 

express ion o f B 2 2 0 by f l o w cytometry. The lower panel o f F igu re 4.3 shows representative 

profi les o f the cel ls recovered f rom one such experiment. W e had prev ious ly shown that w e l l 

established, 8 w e e k - o l d l y m p h o i d L T C permanently lose the abi l i ty to generate C F U - p r e - B 

w i t h i n 7 days o f being switched to m y e l o i d L T C condit ions (Lemieux , et al 1995). The results 

shown i n the upper panel o f F igure 4.3 indicate that a l l C F U - p r e - B disappear w i t h i n 4 days o f 

their be ing p laced under m y e l o i d L T C condit ions (day 0 on the graph) and then reappear w i th 

exact ly the same kinetics as previously shown for marrow cells maintained for >4 weeks under 

m y e l o i d L T C conditions (Dorshkind 1986; Denis and Wi t t e 1986; L e m i e u x , et al 1995). 

F igu re 4.3 ( A ) K i n e t i c s o f reappearance o f B220+ l y m p h o i d cel ls i n short- term m y e l o i d 

cultures after be ing switched to l y m p h o i d culture condit ions. N o r m a l marrow cel ls ( 1 0 6 per 35 

m m tissue culture dish) were maintained i n m y e l o i d cultures for 4 (I I) or 7 days (not s h o w n 

since indist inguishable f rom 4 days) and then switched (day 0 on the X - a x i s ) to l y m p h o i d L T C 

condi t ions for a further 7 to 21 days. A t each t ime point, duplicate cultures were harvested and 

plated i n d i v i d u a l l y i n 10 m l o f C F U - p r e - B assay mixture per 60 m m non-tissue culture dish. 

S e v e n days later, the entire contents o f each assay d i sh was evaluated for the presence o f 

B 2 2 0 + ce l l s as descr ibed i n the M e t h o d s . The dashed l ine portrays the f ind ings reported 

p r e v i o u s l y ( L e m i e u x , et a l 1995) for C F U - p r e - B numbers i n cul tures ma in ta ined under 

m y e l o i d L T C for 4 weeks pr ior to swi tch ing to l y m p h o i d L T C condi t ions . ( B ) B 2 2 0 staining 

profi les o f cel ls f rom 4 week-o ld (i) m y e l o i d L T C and cel ls f rom C F U - p r e - B assays o f either 

fresh mar row (ii) or cel ls f rom 4 day-o ld m y e l o i d L T C before ( i i i ) and after ( iv) swi tch ing to 

l y m p h o i d culture condit ions for 14 days. Unsta ined controls are shown as outlines. 
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4 .3 .5 Ev idence for a novel corticosteroid-resistant, lymphoid-restricted progenitor ce l l type 

W e then tested the poss ib i l i ty o f us ing a 7 day rather than a 4 week i n i t i a l m y e l o i d 

culture per iod and a 10 rather than 7 day secondary phase under l y m p h o i d culture condi t ions 

for the quantitation o f L T C - I C M L by l i m i t i n g d i lu t ion analysis. T h e results o f 2 experiments 

w i t h mar row cel ls f rom normal mice and 4 experiments w i t h marrow f rom 5-FU-treated mice 

are shown i n Table 4.4. F o r normal marrow, not a l l o f the rare wel l s that contained both C F U -

pre-B and m y e l o i d C F C cou ld be explained by coincident plating o f a l y m p h o i d and a m y e l o i d -

restricted precursor in the or ig ina l input populat ion (p = 0.033, Fisher 's E x a c t test). In the case 

o f 5 - F U marrow, the number o f wel l s containing both l y m p h o i d and m y e l o i d c lonogenic cells 

was too s m a l l to exclude the poss ib i l i ty o f co inc idence (p = 0.16). T h e presence o f cultures 

conta in ing on ly C F U - p r e - B at a frequency equal to that o f cultures conta in ing o n l y m y e l o i d 

C F C was unanticipated since a l l cultures init iated wi th l i m i t i n g numbers o f adult mar row cel ls 

that contained C F U - p r e - B were also found to contain m y e l o i d C F C i n standard 5 week L T C -

I C M L assays (Lemieux , et a l 1995). Moreove r , the fact that cultures conta in ing on ly C F U - p r e -

B were seen i n the present exper iments us ing the shortened L T C - I C M L assay p ro toco l , 

regardless o f whether the 5000 input cel ls were f rom norma l or 5-FU-treated mi ce indicates 

that the lymphoid-res t r ic ted progenitors thus detectable are, l i ke C R U and L T C - I C , re la t ively 

resistant to 5 - F U . T o our knowledge , the ident i f icat ion i n no rma l adult mouse mar row o f a 

lymphoid-res t r ic ted , 5-FU-resistant populat ion o f progenitors that can surv ive under m y e l o i d 

L T C condi t ions for 7 days, but not 4 weeks, has not p rev ious ly been reported. In the context 

o f the present study, the existence o f such cel ls detracts s ignif icant ly f rom the advantages o f 

using a shorter L T C - I C M L . E v e n though L T C - I C M L plat ing efficiency cou ld be enhanced, their 

dis t inct ion f rom l y m p h o i d and myeloid-restricted progenitors can on ly be made when very l ow 

input ce l l numbers are used such that < 10-30% of cultures contain c lonogenic cells o f any type. 

T h e ca l cu l a t ed L T C - I C M L f requency for n o r m a l mar row d e r i v e d f r o m the percentage o f 

negative cultures, adjusted to exclude those expected to be due to coinc idence , is 1 i n 1 . 7 x l 0 5 
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Table 4.4 Frequencies o f m y e l o i d and l y m p h o i d progenitors i n cultures mainta ined 

for 1 week under m y e l o i d L T C condi t ions and then for 10 days under l y m p h o i d L T C 

condi t ions : E v i d e n c e for a 5 - F U and steroid-resistant, lymphoid-res t r ic ted precursor o f 

C F U - p r e - B . 

C lonogen ic cells present N o r m a l B M 5 - F U B M 

N o n e 120/171 (70%) 90/112 (80%) 

M y e l o i d 29/171 (17%) 19/112 (17%) 

L y m p h o i d 32/171 (19%) 5/112 (4%) 

B o t h m y e l o i d and l y m p h o i d 10/171 (6%) 2/112 (2%) 

Expec ted coincidence o f l ympho id 
and mye lo id 5/171 (3%) 0.8/112 (0 .7%) 

B M cel ls were seeded onto pre-established, irradiated mar row feeders at 5000 c e l l s / w e l l 
i n 9 6 - w e l l plates and maintained under m y e l o i d L T C conditions for 7 days. These mic ro -
L T C were then switched to l y m p h o i d L T C conditions for 10 days before be ing harvested 
and assayed for their content o f m y e l o i d C F C and C F U - p r e - B . Results for normal and 5-
FU-t rea ted marrow have been pooled f rom 2 and 4 experiments, respectively. F o r normal 
m a r r o w , the ca lcu la ted frequency o f cultures expected to con ta in both m y e l o i d and 
l y m p h o i d c lonogen ic cel ls due to co inc idence is s ignif icant ly l ower than the observed 
values (p = 0.03). F o r 5 - F U marrow, coincidence c o u l d not be exc luded (p = 0.16). T h e 
frequency o f L T C - I C M L calculated f rom the corrected values are 1 i n 1 . 7 x l 0 5 n o r m a l 
mar row cel ls and 1 i n 5 . 6 x l 0 5 5-FU-treated marrow cells . 
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ce l l s . T h i s is ~3 t imes higher than the value obtained us ing the o r ig ina l 5 week assay (1 i n 

4 . 3 x l 0 5 , Tab le 4.2, see also Chapter III) and on ly 3-fold lower than the frequency o f C R U i n 

1 w e e k - o l d m y e l o i d L T C (1 i n 5 . 4 x l 0 4 cel ls) . Such findings are consistent w i t h the hypothesis 

that the l ower frequency o f L T C - I C M L measured i n the 5 week assay is la rge ly exp la ined by 

their decl ine dur ing the first 4 weeks o f the assay. O n the other hand, the frequency o f L T C -

I C M L calculated for 5 - F U marrow i n the shortened (17 day) L T C - I C M L assay was 1 i n 5 . 6 x l 0 5 

cel ls w h i c h is not s ignif icant ly different f rom the frequency o f 1 i n 4 . 5 x l 0 5 ce l ls obtained i n 

the 5 week L T C - I C M L assay (Table 4.2) and is ~20- fo ld l ower than the frequency o f C R U i n 

freshly isolated 5 - F U marrow. These data suggest that the L T C - I C M L that are sensitive to 5 - F U 

are also poor ly maintained i n culture. It also appears that the L T C - I C M L w h i c h surv ive 5 - F U 

treatment decline more rapidly i n culture. 

4 .4 Discuss ion 

M u c h effort has gone into the development o f assays w h i c h spec i f i ca l ly detect the 

abi l i ty o f ind iv idua l hematopoietic cells to give rise to both l y m p h o i d and m y e l o i d progeny for 

extended periods o f time. The first quantitative assay for very p r imi t ive progenitors, the C F U -

S assay ( T i l l and M c C u l l o c h 1961), has now been shown to detect some cel ls w i t h l y m p h o -

m y e l o i d potential (Lepault , et al 1993), although it is c lear ly not specific for such cel ls (Visser 

and van B e k k u m 1990). The C R U assay has this specifici ty (Fraser, et al 1990; Sz i lvassy , et al 

1990; S z i l v a s s y and C o r y 1993; R e b e l , et a l 1994) but does not l end i t se l f to the direct 

i nves t iga t ion o f mechan i sms med ia t ing se l f - renewal or c o m m i t m e n t events i n recent ly 

s t imula ted ce l l s . M e t h o d s for detecting the l y m p h o - m y e l o i d potent ia l o f p r i m i t i v e mur ine 

hematopoiet ic progenitors st imulated to f o r m colonies i n methy lce l lu lose cultures have also 

been described very recently (Hi rayama, et al 1992; B a l l , et al 1995), but they require h igh ly 

pur i f i ed c e l l suspensions as starting material . L T C - b a s e d assays, such as those that measure 

cobblestone areas (Ploemacher, et al 1989; Breems, et al 1994) and L T C - I C (Sutherland, et a l 
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1990; L e m i e u x , et al 1995) are more generally applicable but only the L T C - I C M L assay directly 

monitors l y m p h o i d as w e l l as mye lo id potential. Unfortunately, the very l o w frequency o f cells 

detected by the or ig ina l ly described L T C - I C M L assay, as compared to L T C - I C and C R U , also 

constrain its applicabil i ty. 

In the present study, we found that the numbers o f cells detectable as L T C - I C and L T C -

I C M L were both better maintained over a per iod o f 3-4 weeks i n m y e l o i d L T C than the number 

o f cel ls detectable as C R U . The differential maintenance o f these properties i n the L T C system 

suggests that the abi l i ty to generate both m y e l o i d and B l y m p h o i d c lonogen ic progenitors for 

ex tended per iods i n v i t ro i n response to s t romal ce l l s and the a b i l i t y to reconst i tute 

mye loab la ted recipients i n response to signals p roduced i n such animals i n v o l v e different 

regulatory mechanisms . T h i s extends previous f indings f r o m studies w i t h W - m u t a n t m ice 

w h i c h s h o w e d that c lose to n o r m a l numbers o f L T C - I C / L T C - I C M L are present i n adult 

W 4 1 / W 4 1 mice whereas C R U numbers appear markedly reduced to ~20- fo ld l ower levels than 

normal (see A p p e n d i x Tables 2 and 3). Thus S F appears to be c ruc ia l for the detection o f C R U 

i n v i v o but not for their i n v i v o generation nor for the detection i n v i t ro o f L T C - I C or L T C -

Prev ious studies have suggested that l y m p h o i d L T C condi t ions support lymphopoies i s 

exc lus ive ly ( reviewed by D o r s h k i n d and Wi t t e , (Dorshk ind and Wi t t e 1987)). H o w e v e r , these 

studies were not sufficient to exclude the poss ib i l i ty that cel ls w i t h l y m p h o - m y e l o i d potential 

migh t persist i n these cultures and be able to subsequently produce m y e l o i d progeny under 

appropriate condi t ions. O u r data show that C R U numbers decl ine 100-fold dur ing the first 3-4 

weeks o f l y m p h o i d culture and, as anticipated, are undetectable by 6-8 weeks . M y e l o i d L T C , 

on the other hand, have been shown to contain readily detectable numbers o f i n v i v o l y m p h o -

m y e l o i d repopulat ing cel ls for at least 5 weeks (Fraser, et a l 1990). It has also been reported 

that m y e l o i d L T C select ively maintain h igh levels o f transplantable, lymphoid-res t r ic ted stem 

cel ls capable o f cur ing severe combined immunodef ic iency ( S C I D ) mi ce o f their B and T c e l l 
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def ic iency (Fu lop and P h i l l i p s 1989). H o w e v e r , experiments us ing re t rov i ra l ly -marked cel ls 

f r o m m y e l o i d L T C to reconst i tute l e tha l ly i r rad ia ted B 6 C 3 F ] m i c e d i d not revea l a 

preponderance o f lymphoid-restr ic ted reconstitution (Fraser, et al 1990) al though examples o f 

such ce l l s were seen. In v i t ro , w e have shown that the ab i l i ty to generate C F U - p r e - B i n 

swi tched 4 week -o ld m y e l o i d cultures is t ightly coupled to an abi l i ty to also produce m y e l o i d 

C F C ( L e m i e u x , et al 1995). H o w e v e r , i n the present studies, a lymphoid- res t r ic ted c e l l type 

w h i c h persists for > 7 days i n m y e l o i d L T C was identif ied. T h i s l y m p h o i d precursor is thus 

dis t inguishable f rom and probably more pr imi t ive than any stage o f B l y m p h o i d development 

descr ibed to date, i nc lud ing C F U - B , A b e l s o n murine l eukemia virus targets, C F U - p r e - B , and 

ce l l s capable o f sustained C F U - p r e - B product ion i n l y m p h o i d L T C , a l l o f w h i c h disappear 

w i t h i n 4-7 days i n m y e l o i d L T C (Rosenberg and B a l t i m o r e 1976; P h i l l i p s , et a l 1984; 

L e m i e u x , et a l 1995). Whether this ce l l might also possess T lymphopoie t ic potential is not yet 

k n o w n . 

A differential loss under the same culture conditions o f the abi l i ty to be detected i n v i v o 

as C R U or i n vi t ro as L T C - I C / L T C - I C M L , w h i c h we presume characterizes a single c e l l type 

generated i n v i v o , presumably reflects corresponding differences i n the types o f exogenous 

factors that can regulate the expression o f these functions. The L T C system, i n w h i c h cytokine 

product ion by feeders can be manipulated by genetic ( Z i p o r i and L e e 1988; C o r e y , et a l 1990; 

H o g g e , et a l 1991; Otsuka , et a l 1991; Sutherland, et a l 1991) or i m m u n o l o g i c a l strategies 

(Cashman , et al 1990), offers an attractive mode l for ident i fy ing the molecu la r nature o f these 

differences. S i m i l a r l y , this mode l provides a unique opportunity for further examinat ion o f the 

mechan i sms responsible for the different ia l maintenance o f responsiveness to regulatory 

factors. 
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V . F L and IL-11 differ in their abil i ty to support the stromal cell-independent development 

and expansion o f B220+ lymphocytes f rom purif ied B220" fetal l iver progenitors 

5.1 Summary 

In the p r e v i o u s chapter , w e f o u n d that the presence o f F L i n C F U - p r e - B 

methy lce l lu lose cultures performed at the end o f standard 5 week L T C - I C M L assays o f adult 

ma r row cel l s d i d not enhance the detection o f L T C - I C M L a l though its addi t ion d i d s l igh t ly 

increase the average number o f C F U - p r e - B produced per cul ture. T h e results o f previous 

chapters suggest that C F U - p r e - B can develop f r o m l y m p h o - m y e l o i d progenitors present i n 

m y e l o i d L T C s , presumably i n response to changes i n the product ion o f s t romal ce l l -de r ived 

factors resul t ing f rom the swi tch f rom m y e l o i d to l y m p h o i d culture condi t ions . In the present 

chapter, experiments were undertaken to determine whether F L and I L - 1 1 , both o f w h i c h are 

no rma l ly produced by stromal cel ls (Paul , et a l 1990; H a n n u m , et a l 1994), might m i m i c the 

ab i l i t y o f these ce l l s to support the differentiat ion o f B l ineage ce l l s f r o m very p r i m i t i v e 

precursors o f C F U - p r e - B i n v i t ro . S c a - 1 + l ineage-depleted ( B 2 2 0 - ) cel ls were i sola ted f rom 

day 14.5 mur ine fetal l ivers to obtain a test popula t ion that was h i g h l y enr iched i n H S C as 

measured b y both C R U and L T C - I C assays ( R e b e l , et a l In Press; C . M i l l e r , personal 

communica t ion) . In addit ion, s imi la r ly enriched fetal l i ve r c e l l populations had been shown to 

proliferate i n response to F L and I L - 1 1 ( L y m a n , et a l 1993; H a n n u m , et a l 1994; K e e , et a l 

1994). These ce l l s were incubated for 1-2 weeks i n s t romal cel l-free suspension cultures 

supplemented w i t h a l l possible combinat ions o f F L , I L - 1 1 , S F and I L - 7 since previous studies 

had shown that S F and I L - 7 can stimulate the prol i ferat ion o f early B220+ lymphocy tes but 

cannot, either alone or together, support the development o f such cel ls f rom B 2 2 0 - precursors. 

T h e results o f these experiments indica ted that B220+ ce l l s c o u l d be detected by day 7 i n 

cultures containing F L , S F and I L - 7 and, by day 14, the total number o f cells was expanded up 

to 6000- fo ld . E i g h t y to 100% o f the ce l l s produced under these condi t ions were B220+ and 
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- 5 0 % o f these exhib i ted a p ro -B phenotype (B220+CD43+). In serum-free cultures, - 1 0 % o f 

the cel ls were M a c - 1 + or G r - 1 + but i n serum-containing cultures, the product ion o f m y e l o i d 

ce l l s appeared to be greatly reduced. In contrast, fewer B220+ ce l l s were produced , both 

re la t ive ly and absolutely when I L - 1 1 was substituted for F L . In addi t ion , - 1 0 - 3 0 X more 

m y e l o i d cel ls were generated i n cultures containing I L - 1 1 , S F and I L - 7 than w i t h F L , S F and 

I L - 7 , bo th i n the presence and i n the absence o f F C S . Thus al though bo th F L and I L - 1 1 can 

support the differentiation o f pr imi t ive B 2 2 0 - progenitors and the ampl i f ica t ion o f their B220+ 

progeny, their activities do not appear to be identical . 

5.2 Introduction 

T h e c o m m i t m e n t o f H S C to the B l y m p h o i d d e v e l o p m e n t a l p a t h w a y occurs 

cont inuously throughout adult l i fe i n the s inusoidal spaces o f the bone mar row (Hermans, et a l 

1989; Jacobsen and O s m o n d 1990). T h e molecu la r mechanisms that support this process, 

however , remain poor ly described. I L - 7 can stimulate the development o f pre-B cel ls i n vi t ro 

(Namen, et a l 1988; L e e , et al 1989; Suda, et al 1989; W i l l i a m s , et al 1990) and it appears to be 

a l i m i t i n g regulator o f pre-B c e l l generation i n v i v o (Peschon, et a l 1994; v o n Freeden-Jeffry, 

et al 1995). However , I L - 7 is probably not necessary for the generation or maintenance o f cells 

w i t h l y m p h o - m y e l o i d differentiat ion potential . F o r example , i n the absence o f I L - 7 , S F i n 

combina t ion w i t h I L - 1 1 , I L - 6 or G - C S F can support the product ion i n v i t ro o f c l o n a l cultures 

o f blast cells that can give rise to secondary colonies o f pre-B cel ls upon replating into a culture 

m e d i u m that contains S F and I L - 7 (Hi rayama , et a l 1992). T h e combina t ion o f S F , I L - 7 and 

I L - 1 1 has also been recently ident i f ied as sufficient to support the development o f B l ineage 

ce l l s f r o m l y m p h o - m y e l o i d progenitors pur i f ied f rom day 12 fetal l ivers ( K e e , et a l 1994). 

H o w e v e r , the fact that W mice deficient for the S F receptor have normal numbers o f C F U - p r e -

B , p re -B and B cel ls ( M e k o r i and P h i l l i p s 1969; Landre th , et al 1984; M i l l e r , et al In Press) 
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argues that S F is also not a l im i t i ng regulator o f pre-B ce l l generation i n v i v o , or its effects can 

be compensated for by the activities o f other factors. 

A cy tok ine w h i c h might be anticipated to possess such act ivi ty is the recently c loned 

l i g a n d for the F l t 3 tyrosine kinase receptor ( F L ) ( L y m a n , et a l 1993; H a n n u m , et a l 1994). 

M u r i n e F l t 3 was c l o n e d f r o m fetal l i v e r ce l l s h i g h l y en r i ched for H S C . It be longs to a 

subfamily o f c e l l surface receptors characterized by their split in t racytoplasmic tyrosine kinase 

domains . Other receptors i n this fami ly include c-ki t (the receptor for S F ) , c-fms (the receptor 

for M - C S F ) and the platelet-derived growth factor receptor (Matthews, et al 1991; Rosnet, et al 

1991). M i c e that are deficient for F l t3 by gene knock-out exhibi t some deficiencies i n their B 

and T l y m p h o c y t e progenitors w h i c h became more marked after their t ransplantat ion into 

irradiated recipients or when combined w i t h a W A V V genotype (Mackarehtschian , et al 1995). 

F L , l i ke S F , is w ide ly expressed i n murine and human tissues and is produced by most stromal 

c e l l l ines thus far examined (Hannum, et al 1994). 

In this report it is shown that F L i n combina t ion w i t h S F and I L - 7 can support the 

development o f B220+ lymphocytes i n suspension cultures o f S c a - 1 + B 2 2 0 - day 14.5 fetal l ive r 

ce l l s . Fur thermore, as anticipated f rom previous studies o f W / W v mice , the abi l i ty to respond 

to S F i n vi t ro was not absolutely required for the product ion o f either B220+ or m y e l o i d ( M a c -

1+ or Gr-1+) cel ls nor d i d its addi t ion increase the product ion o f either o f these c e l l types i n 

cultures supplemented w i t h I L - 7 , IL -11 and F L . W e also show that F L does not promote the 

product ion o f m y e l o i d ce l l s f rom these same pr imi t ive progenitor cel ls as effect ively as I L - 1 1 . 

Thus , a l though the act ivi t ies o f these two stromal ce l l -de r ived factors over lap they do not 

appear to be identical . 
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5.3 Results 

A popula t ion o f hematopoiet ic cel ls depleted o f m y e l o - m o n o c y t i c (Gr-1+), e ry thro id 

( T e r l 19+), T l y m p h o i d (Ly-1+) and B l y m p h o i d (B220+) ce l l s ( so-ca l led L i n - ce l l s ) and 

enr iched for very early progenitor cel ls (Sca-1+) was isolated f rom day 14.5 fetal l i v e r c e l l 

suspensions and cul tured as described i n the Methods . The rationale for us ing this popula t ion 

as the starting mater ia l was three-fold: (i) it contains few, i f any, B lympho id - re s t r i c t ed 

progenitors; (i i) it is h ighly enriched for cells w i t h unrestricted differentiative potential; and (i i i) 

by enr ich ing for early progenitors, cultures cou ld be seeded w i t h very sma l l numbers o f cel ls , 

thereby m i n i m i z i n g potential ce l l density-related effects, at least in i t ia l ly . 

5.3.1 F L synergizes w i t h I L - 7 and S F i n the product ion o f B220+ lymphocytes f rom B 2 2 0 " 

progenitors 

A s shown i n Tab le 5.1, the number o f cel ls p roduced per 100 S c a - l + L h r fetal l i ve r 

c e l l s seeded 14 days ear l ie r i n s t romal ce l l - f ree but F C S - c o n t a i n i n g l i q u i d cul tures 

supplemented w i t h I L - 7 , S F and F L was at least 60-fo ld greater than the c o m b i n e d output o f 

any pa i rwise combina t ion o f these factors. N o n e o f the cultures supplemented w i t h a single 

factor contained any detectable viable cel ls after 7 days. F l o w cytometr ic analyses o f cultures 

conta in ing I L - 7 + F L revealed ma in ly dead cel ls (93% P I + ) and on ly - 3 5 % o f the v iab le cel ls 

expressed the B 2 2 0 antigen. T h e abil i ty o f cel ls to proliferate i n the presence o f I L - 7 and F L 

was variable and may be a function o f the precise gestational age o f the fetuses used i n different 

exper iments . IL -7+SF+FL-supp lemen ted cultures, on the other hand, consis tent ly contained 

l a rge n u m b e r s o f B 2 2 0 + c e l l s and o n l y v e r y l o w numbers o f c e l l s e x p r e s s i n g the 

m y e l o m o n o c y t i c markers M a c - 1 ( C D 1 l b ) or Gr -1 (Figures 5.1 and 5.2 (panel A ) ) . T o further 

characterize them, the cel ls produced in these cultures we addi t iona l ly stained w i t h an anti-

C D 4 3 ant ibody (S7) used by H a r d y and his col leagues to subdiv ide early stages o f B c e l l 

development (Hardy , et al 1991) .As shown i n Figures 5.2 (panel C ) and 5.3, approximate ly 
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Table 5.1 C e l l production f rom 100 Sca - l+Lin- cells incubated for 14 days i n stromal c e l l -

free suspension cultures i n m e d i u m containing F C S and the growth factors indicated. 

G r o w t h factors added Total cells B220+ (Mac-1/Gr-1)+ 

IL-7+SF 85 ± 8 5 na na 

SF+FL 0 ± 0 na na 

IL-7+FL (4.3 ± 3.6) x 1 0 3 5.6 x 1 0 2 t na 

IL-7+SF+FL (2.7 ± 1.0) x 1 0 5 (2.3 ± 1 . 0 ) x 1 0 5 (6.3 ± 3.2) x 1 0 2 

SF+IL-11 (1.2 + 0 . 0 ) x 1 0 4 * + * 
IL-7+IL-11 0 + 0 na na 

IL-7+SF+IL-11 (5.2 + 2.7) x 1 0 4 (1.1 ± 0 . 3 ) x 1 0 4 (1.9 ± 1.1) x 1 0 4 

FL+IL-11 (7.4 ± 5.9) x 1 0 4 - + 
rL-7+FL+IL-l l (1.5 ± 0 . 4 ) x 1 0 6 (1.2 ± 0 . 4 ) x 1 0 6 (2.0 ± 0.7) x 1 0 5 

' O n l y 1 experiment assessible by F A C S 

* Presence or absence on M a y - G r i i n w a l d - G i e m s a - s t a i n e d cytospins . L y m p h o c y t e s are quite 
fragile and may be suboptimally detected on cytospins. 

na= not assessed 
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5 0 % were less mature, CD43+B220+ p ro -B cel ls and 5 0 % were more mature, C D 4 3 - B 2 2 0 + 

pre -B cel ls . 

5 .3 .2 F L synergizes w i t h I L - 7 and I L - 1 1 to support the product ion o f B220+ lymphocy te s 

f rom B 2 2 0 " progenitors 

A s can be seen f rom Figure 5.1, the largest numbers o f B220+ cel ls were produced i n 

14 day-o ld cultures containing I L - 7 , F L and I L - 1 1 . The addi t ion o f S F to this combina t ion d i d 

not further enhance the product ion o f these cel ls despite its demonstrated abi l i ty to synergize 

w i t h both I L - 7 + F L and I L - 7 + I L - 1 1 i n the generat ion o f B220+ ce l l s (Table 5.1). In fact, 

substituting S F for any o f the other three factors resulted i n an overa l l reduct ion i n the number 

o f B220+ ce l l s produced. T h i s effect was par t icular ly marked w h e n I L - 7 (130-fold) or F L 

(100-fold) was omit ted , suggest ing an essential role for both F L and I L - 7 i n the op t ima l 

p r o d u c t i o n and a m p l i f i c a t i o n o f B 2 2 0 + ce l l s f r o m a S c a - l + L i n - (B220~) p h e n o t y p e . 

Interestingly, as shown i n F igure 5.3, the proport ion o f B 2 2 0 + C D 4 3 " (pre-B) cel ls relat ive to 

B220+CD43+ (pro-B) cells produced i n the absence o f either S F or I L - 7 was increased relative 

to cultures i n w h i c h both o f these factors were present f rom 1:1 to 10:1 and 5:1, respectively. 

T h i s may be related to the fact that early pre-B ce l l l ines and clones are reportedly induced to 

undergo V H to D J H and l ight cha in locus rearrangements upon wi thdrawa l o f I L - 7 or s t romal 

c e l l support (Ro l ink , et al 1991). 

5 .3 .3 E v i d e n c e that the ac t iv i t ies o f F L and I L - 1 1 i n m y e l o - and l y m p h o p o i e s i s are 

overlapping but not identical 

It is also apparent f r o m F i g u r e 5.1 that F L is a more potent factor than I L - 1 1 i n 

suppor t ing the p roduc t ion o f B220+ l y m p h o c y t e s f r o m Sea- 1+B220" ce l l s and that the 

c o m b i n e d presence o f F L and I L - 1 1 i n cultures that also contained I L - 7 + S F had a synergist ic 
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effect on this process, g i v i n g a 4 - fo ld increase i n B220+ cells i n the 4 factor combina t ion over 

the s u m o f those obtained w i t h I L - 7 + S F + F L and I L - 7 + S F + I L - 1 1 . F L was also found to have 

a greater synergiz ing effect w i th I L - 7 on B220+ ce l l product ion (35-fold more B220+ cells wi th 

I L - 7 + S F + I L - 1 1 + F L than w i t h S F + I L - 1 1 + F L and S F + I L - l l + I L - 7 combined) than d i d I L - 1 1 

(on ly 4 - f o l d m o r e B 2 2 0 + ce l l s w i t h a l l 4 factors than the s u m o f S F + F L + I L - 1 1 and 

F L + S F + I L - 7 combined) . Furthermore, as can be seen i n panels A and C o f F i g u r e 5.2, very 

few M a c - 1 + or Gr-1+ cel ls and approximately equal numbers o f B220+ pro- and p re -B cel ls 

were produced i n bu lk cultures containing IL-7+SF+FL-supp lemented m e d i u m . In contrast, i n 

cultures containing IL-7+SF+IL-11 (panel B ) , a substantial populat ion o f m y e l o i d cel ls ( - 3 0 % 

o f the total) were produced i n addit ion to B 2 2 0 + cel ls . T h e unique abi l i ty o f I L - 1 1 to stimulate 

the extensive product ion o f m y e l o i d cel ls f rom S c a - l + L i n - precursors is also documented i n 

F igure 5.1. Interestingly, the presence o f F C S appeared to have a strongly inh ib i to ry effect on 

mye lopo ies i s i n these cultures. Thus the number o f m y e l o i d cel ls produced i n the absence o f 

I L - 1 1 was - 1 8 - f o l d higher i n serum-free cultures and even i n the presence o f I L - 1 1 was 6-fold 

higher. In spite o f this effect o f F C S on the generation o f m y e l o i d ce l ls , the overa l l number o f 

B 2 2 0 + cel ls produced i n the absence o f I L - 1 1 was not s igni f icant ly affected by the use o f a 

defined serum substitute although the relative proportion o f B220+CD43+ to B220+CD43" cells 

was altered (F igure 5.3). 

5.4 Di scuss ion 

Prev ious studies o f pur i f ied S c a - 1 + L i n " cel ls i sola ted f rom the mar row normal adult 

m ice g r o w i n g i n methylce l lu lose cultures have shown that - 5 % o f these cel ls can g ive rise to 

colonies containing a mixture o f B and m y e l o i d lineage cells when exposed to the combinat ion 

o f I L - 7 , S F , I L - 1 1 and erythropoiet in ( B a l l , et a l 1995). F L , i n synergy w i t h I L - 6 , I L - 1 1 or G -

C S F , has also been shown to support the prol i ferat ion o f l y m p h o - m y e l o i d progenitors and, 

99 



alone or i n c o m b i n a t i o n w i t h S F or I L - 7 , o f B c e l l progenitors present i n this S c a - l + L i n -

popula t ion (Hi rayama , et a l 1995). The results presented here and those o f others (Kee , et al 

1994) ind ica te that these factors are also i n v o l v e d i n the earliest stages o f fetal B c e l l 

development. Howeve r , although the activities o f I L - 1 1 , S F and F L overlap s ignif icant ly , they 

also show differential effectiveness i n promot ing the product ion o f cel ls at different stages o f 

m y e l o i d and l y m p h o i d development. A proposed m o d e l o f h o w this may occur is shown i n 

F i g u r e 5.4. T h i s mode l incorporates the pr inc ip le that addit ive or synergis t ic interactions o f 

factors w h i c h ind iv idua l ly have modest effects on cel ls o f a part icular developmenta l pathway 

can partially or completely compensate for the absence o f a more dominant factor. In support o f 

this m o d e l , the results obtained i n the present studies show F L to be a very potent but not 

exc lus ive st imulator o f B220+ c e l l product ion f rom B 2 2 0 progenitors. Thus , this process can 

also occur , albeit m u c h less eff icient ly, i n its absence i f an appropriate combina t ion o f other 

factors is present (e.g., IL-7+SF+IL-11) . The relatively m i l d impairment o f l y m p h o i d and stem 

c e l l development i n F l t3 knock-out mice and the more severe hemato logica l defects that have 

been identif ied i n W A V v F l t 3 -/- animals (Mackarehtschian, et a l 1995) are also consistent w i t h 

such a mode l . 

A c c o r d i n g to such a mode l o f pr imi t ive hematopoietic ce l l regulation, under condit ions 

where pos i t ive ly-ac t ing growth factors are l i m i t i n g , the presence o f negat ively-act ing factors 

can exert marked effects. In the experiments described here, F L became as effective as IL-11 i n 

s t imula t ing the generation o f m y e l o i d cel ls f rom S c a - l + L i n - precursors i n the presence o f 

S F + I L - 7 when the F C S was replaced w i t h B S A , transferrin, i n su l in and l ip ids . T h i s suggests 

that some component o f the F C S used i n these experiments was inh ib i to ry for early stages o f 

mye lopo ie t i c c e l l development but that this c o u l d be part ia l ly offset by the presence o f I L - 1 1 

but not F L . 
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In summary , both I L - 1 1 and F L , i n combina t ion w i t h I L - 7 and S F , were found to 

support the development o f B220+ lymphocytes f rom highly pur i f ied populations o f pr imi t ive , 

B 2 2 0 ~ hematopoie t ic progeni tor ce l l s obtained f rom mouse fetal l i v e r and cu l tured i n the 

absence o f a stromal c e l l feeder layer. Since both these factors have prev ious ly been found to 

support the development o f B l y m p h o i d cel ls (Figure 5.1 and (Kee , et a l 1994; M u s a s h i , et a l 

1991; B a l l , et a l 1995; H i r a y a m a , et al 1995)) they might also a l l o w the development o f B 

l ineage ce l l s f r o m H S C produced or persis t ing i n L T C to proceed i n fu l ly def ined culture 

med ia . H o w e v e r , s ince these studies have a l l made use o f h i g h l y p u r i f i e d start ing c e l l 

popula t ions , it remains to be seen whether these factors w i l l be sufficient to obta in s imi l a r 

results f rom more heterogeneous cell 'suspensions before and after their manipulat ion i n L T C . 
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V I . Conc lus ions 

A s a first step towards studying H S C regulation, a new i n vi t ro method for speci f ica l ly 

ident i fying and quantitating l ympho-mye lo id cel ls i n adult mouse bone marrow was developed. 

T h i s assay relies on the jo in t expression o f the m y e l o i d and l y m p h o i d differentiative potentials 

o f i n d i v i d u a l L T C - I C mainta ined for 4 weeks under m y e l o i d L T C condi t ions before be ing 

swi tched to l y m p h o i d condi t ions. A n a l y s i s o f the c lonogenic c e l l content o f L T C - I C M L assay 

cultures ini t ia ted at l i m i t i n g di lut ions showed that the presence o f C F U - p r e - B was associated 

w i t h that o f m y e l o i d C F C signif icant ly more often than c o u l d be expla ined by the random co-

pla t ing o f two populations o f l y m p h o i d and myeloid-restr icted progenitors. Furthermore, cells 

able to produce C F U - p r e - B i n the L T C - I C M L assay c o u l d not be separated f r o m cel l s w i t h 

m y e l o i d different ia t ion potent ia l , even i n cultures in i t ia ted w i t h as few as 35 ce l l s f r o m 

suspensions that were enriched more than 500-fo ld i n their content o f L T C - I C M L . It was also 

found that neither C F U - p r e - B nor l y m p h o i d long-term cul ture- ini t ia t ing ce l l s were detectable 

after as l i t t le as one week o f their exposure to m y e l o i d L T C condi t ions . T a k e n together, these 

results provide strong evidence that the L T C - I C M L assay detects i nd iv idua l cel ls w i t h l y m p h o -

m y e l o i d potential . It was also shown that the C F U - p r e - B output i n L T C - I C M L assay cultures 

was l inear ly related to the number o f input cel ls in i t i a l ly seeded, whether they were der ived 

f r o m total normal mar row, h igh ly pur i f ied normal mar row, and mar row exposed to 5 - F U i n 

v i v o . T h e C F C output o f standard "mye lo id" L T C - I C assays was also shown to increase as a 

l inear function o f the input ce l l dose. 

The results presented i n this thesis also indicate that L T C - I C and L T C - I C M L are c losely 

related to each other and to totipotent mur ine ce l l s w i t h long- te rm i n v i v o repopula t ing 

potent ia l . T h i s conc lu s ion is based on the f ind ing that a l l three assays detect ce l l s i n adult 

mouse mar row that have the same very rare S c a - 1 + L i n - W G A + phenotype and also exh ib i t a 

s imi l a r resistance to 5 - F U . In both mice and humans, a significant propor t ion o f mar row cel ls 
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detected as L T C - I C show a l o w retention o f the v i t a l dye Rhodamine -123 and are re la t ive ly 

resistant to var ious chemotherapeutic drugs (Ploemacher and B r o n s 1989; Suther land, et a l 

1989; Sutherland, et a l 1990). L i k e their mur ine counterparts, human L T C - I C are enr iched i n 

those subpopulat ions that are most enr iched for p r im i t i ve progeni tor ce l l s (Berenson , et a l 

1990; Sutherland, et al 1990). In addit ion, the same stromal c e l l l ines can be used i n assays to 

detect either human or murine L T C - I C and i n neither case is the presence o f or responsiveness 

to S F requi red ( K o d a m a , et al 1992; Sutherland, et al 1993; M i l l e r , et a l In Press) . These 

f indings support the l i k e l i h o o d that the human L T C - I C assay may detect ce l l s w i t h s imi l a r 

properties i n c l u d i n g long- term i n v i v o repopulat ing potential . Recent reports ind ica t ing that 

i n d i v i d u a l C D 3 4 + T h y - 1 + fetal human marrow cel ls can give rise to both CD15+33+ m y e l o i d 

and C D 10+19+ l y m p h o i d cells i n long-term cultures further reinforces this possibi l i ty (Baum, et 

a l 1992). 

A l t h o u g h they are c losely related to both C R U and L T C - I C , L T C - I C M L are detected at 

15-30-fold l ower frequencies. Th i s appears to be, i n part, a consequence o f the design o f the 

assay, itself. T h e experiments detai led i n Chapter I V show that the C F U - p r e - B detected i n 

standard L T C - I C M L assays after they have been swi tched to condi t ions that support p re -B 

lymphopo ies i s have to differentiate f rom those L T C - I C M L s t i l l present after the in i t i a l 4 week 

p e r i o d under m y e l o i d cul ture condi t ions . Ne i the r the add i t ion o f F L to the C F U - p r e - B 

methylcel lu lose assays nor the extension o f the l y m p h o i d culture per iod signif icantly increased 

the detection o f L T C - I C M L . S ince it was found that C R U numbers decl ine approximate ly 10-

f o l d w i t h i n 3-4 weeks i n m y e l o i d L T C (Fraser, et a l 1992; Chapter I V ) , exper iments were 

undertaken to investigate the poss ib i l i ty o f i m p r o v i n g the pla t ing eff ic iency o f L T C - I C M L by 

shortening the in i t ia l m y e l o i d culture period. Since the experiments described i n Chapter H I has 

suggested that the earliest k n o w n B l y m p h o i d restricted progenitors disappeared f r o m such 

cul tures w i t h i n one week, reduct ion o f the i n i t i a l m y e l o i d cul ture pe r iod to 1 w e e k was 

evaluated. H o w e v e r , shortening the L T C - I C M L assay to a 1 week per iod under m y e l o i d L T C 

condi t ions f o l l o w e d by 10 days under l y m p h o i d L T C condi t ions revealed the existence o f a 
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previous ly undescribed 5 - F U and steroid/horse serum-resistant C F U - p r e - B progenitor c e l l type 

at su f f i c i en t ly h i g h frequencies to render this approach less at tractive for the rout ine 

measurement o f L T C - I C M L . Nevertheless, the predict ion that m u c h o f the discrepancy i n C R U 

and L T C - I C M L frequencies could be attributed to the imperfect maintenance i n vi tro o f l ympho-

m y e l o i d progeni tors was con f i rmed by these exper iments . T h e frequency o f L T C - I C M L 

detectable i n no rma l mar row was ~3 times greater when the in i t i a l m y e l o i d L T C per iod was 

shortened f r o m 4 weeks to 1 week, only 3-fold l ower than the frequency o f C R U i n 1 week-

o l d m y e l o i d L T C , although st i l l - 1 0 times lower than the frequency o f C R U i n freshly isolated 

mar row. 

It seems l ike ly that a more complete understanding o f the cytokines able to stimulate or 

inh ib i t H S C prol i ferat ion and differentiation w i l l a l l o w more efficient L T C - I C M L detection 

p ro toco l s to be deve loped . C o n v e r s e l y , any factor(s) that can s ign i f i can t ly increase the 

detect ion o f L T C - I C M L might do so by enhancing the maintenance or prol i fera t ion o f H S C . 

Feeders that either overexpress ( Z i p o r i and L e e 1988; C o r e y , et al 1990; H o g g e , et al 1991; 

Otsuka , et a l 1991; Sutherland, et al 1991) or do not express ( K o d a m a , et a l 1992; Sutherland, 

et a l 1993) k n o w n factors have been used i n the past to examine the mechanisms by w h i c h 

pr imi t ive hematopoietic progenitors are driven to proliferate and differentiate i n vitro. S imi la r ly , 

exogenous addit ion o f neutral izing antibodies to specific growth factors or inhibitors cou ld also 

be used to investigate these processes (Z ipor i and L e e 1988; Cashman, et al 1990). In addit ion, 

nove l regulators o f H S C functions might be identified by screening c loned stromal ce l l lines for 

their ab i l i ty to increase the pla t ing eff ic iency L T C - I C M L or their i n d i v i d u a l c lonogen ic c e l l 

output. 

M y investigations into the reasons for the discrepancy i n C R U , L T C - I C and L T C - I C M L 

frequencies also revealed that both L T C - I C and L T C - I C M L are better maintained for 3-4 weeks 

i n m y e l o i d L T C than C R U . The long- term abi l i ty to generate both m y e l o i d and B l y m p h o i d 

c lonogenic progenitors i n vitro and the abili ty to fully reconstitute a myeloablated recipient thus 
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appear to be subject to different regulatory mechanisms. In addi t ion , H S C s u r v i v i n g 5 - F U 

treatment appear to be subtly different f rom the b u l k o f H S C i n their i n v i t ro responses. 

Furthermore, although marrow f rom 5-FU-treated mice can reconstitute irradiated recipients as 

effect ively and compet i t ive ly as normal marrow (Lerner and Ha r r i son 1990), their ab i l i ty to 

repopulate non-ablated animals is significantly less (Stewart, et al 1993; Ramshaw, et al 1995). 

S ince 5 - F U is c o m m o n l y used to eliminate the majority o f c y c l i n g progenitors i n the marrow as 

w e l l as to b r i n g quiescent H S C into c y c l e to facil i tate gene transfer, i t m a y be o f some 

importance to clarify these differences and to determine their potential impact on the abi l i ty o f 

transfected H S C to maintain normal long-term hematopoiesis i n v i v o . 

The molecular signals responsible for st imulating the various differentiation events that 

C R U and L T C - I C M L must undergo to be detected remain undefined. Recent studies i n w h i c h I 

was i n v o l v e d ( M i l l e r , et a l In Press, see A p p e n d i x 1) suggest that S F plays a more essential 

ro le i n the recrui tment o f C R U dur ing hema to log i ca l recons t i tu t ion after bone mar row 

transplantation than i n their detection in the L T C system when st imulated by fibroblasts. Thus 

other factor(s) appear to be able to compensate for the absence o f S F i n the retention o f 

l y m p h o - m y e l o i d different iat ion potent ial . S ince both I L - 1 1 and F L act on very p r i m i t i v e 

hematopoie t ic progenitors , it w o u l d be interesting to see whether their r e m o v a l f r o m L T C 

might affect the capacity o f H S C to express either their l y m p h o i d or their m y e l o i d potential 

under these condit ions. 

I L - 1 1 and F L are also o f interest because o f their over lapping but non-ident ical 

roles i n support ing the development o f B220+ lymphocytes f r o m fetal l i ve r -de r ived B 2 2 0 -

progenitors i n the absence o f a stromal ce l l feeder layer. A l t h o u g h the precise ce l lu lar target o f 

each factor is not yet clear, prel iminary studies w i t h single c e l l cultures suggest that I L - 1 1 may 

act to preferentially expand an earlier progenitor ce l l type than F L . It is conce ivable that H S C 

present i n L T C might also express their B l y m p h o i d potential i n the presence o f I L - 1 1 , F L , S F 
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and I L - 7 under fu l ly defined culture condit ions. Indeed, it may w e l l be that these factors may 

be differentially expressed under m y e l o i d and l y m p h o i d L T C conditions. 

T h e present studies have also ident i f ied a nove l lymphoid- res t r ic ted c e l l type w h i c h 

persists for >7 days i n m y e l o i d L T C and thus, unfortunately, precludes the shortening o f the 

in i t i a l m y e l o i d culture per iod i n L T C - I C M L assays. Th i s l y m p h o i d precursor is probably more 

p r imi t ive than any stage o f B l y m p h o i d development described to date. Whether this c e l l also 

possesses unexpressed T l y m p h o p o i e t i c potent ia l is u n k n o w n at present. U n l i k e the B 

l y m p h o i d progenitors capable o f prol i ferat ing i n the short-term (2 weeks) l y m p h o i d culture 

assay o r ig ina l ly described by M u l l e r - S i e b u r g et al ( M i i l l e r - S i e b u r g , et a l 1986), these steroid-

resistant C F U - p r e - B precursors are resistant to 5 - F U treatment. It w o u l d therefore be o f 

interest to k n o w whether these nove l B l ineage progenitor cel ls can also be separated f r o m 

H S C by a lack o f expression o f the Fa l l -3 antigen (Mul l e r -S ieburg 1991). 

T h e ab i l i ty o f H S C to differentiate a long T c e l l l ineages has to date remained poor ly 

quantitated because o f the need for thymocytes to be pos i t ive ly selected i n the presence o f 

thymic s tromal cells i n order to remain v iable ( reviewed i n (von B o e h m e r 1994)). One way to 

c i rcumvent this process w o u l d be to use thymic organ cultures as a th i rd read-out i n an L T C -

I C M L - l i k e assay. T h i s opt ion is not par t icular ly appeal ing for prac t ica l reasons. It is already 

very t ime-consuming to d iv ide i n d i v i d u a l micro-cul tures into m y e l o i d C F C and C F U - p r e - B 

assays. T h e i n c l u s i o n o f a th i rd read-out w o u l d make the sys tem even more u n w i e l d y . 

H o w e v e r , a potential ly more practical approach might be to use hematopoietic cel ls f rom mice 

i n w h i c h the con t ro l o f p rog rammed c e l l death has been gene t ica l ly altered, pos s ib ly b y 

overexpression i n developing thymocytes o f the bc l -2 gene (Sentman, et a l 1991; Strasser, et al 

1991; S i e g e l , et a l 1992). Fa i lu re to be pos i t ive ly selected might not, i n this case, result i n 

thymocyte death (Sentman, et a l 1991; S iege l , et al 1992; Strasser, et a l 1994; T a o , et a l 1994) 

and might a l l ow the detection o f T lineage cells i n the presence o f appropriate feeder layers or 

g rowth factors. Indeed, immor t a l i zed thymic stromal cel ls might be found that c o u l d , either 
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alone or together w i t h marrow fibroblasts, provide the necessary factors to st imulate the fu l l 

development o f a l l hematopoietic lineages under appropriate culture conditions. 

In c o n c l u s i o n , the present studies have es tabl ished the feas ib i l i ty o f spec i f i c a l l y 

detecting i nd iv idua l hematopoietic cel ls capable o f g i v i n g rise to both m y e l o i d and l y m p h o i d 

p rogeny i n v i t ro . C e l l s i n adult mouse bone mar row that can exh ib i t such w i d e i n v i t ro 

differentiation potentials can be identif ied as a subset o f L T C - I C and are c lose ly related to and 

p robab ly over lap extens ive ly w i t h long- te rm i n v i v o reconst i tut ing ce l l s generated i n v i v o 

dur ing no rma l development. H o w e v e r , i n spite o f evidence that the capaci ty to be detected i n 

L T C - I C / L T C - I C M L and C R U assays are co-ordinately maintained during normal development, 

they become dissociated when the cel ls are he ld i n v i t ro under L T C condi t ions . Thus H S C 

appear to respond to mul t ip le , but not entirely over lapping, factors i n their detection as L T C -

I C M L or C R U and the responsiveness to these factors may be differentially maintained i n L T C . 

Identif icat ion o f the molecular properties that mainta in H S C functions remains one o f 

the central issues i n hematopoietic c e l l research. W h a t genes regulate hematopoiet ic stem ce l l 

behaviour, what changes initiate lineage commitment, how is the balance between commitment 

to different lineages regulated, how is this related to the progressive l imi ta t ion o f proliferat ive 

potential , and what role do external factors p lay i n regulating these processes are a l l questions 

w h i c h cannot yet even be formulated i n molecular terms. It is thus o f interest to speculate as to 

h o w the k e y f indings o f this thesis might facilitate future progress i n r e so lv ing these basic 

questions i n H S C b io logy . One lead is the observed difference i n C R U and L T C - I C / L T C - I C M L 

maintenance i n L T C . T h e c o m b i n e d use o f C R U and L T C - I C M L assays migh t therefore be 

useful i n screening for specif ic factors w h i c h may affect the ab i l i ty o f H S C to retain their 

differentiative and proliferative capacity i n spite o f loss o f C R U act ivi ty or, conversely , w h i c h 

w o u l d recapture the latter. Another important f inding o f these studies was the over lapping but 

not iden t ica l effects o f F L and I L - 1 1 seen on cel ls undergoing the earliest stages o f l ineage 

commitment . One explanation o f the results o f these studies is that F L and IL-11 might, i n fact, 
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be capable o f in f luenc ing the developmental fate o f H S C . Identif icat ion o f differences i n the 

intermediates active i n the s ignal l ing pathways o f these factors might thus provide an approach 

to del ineat ing w h i c h genes might be i n v o l v e d i n these processes. A l t e rna t ive ly , it may be o f 

interest to determine whether H S C interactions wi th F L or I L - 1 1 c o u l d differential ly alter the 

express ion o f k n o w n hematopoiet ic t ranscript ion regulators, such as the G A T A s or Ikaros 

fami ly members. 

A s described i n A p p e n d i x 1, very few H S C f rom W 4 1 / W 4 1 mutant m ice are detected i n 

the C R U assay. Nevertheless, their presence at near normal numbers can be inferred f rom their 

assessment i n the L T C - I C M L assay w h i c h also requires the express ion o f l y m p h o - m y e l o i d 

potential and the generation o f sizeable daughter clones. Th i s suggests that there may be at least 

two pathways w h i c h connect at some level wi th in the ce l l to stimulate H S C differentiation. The 

use o f the L T C - I C M L assay, i n conjunct ion w i t h the C R U assay, might therefore p rov ide the 

basis o f a screening strategy for the identif icat ion o f specific factors or intracel lular mediators 

w h i c h effect this response. F i n a l l y , the ava i lab i l i ty o f the L T C - I C M L assay m a y also make it 

possible to examine the role o f molecules not directly i n v o l v e d i n the regulat ion or expression 

o f the pro l i fe ra t ive or different iat ion potentials o f H S C but w h i c h may , nevertheless, be 

essential for their i n v i v o function. The loss o f homing receptors, for example , might result i n 

reduced detectability o f H S C i n v i v o without altering L T C - I C M L detection. The combined used 

o f C R U and L T C - I C M L assays might then prov ide a power fu l approach to iden t i fy ing such 

molecules or pathways they activate. Thus the combined use o f quantitative i n v i v o and i n vi tro 

assays m a y offer a variety o f new strategies for characterizing, at the molecula r l eve l , changes 

i n the inherent capabi l i t ies o f H S C and a l l o w i n g these to be dis t inguished f r o m mechanisms 

that alter their ability to realize their ful l range o f functional activities i n v i v o . 
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Abstract 

Prev ious studies have suggested that Steel Factor (SF) can inf luence the behaviour o f 

many types o f hematopoietic progenitor cells both in v i v o and i n vi t ro, al though whether these 

m a y i n c l u d e the most p r i m i t i v e popu la t ions o f tot ipotent r epopu la t i ng ce l l s r emains 

controvers ia l . T o approach this question, we measured the number o f S c a - l + L h r W G A + cel ls , 

the number o f cel ls w i t h demonstrable m y e l o i d ( L T C - I C ) or both m y e l o i d and l y m p h o i d 

( L T C - I C M L ) potential in 4 to 5 w e e k - o l d long- term cultures conta in ing irradiated p r imary 

mar row feeder layers, as w e l l as the number o f mult i - l ineage long- te rm i n v i v o repopulat ing 

ce l l s ( C R U ) present i n the mar row o f W 4 2 / + or W 4 1 A V 4 1 m ice as compared to +/+ controls . 

There was no signif icant effect o f either o f these W mutations on the number o f S c a - 1 + L i n ~ 

W G A + cel ls and, i n W 4 1 / W 4 1 mice , neither L T C - I C nor L T C - I C M L populations appeared to be 

affected. O n the other hand, al though W 4 , / W 4 1 and W 4 2 / + cel ls c o u l d both be detected i n the 

i n v i v o C R U assay, their numbers were markedly reduced (17- and 7- fo ld , respect ively) i n 

spite o f the fact that both o f these W-mutant genotypes contained near normal numbers o f D a y 

9 and D a y 12 C F U - S . In vi t ro quantitation o f erythroid ( B F U - E ) , granulopoiet ic ( C F U - G M ) , 

mul t i - l ineage ( C F U - G E M M ) and pre-B c lonogenic progenitors ( C F U - p r e - B ) also revealed no 

differences i n the numbers (or proliferative potential) o f any o f these ce l l s when W 4 , / W 4 1 or 

W 4 2 / + and normal mice were compared, although D a y 3 B F U - E f rom both types o f W-mutant 

m i c e s h o w e d no response to the t y p i c a l enhanc ing effect exer ted by S F o n their +/+ 

counterparts. T a k e n together these f indings are consistent w i t h the v i e w that S F act ivat ion o f 

c-ki t receptor-induced s ignal l ing events is not a ra te- l imit ing mechan i sm cont ro l l ing red b l o o d 

c e l l p roduct ion dur ing normal development unt i l hematopoiet ic cel ls differentiate beyond the 

D a y 3 B F U - E stage. Nevertheless normal hematopoietic stem cel ls do appear to be responsive 

to S F since their W-mutan t counterparts d isplay a disadvantage i n the v i v o setting w h i c h is 

exaggerated under condi t ions o f hematopoiet ic regeneration. O n the other hand, alternative 

mechanisms also appear to contribute to the regulation o f hematopoiet ic stem c e l l numbers i n 

v i v o and to their detection as L T C - I C i n vitro. 
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Introduction 

Steel Factor (SF) , also ca l led mast ce l l growth factor, stem ce l l factor, and k i t - l igand, is 

a p l e i o t r o p i c c y t o k i n e [1]. W i t h i n the hematopoie t ic sys tem, many types o f p r i m i t i v e 

hematopoiet ic ce l l s both before and after their apparent commi tmen t to a s ingle pathway o f 

differentiation have been shown to express receptors for S F and also appear to be responsive to 

l i g a n d b i n d i n g [2-5]. In vi t ro , S F has been shown to act on hematopoiet ic ce l l s p r i m a r i l y as a 

synergist ic factor i n concert w i th a variety o f other factors inc lud ing interleukin-3 ( IL-3) , I L - 7 , 

granulocyte-macrophage colony-st imulat ing factor ( G M - C S F ) , G - C S F and erythropoietin (Ep) 

a c c o r d i n g to the target c e l l s t imula ted [6-10]. H o w e v e r , for most o f these progeni tors , 

interact ion w i t h S F does not appear to be absolutely required for their con t inu ing v i ab i l i t y or 

for their ab i l i ty to continue to proliferate and differentiate. In contrast, studies o f the effect o f 

suppressing S F receptor-mediated s igna l l ing i n v i v o , either by adminis t ra t ion o f an antibody 

that b l o c k s S F b i n d i n g to its receptor [2], or by analysis o f SI or W mutant m i c e (two l o c i 

where the genes for S F and the receptor for S F , also k n o w n as c-ki t , are found) [11] have 

p rov ided evidence that S F is a phys io log ica l regulator o f certain aspects o f hematopoiesis i n 

v i v o [12,13]. In particular, the latter studies have demonstrated a requirement for S F i n mice to 

mainta in an adequate output o f mature red cells and tissue mast cells throughout adult l i fe . The 

accompany ing product ion i n v i v o o f earlier progenitor types appears to be less affected when 

these are quanti tated by i n v i t ro assays that do not use S F [14,15] . O n the other hand, 

interference w i t h SF-receptor interactions does markedly delay or reduce regeneration o f these 

same types o f hematopoie t ic progeni tors i n i r radia ted, m a r r o w transplanted m i c e [16]. 

C o n v e r s e l y , n o r m a l ce l l s can compe t i t i ve ly repopulate even unperturbed W - m u t a n t m i c e 

[17,18]. These latter findings suggest that S F may also serve as a phys io log ica l regulator o f the 

earliest stages o f hematopoiesis i n v i v o but i n a fashion that may not appear l i m i t i n g except 

under condit ions o f h igh demand. 
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S u c h considerat ions refocus interest on the quest ion o f the potent ia l ro le o f S F i n 

regula t ing the recrui tment and self-maintenance o f the most p r i m i t i v e types o f totipotent 

hematopoiet ic cel ls both dur ing normal l ife and under condi t ions o f post-transplant recovery. 

T o approach these questions, we have first compared the progenitor content o f W 4 1 / W 4 1 and 

W 4 2 / + mice using a variety o f i n vi tro and i n v i v o end points to detect the presence o f pr imi t ive 

hematopoiet ic cel ls . In addit ion, we investigated the abi l i ty o f sublethally irradiated W 4 1 / W 4 1 

and W 4 2 / + mice to serve as recipients i n a C F U - S assay us ing +/+ ce l l s . T h e W 4 1 and W 4 2 

mutations are both point mutations that occur w i th in the tyrosine kinase d o m a i n o f the c-ki t 

c o d i n g sequence and result i n amino ac id substitutions that demonstrably reduce the kinase 

ac t iv i ty o f the S F receptor [19,20] . O u r f ind ings p inpo in t the D a y 3 B F U - E stage o f 

erythropoie t ic c e l l development as one that is very sensit ive to perturbation o f SF-receptor 

interactions i n vi t ro . T h e generation dur ing ontogeny o f more p r imi t i ve populat ions o f ce l ls , 

i n c l u d i n g those w i t h l y m p h o - m y e l o i d potential , was not found to be SF-dependent al though 

evidence for a role o f S F i n their preferential recruitment i n v i v o was obtained. 

Methods and Materials 

Animals. C 5 7 B 1 / 6 J ( L y - 5 . 2 ) , c o n g e n i c C 5 7 B l / 6 J : P e p 3b ( L y - 5 . 1 ) , c o n g e n i c 

C 5 7 B 1 / 6 J - W 4 1 / W 4 1 (Ly-5 .2 ) and C 5 7 B 1 / 6 J - W 4 2 / + (Ly-5 .2 ) breeders, obtained o r ig ina l ly f rom 

D r . L . Schu l t z and D r . J . B a r k e r at the Jackson Laborator ies (Bar Harbour , M A ) were bred 

and main ta ined i n the an imal fac i l i ty o f the B r i t i s h C o l u m b i a Cance r Research Centre . A l l 

animals were housed i n micro- isola tor units and p rov ided w i t h s ter i l ized food and water. F o r 

irradiated mice , the water was also acidif ied wi th H C 1 to a p H o f 3. 

Cell Preparation. M a r r o w cel ls were obtained by f lushing femoral shafts w i t h A l p h a 

M E M c o n t a i n i n g 2 % fetal c a l f se rum ( 2 % F C S , S t e m C e l l T e c h n o l o g i e s , Inc . , [STI ] 
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V a n c o u v e r , B . C . ) us ing a 21 gauge needle attached to a 3cc syr inge. T h e ce l l s were then 

further suspended by gentle aspiration once or twice through the same needle. 

Phenotype Studies. M a r r o w cel l s f rom W 4 1 / W 4 1 , W 4 2 / + and C 5 7 B 1 / 6 J m i c e were 

ana lyzed for their content o f cel ls w i t h the f o l l o w i n g phenotype: l o w forward and or thogonal 

l ight scatter properties, absence o f several hematopoietic lineage markers ( L i n ) , presence o f the 

L y 6 antigen (Sca-1) , and abi l i ty to b i n d wheat ge rm agglu t in in ( W G A ) , u s ing a F A C S t a r + 

(Bec ton D i c k i n s o n & C o . San Jose, C A ) equipped wi th 5 - W argon and 30 m W h e l i u m neon 

lasers. Ant ibodies against mature hematopoietic ce l l markers (L in) included ant i -Mac-1 ( M l / 7 0 : 

m y e l o m o n o c y t i c ) , an t i -GR-1 ( R B 6 - 8 C 5 : granulocyt ic) , an t i -B220 ( R A 3 - 6 B 2 : lymphocytes ) 

and a n t i - L y - 1 (53-7.3: T l ymphocy te s ) . Spec i f i c details o f the o r i g i n and use o f these 

i m m u n o c h e m i c a l reagents, staining and F A C S analysis procedures were as described i n detail 

elsewhere [21]. 

Isolation of Sca-1+Lin-\VGA+ Cells. M a r r o w cel ls f rom W 4 1 / W 4 1 mice were incubated 

for 35 m i n on ice w i t h 3 ( ig /ml o f F c receptor b l o c k i n g ant ibody (2 .4G2) f o l l o w e d by the 

addi t ion o f the f luorescein isothiocyanate ( F I T C ) - labe l led L i n antibodies descr ibed above. 

Af te r two washes w i t h Hanks containing 2 % F C S , cells were incubated for 35 m i n on ice wi th 

B i o M a g " Sheep a n t i - F I T C I g G magnetic beads (Advanced Magne t i c s , Cambr idge , M A ) . L i n + 

cel ls were depleted f rom the c e l l suspension by magnetic separation and the r ema in ing cel ls 

were then treated w i t h b io t inyla ted W G A for 35 m i n on ice f o l l o w e d by 2 washes. T h e cel ls 

were then incubated w i t h F I T C - l a b e l l e d L i n antibodies, an t i -Sca-1-Cyanine 5 s u c c i n i m i d y l 

ester ( C y 5 ) and streptavidin-conjugated phycoery th r in ( P E ) for 35 m i n o n ice . P r o p i d i u m 

iod ide (PI) was i n c l u d e d i n the f ina l wash and Sca-1+ L i n " W G A + ce l l s i so la ted us ing a 

F A C S t a r + [21]. 

Assay for Spleen Colony-forming Units (CFU-S). Rec ip ien t s were i r radia ted w i t h 

1 3 7 C s y-rays (at 110 c G y / m i n ) i n a s ingle dose as ind ica ted i n each exper iment and then 
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injected in t ravenously w i t h l x l O 5 bone marrow cel ls each. A n i m a l s were sacr i f iced 9 or 12 

days later and their spleens either p laced i n f ixat ive for macroscop ic c o l o n y counts [22] or 

dissected ind iv idua l ly for D N A extraction and Southern analysis. 

Southern Analysis. Tissue samples were dispersed and washed i n phosphate buffered 

sal ine. O n e v o l u m e o f packed ce l l s was then incubated w i t h ten vo lumes o f proteinase K 

solut ion (1 m g / m l proteinase K , 10 m M T r i s - p H 7.4, 10 m M ethylenediamine tetraacetic ac id 

[ E D T A ] , 150 m M sod ium chlor ide and 0.4% sod ium dodecy l sulfate [SDS] ) for an in i t i a l 15 

m i n at 6 5 ° C and then overnight w i t h gentle shaking at 3 7 ° C . T h e so lu t ion was extracted 

mul t ip l e t imes us ing pheno l : ch lo ro fo rm (1:1) and nuc le ic acids were precipi ta ted f rom the 

aqueous phase us ing a 1/10 v o l u m e o f 3 M s o d i u m acetate (pH=5.2) and 2.5 vo lumes o f 

ethanol . T h e pellet was washed twice i n 7 0 % ethanol and resuspended i n T E (10 m M T r i s , 

l m M E D T A , pH=8.0) . D N A was digested w i t h E c o R I or B a m H I ( G i b c o B R L , Gai thersburg, 

M D ) at 2-3 U / | i g o f genomic D N A for 8-16 hrs at 3 7 ° C . C o n t r o l samples conta in ing 1% to 

5 0 % male D N A and test samples were electrophoresed through a 0 .8% agarose ge l and 

transferred to n y l o n membranes (Zeta-Probe; B i o - R a d , Miss i s sauga , Ont. , Canada) . The blots 

were then probed w i t h a Y chromosome-specif ic fragment labe l led to a h igh specif ic act ivi ty 

us ing 3 2 P and a random-primer ki t (G ibco B R L ) . The filters were washed to a f inal stringency 

o f 0 .2% S S C (150 m M N a C I , 15 m M sod ium citrate, pH=7.0) , 0 . 1 % S D S , and 0 . 1 % sod ium 

pyrophosphate at 6 2 ° C , and autoradiography performed using K o d a k X A R - 5 f i l m . The M 3 4 

p l a s m i d con ta in ing a 2.3 kb Y chromosome-spec i f ic segment was k i n d l y p r o v i d e d by D r . 

S i n g h [23]. 

Assay for Competitive Repopulating Units (CRU). Groups o f 6 to 8 C 5 7 B 1 / 6 J (Ly5 .2 ) 

or C 5 7 B 1 / 6 J : Pep 3b ( L y - 5 . 1 ) m i ce were i rradiated w i t h a s ingle dose o f 950 c G y (at 110 

c G y / m i n ) f rom a 1 3 7 C s y-ray source and then injected intravenously w i t h va ry ing numbers o f 

W - m u t a n t test cel ls together w i t h < 1 0 5 no rmal mar row cel ls or < 2 x 1 0 5 " c o m p r o m i s e d " 

mar row cel l s w i t h a normal content o f C F U - S but a reduced content o f C R U obtained f r o m 
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donors that had previously been reconstituted w i t h marrow cel ls f rom a first marrow transplant 

as prev ious ly described [24]). In both cases these latter cells were o f the same genotype as the 

recipients. C R U assay recipients were evaluated for evidence o f l y m p h o - m y e l o i d repopulat ion 

o f test c e l l o r i g i n > 8 weeks f o l l o w i n g transplantation. In some experiments , male test cel ls 

were injected into female C 5 7 B 1 / 6 J recipients i n w h i c h case o n l y those whose mar row and 

thymus contained > 5% male D N A were scored as posit ive. In other experiments, the test cells 

were injected into C 5 7 B l / 6 J : P e p 3b recipients, i n w h i c h case test ce l l -de r ived l y m p h o i d and 

m y e l o i d p rogeny were detected b y F A C S analysis after s ta in ing o f b l o o d samples w i t h 

F I T C - l a b e l l e d an t i -Ly-5 .2 antibody c lone A L I 4 A 2 [25]. The presence o f > 1% Ly-5 .2+ cel ls 

i n c l u d i n g both l y m p h o i d and m y e l o i d elements, as def ined by their d is t inct f o rward and 

or thogonal l ight scattering characteristics, was then used to identify recipients that had been 

injected w i t h at least 1 C R U f rom the test ce l l populat ion. C R U frequencies were calculated by 

the method o f m a x i m u m l i k e l i h o o d f rom the propor t ion o f negative m i c e obta ined i n each 

group [26]. 

Methylcellulose Assays for Colony-Forming Cells. T o quantitate D a y 3 B F U - E , 

m a r r o w cel l s were suspended i n a s emi - so l i d mix ture o f A l p h a m e d i u m con ta in ing 0 .8% 

methy lce l lu lose , 3 0 % F C S , 1% de ion ized bov ine serum a l b u m i n , 2 m M glutamine , O . l m M 

2-mercaptoethanol ( 2 - M E ) , and human erythropoiet in (Ep) (at the concentra t ion indicated) 

(STI) w i t h or wi thout 50 n g / m l pur i f ied recombinant mur ine S F ( Immunex , Seattle, W A ) . 

Dupl ica te or triplicate 1.1 m l volumes containing 8 x 1 0 4 mar row cel ls were then plated i n 35 

m m petri dishes (STI) and incubated for 3 days at 3 7 ° C i n a humidi f ied atmosphere o f 5% C 0 2 

i n air. E ry th ro id colonies containing > 3 clusters o f > 8 erythroblasts each were scored direct ly 

i n situ as p rev ious ly descr ibed [27]. F o r quantitation o f more p r i m i t i v e B F U - E , as w e l l as 

C F U - G M and C F U - G E M M , 3 x 1 0 4 c e l l s / m l were cu l tured i n the same me thy lce l lu lose 

m e d i u m described above supplemented 3 U / m l E p and 10 n g / m l each o f pur i f ied recombinant 

mur ine I L - 3 and human I L - 6 (and when indicated, 50 ng /ml o f S F ) . M u r i n e I L - 3 and human 

I L - 6 were pu r i f i ed f r o m the supernatants o f C O S ce l l s t ransient ly transfected w i t h the 
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appropr ia te m u r i n e and human c D N A s . Cu l tu res were then incuba ted under the same 

condit ions as for D a y 3 B F U - E but colonies were not scored unt i l after 14 days using the same 

cr i t e r i a for d i s t ingu i sh ing large (but not macroscop ic ) e ry th ro id co lon ies ( f rom B F U - E ) , 

c o l o n i e s c o n s i s t i n g o f > 20 granu locy tes and/or macrophages ( f rom C F U - G M ) and 

m a c r o s c o p i c a l l y v i s i b l e co lon i e s c o n t a i n i n g bo th o f these l ineages as w e l l as la rge 

megakaryocytes ( f rom C F U - G E M M ) [28]. C F U - p r e - B were assessed by p la t ing ce l l s i n a 

s emi - so l id A l p h a m e d i u m containing 0.8% methylce l lu lose , 3 0 % o f a selected batch o f F C S , 

2 m M g l u t a m i n e and 0.1 m M 2 - M E (STI ) p lus 0.2 n g / m l h u m a n I L - 7 ( I m m u n e x ) . 

M o r p h o l o g i c a l l y dis t inct ive colonies o f B- l ineage cel ls were scored i n these cultures after 1 

week o f incubat ion under the same condit ions o f temperature, C 0 2 and humid i ty . T o opt imize 

the de tec t ion o f C F U - p r e - B i n the L T C - I C M L assays (see b e l o w ) , the C F U - p r e - B 

methylcel lulose assay m e d i u m was further supplemented wi th 5 ng /ml o f murine S F . 

Limiting Dilution Assays to Quantitate Long-term Culture-Initiating Cells (LTC-IC). 

M a r r o w cells were suspended i n mye lo id long-term culture m e d i u m ( A l p h a m e d i u m containing 

12 .5% F C S , 12.5% horse serum, 0.2 m M 2 - M E , 0.2 m M i - inos i to l , 2 u M fo l i c ac id and an 

add i t i ona l 2 m M L - g l u t a m i n e , [STI] to w h i c h freshly d i s s o l v e d hyd roco r t i sone s o d i u m 

hemisuccinate [S igma C h e m i c a l s , St. L o u i s , M O ] was added just pr ior to use to g ive a f ina l 

concentra t ion o f 1 0 - 6 M ) . 150 | i L aliquots o f cel ls at va ry ing concentrations i n this m e d i u m 

were then p laced into i nd iv idua l we l l s o f 9 6 - w e l l microt i ter plates each o f w h i c h contained a 

p rev ious ly established, irradiated (1500 c G y ) pr imary mouse marrow feeder layer [29]. These 

cul tures were then main ta ined for 4 weeks at 3 3 ° C w i t h w e e k l y r e m o v a l o f h a l f o f the 

nonadherent cel ls and replacement o f ha l f o f the med ium. A t the end o f this per iod , a l l o f the 

ce l l s present i n each w e l l ( i nc lud ing the adherent as w e l l as the nonadherent cel ls) were 

harvested, c o m b i n e d and assayed for the presence o f B F U - E , C F U - G M and C F U - G E M M . 

L T C - I C frequencies were then calcula ted by the method o f m a x i m u m l i k e l i h o o d f r o m the 

propor t ion o f negative wel l s (wells containing no detectable m y e l o i d c lonogenic progenitors) 

measured for each concentration o f cells tested [26]. 
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T o detect and quantitate a subset o f L T C - I C w i t h the abi l i ty to g ive rise to l y m p h o i d 

( C F U - p r e - B ) as w e l l as m y e l o i d c lonogen ic ce l l s i n v i t ro (referred to as L T C - I C M L ) , a 

m o d i f i e d ve rs ion o f the "standard" L T C - I C assay procedure was used. De ta i l s o f the design 

and va l ida t ion o f the L T C - I C M L methodology have been descr ibed elsewhere [30]. B r i e f l y , 

ce l l s were cul tured for the first 4 weeks i n the same way as for standard L T C - I C assays, but 

then, instead o f harvest ing the cel ls , a l l o f the m e d i u m and nonadherent cel ls were removed , 

the adherent layer was washed twice w i t h pre-warmed R P M I 1640 (STI) and fresh l y m p h o i d 

long- te rm culture m e d i u m ( R P M I 1640, 5% F C S , 50 uJVI 2 - M E ) then added. These cultures 

were then transferred to 3 7 ° C and one week later the entire culture was harvested and d iv ided 

into two equal portions. One ha l f was plated ind iv idua l ly into methylce l lu lose assays to detect 

the presence o f B F U - E , C F U - G M and C F U - G E M M and the other ha l f into C F U - p r e - B co lony 

assays. The L T C - I C M L frequency i n the or ig ina l test suspension was calculated exact ly as for 

L T C - I C by relat ing the propor t ion o f negative wel l s to the number o f cel ls assayed per w e l l ; 

however i n this case, a w e l l was considered negative i f it d i d not conta in both m y e l o i d and 

l y m p h o i d clonogenic cells . 

Results 

W4l/W41 and W42/+ Mutations Affect the Responsiveness of Day 3 BFU-E to SF but 

not to Ep. B o t h W 4 1 / W 4 1 and W 4 2 / + mi ce are v iab le into adul thood and exh ib i t a s imi l a r 

degree o f anemia [13]. In vi t ro , S F is w e l l k n o w n for its ab i l i ty to enhance the Ep-dependent 

fo rmat ion o f large e ry thro id and mul t i - l ineage co lon ies detectable after 1 to 2 weeks o f 

incuba t ion [31]. H o w e v e r , i n spite o f the k n o w n marked decrease (10 to 100-fold) i n E p 

responsiveness that accompanies the differentiation o f no rma l D a y 3 B F U - E into C F U - E i n 

v i v o , an analysis o f the potential effect o f S F on murine D a y 3 B F U - E , an immediate precursor 

o f the ce l l s referred to as C F U - E , has not been reported. Therefore, w e first examined the 

poss ib i l i ty that S F might influence the Ep-dependent prol i ferat ion and maturat ion o f n o r m a l 
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D a y 3 B F U - E i n vi t ro . The results shown i n F igure I A indicate that exogenously p rov ided S F 

enhanced the number o f D a y 3 B F U - E detectable i n assays o f +/+ mar row cel l s at every E p 

concentrat ion tested (up to 3 U / m l ) , al though the extent o f this enhancing effect was also E p 

dose-dependent (decreasing f r o m ~ 10-fold at 0.03 U / m l o f E p to ~ 2 - fo ld at 3 U / m l ) . A s 

expected, no such effect was evident i n corresponding D a y 3 B F U - E assays o f mar row cel ls 

obta ined f r o m either W 4 1 / W 4 1 or W 4 2 / + mice (Figure I B and I C ) a l though the innate E p 

sensi t ivi ty o f the D a y 3 B F U - E (assessed i n the absence o f added S F ) f rom both no rma l and 

W-muta n t sources appeared indis t inguishable (Figure 2). S ince no plateau was ach ieved i n 

these dose response studies, it is not possible to accurately estimate the total D a y 3 B F U - E 

popula t ion i n any o f these mice . Nevertheless, f rom the data obtained at 3 U / m l o f E p i n the 

assays ± S F , any differences i n frequency w o u l d appear to be < 2 fo ld . S i n c e the femora l 

ce l lu la r i ty o f a l l strains was also found to be s imi la r (data not shown) the total D a y 3 B F U - E 

populations i n a l l 3 strains can be assumed to be similar . 

Normal Numbers of CFU-S and In Vitro Clonogenic Progenitors in W ^ / W 4 1 and 

W42/+ Mice. Previous studies o f W 4 1 / W 4 1 mice have reported that they conta in very few cel ls 

capable o f producing macroscopical ly vis ible spleen colonies wi th in 9 days after transplantation 

into le thal ly irradiated +/+ recipients [18,32]. U p o n repeating these experiments w i t h cel ls o f 

either W 4 1 / W 4 1 or W 4 2 / + or ig in , we found that readily detectable, macroscopic colonies (albeit 

somewhat smal ler than those produced by +/+ cel ls) were v i s i b l e both 9 and 12 days after 

in ject ion o f le thal ly irradiated +/+ mice w i t h cel ls o f either W-mutan t genotype. T h e colonies 

present at both t ime points were further shown to be exc lus ive ly o f donor (i.e., male and hence 

W-mutant ) o r ig in by Southern analysis o f D N A from ind iv idua l ly removed colonies using a Y 

chromosome-spec i f i c probe [23] (data not shown) . Quant i ta t ion o f the frequency o f these 

W-mutant C F U - S and hence their populat ion size (number per femur) showed their numbers to 

be o n l y s l igh t ly reduced (~ 2-fold) re la t ive to +/+ or W 4 1 / + m i c e assessed i n the same 

experiments (Table 1). 

137 



S||90 t,oi.X8 / 3-n=ia snao froi.x8 / 3-flda 

138 



4 0 

Ep U/ml 

Figu re 2. F u l l E p dose response curves for D a y 3 B F U - E f rom the 
o f+ /+ ( • ) , W 4 1 / W 4 1 (O) and W 4 2 / + (O) mice . 
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T A B L E 1 R E S U L T S OF CFU-S D E T E R M I N A T I O N S O N M A R R O W C E L L S 
F R O M +/+, W41/+, W41/W41 A N D W42/+ M I C E 

G e n o t y p e o f C F U - S per 1 0 5 C e l l s C F U - S p e r F e m u r 
Injected C e l l s _ 

D a y 9 D a y 12 D a y 9 D a y 12 

+/+ 22 ± 1 (10) 21 + 1 (15) 3400 ± 2 0 0 3200 ± 2 0 0 

w 4 1 / + 17 + 2 (3) 21 ± 2 (3) 2600 ± 200 3100 ± 300 

w 4 1 / w 4 1 12 ± 2 (6) 12 ± 1 (10) 1600 ± 200 1600 ± 1 0 0 

w 4 2 / + 10 + 1 (4) 12 + 1 (8) 1300 ± 200 1600 ± 200 

10 5 cells of each genotype were injected in to +/+ recipients p r e v i o u s l y i r rad ia ted w i t h 900 c G y 
a n d the n u m b e r of macroscopic sp leen colonies present 9 a n d 12 days later t hen counted . 
V a l u e s s h o w n represent the m e a n ± S E M of counts f r o m (n) recipients p o o l e d f r o m 1-3 
experiments . 
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A s imi lar lack o f effect o f these W mutations on the progenitors o f m i x e d colonies that 

are able to achieve a macroscopic size after 14 days o f g rowth i n v i t ro (referred to here as 

C F U - G E M M ) was also observed. The results o f 2 experiments i n w h i c h co lony formation was 

s t imulated by a combina t ion o f I L - 3 , I L - 6 and E p are shown i n F igu re 3. U n d e r these culture 

c o n d i t i o n s , the add i t i on o f S F d i d not further enhance c o l o n y f o r m a t i o n b y n o r m a l 

C F U - G E M M (or B F U - E or C F U - G M ) and neither the p la t ing e f f i c iency nor the s ize o f 

co lon ies obta ined f r o m their W-mutan t counterparts was affected by added S F (data not 

shown) . W 4 1 / W 4 1 m i c e were addi t iona l ly examined for evidence o f an effect o f this c -k i t 

mutat ion on the i n v i v o generation o f C F U - p r e - B and B220+ B c e l l populat ions. H o w e v e r , as 

for a l l o f the m y e l o i d c lonogenic c e l l types studied, the total number o f C F U p re -B per femur 

( F i g u r e 3) and B 2 2 0 + ce l l s ( W 4 1 / W 4 1 : 4.3 x 10 6 / f emur , +/+: 4.7 x 1 0 6 / f e m u r ) were 

comparable to those measured i n +/+ controls. 

T a k e n together these results suggest that s igna l l ing through the c-ki t receptor does not 

p lay a l i m i t i n g role i n regulating the generation (or maintenance) i n v i v o o f a variety o f early 

m y e l o i d and l y m p h o i d progenitor ce l l types dur ing normal adult l i fe . S i m i l a r l y , expression o f 

their differentiative and proliferat ive potential i n vi tro does not appear to require efficient S F 

st imulation. 

Analysis of W-mutant Cells Defined by Different End Points Associated with Normal 

Hematopoietic Stem Cell Activity. A s a first approach to evaluating the hematopoietic stem ce l l 

compar tment present i n adult W 4 1 / W 4 1 and W 4 2 / + mice , w e tested mar row cel l s f r o m both 

genotypes for the presence o f C R U using a quantitative l i m i t i n g d i lu t ion assay as described i n 

the M e t h o d s . T h e results are shown i n Table 2. It can be seen that both W 4 1 / W 4 1 and W 4 2 / + 

C R U c o u l d be detected although their frequencies (and hence total numbers per femur) relative 

to congenic C57B1 /6J - +/+ controls (1 per 1 0 4 +/+ marrow cel ls , or ~ 1 0 3 C R U per +/+ femur 

[21]) were markedly reduced (~ 17- and 7-fold, respectively). 
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T h e C R U assay may be considered as the most stringent procedure for quanti tat ing 

h e m a t o p o i e t i c s tem c e l l s s ince it depends o n the e x p r e s s i o n o f the proper t ies o f 

plur i -potent ia l i ty and extensive and sustained proliferat ive act ivi ty i n v i v o [24]. H o w e v e r , the 

detection o f C R U also depends on the cont inuing ampli f icat ion o f their differentiating progeny 

as w e l l as the retention o f other characterist ics that may be o f par t icu lar impor tance to 

hematopoietic reconstitution i n the myeloablated mouse. It was therefore o f interest to evaluate 

addi t ional indicators o f very pr imi t ive c e l l populations i n these comparisons o f W-mutan t and 

no rma l mice . One such approach w o u l d be to focus on an assessment o f Sca-1+ L i n - W G A + 

marrow ce l l populat ion since i n normal animals these constitute a very smal l proport ion (.035 + 

0.02%) o f the total mar row populat ion and are enriched for C R U [21]. E x a m i n a t i o n by F A C S 

analysis o f the dis t r ibut ion o f these markers on marrow cel ls f rom W 4 1 / W 4 1 , W 4 2 / + and +/+ 

m i c e revea led the presence o f very s imi l a r populat ions i n a l l cases (representative F A C S 

profi les are shown i n F igure 4). A n a l y s i s o f the data obtained f rom 5 m ice o f each genotype 

showed that the total proportion and hence number o f W-mutant cells o f the S c a - 1 + L i m W G A + 

phenotype (per femur) were not s ignif icant ly different f rom normal (Figure 4). Nevertheless, 

when this subpopulat ion was isolated f rom W 4 1 / W 4 1 mar row by F A C S and then assayed for 

C R U , the frequency o f C R U was again found to be markedly reduced and to approximately the 

same extent as the o r ig ina l popula t ion o f unseparated W 4 1 / W 4 1 ce l l s (Table 2: i.e., 50- fo ld 

relative to the C R U content o f the same phenotypical ly defined subpopulation o f +/+ cells). 

F igu re 4. F A C S prof i le o f +/+ ( A and D ) , W 4 1 / W 4 1 (B and E ) and W 4 2 / + ( C and F ) 

v i ab l e m a r r o w cel l s ana lyzed for their express ion o f Sca-1 versus their o r thogonal l igh t 

scattering characteristics ( A to C ) and for cells wi th in the gated rectangles shown i n A to C then 

further ana lyzed for expression o f L i n markers and b ind ing o f W G A ( D to F ) . The percentage 

o f S c a - l + L i n _ W G A + cel ls i n each starting populat ion was calculated f rom the number o f cel ls 

present i n the gated rectangles shown i n D to F ( L i n _ W G A + ) as a propor t ion o f S c a - 1 + ce l ls 

w i t h l o w forward and side scatter ( S S C ) properties. Percent values shown represent mean ± 

S E M f r o m 5 separate determinations i n each case. The range () o f numbers o f S c a - l + L i n -

W G A + cel ls per femur is shown. 
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T h e second approach used to evaluate very p r imi t ive hematopoiet ic ce l l s i n W 4 1 / W 4 1 

mice was their abi l i ty to be detected as L T C - I C . A s described elsewhere, we have shown that 

L T C - I C f r o m n o r m a l m ic e co-pur i fy w i t h C R U i n the S c a - 1 + L i n - W G A + fract ion o f adult 

mar row cel ls , thus dis t inguishing both o f these ce l l types f rom most cel ls that are detectable as 

D a y 12 C F U - S [30]. In addi t ion, we evaluated W-mutan t mar row cel ls i n a m o d i f i e d vers ion 

o f the L T C - I C procedure that a l lows the dual lymphopoie t i c and mye lopo ie t i c potential o f at 

least some L T C - I C to be expressed i n vitro (hence the term L T C - I C M L to specif ical ly designate 

this subset o f L T C - I C ) . The results o f l i m i t i n g d i lu t ion assays to quantitate both o f these c e l l 

types i n the mar row o f W 4 1 / W 4 1 mice are shown i n Tab le 3. B o t h the frequency (and hence 

the absolute number) o f mar row L T C - I C assessed by either o f these end points were s l ight ly 

decreased (3- to 4- fold) relat ive to +/+ controls , but not nearly to the same extent as the 

decrease apparent when the C R U assay was used (Table 2). 

Sublethally Irradiated W-mutant Mice Support Spleen Colony Formation by CFU-S of 

+/+ Origin. It has been prev ious ly demonstrated that the hematopoiet ic sys tem o f untreated 

W / W v mice can be largely replaced by injected +/+ cells al though the rate and extent to w h i c h 

this occurs i n different lineages varies [33,34]. Interestingly, this f ind ing has also been found 

to ho ld true for W 4 1 / W 4 1 [18] mice even though the W 4 1 mutation has on ly m i n i m a l effects on 

the in t r ins ic abi l i ty o f cel ls to f o r m spleen colonies (Table 1) i n contrast to cel ls f rom W / W v 

m i c e w h i c h do not f o r m v i s ib l e (macroscopic) spleen co lonies [32,35]. It was therefore o f 

interest to determine whether either W 4 1 / W 4 1 or W 4 2 / + mice i n the absence o f myeloabla t ive 

treatment c o u l d serve as recipients i n a standard C F U - S assay o f injected +/+ cel ls . A s shown 

i n T a b l e 4, when otherwise untreated, W 4 1 / W 4 1 , or W 4 2 / + mice were injected w i t h 1 0 5 +/+ 

m a r r o w ce l l s , no discrete co lon ies were discernable on the surface o f the spleen o f any 

recipient genotype either 9 or 12 days later, al though most o f the spleens were enlarged and 

had a mot t led appearance. H o w e v e r , when W 4 1 / W 4 1 or W 4 2 / + mi ce were g i v e n 330 c G y o f 

i r rad ia t ion pr ior to the inject ion o f 10 5 +/+ cel ls , co lonies o f equivalent size and number to 

those seen i n +/+ and W 4 1 / + animals g iven 900 c G y were observed. T h i s was i n m a r k e d 
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T A B L E 3 R E S U L T S O F L T C - I C A N D L T C - I C M L D E T E R M I N A T I O N S 

O N M A R R O W C E L L S F R O M W 4 1 / W 4 1 A N D +/+ M I C E 

Assay Genotype No. of Exp'ts (Frequency x IO3)'1 Total Per Femur 

L T C - I C +/+ 4 18 (15 - 21) 860 (730 - 1000) 

w 4 1 /w 4 1 4 52 (42 - 64) 250 (200 - 300) 

LTC-ICML, +/+ 2 400 (300 - 500) 40 (30 - 45) 

w 4 1 /w 4 1 2 1600 (1200 - 2000) 8 (6 - 11) 

V a l u e s s h o w n are the m e a n a n d the range d e n n e d b y + S E M calcula ted f r o m data p o o l e d 
f rom 2 to 4 l i m i t i n g d i l u t i o n exper iments as desc r ibed i n the M e t h o d s . 
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T A B L E 4 EFFECT OF R A D I A T I O N D O S E O N T H E A B I L I T Y OF +/+, W 4 1 / + , 
W 4 1 / W 4 1 A N D W42/+ RECIPIENTS T O S T I M U L A T E M A C R O S C O P I C 
S P L E E N C O L O N Y F O R M A T I O N BY +/+ M A R R O W C E L L S 

Genotype of Radiation Dose to No. of Spleen Colonies Seen 
Recipient Recipients (cGy) 

Day 9 Day 12 

+/+ 330 n d 0 (7) 

+/+ 900 22 ± 1 (10) 21 ± 1 (15) 

w 4 1 /+ 330 n d 0.3 ± 0.2 (6) 

w 4 1 /+ 900 16 + 1.5 (6) 16 + 1 (11) 

w 4 1 / w 4 1 0 0 (4) 0.3 + 0.3 (4) 

w 4 1 / w 4 1 330 17 ± 1 (5) 25 + 1 (6) 

w 4 2 /+ 0 0 (4) 0.3 + 0.3 (4) 

w 4 2 /+ 330 18 ± 2 (5) 23 ± 2 (10) 

V a l u e s s h o w n represent the m e a n ± S E M of counts ob ta ined f r o m (n) recipients i n 1 to 3 
exper iments i n w h i c h each recipient w a s injected w i t h 1 0 5 C57B1/6J m a r r o w cells a n d then 
sacrif iced 9 or 12 days later. 

n d = not done. 
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contrast to either +/+ or W 4 1 / + recipients g iven 330 c G y i n w h i c h macroscopic spleen colonies 

were not detectable. Therefore, although untreated W 4 1 / W 4 1 and W 4 2 / + animals do not support 

the generation o f macroscopical ly vis ible spleen colonies from intravenously injected cells , they 

w i l l do so after i rradiat ion w i t h a s ignif icant ly lower dose than congenic +/+ recipients. In the 

absence o f any donor cel ls , 500 c G y was the m i n i m u m radiat ion dose required to cause >10% 

lethality (wi th in 30 days) i n W 4 1 / W 4 1 and W 4 2 / + mice, respectively whereas the corresponding 

dose for +/+ (C57B1/6J) mice was 750 c G y . 

D i scuss ion 

Parameters Inherent in the Assessment of Progenitors from W-mutant Mice. T h e 

present studies were undertaken to investigate the relative importance o f S F as a phys io log ica l 

regula tor o f hematopoies i s i n v i v o at different stages o f p rogen i to r deve lopmen t and 

maturat ion. T o approach this quest ion we focussed our studies on W 4 1 / W 4 1 , and i n some 

cases W 4 2 / + mutant mice , since both o f these genotypes survive to adul thood and are fertile 

(thus m a k i n g their propagation and investigation easier than other severely affected W-mutant 

genotypes such as W / W v ) but, nevertheless, are also anemic and can be c o m p e t i t i v e l y 

repopulated by injected +/+ cel ls [18]. Moreove r , both the W 4 1 and W 4 2 mutations have been 

characterized as single base pair changes that result i n a reduct ion i n the kinase act ivi ty o f the 

activated S F receptor encoded by the W (c-kit) gene [19,20]. In spite o f their anemia, neither 

show detectable changes i n the ce l lu l a r i t y o f their m a r r o w suggest ing that other gross 

perturbations o f hematopoiesis might not be expected. O n the other hand, compensa tory 

mechanisms may a l low normal b l o o d c e l l counts to be mainta ined even i n the face o f marked 

perturbations o f earl ier compartments . Therefore we i nc luded i n our analyses the use o f a 

m u l t i p l i c i t y o f procedures and end points to d i rec t ly measure ce l l s at different stages o f 

hematopoietic differentiation from the earliest k n o w n totipotent l y m p h o - m y e l o i d progenitors to 

those at intermediate to late stages on the ery thro id , granulopoie t ic and B - c e l l pa thways . 
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Nevertheless, i n evaluating any given ce l l type it was important to anticipate the possibi l i ty that 

its detect ion migh t be dependent on S F s t imula t ion even though other regulators able to 

maintain that stage o f hematopoiesis might be operative i n the normal adult. 

The Role of SF in Regulating Erythropoiesis In Vivo. O u r f indings d i d not reveal a 

s ignif icant decrease i n the number o f cel ls present i n W 4 1 / W 4 1 or W 4 2 / + mi ce at any stage o f 

ery thropoie t ic progeni tor differentiat ion d o w n to the most mature B F U - E , consistent w i t h 

previous f indings for W / W v mice [14]. Previous studies have shown that p r im i t i ve B F U - E i n 

no rma l m ic e are responsive to S F [10,31] but the present f indings are the first to demonstrate 

an effect o f S F on the abi l i ty o f such late murine erythroid progenitors as D a y 3 B F U - E to 

proliferate and differentiate further i n vitro. Th is effect was less marked when the concentration 

o f E p was very h igh (although even at 3 U / m l o f E p an enhancing effect o f S F c o u l d s t i l l be 

seen). Interest ingly, W-mutan t strains that are anemic have been found to have marked ly 

elevated levels o f c i rcula t ing erythropoietin [36] and are characterist ical ly hypo-responsive to 

addi t ional erythropoietin administration [37]. Th is is what might be predicted f rom the i n vi tro 

f ind ings for D a y 3 B F U - E descr ibed here w h i c h demonstrate an ab i l i t y o f increased E p 

concentrations to largely , but not comple te ly , compensate for a defective S F / c - k i t s igna l l ing 

mechanism. 

The Role of SF in Regulating Stem Cell Recruitment Post BMT. A p h y s i o l o g i c a l role 

o f S F i n regula t ing the hematopoie t ic s tem c e l l popu la t ion has been less w e l l def ined. 

E x p r e s s i o n o f c -k i t on ce l l s w i t h totipotent ( l y m p h o - m y e l o i d ) d i f fe ren t ia t ion capac i ty 

demonstrable both i n v i v o [38-40] and i n v i t ro [41] has been reported. H o w e v e r , i n v i t ro S F 

alone has not been shown to promote the self-renewal or even the prol i ferat ion o f these cel ls , 

a l though it has been postulated that S F may act as a surv iva l factor [42,43]. O n the other hand, 

Ikuta et a l have s h o w n the generation o f near no rma l numbers o f C F U - S and S c a - 1 + L i n -

T h y - l l o w ce l l s ( w h i c h inc lude a l l transplantable stem cel ls i n the adult an imal ) dur ing fetal 

development i n S l / S l mice [38]. S ince these mice are genet ical ly unable to produce S F , these 
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f indings preclude S F as a unique st imulator o f hematopoiet ic s tem c e l l pro l i fera t ion and/or 

v i ab i l i t y i n v i v o . A n a l y s i s o f the role o f S F i n v i v o i n adults has been more di f f icul t to study 

since e l iminat ion o f this pathway results i n embryonic lethality due to the severity o f the anemia 

caused. Nevertheless , i n other severe W-mutan t genotypes that are v iab le (e.g., W / W v ) lit t le 

perturbation o f hematopoiesis, other than inadequacies i n the generation o f red cel ls and tissue 

mast cel ls , is observed. In addit ion, it has been k n o w n for some t ime that near no rma l numbers 

o f mul t ipotent m y e l o i d progenitors ( C F U - G E M M ) are present i n such m i c e f r o m i n v i t ro 

studies that u t i l i z e d s t imula tory factors we n o w appreciate can e f fec t ive ly substitute for 

S F - c o n t a i n i n g g rowth factor cockta i ls (e.g., see F igure 3). H o w e v e r , these mult ipotent cel ls 

also probably overlap little wi th stringently defined hematopoietic stem ce l l populations such as 

those detectable as C R U [25]. These f indings therefore s t i l l f a i l to address the quest ion o f the 

i n v i v o ro le o f S F at the l e v e l o f the most p r i m i t i v e ce l l s that sustain hematopoies i s i n 

adulthood. 

T o obtain more direct informat ion on this question, we used a variety o f strategies to 

assess the presence and funct ional integri ty o f s tem cel l s f r o m W 4 1 / W 4 1 and W 4 2 / + mice . 

These revealed a str iking disparity between the number o f W-mutant cells that cou ld be detected 

i n a standard i n v i v o C R U assay (Table 2) and the number that c o u l d be detected by their 

possession o f a phenotype characteristic o f normal C R U ( S c a - 1 + L i m W G A + , F igu re 4) , or by 

their abil i ty to generate l y m p h o i d and/or mye lo id clonogenic progeny after 4-5 weeks o f culture 

i n the presence o f marrow stromal feeder layers (Table 3), a property that appears to be shared 

by at least some long-term i n v i v o repopulating cells [30]. The simplest interpretation o f these 

data is that a l l o f these assays detect ce l l s w i t h the same extens ive p ro l i f e ra t ive and 

differentiative potentialities but are var iably dependent on the integrity o f a S F / c - k i t s ignal l ing 

m e c h a n i s m . Thus , s t imula t ion by S F w o u l d be imp l i ca t ed as a major m e c h a n i s m used to 

promote the rap id generation o f a l l hematopoietic lineages i n the myeloabla ted recipient but 

w o u l d not be anticipated to be part o f the mechan i sm by w h i c h s tromal support o f p r imi t ive 

cel ls ( L T C - I C ) is necessarily achieved i n the long- term culture system. Interestingly, w e have 
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recent ly shown this to be the case for human [44] L T C - I C w h i c h can be cu l tured on S l / S l 

fibroblasts as w e l l as on their +/+ counterparts. S i m i l a r l y , addi t ion to long- term cultures o f an 

antibody to c-ki t that b locks S F b inding d id not alter the maintenance o f long-term repopulating 

cel ls a l though later stages o f myelopoies is were depressed [45] [46]. Nevertheless , i n the case 

o f human L T C - I C , S F cou ld substitute for the role o f feeders i n supporting the maintenance o f 

these pr imi t ive cells, albeit not their generation o f mye lo id clonogenic progeny [44]. 

The Role of SF in Regulating Stem Cell Numbers in the Absence of Myeloablation. 

W h a t about the role o f S F i n regulat ing hematopoietic stem c e l l act ivat ion i n the non-ablated 

adul t? I f our assumptions about the ident i ty o f C R U and L T C - I C are correct , then the 

demonstration o f near normal L T C - I C (and L T C - I C M L ) numbers i n adult W 4 1 / W 4 1 mice w o u l d 

suggest that S F may not be a major i n v i v o regulator o f these cel ls at any stage o f ontogeny. 

H o w e v e r , the fact that a s m a l l p ropor t ion o f the total m a r r o w content o f +/+ m i c e can 

repopulate a l l l ineages o f untreated W 4 1 / W 4 1 mice , al though at var iable rates i n each l ineage, 

makes it seem more l i ke ly that S F normal ly does have at least a modulat ing role. Such a mode l 

is further supported by the studies reported here showing that W 4 1 / W 4 1 and W 4 2 / + mice w i l l 

both stimulate the formation o f macroscopic spleen colonies by injected +/+ cells after receiving 

relat ively l o w (nonlethal) doses o f irradiation (330 c G y ) . 

T h e apparently increasing effect o f a defective S F receptor on stem cel ls situated i n an 

envi ronment o f increas ingly damaged hematopoiesis suggests either that S F is upregulated 

under such c i rcumstances or, a l ternat ively, that other factors that n o r m a l l y counteract or 

substitute for the stimulatory effects o f S F are d o w n regulated. A t present, very little is k n o w n 

about the ident i ty o f factors that can act d i rec t ly on C R U or L T C - I C to regulate their 

prol i ferat ive state. H o w e v e r , it seems l i k e l y f rom studies o f c lose ly related populat ions that a 

number o f cytokines w i l l have redundant actions on these cells [47], many o f w h i c h are k n o w n 

to be produced by murine stromal cel ls [48]. The fact that a defective stem c e l l response to S F 

can have any detectable phys io log ica l consequence w o u l d therefore lend support to a m i n i m a l 
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mode l o f normal hematopoietic ce l l regulation i n w h i c h the developing progenitors are typical ly 

exposed to l i m i t i n g concentrations o f mult iple stimulators w h i c h alone w o u l d be insufficient to 

maintain an adequate output o f mature b lood cells. 
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