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A. Introduction 

An analysis of mechanisms that underlie 
abnormal hemopoiesis requires methods 
that allow the cell populations involved to 
be characterized and quantitated under 
conditions that can be defined, and ideally 
manipulated. Although such methodolo
gies are not yet fully developed, the past 2 
decades have seen major advances in sev
eral areas relevant to this need. Of major 
importance has been the establishment of 
semisolid culture systems capable of sup
porting the short-term clonal growth and 
differentiation of individual primitive hu
man hemopoietic progenitor cells of vari
ous types. These include pluripotent pro
genitors [1] as well as different classes of 
lineage-restricted progenitors [2-4]. Also 
noteworthy has been the successful exploi
tation of various genetic markers to exam
ine the cell of origin of the abnormal clone 
in rare patients who are constitutional 
mosaics and in whom a clonal hemopoietic 
neoplasm [5, 6] has subsequently devel
oped. The fact that in many such patients 
the clone responsible for the disease may 
continue to produce some cells that are 
able to differentiate relatively normally has 
allowed some inference to be made about 
the cell type initially transformed. For 
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example, in some patients with acute myo
blastic leukemia (AML) all of the circulat
ing red cells or their precursors have been 
found at presentation to belong to the same 
clone as the circulating myeloid blasts, sug
gesting a common derivation from a neo
plastic pluripotent stem cell. On the basis 
of such arguments it is now generally ac
cepted that the myeloproliferative disorders 
as a group as well as some cases of AML 
and preleukemia arise from altered 
pluripotent stem cells. 

These latter findings have focussed at
tention on the need for culture systems that 
allow the most primitive pluripotent stem
cell types to be maintained for extensive 
periods, ideally under conditions similar to 
those prevailing in the marrow of the pa
tient so that the mechanisms controlling 
normal and leukemic stem-cell behavior in 
vivo might be accessible to study. For the 
initial definition of these it would be antici
pated that colony assay systems might be 
relatively unsuitable since direct cell-cell 
interactions are minimized and regulation 
of growth and differentiation is dependent 
on the addition of suitable diffusible fac
tors. Of particular interest in the case ofpa
tients with clonal neoplasms is the question 
not only of how leukemic stem -cell pro
liferation is supported, but also that of how 
normal hemopoiesis usually comes to be 
suppressed. In this latter regard the antici
pated inadequacy of colony assay systems 
has already been demonstrated, as shown 
by the finding that residual normal (i.e., 
nonc1onal) progenitors from patients with 
chronic myelocytic leukemia (CML) or 
polycythemia vera (PY) can successfully 
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generate colonies of mature red cells and 
granulocytes in vitro, even though they fail 
to produce detectable numbers of mature 
progeny in vivo [7, 8]. The long-term mar
row culture system was thus an obvious 
alternative to consider. 

B. Long-Term Human Marrow Cultures: 
Present State of the Art 

In long-term marrow cultures pnmitIve 
hemopoietic cells are maintained for many 
weeks in a confluent adherent layer com
posed of a variety of hemopoietic and non
hemopoietic cell types (e.g., fibroblasts) of 
marrow origin [9-1'2]. Exogenous provision 
of specific growth factors is not required 
and there is some evidence that the non
hemopoietic elements of the adherent layer 
substitute in this role as they may do in 
vivo [9]. 

However, in spite of the now widespread 
success in establishing long-term cultures 
from mouse bone marrow, the reproducible 
development and characterization of ana
logous cultures using human marrow has 
only recently been achieved [10-12]. This is 
due in part to the recognition that long
term maintenance of hemopoiesis in hu
man marrow cultures depends on their ini
tiation with specimens of adequate cellu
larity (i.e., aspirates containing at least 
2-3 X 107 nucleated cells/ml), the inclusion 
of horse serum as well as fetal calf serum in 
the growth medium [10, 11], and the re
tention of half of the old growth medium at 
each weekly medium change [12, 13]. In 
addition, it was not until detailed studies of 
the adherent layer were undertaken that 
the greater tendency of the most primitive 
progenitor cell types to remain in this layer 
in the human system was appreciated [12]. 
In long-term mouse marrow cultures, rela
tively large numbers of stem cells are re
leased into the nonadherent fraction every 
week from the time the cultures are first 
initiated [14, 15]. As a result the accumulat
ed output over several weeks commonly ex
ceeds the number initially added [15]. This 
is not the case in human cultures. 

Evidence of stem-cell turnover can, how
ever, be found by assessment of the pro-
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portion of progenitors that are in S-phase 
at any given time. Such evidence is ob
tained from a comparison of the relative 
numbers of colonies produced from two 
aliquots of a culture harvest, one of which 
is exposed for 20 min at 37°C to high-spe
cific-activity tritiated thymidine, the other 
serving as a control. Progenitors in S-phase 
are inactivated by this treatment and 
inactivation levels of up to approximately 
50% can be reproducibly demonstrated in 
actively cycling progenitor populations 
[16]. In normal marrow very few of the 
most primitive erythropoietic [17] and 
pluripotent [18] progenitor cells detectable 
by colony assays (i.e., primitive BFU-E and 
CFU-G/E, respectively) are killed by this 
treatment, suggesting a low level of cycling 
activity in these compartments. In contrast, 
the later erythropoietic progenitor com
partments in the marrow (i.e., mature 
BFU-E and CFU-E) and the marrow 
granulopoietic colony-forming progenitor 
compartment (CPU-C) looked at as a 
whole are found to have significant S-phase 
components [17, 19]. 

In long-term marrow cultures where 
granulocyte and macrophage production 
takes place continuously, the same broadly 
defined granulopoietic progenitor popula
tion also shows a significant S-phase com
ponent irrespective of the age of the culture 
or the time since the previous medium 
change. Erythropoiesis is blocked at a rela
tively early stage of erythropoietic progeni
tor development so that after 4 weeks CFU
Es are rarely detected and mature BFU-E 
numbers are also too low [15] to allow 
cycling data to be readily obtained. Primi
tive BFU-Es which, like CFU-G/Es, are al
most exclusively confined to the adherent 
layer, show a cyclic pattern of turnover. A 
significant S-phase component appears 
transiently 2 days after each medium 
change but is no longer detectable 7 days 
later. A similar pattern of regulated cycling 
changes in the pluripotent stem-cell com
partment with continuous cycling of the 
granulopoietic progenitor compartment has 
also been found to occur in long-term 
mouse marrow cultures [9]. This suggests 
that similar control mechanisms are opera
tive in both systems in spite of the dif
ferences in primitive progenitor output. 



C. Long-Term CML Marrow Cultures 

For our first experiment to compare the 
separate behavior of normal and leukemic 
progenitors in long-term marrow culture, 
we chose a patient with Philadelphia chro
mosome (Phl)-positive disease who pre
sented with 5% normal metaphases in his 
ini tial direct marrow preparation. Cyto
genetic analysis of the erythroid and 
granulopoietic colonies cultured from the 
same marrow sample confirmed the pres
ence of detectable PhI-negative cells in 
these early hemopoietic compartments. Be
cause of his low WBC count he remained 
untreated. A second marrow was obtained 
I month later. Part of this specimen was 
used to reassess the frequency of proliferat
ing PhI-negative cells and PhI-negative 
progenitors in his marrow at that time. The 
remainder was used to initiate long-term 
cultures. These were maintained in the usu
al way [12] and 4 weeks later the adherent 
layers were then harvested and assayed for 
erythropoietic, granulopoietic, and pluripo
tent progenitors in standard methy1cellu
lose assays. Cytogenetic analysis of the 
larger colonies obtained showed that the 
proportion of these that were PhI-negative 
had increased from 11 % (before culture) to 
55% (by 4 weeks) [20]. Thus the conditions 
prevailing in these cultures had clearly 
either favored the growth of PhI-negative 
cells or had selected against the initially 
dominant PhI-positive population. 

We have now studied another 16 Phl_ 
positive CML patients with the same exper
imental protocol. Nine of these were re
cently diagnosed and untreated at the time 
when their marrows were obtained for cul
ture. The other seven had been previously 
treated for various periods (ranging from 5 
months to 7 years). Twelve of the 16 have 
given the same result as our first exper
iment, i.e., a switch from an initially pre
dominantly PhI-positive progenitor popu
lation that rapidly declined in long-term 
culture to a progenitor population that 
within 4 weeks was predominantly PhI_ 
negative. In long-term cultures from three 
of the other four patients the PhI-positive 
progenitor population also underwent a 
precipitous decline, but PhI-negative pro
genitors did not become detectable. Pre-

sumably in these cases either there were no 
PhI-negative stem cells present initially or 
the cultures obtained from these marrow 
aspirates were inadequate to support the 
maintenance of even a normal hemopoietic 
population. 

In one patient's long-term cultures Phl_ 
positive progenitors did not rapidly dis
appear. Rather, they showed kinetics typi
cal of their normal counterparts in control 
cultures [21]. This exceptional behavior was 
also associated with an unusually cellular 
adherent layer. Because of this finding and 
because of the results of another exper
iment which showed that only PhI-negative 
progenitors had adhered to the bottom of 
the culture at the end of the 1 st week of 
incubation [21], we formulated the follow
ing hypothesis. It seemed that the typical 
failure of PhI-positive progenitors to be 
maintained might simply reflect the natural 
death of a population critically dis
advantaged by a reduced or delayed ability 
to become part of the adherent layer during 
the initial development of the culture. To 
test this idea we added PhI-positive mar
row or peripheral blood cells (the latter 
containing similar or larger numbers of 
primitive PhI-positive progenitors) to 
preestablished marrow adherent layers de
rived from normal marrow. These adherent 
feeders had been initiated with cells from a 
donor of the opposite sex and kept at 37°C 
(rather than 33 °C) with complete removal 
of all nonadherent cells after 3, 7, and 14 
days to reduce the hemopoietic progenitor 
content to undetectable levels (as shown by 
assays of replicate adherent layers) at the 
time when CML cells were added. Follow
ing the addition of the PhI-positive CML 
cells, these cultures with and without 
feeders were handled in the usual way. 
Although only a limited number of such 
experiments have been completed, thus far 
the number of hemopoietic progenitors 
found in the cultures initiated on prees
tablished feeders has been consistently 
higher than the number measured in the 
matching control cultures without feeders, 
regardless of the genotype of the progeni
tors present. However, overall this enhanc
ing effect has appeared to be more pro
nounced on the PhI-positive population 
with one exception, where the PhI-negative 
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cells still became dominant. In spite of the 
preliminary nature of these findings, they 
clearly indicate that the numbers of both 
PhI-positive and PhI-negative progenitors 
maintained in the long-term culture system 
can be enhanced. Whether such manipu
lations will be useful for analyzing factors 
that favor the selective growth of one geno
type over the other still remains to be de
termined. 

Finally, we have also recently addressed 
the question of whether the PhI-negative 
progenitors usually detectable in 4-week
old long-term CML marrow cultures are 
neoplastic (i.e., members of the neoplastic 
clone). This was tested by examining the 
karyotype of progenitors obtained from 
long-term marrow cultures established 
from a patient with a fertile mosaic Turner 
syndrome and whose PhI-positive CML 
clone was known to have arisen in the 
minor (10%) 45, X lineage [5]. All colonies 
analyzed from this patient's 4- to 6-week
old adherent layer assays were found to be 
46, XX; i.e., they were both PhI-negative 
and nonclonal [22]. 

D. Long-Tenn AML Marrow Cultures 

Our initial observations with long-term 
CML marrow cultures prompted us to 
examine other hemopoietic malignancies to 
establish whether failure of neoplastic pro
genitor maintenance might prove to be a 
phenomenon of more general significance. 
Marrow cells from 13 newly diagnosed 
AML patients have been used to initiate 
long-term cultures and the progenitors in 
these cultures evaluated for 6-8 weeks. The 
majority showed a rapid disappearance of 
progenitors of abnormal (blast) colony
and cluster-forming cells to undetectable 
levels within 4 weeks in both nonadherent 
and adherent fractions. Concomitantly 
hemopoietic progenitors capable of pro
ducing large granulocyte colonies became 
readily detectable, typically for the first 
time. Similarly primitive erythroid progeni
tors frequently attained higher levels than 
those anticipated simply from the numbers 
of this type of progenitor initially detect
able. In two cases cytogenetic studies were 
also undertaken. These confirmed that the 
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progenitors of phenotypically normal 
colonies detected after 4-6 weeks were cy
togenetically normal and not members of 
the initially prevalent chromosomally ab
normal population. 

As found for the long-term CML marrow 
cultures, this was the predominant, 
although not exclusive, pattern exhibited 
by the progenitor populations present in 
long-term AML marrow cultures. In fact, 
the maintenance of abnormal (blast) 
colony- and cluster-forming cells was con
sistently observed for 6-8 weeks in two of 
the AML experiments. In both of these and 
the other two experiments, progenitors of 
normal granulocyte colonies were not de
tectable, and only the occasional erythroid 
progenitor was found. 

E. Conclusion 

The most striking finding from these stud
ies is the apparent incompatibility of leu
kemic cell growth and normal hemopoiesis 
both in vivo and in the long-term marrow 
culture system. Particularly noteworthy is 
the rapidity with which normal hemopoi
etic progenitors often become detectable as 
the leukemic cells and their precursors dis
appear. This suggests that terminal matu
ration may be more sensitive to the sup
pressive effects of a large neoplastic cell 
population than is the maintenance of 
more primitive normal hemopoietic pro
genitor cell types. However, preliminary 
evidence that the long-term culture system 
may be manipulated to alter favorably the 
ability of neoplastic cells to be maintained 
is also of considerable importance, since it 
should then be possible to delineate those 
factors that promote or alternatively dimin
ish clonal dominance in vivo. 
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