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ABSTRACT 

Lineage-negative (lin-) normal and chronic myelogenous leukemia 
(CIVIL) marrow blast populations were obtained by negative selection and 
subsequently separated on the basis of size by velocity sedimentation. The 
three subpopulations of lin- blasts obtained were enriched for F8 (the 
more primitive small blasts), FII (blasts intermediate in size), and FI3 (the 
more mature large blasts). We examined the morphological and pheno- 
typic characteristics and cell cycle status of the subpopulations and de- 
termined the responsiveness of granulocyte-monocyte progenitors (colony- 
forming units/granulocyte-macrophage) derived from each subpopulation 
to mast cell growth factor in combination with granulocyte (G-CSF) or 
granulocyte-macrophage (GM-CSF) colony-stimulating factors alone and 
in combination. Morphological assessment revealed that an increased pro- 
portion of CIVIL lin- blasts exhibited early cytoplasmic maturation as 
evidenced by the appearance of azurophilic (nonspecific) granules in the 
cytoplasm. Although the percentages of CIVIL and normal small blasts 
expressing CD34 were similar, the proportion of CML lin- blasts express- 
ing CD34 declined in the intermediate and more mature large fin- blast 
subpopulations by about 50%, whereas the percentage of CD34 § normal 
blasts remained essentially the same, indicating an earlier loss of CD34 
expression by CIVIL lin- blasts. In addition, the percentages of CML small 
blasts expressing CD33 were higher than normal (26-61% v e r s u s  0-16%, 
respectively), indicating that a higher proportion of CIVIL small lin- blasts 
had a more mature phenotype. Mast cell growth factor addition to cultures 
stimulated by G-CSF, GM-CSF, or G-CSF plus GM-CSF, exerted the 
greatest synergistic effect (increased colony number and size) in the nor- 
mal small and intermediate lin- blast cultures, but mast cell growth factor 
had considerably less effect, or no effect, in cultures of comparable CIVIL 
subpopulations, indicating that CML Un- progenitors had a somewhat 
lower requirement for multiple growth factors. The findings suggest that 
the differences observed between normal and CIVIL marrow subpopula- 
tions are proportional differences and that a greater proportion of CML 
lin- blast subpopulations exhibit characteristics associated with a more 
advanced stage of maturation than comparable normal lin- blast subpop- 
ulations. 

INTRODUCTION 

An important ultimate objective in leukemia research is to gain 
sufficient understanding of the genetic and biological differences be- 
tween the leukemic and normal hematopoietic progenitor cells in 
order to enable one to develop more selective treatment. The molec- 
ular abnormalities resulting from the characteristic t(9;22) transloca- 
tion in CML 3 have been well defined in recent years, but the specific 
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alterations in the highly complex cell regulatory networks resulting 
from the production of the p210 bcr-abl fusion protein are still poorly 
understood. An important concept which has come from our recent 
research is that the major biological abnormality in the initial phase of 
CML is one of discordant maturation and that the dominance of the 
leukemic population is not due to unregulated proliferation, but rather 
to abnormal maturation and expansion in the later maturational com- 
partments, which are not under strict regulatory control (1-3). Pre- 
sumably the constitutive tyrosine kinase activity of the fusion protein 
which is characteristically present in CML cells changes the normal 
pattern of phosphorylation of key regulatory proteins in the signal 
transduction pathways, so that the genes which normally direct the 
orderly sequence of proliferation and maturation of the myeloid pro- 
genitors are not properly regulated. The results of this subtle "disreg- 
ulation" are that there is asynchronous development of the nucleus and 
cytoplasm; various dysplastic, biochemical, and cytokinetic changes 
occur; and the partially mature leukemic cells go through one or more 
additional divisions during passage through the maturation compart- 
ments than do comparable normal precursors. 

In order to correlate the biological, molecular, and biochemical 
abnormalities, it is necessary to define these abnormalities as precisely 
and quantitatively as possible. Our previous studies have shown that 
the differences in the biological behaviors of leukemic and normal 
progenitor cells are quite subtle and that there is a close linkage 
between the proliferative and maturational abnormalities (1-3). In this 
paper we report additional quantitative studies to better define the 
subtle abnormalities, including differences in the response of the 
primitive normal and CML progenitors to c-kit ligand. 

Observations from our own studies and those by other investigators 
(for a review see Refs. 1-3) have provided evidence that a greater 
proportion of CML myeloid progenitor cells are at a more advanced 
stage of maturation than in comparable normal myeloid progenitor 
populations and concomitantly have a reduced proliferative capacity. 
The increased proportion of more mature CML myeloid progenitors is 
compatible with the characteristic increased production of morpho- 
logically mature granulocytes in chronic phase CML. Most intriguing 
is evidence from ultrastructural analyses, indicating that the matura- 
tion of chronic phase CML cells may be asynchronous, with cyto- 
plasmic maturation proceeding ahead of nuclear maturation (4-6), 
although ultimately the chronic phase CML cells fully mature. 

In previous studies (1, 7) we serially observed the growth patterns 
of normal and CML myeloid progenitor cells derived from light- 
density bone marrow cells which differed in size. In fractions con- 
taining the largest (most mature) progenitor cells, the pattern of de- 
velopment of CML and normal CFU-GM-derived colonies and their 
responses to different growth factors were similar (although CML 
light-density marrow populations had increased numbers of these 
mature progenitors). However, deviations from the normal pattern of 

growth factor; G-CSF, granulocyte colony-stimulating factor; GM-CSE granulocyte-mac- 
rophage colony-stimulating factor; PCR, polymerase chain reaction; Mab, monoclonal 
antibody; EpR, erythropoietin receptors. 
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GM colony development  and normal CFU-GM responses to growth 

factors were detected in the small (more primitive) progenitor frac- 

tion. Colony development  was observed for 20 days, and while normal 

GM colonies increased in number, CML GM colonies decreased in 

number  (from that present at 3 days), similar to the pattern of growth 

observed for normal and CML mature progenitors. Recently, Verfaillie 

et al. (8) have also observed significantly lower absolute numbers of  

CML small DR* and DR-  progenitor cells at 20 days than obtained 
from normal bone marrow. 

Most of  the earlier evidence for the discordant maturation of  CML 

cells has been obtained from progenitor cell assays and morphological  

and biochemical  analyses. However, more recently it has been re- 
ported that primitive CML progenitors may differ phenotypically from 

normal primitive progenitors, the former being DR + and the latter 

being DR-  (8). In another study (9) it was shown that a high propor- 

tion of  CML CD34 § cells express EpR, while only very few normal 

CD34 + cells are EpR +, indicating an acceleration of  a maturational 
event at the receptor level in CML cells. 

Recently, the ligand for c-kit, a protooncogene encoding a trans- 

membrane tyrosine kinase receptor, has been isolated (MGE c-kit 
ligand, stem cell factor) (10-15). The c-kit ligand has been shown to 

act synergistically with other growth factors to increase the number  

and size of  CFU-GM-derived colonies (16-21). In the present study, 

we examined the morphological  and phenotypic characteristics and 

cell cycle status of  CML and normal marrow lin- blast subpopulations 
differing in size and determined the responsiveness of  CFU-GM de- 

rived from these subpopulations to MGF in combination with G-CSE 

GM-CSE and G-CSF plus GM-CSE lin- blast populations exclude 

many mature progenitors and thus do not divulge the extent of  ex- 

pansion of  mature progenitors in CML. However,  the isolation of  lin- 

blast populations allows the characterization of more primitive blasts, 

which in CML may be obscured by the expansion of  mature progen- 

itors. Analyses of  morphological,  phenotypic,  and growth character- 

istics provided evidence that, relative to normal lin- blast subpopula- 

tions, a greater proportion of  CML lin- blast subpopulations 

demonstrate a more advanced stage of  maturation, suggesting an 

acceleration in the appearance of  certain maturational characteristics. 

MATERIALS AND METHODS 

Human Bone Marrow Specimens. After appropriate Human Protection 
Committee validation and informed consent, posterior iliac crest bone marrow 
aspirations were obtained from normal volunteers and CML patients in chronic 
phase. All CML patients were off treatment at the time of the study, and all had 
100% Ph' positive metaphases in the bone marrow on direct cytogenetic 
analysis, and no additional chromosomal abnormalities were found. Buffy coat 
cells were depleted of platelets, and light-density cells were obtained as pre- 
viously described (22). 

Monoclonai Antibodies. For the negative selection of enriched marrow 
progenitor cells CD20, CD19, CD10, CD5, CD3, CD2, CD56, CDI4, MY8, 
and CD1 lb Mabs were generously supplied by Coulter Immunology (Hialeah, 
FL). The anti-Leu9 (CD7) cell line 4H9 was kindly supplied by Dr. Ronald 
Levy (Stanford University, Stanford, CA). The anti-glycophorin A cell line 
(R10) was kindly supplied by Dr. Paul Edwards (Ludwig Institute for Cancer 
Research, Surrey, England). WEM-Gll ascites was kindly supplied by Dr. 
Angel Lopez (Institute of Medical and Veterinary Science, Adelaide, South 
Australia). These Mabs are directed against antigens expressed by B- and 
T-lymphocytes, monocytes, maturing granulocytes and erythroid cells, and 
natural killer cells (22). 

For immunofluorescence analysis, MY9 (CD33) and 12 (HLA-D/DR-related 
Ia-like antigen) Mabs were kindly supplied by Coulter Immunology (Hialeah, 
FL). H25 and H366 Mabs were kindly provided by the Xoma Corp. (Berkeley, 
CA). H25 and H366 were originally shown to react with human natural killer 
cells and monocytes (23) and more recently shown to react with normal human 
CFU-GM and erythroid burst-forming cells as well as leukemic blasts and 
leukemic clonogenic cells from patients with acute myeloid leukemia and 

blasts from patients with T-cell acute lymphocytic leukemia (24-25). Three 
anti-CD34 Mabs were purchased: HPCA-1 (Becton Dickinson, Mountain 
View, CA); Sera-Lab MASll 3 (Accurate Chemical and Scientific Corp., West- 
bury, NY); and QBendl0 (Quantum Biosystems, Ltd., Waterbeach, Cam- 
bridge, England). Leu-17 (CD38) Mab was purchased from Becton Dickinson. 
YB5.B8 (anti-c-kit Mab) in the form of ascites fluid was kindly provided by Dr. 
Leonie Ashman (Adelaide, South Australia) (26-27). 

Enrichment of Bone Marrow Progenitor Cells by Negative Selection 
and Velocity Sedimentation. Platelet-depleted light-density bone marrow 
cells were incubated with optimal concentrations of a panel of 13 Mabs (listed 
above) for 20 min on ice. The coated cells were washed twice and depleted of 
antibody-positive cells by immune rosetting as previously described (28). The 
nonrosetted cells were incubated a second time with the same panel of 13 Mabs 
for 20 min on ice, washed twice, and incubated with sheep anti-mouse IgG- 
conjugated magnetic beads (Dynabeads; Dynal, Oslo, Norway) for 40 min at 
a ratio of 1:40 (cell to bead). The antibody-positive cells were removed using 
a magnetic particle concentrator (Dynal). 

The final antibody-negative enriched marrow progenitor cell population was 
separated on the basis of cell size by velocity sedimentation in an isokinetic 
gradient of Ficoll as previously described in detail (1, 28). Fractions 8-10 
contained the smallest, most primitive blast cells, Fractions 11-12 contained 
blasts intermediate in size, and Fractions 13-17 contained the largest, most 
mature blast cells. 

Growth Factors. GM-CSF and G-CSF were generously supplied by Am- 
gen, Inc. (Thousand Oaks, CA). Purified recombinant yeast-derived human 
MGF was generously supplied by Immunex Corporation (Seattle, WA). 

Progenitor Cell Assays. The bone marrow-enriched progenitor cell popu- 
lations were cloned as previously described in detail (22). The final concen- 
tration of G-CSF and GM-CSF was 400 pmol/liter; and MGF was 1000 
pmol/liter. Cells (200-800 cells/ml of 1.3% methylcellulose) were cloned in 
35-mm Lux tissue culture dishes (Nunc, Inc., Naperville, IL). Cultures were 
incubated at 37~ in a humidified atmosphere of 5% CO2 in air. For each 
culture condition two cloning tubes each generating four plates were prepared, 
and all 8 plates were counted for each sample to determine colony number and 
size at 13-15 days using a Leitz Diavert microscope. Individual colonies >500 
cells were aspirated using a finely drawn Pasteur pipet and pooled in a known 
volume of Iscove's modified Dulbecco's medium plus 10% fetal calf serum to 
determine the mean number of cells composing the largest CFU-GM-derived 
colonies. 

Cell Cycle Analysis. Cell cycle studies were carried out using simultaneous 
staining of DNA and RNA with acridine orange, and fluorescence was mea- 
sured with an ICP-22 flow cytometer (Ortho Diagnostics, Westwood, MA) as 
previously described in detail (22). 

PCR Analysis of Individual CFU-GM Derived Colonies. Individual 14- 
day colonies were removed from the methylcellulose using a baked, finely 
drawn Pasteur pipet and dispensed into an RNase-free 1.5-ml microcentrifuge 
tube (National Scientific Supply Co., San Rafael, CA) containing 20 lal of 
ice-cold Iscove's modified Dulbecco's medium. The Pasteur pipet was rinsed 
several times to remove any cells adhering to the walls of the pipet. The tube 
was then quick frozen by immersion into crushed dry ice. Subsequently, the 
tubes were transferred to a Revco freezer (maintained at -110 to -120~ until 
RNA extraction was performed at a later time. The method used for the 
codetection of chimeric bcr-abl and control /3-actin messenger RNA in indi- 
vidual hematopoietic colonies using the PCR has been previously described in 
detail (29). Colonies derived from normal marrow served as negative controls. 
Colonies derived from the K562 cell line and blast crisis CML patients served 
as positive controls. Since/3-actin and bcr/abl target sequences were coampli- 
fied by PCR in the same reaction vessel, visualization of the/3-actin fragment 
ruled out the possibility that a colony lacking the bcr/abl transcript was due to 
the absence of RNA (i.e., RNA degradation or failure totransfer the colony). 
If no/3-actin fragment was seen, the colony was excluded. 

PCR analysis was performed on GM colonies generated by progenitors in 
Fractions 8-10, 11-12, and 13-17 from CML patients 4, 5, and 6. Chimeric 
bcr/abl was detected in 24 of 25 colonies (96%) of CML 4; 25 of 26 colonies 
(96%) of CML 5; and 22 of 25 colonies (88%) of CML 6. One Ph'-negative 
colony was found in the large lin- blast cultures from each of the 3 CML 
marrows, and in CML 6, one Ph'-negative colony was also found in the small 
and intermediate lin- blast cultures. 

402 

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/2/401/2451913/crs0530020401.pdf by guest on 19 M

ay 2023



LINEAGE-NEGATIVE BLAST SUBPOPULATIONS AND HUMAN c-kit LIGAND 

Table 1 Linear Ficoll gradient 

Normal Normal Normal CML CML CML 
1 2 3 4 5 6 

Total recovery of cells (%) 66 79 61 65 65 75 

% of total cells recovered in 
Fractions 8-10 35 37 24 51 59 61 
Fractions 11-12 29 22 27 22 15 14 
Fractions 13-17 28 29 44 15 12 7 

Differentials 
Fractions 8-10 

% blast 93 93 97 81 92 72 
% blast + NSG a 2 3 .6 12 7 27 

Fractions 11-12 
% blast 86 90 94 36 77 35 
% blast + NSG 11 8 4 56 17 58 

Fractions 13-17 
% blast 75 93 63 38 78 48 
% blast + NSG 20 6 36 55 17 46 

Cell cycle parameters 
Fractions 8-10 

Go/Gl 85 100 100 81 88 92 
S 15 b 0 0 16 10 8 b 
G2/M 0 0 3 2 

Fractions 11-12 
Go/G l 71 58 97 63 47 60 
S 24 37 3 28 43 35 
G2[M 5 5 0 9 10 5 

Fractions 13-17 
Go/G~ 43 38 62 45 53 67 
S 46 52 32 40 32 24 
Ga/M 11 10 6 15 15 9 

a Nonspecific granules. 
b S + G2/M. 

Immunofluorescence Analysis. Following the enrichment procedures, 
cells were incubated overnight at 5~ in the presence of 100 lag/ml affinity- 
purified Fab' goat antimouse IgG (kindly provided by Dr. Cynara Ko, Jackson 
Immuno Research Labs, Inc., West Grove, PA) to block any residual bound 
Mab. Following 2 washes, cells were aliquoted and 0.5-1 • l05 cells were 
incubated with saturating amounts of the primary Mabs for 30 rain on ice. After 
washing twice, the cells were stained for 30 min with fluorescein isothiocy- 
anate-conjugated affinity-purified F(ab')2 fragments of sheep anti-mouse IgG 
(Cappel; Organon Teknika Corp., West Chester, PA). After washing twice, the 
cells were fixed with 2% paraformaldehyde and analyzed by a flow cytometer 
(FACScan, Becton Dickinson). 

RESULTS 

Separation of iin- Blast Subpopulations by Velocity Sedimen- 
tation. Enriched populations of progenitor cells were obtained by 
negative selection (see "Materials and Methods"). In our earlier stud- 
ies, only 2 myeloid-specific Mabs (CD14 and MY8) were incorpo- 
rated in the Mab pool, and the recovery of 14-day CFU-GM following 
removal of antibody-positive cells was essentially 80-100% of the 
initial CFU-GM population. We then determined that C D l l b  and 
W E M - G l l  were essential to efficiently deplete maturing myeloid 
cells, but with the addition of CD1 lb to CD14 and MY8,  the recovery 
of CFU-GM declined to a mean of 70%, and with the further addition 
of WEM-G11, the recovery declined to a mean of 25% of the initial 
14-day CFU-GM population. 4 

The lin- cells were separated by velocity sedimentation in an iso- 

kinetic gradient of Ficoll. This isokinetic gradient provides a rapid 
method for obtaining fractions of progenitors differing in size and in 
addition, is applicable for small or large numbers of cells (0.3-70 • 

4 A. Strife et al., unpublished observations. 

106 cells/gradient), and yields good recovery of the total cells layered 

(mean recovery, 69%) (Table 1). The fractions chosen for study rep- 

resent a mean of 89% of the recovered cells and comprise F8-10 (F8), 

the smallest, most primitive lin- blasts; F l l - 1 2  (F l l ) ,  lin- blasts 

intermediate in size; and F13-17 (F13), the largest, most mature lin- 

blasts. Higher percentages of the total CML lin- blast populations 

layered were found in F8 (smaller blasts) than were found from 
normal lin- blast populations (mean, 57% v e r s u s  32%, respectively) 

(Table 1). Since the total blast populations were not separated by 

velocity sedimentation prior to enrichment, it is not known whether 
more (than normal) of the CML intermediate (F l l )  and large (F13) 

blasts were lineage positive, and thus more were depleted during the 

enrichment procedure. 

Morphological assessment of the fractions revealed that a higher 

than normal percentage of CML lin- blasts displayed early cytoplas- 

mic maturation, evidenced by the appearance of fine azurophilic non- 

specific granules (Table 1). These latter blasts had blast cell morphol- 

ogy (undifferentiated nuclei with basophilic cytoplasm), but the 

presence of azurophilic granules in their cytoplasm conforms to the 

description of Type II blasts (30-31). The percentage of Type II blasts 
increased in both normal and CML populations with increasing size of 
the lin- blasts (F8 ---> F l l  ---> F13: mean normal, 2% --> 8% ---> 21%; 

mean CML, 15% ---> 44% ---> 39%). 
The cell cycle parameters of the CML and normal lin- blast pop- 

ulations prior to separation in the gradient were very similar (mean 

percentage in S + G2/M: normal, 26% v e r s u s  CML 21%) (data not 

shown). Cell cycle analyses were carried out on all fractions following 
velocity sedimentation (Table 1), and it is clear that the percentage of 
cells in S + G2/M increases with increasing size of the blasts. 

Phenotypic Characterization of Blast Subpopulations. The im- 
munological phenotype of the lin- cells composing each fraction was 
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determined by their reactivity to 6 Mabs (Table 2). In the fraction 

comprising the smallest, most primitive CML and normal blasts (F8), 
the percentages of CD34 +, CD38 +, H25/H366 +, and DR + lin- blasts 

were similar, and, moreover, the percentages of lin- blasts expressing 

each of these 4 antigens were similar in normal and CML F8 popu- 

lations. However, although the percentages of CML and normal F8 
lin- blasts expressing CD34 were similar (mean, 67% ver sus  68%, 

respectively), the percentage of CML lin- blasts expressing CD34 

declined in the more mature intermediate (F11) and large (F13) sub- 
populations, while there was only a slight decline, if any, in the 

percentage of comparable normal lin- blasts expressing CD34 (mean, 
33% ver sus  64%, respectively). Similarly, there was a greater decline 
in the percentage of CML lin- blasts expressing DR in the FI 1 and 
F13 subpopulations than in comparable normal subpopulations. Inter- 
estingly, the percentages of CML lin- small and intermediate (F8 and 

F11) blasts which expressed CD33 were substantially higher than in 
comparable normal subpopulations (CD33 +, 23--61% ver sus  0-16%, 
respectively). No consistent pattern of expression of the c-k i t  antigen 

identified by YB5.B8 Mab was observed between small, intermediate, 

and large lin- blast populations. In addition, no consistent differences 
in the percentages of c-k i t  + CML and normal lin- blasts were ob- 

served; only a minority of the blasts in any of the fractions expressed 
detectable c-k i t  ( i .e . ,  0-25%). 

Response of Normal and CML Primitive GM Progenitors to 
c -k i t  Ligand  (MGF).  The effect of MGF addition to cultures of the 
more primitive small GM progenitors (F8-10) is shown in Table 3. 
MGF added to normal G-CSF-stimulated cultures only substantially 
increased the total number of GM aggregates in normal 3 (4.2-fold). 

However, MGF affected a considerable increase in the size of normal 
GM colonies (1.3-7.5-fold) but was essentially unable, in combina- 

tion with G-CSF, to generate colonies >500 cells. In contrast, MGF 
addition to CML G-CSF-stimulated cultures affected no increase in 
either the total number or size of GM aggregates, except for a mod- 
erate increase (1.6-fold) in colonies >500 cells in CML 5. 

MGF addition to normal GM-CSF-stimulated cultures increased the 
total number (1.3-2.2-fold) and size (2.5-7.1-fold) of GM aggregates. 
In contrast, MGF addition to CML GM-CSF-stimulated cultures af- 
fected no notable increase in the total number of GM aggregates and 
either affected no increase or only a small increase in the size of GM 
aggregates (CML 4 and 6). There were too few colonies >500 cells in 
CML and normal GM-CSF and GM-CSF plus MGF-stimulated cul- 
tures to reliably assess the effect of MGE 

The addition of MGF to normal G-CSF plus GM-CSF-stimulated 

cultures affected a moderate increase in the total number of GM 

colonies and a substantial increase in colony size. In contrast, MGF 
addition to CML G-CSF plus GM-CSF-stimulated cultures affected no 

increase in GM colony number, and the only effect on colony size was 

a moderate increase in the number of colonies >500 cells in CML 4 
and 6. The combination of G-CSF plus GM-CSF was synergistic in 

normal cultures, affecting more than an additive number (more than 

the sum of colonies with factors alone) of GM colonies > 100 cells 
(1.6-2.0-fold 1") and >500 cells (5-12-fold "1"), and the addition of 

MGF was synergistic with this combination, affecting more than an 
additive number (more than the sum of colonies with MGF plus each 
factor alone) of GM colonies >500 cells (3-11-fold 1"). The same 
synergy of G-CSF plus GM-CSF and G-CSF plus GM-CSF plus MGF 
was observed in CML cultures with respect to GM colonies >500 

cells. 
Response of Normal and CML Intermediate GM Progenitors to 

c -k i t  Ligand  (MGF).  The effect of MGF addition to cultures of 

intermediate-sized GM progenitors ( F l l - 1 2 )  is shown in Table 4. 

MGF affected a similar degree of increase in the size of GM colonies 
in G-CSF-stimulated F11 cultures of normals 1 and 2, as had been 
observed in the latter G-CSF-stimulated F8 cultures. However, the 
magnitude of the increase was diminished from that observed in 
normal 3 small progenitor (F8) cultures. In contrast, MGF addition 
affected no increase in the total number and essentially no increase in 
the size of GM colonies in CML G-CSF-stimulated cultures (similar 
to CML small progenitor cultures). Colonies >500 cells were either 
absent or rare in CML and normal G-CSF-stimulated cultures, with or 

without MGE 
The effects of MGF addition to GM-CSF-stimulated normal and 

CML F11 cultures were similar to the effects observed in GM-CSF- 
stimulated F8 cultures. MGF affected a substantial increase (2.1-7.9- 
fold) in the size of normal GM colonies and only a very slight increase 

in the size of CML GM colonies. In addition, colonies >500 cells 
were either absent or rare in CML and normal GM-CSF-stimulated 

F11 cultures, with or without MGE 
MGF addition to normal G-CSF plus GM-CSF-stimulated F 11 cul- 

tures affected a slight increase, if any, in the total number of GM 
colonies but affected a considerable increase in the size of normal GM 
colonies. In contrast, MGF addition to CML G-CSF plus GM-CSF- 
stimulated F11 cultures affected no increase in GM colony number or 
size (similar to CML F8 cultures), except for a moderate increase in 

Table 2 Pheno~pic characterization 

Normal Normal Normal CML CML CML 
1 2 3 4 5 6 

Fractions 8-10 
CD34 64 72 69 63 77 60 
CD38 66 73 62 77 87 63 
H25/H366 64 68 62 62 74 75 
DR 63 69 64 65 82 66 
CD33 16 7 0 61 26 36 
c-kit 11 7 6 5 17 17 

Fractions 11-12 
CD34 58 64 71 30 42 26 
CD38 58 74 71 58 58 70 
H25/H366 51 59 61 48 44 77 
DR 48 51 74 34 52 34 
CD33 15 8 9 54 23 45 
c-kit 11 3 15 0 25 10 

Fractions 13-17 
CD34 54 67 67 32 38 27 
CD38 54 77 68 37 54 62 
H25/H366 50 60 59 37 38 78 
DR 41 50 68 29 47 32 
CD33 13 5 29 41 16 33 
c-kit 12 1 21 0 23 10 
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Table 3 Fractions 8-10 

Total GM >40 cells >100 cells >500 cells 
MGF (colonies/104 ) (colonies/10 4) (colonies/104) (colonies/10 4) 

Normal 1 2 3 1 2 3 1 2 3 1 2 
G-CSF - 430 556 132 240 363 66 114 156 24 0 0 

+ 422 675 556 304 538 395 154 406 179 0 38 
(+/-) (0.98) (1.2) (4.2) (1.3) (1.5) (6.0) (1.4) (2.6) (7.5) (_)b ('[') a 

GM-CSF - 438 375 353 142 150 239 57 63 150 16 13 
+ 589 813 724 382 688 592 199 444 389 24 56 

(+/-) (1.3) (2.2) (2.1) (2.7) (4.6) (2.5) (3.5) (7.1) (2.6) (1.5) a (4.3) a 

G-CSF + GM-CSF - 446 681 610 345 488 479 276 363 347 73 150 
+ 515 1081 909 467 969 819 394 875 700 268 506 

(+/-) (1.2) (1.6) (1.5) (1.4) (2.0) (1.7) (1.4) (2.4) (2.0) (3.7) (3.4) 

CML 4 5 6 4 5 6 4 5 6 4 5 
G-CSF - 348 210 667 272 186 520 154 156 374 0 39 

+ 314 198 570 262 167 481 169 145 326 12 64 
(+/-) (0.90) (0.94) (0.85) (0.96) (0.90) (0.93) (1.1) (0.93) (0.87) (1") a (1.6) 

GM-CSF - 365 281 553 107 176 192 55 120 102 3 11 
+ 380 267 667 150 178 222 74 101 120 14 17 

(+/-) (1.0) (0.95) (1.2) (1.4) (1.0) (1.2) (1.4) (0.84) (1.2) (4.7) a (1.6) a 

G-CSF + GM-CSF - 383 181 615 296 179 503 247 164 451 23 104 
+ 325 189 647 248 184 558 215 172 491 51 117 

(+/-) (0.85) (I.0) (1.1) (0.84) (1.0) (1.1) (0.87) (1.1) (1.1) (2.2) (1.1) 

3 
0 
0 

(-) 

6 
48 
(8.0) '~ 

48 
156 

(3.3) 

6 
10 
10 
(1.0) a 

17 
15 
(0.88)" 

164 
281 

(1.7) 

a Very few colonies; values are a mean of 8 plates counted for each culture condition. 
b No colonies found in either culture condition. 

Table 4 Fractions 11-12 

Total GM >40 cells > 100 cells >500 cells 
MGF (colonies/104 ) (colonies/104 ) (colonies/104 ) (colonies/104 ) 

Normal 1 2 3 I 2 3 1 2 3 1 2 3 
G-CSF - 548 277 782 280 159 415 130 86 101 0 0 0 

+ 603 375 1084 398 293 800 276 195 350 4 12 0 
(+/-) (1.1) (1.4) (1.4) (1.4) (1.8) (1.9) (2.1) (2.3) (3.5) (,1,) a (']') a (_)b 

GM-CSF - 556 342 806 107 138 421 24 61 190 0 8 24 
+ 678 411 1463 434 289 1200 189 175 640 16 16 47 

(+/-) (1.2) (1.2) (I.8) (4. I ) (2.1) (2.9) (7.9) (2.9) (3.4) ($)" (2.0) a (2.0) a 

G-CSF + GM-CSF - 461 367 1132 284 261 978 233 171 634 55 45 101 
+ 524 432 1333 383 350 1203 316 297 1001 177 110 207 

(+/-) (1.1) (1.2) (1.2) (I.4) (1.3) (1.2) (1.4) (1.7) (1.6) (3.2) (2.4) (2.1) 

CML 4 5 6 4 5 6 4 5 6 4 5 6 
G-CSF - 317 172 443 225 151 330 110 117 177 0 11 5 

+ 281 180 448 200 126 345 116 99 229 0 17 10 
(+/-) (0.89) (1.1) (1.0) (0.89) (0.83) (1.1) (1.1) (0.85) (1.3) (-) (1.6) a (2.0) a 

GM-CSF - 489 335 581 I I0 186 94 62 85 44 1 3 12 
+ 481 353 674 129 235 143 42 104 64 0 12 12 

(+/-) (0.98) (1.1) (1.2) (1.2) (I.3) (1.5) (0.68) (I.2) (1.5) (-)"  (4.0) a (1.0)" 

G-CSF + GM-CSF - 330 203 534 210 200 399 126 155 335 16 62 106 
+ 302 224 519 206 214 386 124 193 322 24 92 108 

(+/-) (0.92) (1.1) (0.97) (0.98) (1.1) (0.97) (0.98) (1.3) (0.96) (1.5)" (1.5) (I.0) 

a Very few colonies; values are a mean of 8 plates counted for each culture condition. 
b No colonies found in either culture condition. 

the n u m b e r  o f  co lon ie s  > 5 0 0  cel ls  in C M L  5. S imi la r  to F8 cul tures ,  

the  c o m b i n a t i o n  o f  G - C S F  plus  G M - C S F  was  synerg is t i c  in no rma l  

and  C M L  FI  1 cu l tures ,  a f fec t ing  m o r e  than an add i t ive  n u m b e r  o f  

no rma l  G M  co lon i e s  > 1 0 0  cel ls  ( l . 2 - 2 . 2 - f o l d  1") and  no rma l  and 

C M L  co lon ie s  > 5 0 0  cel ls  ( 4 - 5 5 - f o l d  1"). T h e  add i t ion  o f  M G F  was  

synerg is t ic ,  wi th  G - C S F  plus  G M - C S F  a f fec t ing  m o r e  than an addi t ive  

n u m b e r  o f  no rma l  and  C M L  G M  co lon ie s  > 5 0 0  cel ls  ( 3 - 2 4 - f o l d  1"). 

E x c e p t  fo r  no rma l  3, there  was  a dec l ine  in the n u m b e r  o f  G M  

co lon ie s  > 5 0 0  cel ls  in C M L  and  no r ma l  F l l  cu l tu res  re la t ive  to the 

n u m b e r  o b s e r v e d  in F8 cul tures .  

Response of Normal and CML More Mature GM Progenitors to 
c - k i t  L i g a n d  ( M G F ) .  T h e  e f fec t  o f  M G F  addi t ion  to cu l tures  o f  large 

( m o r e  ma tu re )  G M  progen i to r s  ( F 1 3 - 1 7 )  is s h o w n  in Table  5. T h e  

d e g r e e  o f  a u g m e n t a t i o n  o f  G M  c o l o n y  size w h i c h  was  seen wi th  M G F  

addi t ion  to G - C S F - s t i m u l a t e d  no r ma l  smal l  and in t e rmed ia t e  p rogen -  

i tor  cu l tures  was  s ign i f i can t ly  d imin i shed  in no rma l  F13  large pro-  

gen i to r  cul tures .  As a result ,  the e f fec t  o f  M G F  addi t ion  to G - C S F -  

s t imula ted  no rma l  and  C M L  F13 cu l tu res  was  similar ,  and  on ly  a 

m o d e r a t e  inc rease  was  seen  in the n u m b e r  o f  G M  co lon ie s  > 100 cel ls  

in no rma l s  2 and 3 (1 .7 - fo ld )  and  C M L  6 ( l . 6 - fo ld ) .  S imi l a r  to small  

and in t e rmed ia t e  p r o g e n i t o r  cul tures ,  co lon ie s  > 5 0 0  cel ls  we re  e i the r  

absent  or  rare  in C M L  and no rma l  F I 3  G - C S F - s t i m u l a t e d  cul tures ,  

wi th  or  w i thou t  M G E  

T h e r e  was,  h o w e v e r ,  still a d i f f e r ence  in the e f fec t  o f  M G F  addi t ion  

to G M - C S F - s t i m u l a t e d  no rma l  and  C M L  F13 cul tures .  M G F  a f f ec t ed  

a cons ide r ab l e  inc rease  in the n u m b e r  o f  no rma l  G M  co lon ie s  > 1 0 0  

cel ls  ( 2 . 5 - 4 . 5 - f o l d ) ,  w h e r e a s  no a u g m e n t a t i o n  in the n u m b e r  o f  C M L  

G M  co lon ie s  > 100 cel ls  was  obse rved ,  and co lon ie s  > 5 0 0  cel ls  we re  

e i ther  absen t  or  rare in bo th  C M L  and no rma l  F I 3  G M - C S F - s t i m u -  

lated cu l tures ,  wi th  o r  w i thou t  MGF.  
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Table 5 Fractions 13-17  

Total GM >40 cells >100 cells >500 cells 
MGF (colonies/10 4 ) (colonies/10 4) (colonies/104 ) (col onies/104) 

Normal 1 2 3 1 2 3 1 2 3 1 2 3 
G-CSF - 488 347 974 282 203 515 141 77 166 0 0 0 

+ 412 343 1092 221 252 682 141 133 276 0 18 0 
(+/-) (0.84) (0.99) (1.1) (0.78) (1.2) (1.3) (1.0) (1.7) (1.7) (_)b ('1") a (_) 

GM-CSF - 473 263 950 145 84 321 42 35 81 0 0 4 
+ 522 452 1356 255 301 804 103 158 313 8 21 28 

(+/-) (1.1) (1.7) (1.4) (1.8) (3.6) (2.5) (2.5) (4.5) (3.9) (1"),2 ('I') a (7.0)a 

G-CSF + GM-CSF - 366 431 1039 191 298 735 141 221 442 42 56 33 
+ 370 490 990 210 385 755 149 322 572 50 81 100 

(+/-) (1.0) (1.1) (0.95) (1.1) (I.3) (1.0) (1.1) (1.5) (1.3) (1.2) (1.5) (3.0) 

CML 4 5 6 4 5 6 4 5 6 4 5 6 
G-CSF - 262 182 463 184 149 309 74 87 131 0 2 0 

+ 261 199 468 171 149 366 66 92 203 0 5 3 
(+/-) (1.0) (1.1) (1.0) (0.93) (I.0) (1.2) (0.89) (I.1) (1.6) (-) (2.5)a ('1") a 

GM-CSF - 457 382 502 88 207 99 28 117 57 2 12 0 
+ 411 398 842 91 264 158 29 101 50 2 6 5 

(+/-) (0.90) (1.0) (1.7) (1.0) (1.3) (1.6) (1.0) (0.86) (0.88) (1.0) a (0.5)a ('[') a 

G-CSF + GM-CSF - 330 258 592 170 242 478 77 189 354 6 85 50 
+ 236 236 562 150 221 431 71 186 347 6 82 72 

(+/-) (0.72) (0.91) (0.95) (0.88)  (0.91) (0.90) (0.92)  (0.98)  (0.98) (1.0) a (0.96) (1.4) 
a Very few colonies; values are a mean of 8 plates counted for each culture condition. 
b No colonies found in either condition. 

MGF addition to normal G-CSF plus GM-CSF-stimulated F13 
cultures affected no increase in the total number of GM colonies 
(differing from the increase observed in normal F8 cultures), and the 
degree of augmentation of colony size was generally substantially 
diminished. As a result, there was considerably less difference seen in 
the responses of normal and CML large progenitors to MGF than had 
been observed in the smaller progenitor cultures. Synergy of G-CSF 
plus GM-CSF was still observed in both normal and CML large 
progenitor cultures, affecting more than an additive number of GM 
colonies >500 cells (3-56-fold 1"), and the addition of MGF was 
synergistic with G-CSF plus GM-CSE affecting more than an additive 
number of normal and CML GM colonies >500 cells (2-9-fold 1'). 
There was a further decline in the maximum number of GM colonies 
>500 cells in the large progenitor cultures, relative to the number 
observed in F8 and F11 normal and CML cultures. 

Determinat ion  of the N u m b e r  of Cells Composing GM Colonies 
>500 Cells. Individual GM colonies >500 cells were aspirated from 
G-CSF plus GM-CSF-stimulated cultures, with and without MGF, and 
pooled to determine the mean number of cells composing the largest 
CFU-GM-derived colonies from each normal and CML marrow. The 
mean number of cells composing these GM colonies in the absence of 
MGF was: normals 2 and 3, 16,000 and 11,000 cells, respectively; 
CML 5 and 6, 4,000 and 12,000 cells, respectively. The mean number 
of cells composing these GM colonies in the presence of MGF was: 
normal 1, 2, and 3, 14,000, 30,000, and 15,000 cells, respectively; 
CML 4, 5, and 6, 7,000, 4,000, and 14,000 cells, respectively. Al- 
though the large GM colonies were not aspirated from normal 1 and 
CML 4 cultures in the absence of MGF, an increase in size of the large 
GM colonies derived from normals 2 and 3 was observed with the 
addition of MGF (1.9- and 1.4-fold), but the large GM colonies 
derived from CML 5 and 6 did not increase in size or increased only 
slightly with the addition of MGE In addition, the large GM colonies 
derived from CML 4 and 5 were smaller than comparable normal GM 
colonies. 

DISCUSSION 

The isolation of lin- blasts results in the depletion of many mature 
blasts, and the separation of the lin- blasts on the basis of size permits 
the characterization of subpopulations of more primitive blasts de- 

rived from CML and normal marrows. Evidence from our morpho- 
logical and phenotypic analyses, as well as analyses of growth char- 
acteristics, suggests an acceleration or premature appearance of 
certain maturational characteristics in CML lin- blast subpopulations, 
relative to comparable normal subpopulations. 

Morphological assessment revealed, relative to comparable normal 
subpopulations of lin- blasts, an increase in the proportion of CML 
lin- blasts displaying early cytoplasmic maturation, evidenced by the 
appearance of azurophilic nonspecific granules (Table 1). These latter 
blasts conform to the description of Type II blasts (30), and their 
percentage of the total CML and normal lin- blast subpopulations 
increased with increasing size of the lin- blasts (Table 1). Phenotypic 
analyses provided further evidence of differences between CML and 
normal lin- blast subpopulations in the increase or decrease in ex- 
pression of antigens associated with the maturational state of the lin- 
blasts. 

The percentages of normal lin- blasts which expressed the CD34 
antigen remained essentially unchanged in the small (F8), intermedi- 
ate (Fl l ) ,  and large (F13) blast subpopulations (Table 2). However, 
although the percentages of CML and normal small blasts which 
expressed the CD34 antigen were similar, the percentages of CML 
CD34 § blasts declined sharply by a mean of 51% in all CML inter- 
mediate and more mature, large blast subpopulations. The decline in 
CD34 expression cannot be explained entirely by an increase in the 
percentage of Type II blasts, since there was a considerable increase 
of Type II blasts in normal 3 (F8 0.6% v e r s u s  FI3 36%) without a 
concomitant decrease in the percentage of CD34 § blasts. Conversely, 
the percentage of Type II blasts in CML 5 increased only slightly (F8 
7% v e r s u s  FI3 17%), yet the percentage of CD34 § blasts declined by 
51%. Whereas Type II blasts reflect a very early stage of maturation 
along the granulocytic/monocytic pathway, the Type I blasts are a 
composite of precursors for several lineages, and a very early change 
in maturational state may not be distinguishable by morphological 
criteria. 

Although the percentages of CML and normal small, more primi- 
tive lin- blasts which expressed DR were similar, the percentages of 
CML DR + lin- blasts declined more sharply than normal in all inter- 
mediate and mature large blast subpopulations (similar to the decline 
in CD34 expression). Interestingly, it has previously been observed 
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that a higher than normal proportion of CML blasts are Ia negative (in 
total light-density blast populations) (32), which may reflect the pos- 
sibility that a greater than normal proportion of CML blasts are more 
mature (i.e.,  more rapid loss of CD34 and DR expression). It has been 
reported that Ia determinants are lost during differentiation along the 
granulocytic and erythrocytic lineages as well as the platelet-mega- 
karyocytic pathway (32-35). It has also been noted that the loss of 
detectable Ia determinants is not abrupt as indicated by the occurrence 
of Ia-negative myeloblasts as well as the persistence of Ia-positive 
promyelocytes (32). Additional studies have provided evidence that 
CD34+DR + progenitor cells are more mature than CD34§ - or 
CD34+DR z progenitors (21, 36-38). Therefore, the evidence would 
suggest that initially DR expression is low in the more primitive 
progenitors and that DR expression progressively increases until at a 
later maturational state, DR expression decreases and is once again 
undetectable above background. It has been reported that Class II 
antigens are expressed in greater density in the G2 phase than in the 
G~ phase in activated T-cells, but in contrast, lymphoblastoid B-cell 
lines express greater density of Class II antigens in the GI phase than 
in the G2 phase of the cell cycle (39). The relationship of DR expres- 
sion and cell cycle status in marrow progenitor cells is also not clear. 
In a recent study which compared human marrow cells which were 
CD34+DR + and CD34§ - it was shown that a similar percentage of 
both populations were in S + G2/M, 3.9% versus  2.5%, respectively 
(40). In addition, in the present study a correlation could also not be 
made between the percentages of cells expressing DR and the cell 
cycle status of the population (Tables 1 and 2). 

In a recent study (41), the CD38 antigen was shown to be expressed 
on 99% of the CD34 + human marrow cells, and it was observed that 
as the CD34 antigen density decreased there was a concurrent increase 
in CD38 antigen density. It was suggested that this up-regulation of 
the CD38 antigen occurred on differentiation of the CD34 + cells. In 
the present study, there was evidence of an increased proportion of 
CD34 § cells with lower antigen density with increasing size of the 
CML and normal lin- blasts (data not shown). However, whereas 
normals 1 and 3 showed an increased proportion of CD38 § cells with 
higher antigen density with increasing size of the lin- blasts, CML 4 
and 6 showed a decreased proportion of CD38 + cells with higher 
antigen density with increasing size of the lin- blasts (data not shown). 
To determine whether this difference in the change in CD38 antigen 
density reflects a more rapid maturation of the CML lin- blasts will 
require further studies. The pattern of expression of the H25/H366 
antigens was very similar to the pattern of expression of the CD38 
antigen. Interestingly, both the CD38 antigen (reviewed in Ref. 41) 
and the H25/H366 antigens (23) have been shown to be expressed by 
human thymocytes, natural killer ceils, monocytes, and plasma cells 
and more recently to be expressed by erythroid and myeloid progen- 
itor cells (24, 25, 41). The relationship and significance of the ex- 
pression of these antigens are unknown and will require further study. 

The expression of the CD33 antigen is considered an indication of 
some degree of maturation of the progenitor cell (42--44). In light of 
this, it is of interest that a substantially higher percentage of the CML 
small (F8) and intermediate (Fl l )  lin- blasts expressed the CD33 
antigen than comparable normal lin- blast subpopulations (Table 2). 
The fact that normal lin- blast populations are comprised of fewer 
CD33 + blasts than comparable CML lin- blast populations and that a 
high percentage of AML patients have CD33-expressing clonogenic 
cells is also of interest in light of the potential use of anti-CD33 Mabs 
in purging leukemic marrows (45-47). 

No consistent pattern of expression of the c-kit  receptor identified 
by YB5.B8 Mab was observed in normal and CML lin- blast subpop- 
ulations (Table 2). It has been reported by flow cytometric analysis 
studies that 50-75% of CD34 + cells derived from normal human 

mononuclear bone marrow cells coexpressed the c-kit  protein identi- 
fied by YB5.B8 and SR-1 Mabs (27, 48). In the present study, the 
target populations were selected lin- blast subpopulations derived 
from marrow by negative selection, and dual labeling with the CD34 
and c-ki t  receptor Mabs was not performed. However, if we can 
assume that all the c-kit§ - blasts are also CD34 +, then the percent- 
ages of normal (N) and CML (C) CD34+lin - blasts which coexpress 
c-kit  protein in the small and large lin- blast subpopulations, respec- 
tively would be: N1, 17-22%; N2, 10-2%; N3, 9-31%; C4, 8-0%; 
C5, 22-61%; C6, 28-37% (Table 2). This would suggest that the total 
population of CD34 + cells (including CD34+lin § cells) in mononu- 
clear bone marrow exhibit a higher percentage of cells coexpressing 
CD34 and c-ki t  receptor (27, 48) than the subpopulation of CD34+lin - 
blasts. It has recently been shown that YB5.B8 and SR-I Mabs iden- 
tify distinct epitopes on the c-ki t  receptor (48), and it would be of 
interest to compare the relative expressions of these 2 epitopes in 
normal and CML lin- blast subpopulations. 

The lin- blast populations obtained were highly enriched for pro- 
genitor cells; however, the recovery of 14-day CFU-GM in the CML 
and normal lin- blast populations, although quite variable, was deter- 
mined in an earlier study to be a mean of only 25% of the total 
CFU-GM population in the starting light-density marrow cells. 5 In- 
dividually, none of the 4 myeloid Mabs used have been shown to 
identify antigens expressed by CFU-GM (49, 50). Since the antigens 
identified by these 4 Mabs are associated with maturing myeloid cells, 
there may be low expression of each antigen on more mature CFU- 
GM, and the combined expression is sufficient to enable removal with 
sensitive depletion techniques such as immune rosetting and immu- 
nomagnetic bead separation, which were sequentially used for deple- 
tion in the present study. Therefore, the CML and normal CFU-GM 
populations obtained exclude many mature CFU-GM and represent a 
selected subpopulation of more immature CFU-GM. 

A comparison of the effects of MGF addition to cultures of normal 
and CML lin- blast subpopulations revealed a considerably greater 
responsiveness of normal lin- blasts to MGF. MGF exerted the most 
pronounced effect on normal small (F8) and intermediate (Fl l )  lin- 
blast subpopulations. The most notable effect observed was an in- 
crease in colony size, as has previously been reported (16-17, 20). 
MGF addition to G-CSF- and GM-CSF-stimulated normal small and 
intermediate lin- blast cultures generally affected a moderate increase 
in the total number of GM aggregates and a substantial increase in the 
number of GM colonies >100 cells, whereas MGF addition to com- 
parable CML lin- blast cultures affected no (or slight) increase in the 
total number of GM aggregates and considerably less enhancement of 
colony size (Tables 3 and 4). The generation of the majority of normal 
and CML GM colonies >500 cells required the presence of both 
G-CSF and GM-CSF, but normal lin- blasts had a considerably greater 
requirement for MGF in addition to G-CSF plus GM-CSF to generate 
the maximum number of high proliferative GM colonies (normal, 
14,000-30,000 cells/colony; CML, 4,000-14,000 cells/colony with 
G-CSF plus GM-CSF plus MGF in this study). 

It is evident that some of the small, more primitive lin- blast 
progenitors can proliferate to a limited degree during the culture 
period in the presence of a single growth factor, but multiple growth 
factors are required to initiate proliferation of the maximum number of 
normal small progenitors. In contrast, G-CSF alone is sufficient to 
initiate proliferation of the maximum number of CML small progen- 
itors (Table 3). In addition, a substanti-ally greater proportion of the 
maximum number of GM colonies > 100 cells could be generated by 
CML small progenitors in the presence of G-CSF alone (mean, 76% 
of the maximum number) than could be generated by comparable 

5 A. Strife et  al.,  unpublished observations. 
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normal small progenitors in the presence of G-CSF alone (mean, 17% 
of the maximum number). Could the increased ability of CML small, 
more primitive progenitors to respond to G-CSF alone be explained by 
premature expression of G-CSF and other growth factor receptors 
induced by the increased tyrosine kinase activity of the bcr/abl  gene 
product? This could result in a higher proportion of CML primitive 
progenitors having CSF-receptor complexes existing prior to ex vivo 

removal, and the consequence of the latter would affect growth char- 
acteristics attributable to more mature progenitors. Interestingly, there 
is recent evidence that a substantially greater proportion of CML 
CD34 + marrow cells express the EpR than the proportion of Normal 
CD34 § cells which are EpR § (9), and this provides evidence of an 
acceleration in expression of at least one growth factor receptor. The 
fact that even some of the normal 3 CD34+CD33 - quiescent lin- blasts 
exhibited a limited responsiveness to G-CSF or GM-CSF alone (Table 
1-3) could reflect some degree of maturation of a proportion of the 
progenitors with time in the growth factor-supplemented semisolid 
culture, as has been demonstrated in growth factor-supplemented liq- 
uid cultures (40, 51). 

To briefly recapitulate, relative to comparable normal lin- blast 
subpopulations: (a) a greater proportion of CML small and interme- 
diate lin- blasts exhibited early cytoplasmic maturation (Type II 
blasts) and expressed the CD33 antigen; (b) a decreased proportion of 
CML intermediate and large lin- blasts expressed the CD34 and DR 
antigens; (c) CML small and intermediate lin- blasts were less re- 
sponsive to MGF and had a lower requirement for multiple growth 
factors (similar to normal and CML large lin- blasts), and this is 
consistent with the former's premature or accelerated expression of 
certain growth factor receptor(s). 

The role of MGF, the ligand for c-kit, a transmembrane tyrosine 
protein kinase receptor, in the signal transduction pathways used by 
G-CSF and GM-CSF is yet to be determined. It has been demonstrated 
that activated receptor tyrosine kinases bind and phosphorylate intra- 
cellular substrates that may function as downstream signal transducers 
(52, 53). c-kit ligand has been shown to induce c-kit product to 
autophosphorylate on tyrosine and associate with cytoplasmic signal- 
ing proteins, phosphatidylinositol 3' kinase, and phospholipase C-,/I, 
but not detectably to ras GTPase-activating protein (52, 53). It has 
also been reported that the degree of  tyrosine phosphorylation of the 
c-kit  product by c-kit ligand correlated with the rate of proliferation of 
MO7E cells, a human myeloid leukemia cell line (54). GM-CSF also 
induces protein tyrosine phosphorylation in MO7E cells (55) but did 
not induce tyrosine phosphorylation of the c-kit product, demonstrat- 
ing that GM-CSF did not transactivate c-kit  product and that the 
GM-CSF-induced proliferative signal was mediated by another ty- 
rosine kinase (54). GM-CSF is one of the growth factors shown to 
down-regulate levels of c-kit mRNA expressed by mast cells and stem 
cell progenitors, indicating that regulation of c-kit expression is linked 
to molecular mechanisms triggered by GM-CSF (56). G-CSF acti- 
vates a tyrosine kinase, but the substrates of this kinase, at least in 
neutrophils, are different from those associated with the GM-CSF 
receptor-associated tyrosine kinase (57). The roles of tyrosine kinases 
in the signal transduction pathways used by G-CSF and GM-CSF are 
not yet known (57, 58), and therefore it remains to be determined how 
the increased tyrosine kinase activity of the bcr/abl gene product 
might effect the responsiveness of Ph '+ progenitors to G-CSF, GM- 
CSF, and MGE 

Together with our mathematical colleagues, we have recently con- 
structed a mathematical model of granulocytopoiesis which describes 
the steady-state characterizing granulocytopoiesis after the CML 
clone has become dominant and which illustrates the close linkage 
between the proliferative and maturational abnormalities in CML (59). 
In order to understand how a single defective stem cell leads to 

domination over the normal cells, one needs to study the transient 
state and to develop a time-dependent model. We are now developing 
a more elaborate time-dependent model which will permit more de- 
tailed analysis of data comparing the dynamics of normal and leuke- 
mic hematopoiesis. For the model we intend to utilize the data pre- 
sented here as well as additional quantitative serial culture data in 
order to define as precisely as possible the subtle differences between 
normal and leukemic progenitors in their biological behavior. Even- 
tually we hope to be able to correlate these differences with alterations 
in expression of selected genes involved in cell cycle progression and 
maturation associated with the p210 bcr-abl protein. 

In summary, in the present study by morphological and phenotypic 
analyses as well as analyses of growth responses to MGF in combi- 
nation with other growth factors, CML lin- blast subpopulations were 
shown to exhibit a higher proportion of lin- blasts with characteristics 
associated with a more advanced stage of maturation than comparable 
normal lin- blast subpopulations. These findings are consistent with 
our previous and more recent observations as well as those reported by 
others (for reviews see Refs. 1-3 and 7-9) .  6 In light of the ultrastruc- 
tural evidence for asynchronous maturation in CML cells (4-6), with 
cytoplasmic maturation proceeding slightly ahead of nuclear matura- 
tion, an important but as yet unanswered question is what is the 
primary event brought about by the increased tyrosine kinase activity 
of the bcr/abl  gene product which leads to the initiation of slightly 
earlier cytoplasmic maturational events? 
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