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ABBREVIATIONS 

AET 
ALL 
AML 
AML-CFU 
ANLL 
AUL 
BFU-e 
BSA 
cAMP 
CD 
CFU-e 
CFU-Eo 
CFU-G 
CFU-GEMM 

CFU-GM 
CFU-M 
CFU-MK 
CLL 
CM 
CML 
CSF 
DAG 
DMSO 
DNA 
EGF 
Epo 
FAB 
FACS 
FBL 
FCS 
FITC 
GAM 
G-CSF 
GM-CSF 
H-1 
HGF 
HPCM 
3 H-TdR 
Ig 
IL 
IMDM 
IP

3 

LIF 
LPS 
M-CSF 
MDS 
MGG 
MoAb;'MCA 
Multi-CSF 
mRNA 
NBM 
PB 
PBS 
PDGF 
PGE 
PHA 
PHA-LCM 

- 2-aminoethylthiouronium bromide hydrobromide 
- acute lymphoid leukemia 
- acute myeloid leukemia = ANLL 
- acute myeloid leukemia-colony forming unit 
- acute nonlymphocytic leukemia = AML 
- acute undifferentiated leukemia 
- burst forming unit-erythroid 
- bovine serum albumin 
- cyclic adenosine monophosphate 
- cluster of differentiation 
- colony forming unit-erythroid 
- colony forming unit-eosinophil 
- colony forming unit-granulocyte 
- colony forming unit-granulocyte/erythroid/monocyte/ 

megakaryocyte 
- colony forming unit-granulocyte/monocyte 
- colony forming unit-monocyte 
- colony forming unit-megakaryocyte 
- chronic lymphocytic leukemia 
- conditioned medium 
- chronic myeloid leukemia 
- colony stimulating factor 
- diacylglycerol 
- dimethyl sulfoxide 
- deoxyribonucleic acid 
- epidermal growth factor 
- erythropoietin 
- French-American-British Cooperative Group 
- fluorescence activated cell sorting 
- fucose binding lectin 
- fetal calf serum 
- fluorescein isothiocyanate 
- goat-anti-mouse 
- granulocyte-colony stimulating factor 
- granulocyte macrophage-colony stimulating factor 
- hemopoietin-! 
- hematopoietic growth factor 
- human placental conditioned medium 
- tritiated thymidine 
- immunoglobulin 
- interleukin 
- Iscove's modified Dulbecco's medium 
- inositol triphosphate 
- leukemia inhibitory factor 
- lipopolysaccharide 
- macrophage-colony stimulating factor 
- myelodysplastic syndrome 
- May-Grlinwald-Giemsa 
- monoclonal antibody 
- multilineage-colony stimulating factor (=IL-3) 
- messenger ribonucleic acid 
- normal bone marrow 
- peripheral blood 
- phosphate buffered saline 
- platelet derived growth factor 
- prostaglandin E 
- phytohemagglutinin 
- phytohemagglutinin leukocyte conditioned medium 
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PHA l.f. 
PIP

2 

PK-A 
PK-C 
RIA 
TdT 
TGF-~ 
TNF 
UEA 

Code: 

C02 
CD7 
CDllb 
CD13 

CD14 
CD15 
CD19 
CD33 

CD34 
COw 65 (Vim-2) 

- phytohemagglutinin leukocyte feeder 
- phosphatidyl inositol biphosphate 

- protein kinase-A 
- protein kinase-C 
- radioimmunoassay 
- terminal deoxynucleotidyl transferase 
- transforming growth factor-~ 
- tumor necrosis factor 
- Ulex europaeus agglutinin 

N.fonoclonal antibodies 

Reactivity with normal hematopoietic cells: 

- T cells, most of the NK cells. 
- T cells, NK cells. 
- Monocytes, macrophages, granulocytes, NK cells. 
- Most of the cells of the granulocytic/monocytic lineages; 

part of CFU-GM. 
-All cells of the monocytic lineage but no CFUs. 
- All cells of the granulocytic lineage but no CFUs. 
- B cells. 
- Cells of the granulocytic/monocytic lineages (except 

granulocytes); CFUs (except CFU-blast). 
- Blasts; CFUs. 
- All cells of the granulocytic/monocytic lineages but no 

CFUs. 
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CHAPTER 1 

Introduction 



1.1. Leukemia 

Hematopoiesis or blood cell formation takes place primarily in the bone 

marrow. A small population of immature rnultipotential bone marrow cells is 
able to 1) undergo selfrenewal, i.e. produce new stem cells, or 2) 

differentiate to committed progenitor cells. These unipotent precursors 
have the ability to proliferate and mature along their differentiation 
lines giving rise to functional blood cells (Figure 1). The end cells will 

be eliminated from the circulation after a certain period and need to be 
replaced by new mature cells. The continuous process of blood cell 
formation is regulated by cellular interactions with bone marrow stroma 

cells and by soluble regulatory molecules, the hematopoietic growth factors 
(HGFs) (1,2). 

Leukemia or blood cancer results from a neoplastic transformation of 

hematopoietic cells and is evident as an accumulation of cells at a certain 
stage of development. Leukemia cells accumulate in the bone marrow and 
blood and then eventually replace the normal hematopoietic cells. Because 

the accumulation may occur at various maturation stages in the different 
lineages, distinct forms of leukemia have been identified (3-6). Chronic 

lymphoid leukemias (CLL) or chronic myeloid leukemias (CML) are 
characterized by an expansion of mature blood cells. In the acute leukemias 

(acute lymphoid leukemia (ALL) or acute myeloid leukemia (AML)) maturation 
has been arrested at early stages of maturation. Accumulation of a certain 

cell type does not imply that transformation has occurred in the cells of 
that particular maturation stage. For instance, CML is identified by an 
expansion of granulocytic cells in marrow and blood, whereas transformation 
has taken place in pluripotent stem cells (7). Thus transformation may 
occur in primitive precursor cells, whereas the defect may be expressed at 
later stages of maturation. 

1.2. Acute Myeloid Leukemia (~) 

Acute myeloid leukemia (AML) (or acute nonlymphocytic leukemia (ANNL)), 
like most other leukemias is a clonal disease. This implies that the 
leukemia originates from a single transformed progenitor (8-12). In certain 

cases, transformation apparently occurs in a pluripotent stem cell, whereas 

in other cases a committed precursor is probably the target of the 

transformation (9,11,12). Consequently, among clinical AML, a great 
variability is apparent as regards the cytogenetic (8), morphologic and 
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Figure I: Scheme of normal hematopoiesis. Interaction of hematopoietic growth factors with normal marrow target cells. 

CFU= colony forming unit; BFU= burst forming unit; IL = interleukin; CSF= colony stimulating factor; 

TNF = tumor necrosis factor. 



cytochemic ( 5,6) and immunophenotypic features of the leukemia ( 3, 4). 

Morphologically and cytochemically distinct types of AML are classified 

according to the criteria of the French-American-British (FAB) group (see 

Table 1) (5,6). AML cells often exhibit abnormal karyotypes (8). Certain 

cytogenetic abnormalities appear nonrandomly and are specific for certain 

subtypes of AML. For instance, the translocation t(8;21) is 

subgroup of leukemias usually found among FAB-M2 cases 

typical of a 

(13). The 

translocation t(15;17) is typical of FAB-M3 leukemias (14). Leukemias with 
an inversion or deletion of the long arm of chromosome 16 are related to 

the subgroup of FAB-M4 with eosinophilia (15,16). 

Analysis of membrane surface and intracellular antigen expression 

allows~ a further dissection of the heterogeneity of leukemias (Table 1) 

(3,14,17). AML cells are characterized by the expression of membrane 

antigens specific for myelomonocytic cells. Monoclonal antibodies (MaAhs) 

that react with a particular differentiation antigen have received a 

uniform code: CD(= cluster of differentiation) (4,18). Most of the cells 

of the monocytic and granulocytic lineages express CD13 and/or CD33 

antigens (19). Granulocytic cells often express CD15 (20), whereas the 

monocytic cells usually carry the CD14 marker on their surface (21). CD34 

is a membrane antigen characteristic of immature myeloid and lymphoid cells 

and is found on AML cells in approximately 50% of the cases (22,23). In 

certain CD34 positive AML cases cells may also express terminal 

deoxynucleotidyl transferase (TdT), CD2 or CD7, which were initially 
thought to be specific for lymphoid cells (4,17). In fact, an increasing 

number of reports have presented AML and ALL cases that express both 

myeloid and lymphoid (B or T cell) features. Probably, in those instances 

transformation has taken place in pluripotent hematopoietic progenitor 

cells (17). Detailed information about the expression of immunological 

markers in leukemias and their corresponding CD codes has been summarized 

recently ( 4,18) . 
Morphological examination and immunophenotyping have revealed 

different subpopulations of leukemic cells within AML patients (5,6,24,25). 

This heterogeneity appears to be a reflection of successive stages of 
maturation of AML. Thus, the AML population is often characterized by a 

"leaking" maturation block, i.e. the maturation arrest is incomplete. 

Leukemic blast cells with pronounced maturation features can be 

distinguished from the blast cells with immature characteristics. The 

suggestion that AML blasts can be divided into leukemic precursors and 
"end" cells is further supported by studies using in vitro colony 
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methodology (see next paragraph) (24-26). 

TABLE 1. Morphological classification of acute myeloid leukemias: comparison with inununophenotypes. 

FAB 

AUL 

AML-Ml 

AML-M2 

AML-M3 

AML-M4 

AML-M5 

AML-M6 

AML-M7 

Leukemia type 

Acute undifferentiated leukemia 

Acute myeloid leukemia without 
differentiation 

Acute myeloid leukemia with 
differentiation 

Acute promyelocytic leukemia 

Acute myelomonocytic leukemia 

Acute monocytic leukemia 

Acute erythrocytic leukemia 

Acute megakaryocytic leukemia 

Marker expression 

HLA-DR, CD34, (TdT), (CD13), (CD33), (CD7) 

(HLA-DR), CD34, CD13, CD33, (CD15) 

(HLA-DR), ( CD34), CD13, CD33, CD15, ( CDllb) 

CD13, CD33, CD15, ( CDllb) 

HLA-DR, (CD34), CD13, CD33, (CD14), (CDllb) 

HLA-DR, CD13, CD33, CD14, (CDllb) 

(HLA-DR), (CD34), (CD33), (CD13), (GP A) 

HLA-DR, CD34, CD33, (GP IIIa) 

Markers in parentheses are not always expressed. 

FAB: French-American-British nomenclature; CD: Cluster of differentiation; TdT: Terminal deoxynucleotidyl 
transferase; HLA-DR: MHC Class-II antigen; GP A: Glycophorin A; GP IIIa: Glycoprotein IIIa. 

1.3. Inmunophenotypic characterization of AML colony forming cells 

(AML-CFU) in relation to normal hematopoietic progenitors 

AML progenitor cells have been cultured in semisolid agar or methyl

cellulose colony assays that were initially applied to grow normal bone 

marrow precursors (27,28). These normal precursors include multipotential 
granulocyte-erythrocyte-macrophage-megakaryocyte colony forming units 

(CPU-GEMM), granulocyte-macrophage-CPU (CPU-GM), granulocyte-CPU (CPU-G), 
macrophage-CPU (CPU-M), eosinophil-CPU (CPU-Eo) and erythroid precursors, 
i.e. burst forming units (BPU-e) and CPU-e (see Figure 1) (29,30). 

Relatively mature CPU-GM, or "late" CPU-GM, give rise to colonies at day 7 

of culture, whereas immature, or "early" CPU-GM generate colonies after 14 
days. Normal marrow progenitor cells can be discriminated from the 
nonproliferating mature hematopoietic cells using immunological markers and 

cell separation procedures (e.g. fluorescence activated cell sorting (FACS) 
or complement mediated lysis) (30). Moreover, immunological separation also 

reveals differences in marker expression between CPU-GEMM, "early" (day 14) 
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CFU-GM and "late" (day 7) CFU-GM (24,25). 

In AML, populations of cells with different maturation 
characteristics can be distinguished as well. Separation of immunologically 

distinct subsets of AML cells with FACS or complement mediated lysis and 

subsequent colony culture showed that, among the AML blasts, colony forming 

cells (AML-CFU) express the immature surface phenotypes, whereas the cells 

with no or limited colony forming abilities are immunophenotypically more 

mature (24-25). Phenotypes of AML-CFU vary among different cases with AML. 

AML-CFU may express surface markers characteristic of CFU-GEMM, whereas in 

other cases AML-CFU exhibit surface antigens typical of committed 

precursors ("early" (day 14) CFU-GM or "late" (day 7) CFU-GM) (24,25). 

One of the goals of this thesis was to further characterize 

surface membrane phenotypes of AML-CFUs and to search for AML-CFU 

surface features different from those of normal marrow CFUs. Possible 
discrepancies between normal marrow CFU and AML-CFU may be of use in 

the diagnosis of AML, for instance for the detection of minimal 

numbers of AML cells among normal marrow cells in patients in 

remission (following chemotherapy or bone marrow transplantation) • A 

question that has been addressed in this thesis is whether it is 

possible to discriminate between AML-CFU and the majority of normal 
marrow precursors on the basis of membrane antigen density 
(fluorescence intensity), with combinations of surface markers 

employing fluorescence activated cell sorting and colony culture 

(Chapters 2 and 3). 

1.4. In vitro growth characteristics of AML 

Normal bone marrow progenitors require hematopoietic growth factors (HGFs), 

in particular colony stimulating factors (CSFs) to survive, proliferate and 

produce mature progeny in vitro. In the original culture methods crude 

sources of these stimuli were supplied. For instance, the cultures were 

carried out in the presence of peripheral blood feeder leukocytes that 

released the HGFs into the culture medium (27,28). CUlture supernatants of 
peripheral blood cells, human placenta or cell lines containing mixtures of 

HGFs have also been used (31-33). When the colony cultures are applied to 
study the proliferation of human AML cells in vitro, it appears that in 

most cases the leukemic progenitor cells have retained their dependence on 
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HGFs. The cells usually do not form colonies in the absence of HGFs 
(26,28,31,34,35). Colonies obtained from AML cells differ from colonies 

generated from normal bone marrow progenitors in several aspects: 
- Leukemic colonies vary widely in size. Predominantly small clusters (less 

than 20 cells) or somewhat larger clusters (less than 50 cells) are 

produced. Colonies containing 50 cells or more are less frequently 

generated in cultures of AML cells than in colony cultures of normal bone 

marrow cells. In other cases of AML no colonies or clusters are formed at 

all (26,34,35). 

- Generally, only cells of the myelojmonocytic lineage are produced in AML 

colonies/ clusters (26,34,35). However, AML colony/cluster cells do not 
mature towards functional granulocytes. Thus, mainly blasts are formed 

(26,34,35). 

- Although the colony cells are morphologically immature they express 

membrane markers characteristic of neutrophils, consistent with the 

ability of AML progenitors to produce partially "maturing" progeny 

(incomplete maturation) (36,37). 

Since AML colony formation in agar or methylcellulose is frequently 
impaired or even absent, attempts have been made to develop more efficient 
AML culture methods. Incubation in agar cultures, after a 15-hour 

preincubation of AML cells in suspension with phytohemagglutinin (PHA), 

significantly increases AML colony numbers (38,39). In a subsequent 

modification, AML cells have been cultured in suspension on top of an agar 

underlayer containing feeder leukocytes (the PHA leukocyte feeder assay) 

(40). Using these culture methods proliferation of AML progenitors occurs 

in 80 to 90 percent of the cases. The fact that the cells under those 
conditions may form aggregates suggests that cell-cell interactions provide 

essential signals for AML growth in vitro. A major disadvantage of the 

assays in which a liquid phase is applied is, that a quantitative analysis 

of colony formation is difficult due to the agglutination in suspension. As 

a consequence, in the studies presented in this thesis, responsiveness of 

AML cells to HGFs has been investigated in tritiated thymidine 

incorporation experiments (suspension cultures) as well as in semisolid 

colony cultures. 
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1.5. Human hematopoietic growth factors 

The genes and complementary DNAs (cDNAs) of a number of growth factors have 

been cloned, expressed in bacteria, yeast or mammalian cells and the 

activities defined in cultures of normal bone marrow cells. The human 

hematopoietic growth factors and their target cells are summarized in 

Tables 2 and 3 and in Figure 1. Six of these growth factors have a dominant 

role in controling hematopoiesis, i.e. interleukin-3 (IL-3), 
granulocyte-macrophage-colony stimulating factor (GM-CSF), G-CSF, M-CSF, 

erythropoietin (Epo) and IL-5 (Table 2) (2,41). The latter four HGFs appear 

to be lineage specific and stimulate cells of the neutrophilic (G-CSF) 

(42,43), ~macrophage (M-CSF) (44), erythrocytic (Epo) (45,46) or 

eosinophilic (IL-5) lineages (47). The lineage restriction of G-CSF, 

however, is still somewhat controversial. Some investigators have suggested 

stimulatory effects of G-CSF on immature pluripotent progenitor cells (48). 

IL-3 (49,50) and GM-CSF (51) are multipotential growth factors supporting 

the in vitro survival, proliferation and differentiation of multipotential 

hematopoietic progenitor cells (CFU-GEMM) and committed precursors of 
multiple maturation lines, e.g. BFU-e, CFU-Eo and CFU-MK (30,52-54). IL-3 

is a basophil differentiation inducer as well (55). IL-3, GM-CSF, G-CSF, 

M-CSF and IL-5 also support survival of mature cells. HGFs may recruit 

neutrophils (GM-CSF and G-CSF), monocytes (IL-3, GM-CSF and M-CSF) or 

eosinophils (IL-3 and IL-5) from the circulation and activate phagocytosis 

and killing of bacteria, 

(53,54,56-59). 
parasites or antibody-coated tumor cells 

Other cytokines that have been cloned have an important role in the 

regulation of lymphopoiesis, i.e. IL-l (~ and~) (60), IL-2 (61), IL-4 

(62), IL-6 (63), IL-7 (64) and TNF (~and~) (65,66). However, apparently, 

some of these are involved in myelopoiesis as well: 

-IL-l acts on hematopoietic and nonhematopoietic target cells (67). An 

important function of IL-l in murine and human hematopoiesis is the 

induction of cytokine production. IL-l stimulates the release of GM-CSF, 

G-CSF or IL-6 in a variety of cell types, e.g. lymphocytes, fibroblasts 

and endothelial cells (54,57, 68-71). IL-l, previously also designated 

hemopoietin-1 (H-1) (72,73), is a cofactor for IL-3 in the stimulation of 

primitive murine stem cells to generate blast cell colonies in vitro 

(74). These colonies contain multipotential and committed precursors. 
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TABLE 2. Human hematopoietic growth factors. 

Factor Protein size (KD) Ref. Hematopoietic precursor Ref. 

target cell 

IL-3 14-18 49,50 CFtH3EMH 30,53 

CFU-Eo 30,53 

BFU-E 30,53 

CFU-MK 53,85 

CFU-blast 48 '74-76 

GM-CSF 14-35 51 CFU-GEHM 52,54 

CFU-Eo 52,54 

BFU-E 52,54 

CFU-MK 53,85 

G-CSF 18-22 42,43 CFU-G 42,43,57 

CFU-blast 48 

M-CSF 18-26 (2x) 44 CFU-H 44,58 

35-45 (2x) 

Epo 36 45,46 CFU-E 45,46 

BFU-E 45,46 

IL-5 20 (2x) 47 CFU-Eo 47,59 

M-CSF and IL-5 have been isolated as dimers. 

Two distinct forms of M--CSF with the same activity have been demonstrated. 

Producer cells 

- lectin activated T lymphocytes 

- lectin or IL-l activated T lymphocytes 

- TNF or IL-l activated endothelial cells 

- TNF or IL-l activated fibroblasts 

- IL-4, Gl>l-CSF, IL-3 or LPS activated 

rnonocytes 

- TNF or IL-l activated endothelial cells 

- TNF or IIr-1 activated fibroblasts 

- IL-3, GM-CSF, TNF, yinterferon, IL-4 or 

LPS activated monocytes 

- peri tubular cells in the kidney 

- lectin activated T lymphocytes 

IL = Interleukin; CSF = colony stimulating factor; Epo = erythropoietin; TNF = tumor necrosis factor; LPS = lipopolysaccharide. 

Ref. 

50 

54,70 

54,68 

54,69 

57 

57,68 

57,69 

58 

93 

59 



TABLE 3. Human lymphoid growth and differentiation factors. 

Factor Protein size ( KD) Ref. Hematopoietic precursor Ref. Lymphoid target cells Ref. Producer cells Ref. 

target cell 

IL-l 17 60 B and T lymphocytes 67 - LPS activated monocytes 67 

- IL-l activated endothelial cells 67 

IL-2 15 61 B and T lymphocytes 77 - lectin or IL-l activated 

T lymphocytes 77 

IL-4 15 62 CFU-<l 81 B and T 1 ymphocytes 62 - lectin activated T lymphocytes 81 

IL-6 26 63 CFU-blast 74-76 B lymphocytes 83 - lectin activated T lymphocytes 83 
1--' CFU-H 84 - LPS activated rnonocytes 83 co 

CFU-HK 85 - IL-l or TNF activated endothelial 83 

cells 

- IL-l or TNF activated fibroblasts 83 

IL-7 17 64 T lymphocytes 87 - bone marrow stroma cells 64 

TNF 17 65,66 B lymphocytes 90 - LPS activated monocytes 65 

- lectin activated T lymphocytes 66 

-Two forms of IL-l have been recognized,i.e. IL-l <X and IL-l f3. 
-TWo types of TNF have been isolated, i.e. TNF ex and TNF !3 (lymphotoxin). 



Thus, following replating, the cells from these blast colonies may 

produce new colonies that contain mature cells of the different lineages. 

Presently, it is uncertain whether IL-l exerts this costimulatory effect 
with IL-3 on human primitive stem cells in vitro as well. On the other 

hand, human as well as murine blast cell colonies can be generated from 

immature marrow precursors following costimulation by IL-6 and IL-3 

(74-76). In fact the synergistic effects of IL-l with IL--3 in the 

stimulation of primitive murine stem cells may be indirect (74,76). IL-l 

may stimulate the production of IL--6 which could then synergize with 

IL-3. 
- IL-2 is a stimulator of lymphopoiesis (77). Receptors of IL-2, i.e. the 

low affinity chains or Tac antigens (p55), have been demonstrated on 

monocytes (78), AML cells (79) and on CML precursors. (80). Whether these 
receptors have a role in the growth of myelomonocytic cells has not been 

settled. 

- IL-4, a growth factor of lymphopoietic cells (62), exerts certain effects 

on progenitor cells from other lineages as well. Although it has no 

colony stimulating effect on its own, it may act synergistically with 

G-CSF in stimulating CFU-G (81). These effects may either be direct or 
mediated via accessory cells. Furthermore, IL-4 is an inhibitor of 

myelopoiesis (82). 

- IL-6 is a stimulator of B cells (83). IL-6 is also a costimulator with 

IL-3 for primitive hematopoietic precursors generating blast cell 

colonies (74-76) and it costimulates with M-CSF macrophage colony 
formation (84). Furthermore, it is a stimulator of megakaryocyte 

formation (85). 

- IL-7 has a role in lymphopoiesis. It activates the growth of precursor 

cells of the B lymphoid lineage and induces the proliferation of T cells 

(64,86,87). Whether it has a regulatory role in the proliferation of 

cells of other lineages remains to be elucidated. 

- IL-8 activates chemotaxis of neutrophils and it inhibits neutrophil

endothelial cell interactions (88). 

- IL-9 stimulates the proliferation of a human megakaryocytic cell line and 

it may stimulate erythroid precursors (89,90). 
- TNFs stimulate the proliferation of B cells (91). TNFs inhibit normal 

marrow and AML colony growth when stimulated with crude sources of HGFs; 

i.e. cell line or peripheral blood conditioned media (92). Furthermore, 

TNFs are regulators of cytokine production. For instance, TNFs stimulate 

endothelial cells, fibroblasts, T lymphocytes or monocytes to produce 
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GM-CSF, G-CSF or M-CSF (54,57,58). 

One of the goals of the studies presented here is to determine the 

role of different growth factors in the proliferation and maturation 

of AML cells in vitro. 'l'he following questions have been addressed 

in this thesis: 

- Is AML proliferation regulated by the growth factors IL-3, GM-CSF, 

G-CSF and M-CSF (Chapters 4 and 5)? 

- Is the maturation blockade of AML cells absolute or, do the cells 

mature towards neutrophils when stimulated by G-CSF, alone or 

combined with other HGFs (Chapter 6)? 
' - ts IL-l a growth regulator for AML, and if so, does it stimulate 

AML proliferation indirectly, i.e. via the induction of endogenous 

growth factors (autocrine mechanism) (Chapters 8, 9 and 10)? 

1.6. Inhibitors of hematopoiesis 

Blood cell formation is controlled by stimulators and inhibitors of 

proliferation. Relatively little is known about growth inhibitors of 

hematopoiesis in man, although several molecules have been characterized 

and in some instances the cDNAs cloned. These include IL-4 (62,82), TNF 

(65,66,92), interferon~ andy (94). Recently, leukemia inhibitory factor 

(LIF) was cloned (95). This inhibitor arrests the growth of a myeloid cell 

line (the M-1 cell line), but inhibitory effects on normal and leukemic 

marrow cells have not been observed (unpublished observations). Other 

inhibitors of normal bone marrow and AML progenitor cell proliferation are: 

Prostaglandin E (PGE) and TGF-~ (96,97). 

A mechanism to explain how AML cells outgrow normal hematopoietic 

cells is that the leukemia cells may have become insensitive to 

growth inhibitors. It will therefore be of interest to investigate 

the inhibitory effects of these compounds on the growth of AML when 

stimulated with the distinct HGFs. In Chapter 7 the effects of TNF on 

IL-3, GM-CSF, G-CSF and M-CSF stimulated proliferation of AML cells 

have been investigated. 
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1.7. Receptor binding and signal transduction 

Growth factors bind to specific receptors that are anchored in the plasma 

membrane of the cells (98). The formation of dimeric or oligomeric receptor 

complexes, either homologous (e.g. M-CSF-R) (99) or heterologous (IL-2-R, 

IL-6-R, IL-3-R, IL-4-R, GM-CSF-R or Epo-R) (100-105) appears obligatory for 

high affinity binding of a growth factor and for receptor signalling. 

Following receptor activation intracellular messengers are generated, which 
further convey signals to the nucleus modulating DNA synthesis and gene 
expression, leading to cell proliferation, differentiation and function 

(98,106). An important step following ligand-receptor binding is the 

activation of protein kinases, which phosphorylate cellular substrates 

(98,106). Phosphorylation alters the functions of proteins and is essential 

in the transduction of intracellular signals. Substrates for protein 

kinases include GF-receptors, enzymes (e.g. other kinases), cytoskeletal 

proteins and nuclear proteins (107). In fact, three major routes of signal 
transduction have been identified: 

- The adenylate cyclase/cyclic adenosine monophosphate (AC/cAMP) pathway 

(108). Following binding of the ligand to the receptor (e.g. ~adrenergic 

receptor) AC, which is associated with the receptor and is under the 
control of G-proteins, converts ATP into cAMP. Cyclic AMP is a "second 

messenger" that activates protein kinase A (PK-A). 

-The inositol phospholipid breakdown pathway (109). Following receptor 

activation (e.g. epidermal growth factor (EGF) receptor (110) and 

platelet derived growth factor (PDGF) receptor (111)) phosphatidyl 

inositol 4,5 biphosphate (PIP
2

) is hydrolyzed by phospholipase C. 

Hydrolysis of PIP
2 

results in the generation of inositol 1,4,5 

triphosphate (IP3 ) and diacylglycerol (DAG). These two second messengers 

frequently trigger two synergistically acting signal pathways. IP
3 

stimulates or enhances the influx of intracellular Ca2 + ions, whereas DAG 

is a second messenger that may activate Ca2+/phospholipid dependent 

protein kinase-c (PK-C). 

-Receptors with intrinsic tyrosine kinase activity. EGF receptors (110), 

PDGF receptors (111) and M-CSF receptors (99) are tyrosine kinases. 
Following binding of the ligand, the receptors become activated, 
autophosphorylated and cellular substrates will be phosphorylated at 

tyrosine residues. 
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These pathways probably operate in close association rather than as 

separate mechanisms and may be switched on in parallel following receptor 

activation. For instance, EGF- and PDGF receptors have intrinsic tyrosine 

kinase activity but following receptor activation the inositol phospholipid 

breakdown pathway will be activated as well (110,111). 

Following stimulation of murine IL-3 and GM-CSF dependent cell lines 

with their ligands, receptors as well as intracellular substrates become 

phosphorylated at tyrosine sites (112-114). At the same time, PK-C may also 
be activated following stimulation with these ligands (115). Thus multiple 

pathways may be involved in IL-3 and GM-CSF receptor activation. Whether 

human IL-3 and GM-CSF receptors follow the same pathways as their murine 

homologues upon stimulation remains to be elucidated. Relatively little is 

known about intracellular signals that follow G-CSF receptor activation. 

The M-CSF or CSF-1 receptor which has been studied thoroughly is a tyrosine 

kinase (99,116). Although different pathways may be switched on following 

activation of a receptor, it appears that tyrosine phosphorylation is the 

most important signal for proliferation induction (98). 

1.8. Mechanisms of neoplastic growth in experimental leukemias 

Abnormal growth factor control is considered to be important in cancer 

growth. Evidence for this comes from studies of the last decade showing 

that oncogenes code for products that are involved in the growth 
factor-receptor transduction pathways (106,117). Oncogenes were first 

discovered in tumorigenic retroviruses (118) capable of infecting and 

transforming eukaryotic cells, e.g. murine, feline or chicken cells. The 
viral RNA is transcribed into DNA and then integrated into the host 

chromosomal DNA. Oncogenes represent normal cellular genes 

(proto-oncogenes) that during the viral life cycle have been transduced 

into the viral genome (118). In fact, oncogenes code for growth factors 

(e.g. v-sis; homologous to PDGF) (119), growth factor receptors (e.g. v-erb 

or v-fms; homologous to the EGF receptor and M-CSF receptor, respectively) 

(120,121), G-binding proteins (e.g. v-ras) (122), tyrosine kinases (e.g. 

v-src or v-abl) (123,124) or nuclear proteins that may have a role in 

intracellular signal transduction (e.g. v-fos or v-myc) (125,126). Certain 

genes are mutated resulting in altered (e.g. aminoacid substituted or 

truncated) products with transforming abilities (127). The products coded 

by the viral oncogenes are usually overexpressed, as the genes are 

controlled by viral promoters and enhancers which lead to immortalization 
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of cells and tumor formation (127). 

Unregulated expression of cellular equivalents of the viral 
oncogenes, the proto-oncogenes, may lead to tumor formation as well 

(118,121). This may occur in cells that are infected by RNA viruses that do 
not contain oncogenes themselves. The viral DNA may be integrated into the 
host genome so that proto-oncogenes become controlled by viral regulatory 
elements. This mechanism is called insertional mutagenesis. Alternatively, 

abnormal proto-oncogene expression may be the result of the transposition 

of genes due to chromosomal translocations, e.g. in human burkitt lymphomas 

with translocation t(8;14) and CML with t(9;22), the c-myc and the c-abl 
proto-oncogenes have been transposed respectively and are abnormally 

expressed (128-131). 

Studies with experimental leukemias (animals) have provided evidence 
that altered responses to HGFs or even loss of susceptibility to exogenous 
growth factors may lead to in vitro immortalization of blood cells and 

subsequently tumor formation. How may hematopoietic cells escape normal 
control of HGFs and become tumorigenic? Several murine growth factor (IL-3, 
GM-CSF or G-CSF) dependent cell lines have been generated following 
infection with retroviruses (132-136). When introduced into syngeneic 
animals these HGF dependent cell lines are not neoplastic. However, these 
cells have undergone at least one step in a cascade that may lead to tumor 
formation, since they have become immortalized in vitro. Immortalized cells 
have partly or completely lost their ability to mature in response to HGFs 

in favor of their selfrenewal capacity in vitro. Subsequent loss of 

exogenous growth factor requirement in vitro usually leads to neoplastic 
growth, i.e. following injection into syngeneic animals. Cells may lose 
their requirement of exogenous growth factors by different mechanisms 
(Table 4): 

- Autocrine stimulation 
Cell lines may become HGF independent by acquiring the ability to produce 
their own growth factor. This may be achieved by: 

- insertional mutagenesis; growth factor genes become controlled by 
viral transcriptional regulators (132,137); 

- introduction of growth factor genes by using retroviral vectors 

(138-141); 
- introduction of v-onc genes, e.g. v-ras or v-mil, that, by yet unknown 

mechanisms, may activate growth factor production (142,143). 
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- Activation of intracellular receptors 
Although the RNA messengers for growth factors are demonstrated in 

certain transformed cells that grow autonomously, the factor independent 
growing cells do not produce their own HGFs and are not stimulated by an 

autocrine mechanism (138). A possible explanation for these observations 
is that receptors may be activated by the growth factors intracellularly, 

leading to proliferation independent of exogenous factors. In fact, the 
mechanism of intracellular receptor activation has recently been 
demonstrated (144). Introduction of a gene coding for a modified IL-3 
protein that cannot be excreted renders the cells, of an IL-3 dependent 

cell line, completely factor independent. This suggests that receptors 

are activated before they reach the surface membrane. 

- Altered membrane receptors that are permanently activated 
This mechanism has initially been described for the EGF receptor (120). 
The viral oncogene v-erb codes for a truncated EGF receptor that does not 
need to be activated by EGF, but is permanently turned on. Cells that 
express this structurally abnormal EGF receptor proliferate autonomously. 

Similarly the v-fms oncogene codes for an altered CSF-1 (M-CSF) receptor 

that is permanently activated independent of its ligand (99,121). When 

introduced into factor dependent cell lines, cells are generated that 
proliferate factor independent (145). 

- overexpression of membrane receptors for HGFs 
Certain hematopoietic cell lines that have been transformed by 

retroviruses containing the v-H-ras oncogene are tumorigenic and grow 
factor independent in vitro (146). Although a causal relation with 

tumorigenicity has not been shown, these cell lines express extremely 
high numbers of IL-3, GM-CSF or M-CSF receptors. Similarly, introduction 
of the normal human M-CSF receptor into certain IL-3 dependent cell lines 
results in the generation of factor independent cell lines that are 
tumorigenic and that express extraordinary numbers of M-CSF receptors 

(147). Possibly dimerization of receptors occurs spontaneously in those 
instances due to their high numbers, which results in factor independent 
signalling. 

- Introduction and permanent activation of tyrosine kinases 
M-CSF receptors are tyrosine kinases (99). Following stimulation with its 

ligand, IL-3 receptors and cellular substrates are tyrosine 
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phosphorylated as well (112-114). Receptor growth control may be bypassed 
by the introduction of permanently activated tyrosine kinases, such as 
v-src (148), v-abl (149,150) or v-trk (114). 

Cell lines that become factor independent give tumors when injected into 

syngeneic animals, whereas the factor dependent control lines are 
nontumorigenic. These results illustrate that tumor formation in these 

experimental leukemias is at least a two-step process, i.e. 1) 
immortalization as a result of insertional mutagenesis, or introduction of 

a certain oncogene and 2) loss of requirement of exogenous growth factors, 
e.g. by introduction or activation of a (proto)oncogene product, expression 
of altered receptors, overexpression of receptors or induction of an 
autocrine mechanism (possibly by activation of intracellular receptors). 
The idea that tumorigenesis in mice is indeed a multistep process, is 

confirmed by investigations showing that introduction of IL-3 genes into 

murine bone marrow progenitors renders them autocrine but does not create 
acute leukemias (151). Thus the cells are not immortalized and a second 
event is needed to fully transform these cells. 

TABLE 4. Mechanisms that determine loss of requirement of exogenous HGFs, leading to neoplastic growth 

of HGF dependent nontumorigenic animal cell lines. 

Mechanisms 

- Autocrine stimulation (possibly by activation of 

intracellular receptors) 

- Pemanently activated (mutated) HGF receptors 

- Overexpression of HGF receptors 

- Permanently activated tyrosine kinases 

IL3, GM-CSF 

M-CSF receptor ( fms oncogene) 

IL3, GM-CSF or M-CSF receptors 

v-src, v-abl, v-trk oncogenes 
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Whether the mechanisms of leukemogenesis observed in animals are 

also involved in neoplastic growth of primary human AMLs is largely 

unknown. Detailed insight into the responses of AML cells to growth 

factors, receptor binding studies, investigations of intracellular 

signal transduction pathways following receptor activation, e.g. 

phosphorylation of HGF receptors and of cellular substrates should 

provide information about the mechanisms that may determine 

neoplastic growth of AML. The studies presented in this thesis deal 

with a detailed analysis of the growth factor responses of AML cells 

in vitro (Chapters 4-9). Since loss of exogenous growth factor 

requirement is an important feature of experimental leukemias, it is 

investigated whether in certain cases of human AML the cells 

proliferate independent of HGFs as well (Chapter 5). In Chapter 10 it 

is studied whether spontaneous proliferation of AML cells, which is 

evident in approximately 50% of the cases as determined in a 3 H-TdR 

uptake assay (Chapter 5) , can be attributed to autocrine stimulation 

or to non-autocrine autonomous growth of the cells. 
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1.9. Introduction to the experimental work 

The studies presented in this thesis deal with characteristics of primary 

human AML cells in vitro. The first experiments are concerned with the 

phenotypic characterization of AML subsets capable of proliferation in 
vitro. The expression of ~-L-fucose, determined by the fucose binding 

lectin Ulex europaeus agglutinin (UEA) (Chapter 2), CD34 (MylO or BIC3-5) 

and CDw65 (Vim-2) (Chapter 3) on AML progenitor cells (AML-CFU) was 

studied. The presence of these markers on AMi-crus was compared with 
surface marker expression-on normal bone marrow progenitor cells (CFU-GEMM, 

CFU-GM and BFU-e). These studies were carried out with the purpose to 

define discrepancies between normal CFUs and AML-CFUs, which could be of 

use in the diagnosis of AML, in particular for the detection of minimal 

numbers of AML cells in remission bone marrow. To verify the utility of 

phenotypic differences for the detection of minimal residual disease, 

experiments were carried out to trace low numbers of AML cells in 

artificial mixtures with normal marrow cells. In Chapter 4 it was 

investigated whether IL-3, GM-CSF and G-CSF can replace feeder leukocytes 

in the PHA leukocyte feeder assay ( PHA 1. f. ) and stimulate AML-CFU 
proliferation. In a subsequent study (Chapter 5), a ser~free culture 

method is introduced and the role of the five HGFs, IL-3, GM-CSF, G-CSF, 

M-CSF and Epa in the growth of AML was investigated. These experiments were 
conducted with single as well as combined factors in colony cultures 

(methylcellulose) and in suspension cultures (3 H-TdR incorporation). The 

ability of these factors to induce maturation of AML cells in vitro was 

examined in the study presented in Chapter 6. In Chapter 

described as an inhibitor of hematopoietic cell 

investigated. The effects of TNF on factor dependent 

7 the role of TNF, 

growth ( 92) , was 

proliferation was 
assessed serum-free for each of the growth factors, IL-3, GM-CSF, G-CSF and 

M-CSF. In Chapters 8 and 9 the role of IL-l, initially also designated 

hemopoietin-1 and an inducer of growth factor production (68-74) was 

investigated. It was studied whether IL-l could stimulate AML proliferation 

and if so, whether the stimulatory effects of IL-l were direct or mediated 

through the induction of GM-CSF (Chapter 8) or TNF production (Chapter 9) 
by AML blasts. While it appears from the results of these experiments that 

autocrine growth in AML may be regulated by IL-l, in certain other cases 
leukemic blast cells may produce their own HGFs constitutively, i.e. 

nonregulated (152-154). Therefore, in Chapter 10 a comparative analysis of 

IL-l regulated and spontaneous growth of AML cells was performed. It was 
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investigated which endogenously produced HGFs are involved in IL-l 
stimulated and spontaneous proliferation of AML blasts. It was also studied 

whether non-autocrine autonomous growth may occur in certain cases of AML. 
Several aspects of growth activation of AML cells are discussed in Chapter 

11. 
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Fucose Binding Lectin for Characterizing 
Acute Myeloid Leukemia Progenitor Cells 

By Ruud Delwel, lvo Touw, Freek Bot, and Bob Lowenberg 

The reactivity of acute myeloid leukemia cells (AML) was 
determined in 29 patients using the fucose binding lectin 
U/ex europaeus agglutinin (UEA) as surface marker. We 
show a marked heterogeneity in the UEA-binding abilities 
of the cells in these patients as determined by fluorescence 
analysis of the blasts labeled with the UEA coupled to the 
fluorescent molecule FITC. The results suggest a correla
tion between the capability of AML blast cells to bind UEA 
and cytologic maturation, because in 1 of 1 0 M1, 3 of 8 M2, 
6 of 8 M4, and 1 of 3 M5 cytology types UEA binding to the 
leukemic cells was apparent. In 13 cases, the cells gave rise 
to colonies in vitro. The amount of UEA binding to AML 
colony-forming cells (AMLcCFU) was determined by cell 
sorting and subsequent colony culture of UEA-negative, 
intermediately positive, and highly fluorescent cells. AML-

SEVERAL STUDIES have dealt with the detailed pheno
typing of acute myeloid leukemia colony-forming cells 

(AML-CFU) in relation to normal bone marrow colony 
formers (CFU-GM, CFU-GEMM).1

-
3 The results of those 

studies indicate that AML-CFU can be recognized as the 
leukemic counterparts of normal hematopoietic progenitor 
cells. These investigations were performed with monoclonal 
antibodies, which have become the most common tools to 
identify surface phenotypes_4-14 

Lectins may also be of value to detect surface antigens. 
For example, the fucose-binding lectin from Lotus tetragon
olobus (FBL-L) has been shown to react with human 
myeloid cells.15

-
18 The amount of cellular binding of the 

lectin increases progressively from myeloblasts toward 
mature granulocytes; monocytes show intermediate reactivi
ty. CFU-GM mainly belong to the low FBL-L-binding bone 
marrow fraction. No information exists on the usefulness of 
the lectin for analysis of AML-CFU. 

In the present study, we labeled AML blasts with the 
fucose binding lectin (FBL) Ulex europaeus agglutinin 
coupled to fluorescein-isothiocyanate (UEA-FITC) to deter
mine whether UEA-binding to AML-CFU is different from 
that of normal CFU-GM and CFU-GEMM. We also com
pared UEA binding patterns of AML-CFU with that of the 
total AML blast population and with morphological classifi
cation of AML according to the criteria of the French
American-British (FAB) group." 

It is shown that: (a) in certain cases, UEA binding to 
AML-CFU is markedly discrepant from that of normal 
CFU-GM and CFU-GEMM; (b) binding patterns of AML
CFU can be distinguished from those of total blast popula
tions; and (c) UEA binding capacity of AML-CFU is 
positively correlated to cytologic (F AB) maturation. 

MATERIALS AND METHODS 

Cell separation. Cells from 29 patients with newly diagnosed 
AML and from three subjects without hematological disease were 
studied. AML cytology was classified according to the FAB crite
ria.19 All individuals had given consent to donate bone marrow. 
AML blasts from bone marrow or peripheral blood were separated 
to >97% purity following discontinuous bovine serum albumin 

CFU from none of the four patients with M1 cytology were 
UEA positive, whereas they showed intense reactivity with 
the lectin in 1 of 4 cases with M2 cytology and in all 4 cases 
of M4. In these five cases with strongly UEA positive 
AML-CFU, the fluorescence distribution of the colony form
ers differed from that of the total leukemia population, 
indicating that AML-CFU represent a subpopulation of AML 
cells with specific UEA-binding properties. Normal bone 
marrow myeloid and multipotential colony-forming cells 
(CFU-GM, CFU-GEMM) showed low or no binding of UEA. 
UEA-FITC appears a useful reagent for membrane analysis 
of AML-CFU. In certain cases, UEA-FITC labeling may be 
applied to discriminate AML-CFU from normal hemato
poietic progenitors. 
<> 1986 by Grune & Stratton, Inc. 

(BSA) density fractionation and E rosette sedimentation.' .. " The 
cells were then cryopreserved in aliquots of 30 x I 06 cells in 7.5% 
dimethyl sulfoxide (DMSO) and 20% fetal calf serum (FCS) using a 
controlled freezing apparatus and storage in liquid nitrogen as 
described.23 Normal bone marrow cells were recovered from the 
interface after Ficoll-Isopaque centrifugation.24 

Colony cultures for AML-CFU, CFU-GM, and CFU
GEMM. Colonies from AML cells were cultured in the PHA
Ieukocyte feeder (PHA-LF) system.20~1~5 Colonies in this system 
from purified blasts are always of leukemic nature as indicated by 
morphology, immunophenotypes,5 and cytogenetic markers.20

•
21

•
25 

Myeloid colonies (CFU-GM) from normal marrow were grown in a 
semisolid culture containing human placenta conditioned medium 
(HPCM; 20% voljvol) as a source of colony-stimulating factor 
(CSF).26'27 

Mixed colonies (CFU-GEMM) were grown as described by 
Fauser and Messner with slight modifications." Normal bone mar
row cells were cultured in a 1-mL mixture-of Iscove's modified 
Dulbecco's medium (IMDM, GIBCO, Gent, Belgium), 1.1% meth
ylcellulose, 30% autologous heparinized plasma, 7.5% of a medium 
conditioned by leukocytes in the presence of I% PHA (PHA-LCM), 
1 U sheep erythropoietin per milliliter (step III, Connaught, Willow
dale, Ontario, Canada), BSA, transferrin, lecithin, sodium selenite, 
and 2-mercapto-ethanol. Dishes were incubated at 37 oc and 100% 
humidity in an environment of 5% C02 in air. Colonies were scored 
at day 15. Mixed colonies were defined as containing red hemoglo
binized cells plus at least 5% nonhemoglobinized translucent cells of 
various sizes. Disputable mixed colonies were always verified cytolo
gically after they were lifted off the plate with a fine-drawn Pasteur 
pipette. 

Labeling of cells with UEA-FITC and FACS. AML blast cells 
or bone marrow nucleated cells were suspended in phosphate
buffered saline (PBS) containing 5% FCS at a cell concentration of 
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2 x 107 cellsjmL. The suspension was incubated for 30 minutes at 
4 oc with 20 ~tL ofUEA-FITC (Polysciences Inc, Warrington, Pa). 
The cells were then washed three times with PBS and resuspended in 
PBS with 5% FCS at a cell concentration of 2 x 106 cells per 
milliliter. Cell sorting was performed on a FACS 440 (Becton 
Dickinson, Sunnyvale, Calif). Excitation was performed with the 
laser at 488 nm (0.4 W). For the fluorescence measurements, a 
530/30 band pass filter was used. The instrument was calibrated 
with fluorescent standard beads (1.0 ~tm and 2.83 ~tm in diameter) 
(Polysciences Inc). 

Dead cells among the leukemic population were excluded from 
analysis by elevating the threshold level of the forward light scatter. 
Fractions of different fluorescence intensity were sorted following a 
sterile procedure and plated separately in colony culture for deter
mining the number of colony-forming cells as a function of the 
amount of UEA binding. Usually, between 1.5 to 3.0 x I 05 cells per 
fraction were collected. Sorting rate was between 1,500 and 2,000 
cellsjsecond. Data analysis was performed using a Hewlett Packard 
86B system. 

May-Grunwald-Giernsa staining. After FACS, normal bone 
marrow cells or peripheral blood cells were suspended in 50% FCS in 
PBS ( 4 x I 05 cells in 0.1 mL) and centrifuged onto clean glass slides 
(500 rpm for 5 minutes). The slides were air dried and, after fixation 
in methanol (1 V2 minutes), they were stained with May-Griinwald's 
solution for 3 minutes and then counterstained with 4% (volfvol) 
Giemsa in PBS. Slides were then washed and air dried. Differential 
counts were performed at x 1,000 magnification under oil. counting 
250 cells. 

RESULTS 

UEA-binding to AML-blasts and AML progeni
tors. The reactivity of purified AML cells to the fluores
cent FBL (UEA-FITC) was studied. In II of 29 cases, the 
AML blasts reacted with the lectin (Table 1). The data are 
indicative of a correlation between the binding of UEA and 
morphologic maturation of AML cells according to the FAB 
classification. The blasts of only I of I 0 patients with 
AML-Ml cytology were UEA reactive, whereas in 3 of 8 
cases of AML-M2, 6 of 8 AML-M4, and I of 3 AML M5, 
the cells showed significant UEA binding. 

Of the complete series of patients, in 13 cases the cells 
were capable of giving rise to colonies in vitro. To determine 
the quantitative level of surface binding of UEA-FITC to 
AML-CFU, cells were sorted into separate fractions of 
varying fluorescence intensity and seeded into PHA-LF. 
AML-CFU from subjects with a relatively undifferentiated 

Table 1. Binding of UEA-FITC in Relation to FAB 

Classification of AML 

Classification• UEA Negative UEA Positivet 

M1 In~ 101 9 1 
M2 In~ 81 5 3 
M4 In~ 81 2 6 
M5 In~ 31 2 
Total N ~ 29 18 11 

UEA, U/ex europaeus agglutinin; AML, acute myelogenous leukemia. 

*Morphologic subtypes based on the classification of the French

American-British (FAB) Cooperative Group. 19 

tOt the 11 UEA-positive cases, 100% of the cells were UEA reactive 
in 7 patients (1 M1, 2M2, 4 M4), and 15% to 20% of the cells reacted 

with the lectin in the other 4 cases 11 M2, 2 M4, 1 M5). 

AML morphology, ie, all four Ml cases, showed no or 
minimal capacity for UEA-binding (Table 2), whereas AML 
precursor cells from one of four patients with M2 and four of 
four patients with M4 cytology exhibited high UEA binding. 
The colony formers of the single patient with acute mono
blast leukemia (M5) did not bind detectable UEA to their 
surface. In Fig I, four typical examples are given of the 
fluorescence distribution profiles of AML blast cells and 
AML-CFU. The cells from three patients also formed colo
nies in the other culture system, ie, with HPCM as stimula
tor. The distributions of AML-CFU as assessed in these 
cultures were found to be identical to those of AML-CFU 
grown in the PHA-LF method (data not shown). 

UEA binding to normal bone marrow cells, CFU-GM, and 
CFU-GEMM. For comparison, the UEA-binding proper
ties of normal marrow cells, CFU-GM and CFU-GEMM 
were determined. Figure 2 gives an example of the UEA
FITC fluorescence distribution of Ficoll-separated normal 
marrow cells and CFU-GM. CFU-GEMM, not plotted, 
showed essentially identical UEA binding properties as 
CFU-GM. It is evident from this and the data from the 
separate experiments shown in Table 2 that low amounts of 
UEA-FITC bind to the cell surface of normal CFU-GM and 
CFU-GEMM. 

Table 2. Distribution of Nucleated Cells, AML-CFU. CFU-GM. and 

CFU-GEMM Relative to the Amount of UEA Binding 

UEA Negative UEA Weakly UEAStrongly 

l-It Positive (+):t Positive ( + + )§ 

Nucleated CFU Nucleated CFU Nucleated CFU 
Patient FAB* Cells(%) (%) Cells(%) (%) Cells(%) 1%1 

M1 100 100 0 0 0 0 
2 M1 95 100 4 0 0 
3 M1 97 100 2 0 0 
4 M1 97 100 2 0 0 
5 M2 91 100 8 0 1 0 

M2[[ 26 54 53 46 21 0 
7 M2 94 100 6 0 0 0 
8 M2 39 18 27 26 34 56 
9 M4 22 10 45 18 33 72 

10 M4 24 8 21 29 55 63 
11 M4 13 0 33 20 54 80 
12 M4 49 5 33 33 18 63 
13 M5 98 100 2 0 0 0 

Normal BM CFU-GM~ 64 51 16 46 14 3 
Normal BM CFU-GM# 54 26 36 66 15 8 
Normal BM CFU-GM 49 44 30 52 21 4 
Normal BM CFU-GEMM 49 13 30 80 21 7 
Normal BM CFU-GEMM 62 29 17 57 21 14 

Abbreviations as in Table 1. BM, bone marrow. 

Percentage of total recovered(%). 
*Classification according to the FAB nomenclature. 19 

tNegative fluorescence (log scale); channel 0~90. 

;tWeakly positive fluorescence; channel 91-130. 
§Strongly positive fluorescence; channel 131-255. 

[[Channel numbers of sorted fractions: I0-90), 191-1261. 1127-
255). 

~Channel numbers of sorted fractions: (0-90). 191-142), (143-
255). 

#Channel numbers of sorted fractions: (0-90). (91-147). (148-
255). 
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Fig 1. Distribution of acute myelogenous leukemia (AML) 
blast cells (--) and AML-CFU ( ~·) as a function of the fluores
cence intensity following Ulex europaeus agglutinin {UEA)-FITC 
labeling (four representative profiles). Fractions: 0 through 90; 91 
through 110; 111 through 130; 131 through 150; 151 through 170; 
and 171 through 255. (A) Patient 4 (FAB-M1 ): AML blasts and 
AML-CFU are UEA negative. (B) Patient 11 (FAB-M4): heteroge
neous quantities of UEA are bound to AML blasts. AML-CFU are 
recovered from the blast cell fraction, intensively reactive with 
UEA. (C) Patient 8 (FAB-M2): broad peak of UEA binding indicat
ing cellular heterogeneity. Most AML-CFU are UEA reactive. (D) 
Patient 12 (FAB-M4): most AML blasts are weakly UEA positive, 
but most AML-CFU are selectively recovered from the strongly 
UEA-positive subpopulation. 

In addition, the relative density of UEA binding of 
different marrow cells was determined following cell sorting 
and subsequent differential counting of the smear (Table 3). 
Nucleated red cells were highly reactive with the lectin, 
whereas >50% of the monocytes showed intermediate to 
strong UEA binding. Only part of the promyelocytes/ 
myelocytes were weakly UEA positive. All other cell types 
were found in the negative fraction. Peripheral blood mono
cytes and most of the eosinophils showed high UEA reactiv
ity whereas neutrophilic granulocytes were intermediately 

Table 3. UEA-FITC Binding of Normal Bone Marrow Cells 

Percentage of Recovery of Different Cell Types as a 

Fraction• 
Function of UEA-Binding Intensity 

(Cell Type) 4 Total 

Myeloblasts 70 27 0 0 0 3 0 100 (6)t 
Promyelocytes, 

myelocytes 59 37 0 100 (13) 
Metamyelocytes, 

polymorphs 93 5 0 1 0 0 100 (10) 

Monocytes 40 10 16 15 10 6 3 100 (8) 

Nucleated 

red cells 0 0 0 10 88 100(<1) 

Lymphocytes 97 3 0 0 0 0 0 100 (64) 

UEA, U/ex europaeus agglutinin. 

* Ficoll-separated bone marrow nucleated cells were sorted into 

fractions on the basis of Ulex europaeus (UEA)-FITC fluorescence 

intensity. Channel numbers of sorted fractions: fraction 1 (0-90, nega

tive). 2 (91-110). 3 (111-130), 4 (131-150). 5 (151-170), 6 
(171-190). and 7 (191-255, strongly positive). 

tTotal of each cell type was set at 100%. Recoveries of different cell 

types from Ficoll-separated marrow are indicated in parentheses. 

positive for UEA. Basophilic granulocytes were equally 
distributed; lymphocytes were UEA negative. 

DlSCUSSlON 

In this study, we examined the reactivity of the UEA to 
AML blast cells and AML-CFU. The findings were related 
to the maturation stage of AML (FAB) and to UEA 
reactivity of normal bone marrow nucleated cells, CFU-GM 
and CFU-GEMM. Lectin binding to the surface of AML 
blast cells among the patients (N - 29) showed considerable 
variability. The cell samples from 18 patients were UEA 
negative; the blasts from II patients were UEA positive. 
Fluorescence histograms indicate that UEA reactivity is 
heterogeneously distributed among blasts, indicating subsets 
with relatively low and high UEA surface binding. 

Although the number of cases was limited, a correlation is 
suggested as regards the capacity of the cells to bind UEA 
and their morphology. The M 1 cases with one exception were 
negative, whereas cells from three of eight M2 cases and six 
of eight M 4 cases reacted with the lectin. The cells from one 
of three cases of an acute monoblastic leukemia (M5), 
showed UEA reactivity. The data are compatible with the 
results from investigations with FBL-L?' In the latter stud
ies, it was demonstrated that 5 of 6 M4 cases and the I M2 
case reacted with this FBL-L, whereas their 1 M5 case was 
FBL-L negative. No AML cells classified as Ml were 
examined in that particular study. FBL-L and UEA are both 
reactive with a-L fucose. UEA can be washed from the cells 
with this sugar (data not shown). The reactivity of the two 
lectins, however, differs somewhat. FBL-L has a higher 
binding capacity for granulocytes than for monocytes. 1

6-
18 

Our results show the opposite for UEA, ie, intense binding to 
monocytes and an intermediate binding to neutrophilic gran
ulocytes. Studies in larger numbers of patients appear of 
interest in order to evaluate the usefulness of UEA as a 
reagent in the classification of AML. 

The fluorescence histograms shown in Table I reveal three 
discrete types of reactivity among the leukemias: a group of 
cases of fully UEA-negative AML (N - 18), a second group 
of AML containing -20% UEA-positive cells (N = 4) and a 

Table 4. UEA-FITC Binding to Peripheral Blood Cells 

Percentage of Recovery of Different Cell Types as a 

Fraction• Function of UEA Binding Intensity 

(CeiiType) 2 4 Total 

Neutrophils 13 44 25 7 11 100 (87lt 
Basophils 2 2 13 27 56 100 (6) 
Eosinophils 15 14 19 20 32 100 (1) 
Monocytes 1 4 21 31 43 100 (1) 
Lymphocytes 86 7 1 2 4 100 (5) 

UEA, Ulex europaeus agglutinin. 

*Methylcellulose sedimented peripheral blood nucleated cells were 

sorted into fractions on the basis of UEA-FITC fluorescence intensity. 

Channel numbers of sorted fractions: fraction 1 {0-90, negative), 2 

(91-110). 3 (111-130), 4 (131-150). and 5 (151-255, strongly 
positive). 

tTotal of each cell type was set at 100%. Recoveries of different cell 

types from methylcellulose sedimented blood are indicated in paren

theses. 
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Fig 2. Distribution of normal bone marrow nucleated cells and 
CFU-GM as a function of fluorescence intensity following Ulex 
europaeus agglutinin (UEA)-FITC labeling. Fractions: 0 through 90; 
91 through 110; 111 through 130; 131 through 150; and 151 
through 255. 

third series of seven cases, in which I 00% of the cells reacted 
with the lectin. Because we had no sufficient cell material to 
study colony growth among cases of each of these three 
groups, we were not able to correlate these classes to colony
forming abilities or AML-CFU phenotypes. However, it 
appeared that of the fully UEA-positive AML cases with 
colony growth, the majority of the AML-CFU were recov
ered from the UEA weakly positive fraction in one case and, 
in the other 5 cases, from the UEA strongly positive 
fraction. 

Sorting experiments using UEA-FITC fluorescence show 
that in several cases AML-CFU can be recognized as a 
subgroup of cells with specific lectin-binding properties. This 
is consistent with the results of immunophenotyping, which 
have indicated that AML-CFU are frequently different from 
the total AML population in their antigenic cell surface 
profile.'·J2.J3 

The relation between UEA binding and FAB categories 
holds up when binding is expressed for the AML-CFU 
subpopulation. In 4 Ml cases, UEA binding to AML-CFU 

was low (Table 2), whereas in I of 4 M2 and 4 of 4 M4 
patients, a high level of UEA binding sites was demonstrated 
on the cell membrane. Variations in the expression of mem
brane antigens of AML-CFU have been noticed by different 
groups. 12-14 Correlations between immunophenotypes of 
AML-CFU and AML cytology have been established but 
have provided controversial results. On the basis of the 
antigenic cell surface structure, Lange and co-workers classi
fied AML-CFU as counterparts of the in vitro multipotential 
stem cell (CFU-GEMM), "early" CFU-GM or "late" CFU
GM. These investigators did not find a correlation with FAB 
classification of AML cells.1 However, using another panel 
of monoclonal antibodies, Sabbath and colleagues concluded 
that the antigenic makeup of AML-CFU tended to correlate 
with the maturation stage of the cells.2 We demonstrate that 
CFU-GM and CFU-GEMM were generally UEA negative 
or weakly positive. We suggest that AML-CFU with little 
UEA reactivity are generally of a more immature phenotype, 
whereas AML-CFU with high binding capacities are more 
differentiated into monocytic directions. 

Morstyn and colleagues have shown that early as well as 
late CFU-GM have low affinity for FBL-L.18 In our studies, 
AML-CFU in 5 patients (I AML-M2, 4 AML-M4) showed 
high reactivity with the lectin UEA and, in 8 cases, AML
CFU were recovered from the UEA low-reactive or negative 
fractions. It is possible that the discrepant UEA-binding 
capacities of AML-CFU and normal colony formers can be 
exploited in certain cases for recognizing AML clonogenic 
cells in the bone marrow during complete remission. 
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Previous studies have shown that the phenotypes of progeni
tors of human AML (AML-CFU) are variable, reflecting arrests 
at different stages of maturation. We were interested to seek 
discrepancies between the surface properties of AML precur
sors and normal bone marrow colony formers in order to detect 
minimal numbers of AML cells among normal bone marrow cells 
in remission bone marrow. Therefore, we selected two surface 
markers, the MoAb CD34, reactive with blast cells, and Vim-2, 
a surface marker reactive with mature myeloid cells, and de
termined the antigen density of these markers (relative fluores
cence intensity using fluorescence-activated cell sorting) for 
normal marrow and AML progenitors. While these markers de
fined an identical phenotype (CD34 + + /Vim-2-1+) for a broad 
spectrum of normal progenitors, i.e., CFU-GEMM, BFU-e, day 
15 CFU-GM, and day 7 CFU-GM, referred to as the "normal" 
progenitor phenotype, AML progenitors frequently exhibited dif
ferent phenotypes. In 12 of 20 cases the phenotypes of the 
majority of AML progenitors were discrepant from the normal 
surface profile, i.e., according to one marker in 8 cases (CD34 -; 
+fVim-2-1+ or CD34++tvim-2++j and two markers in 4 cases 
(CD34 -r+ /Vim-2+ +).Since these data indicate that AML and nor
mal progenitors were frequently distinguishable, we then de
termined the potential utility of these phenotypic dissimilarities 
for detection of minimal disease. Artificial mixtures of normal 
bone marrow and minimal numbers (0.1-1%) of AMLcellswere 
prepared. Based upon the phenotypic discrepancies, AML me
taphases were successfully demonstrated in these mixtures fol
lowing cell sorting and culture. Thus, it appears that minimal 
numbers of AML mitoses can be identified with an approximate 
10-2 to 10-3 sensitivity by taking advantage of differential 
coexpression of surface antigens. 

INTRODUCTION 

TN AML a minor population of the blasts is capable of colony 
J. formation in vitro. It is likely that these colony-forming cells 
(AML-CFU) represent cells which contribute to the growth of 
AMLin vivo (1-4). Antigenic differences in the cell surface 
distinguish AML-CFU from the ·nonproliferating AML cell 
compartment (3-9). Moreover, immunophenotyping has re
vealed that the phenotypes of AML-CFU vary among individual 
patients. This heterogeneity reflects the diversity of normal 
hematopoietic progenitor cells as a function of maturity (7. 8). 
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Thus, AML-CFU correlate with either the "late" CFU-GM 
(day 7), the "early" CFU-GM (day 14), or the multipotential 
precursors CFU-GEMM and appear to represent the neoplastic 
equivalents of different normal bone marrow progenitor cells. 

In the present study we have searched for surface phenotypes 
of AML progenitors which are distinct from those of normal 
hematopoietic precursors, with the purpose of using these 
phenotypic discrepancies in the detection of minimal residual 
disease. AML and normal bone marrow progenitors were phe
notyped by flow cytometry, cell sorting, and culture, using two 
MoAbs, CD34, which particularly reacts with immature mar
row cells (10-12), and Vim-2, which is reactive with mature 
cells of the myeloid lineage (13, 14). When phenotypic dis
crepancies between normal and leukemic progenitors were ev
ident, we investigated whether these differences could be used 
in the detection of minimal residual disease and examined ar
tificial mixtures of AML and normal bone marrow following 
cell sorting. 

MATERIALS AND METHODS 

Cell Isolation. AML cells were isolated from bone marrow and 
peripheral blood by BSA density gradient centrifugation. followed by 
an E-rosette Ficoll sedimentation to remove T cells (15, 16). The 
percentage of E-positive cells was always reduced to less than I% 
(200 cells counted). The cells were then cryopreserved and stored in 
liquid nitrogen (9). Normal bone marrow cells were recovered from 
the interface after Ficoll-Isopaque gradient centrifugation (17). All 
individuals had given consent to donate bone marrow and blood. 

Culture Systems. AML cells were cultured in the PHA-leukocyte 
feeder assay (15, 18. 19). Normal bone marrow colony-forming cells, 
i.e, CFU-GEMM (erythroid, myelomonocytic, and megakaryocytic), 
"early" CFU-GM (myelomonocytic), and BFU-e (erythroid) were 
grown simultaneously in culture system described by Fauser and Mes
sner (20), with slight modifications (9). Normal bone marrow "late" 
CFU-GM were determined in triplicate in semisolid culture containing 
human placental conditioned medium (30%. v/v) as the source of 
colony-stimulating factors (21, 22) and scored at day 7 of culture. 

Tritiated thymidine incorporation was determined essentially as de
scribed (23). A total of 3 X 104 cells or the representative fractions 
sorted were cultured in 100 J.Ll a-medium containing 10% FCS and 
10% PHA-leukocyte conditioned medium, in 96-well round-bottom 
microtiter trays (Greiner, Nurtringen, FRG) for 90 and 180 hr. Sixteen 
hours before harvesting, 0.1 J.LCi [3H]TdR (2 Ci/mmol; Amersham, 
U.K.) was added. All experiments were performed in triplicate, and 
data are expressed as means ± SD. Pre-irradiated (30 Gy) AML cells 
were run as controls to assess the background [3H]TdR incorporation. 

Mixtures of AML and normal bone marrow cells were cultured in 
a suspension of a-medium (Gibco; Paisly, U.K.) containing 10% GCT 
conditioned medium (Gibco) as a source of colony-stimulating factors. 
Metaphases were harvested after 3-6 days of culture. 

MoAbs. The MoAb CD34 (lgGI, My-10) reacts with a surface 
antigen present on blast cells in normal marrow including the in vitro 
colony-forming cells CFU-GEMM. CFU-GM, and BFU-e and was 
provided by Dr. C. I. Civin (Johns Hopkins University School of 
Medicine, Baltimore, MD) (10, II). Another CD34, MoAB BI3C5 
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(12) (lgGL Sera Lab, Crawley Down, U.K.) was used in the double 
labeling experiments. Vim-2 (lgM), kindly donated by Dr. W. Knapp 
(Institute of Immunology. University of Vienna. Vienna. Austria). 
reacts with monocytes and gmnulocytic cells more mature than "early" 
CFU-GM (13, 14). 

Labeling t~f the Cells with Fluorescent Markers and FACS. Cells 
were labeled with the MoAbs and with the second step reagent GAM
F!TC (Nordic, Tilburg. The Netherlands) as described (3, 4). Follow
ing incubation. the cells were washed three times in PBS plus I% 
BSA. FACS was performed on aFACS 440 (Becton Dickinson. Moun
tain View. CA). Cells were suspended in PBS plus 5% FCS at a cell 
concentration of 2 x 10° cells/mi. After the instrument had been 
calibrated with 1.0- and 2.83-fl,m-diameter fluorescent standard beads 
(Polysciences Inc.). cells were analyzed and subsequently sorted into 
fractions of different fluorescence intensity. 

Dual labeling was performed following incubation with CD34 and 
Vim-2 biotin. In a second incubation the cells were labeled with avidin
phycoerythrin (20 fl.l/10" cells) (Becton Dickinson) and fmally with 
GAM-FITC (lgG I specific: Nordic: 1/40). As controls, cells were 
incubated with CD34 alone. Yim-2 biotin alone. or without antibodies. 
Always in these control groups the cells were incubated with avidin
phycoerythrin and GAM-FITC (!gG!). 

Biotinylation of Vim-2 was perfonned in 0.2 M borate buffer, pH 
8.5. A 1-ml disposable syringe was filled with Sephadex G25 (Phar
macia. Uppsala, Sweden) in borate buffer. Glass-wool was used to 
plug the bottom hole of the syringe. The syringe was placed in a 50-
ml Falcon tube (Becton Dickinson) and then centrifugated for I min 
at 700 x g. to settle the gel. A !00-fl,l sample. containing I mg/ml 
protein. was applied on top of the gel and the syringe. placed in a 
second 50-ml tube. and centrifuged again. The sample was collected 
and the MoAb was biotinylated following the addition of 10 fLI (I mg/ 
ml) N-hydroxysuccinimidobiotin (Sigma, St. Louis, MO) in dimethyl 
sulfoxide and gently stirring for 3 hr at room temperature. Excess N
hydroxysuccinimidobiotin was removed by centrifugation as described 
above. but with Sephadex G25 in PBS. 

Cytogenetic Analysis. After 3 to 5 days in culture the meta phases 
were harvested according to standard techniques on glass slides (24). 
The spread metaphases were stained with I mg Atebrin (BDH Chem
icals, Poole, U.K.) in 100 ml ethanol, and the male/female ratio of 
metaphascs was determined. 

RESULTS 

Swface Markers on AML Progenitors and Normal Hema
topoietic Colony-forming Celis, CFU-GEMM, CFU-GM 
("Early" and "Late"), and BFU-e. Samples of 20 patients 
with AML were tested for in vitro growth in the PHA-Ieukocyte 
feeder system (Table I). Colony numbers ranged from 27 to 
1074 (mean 21 0) per 105 cells. The presence of CD34 and 
Yim-2 antigens on the surface of AML cells was then deter
mined by flow cytometric analysis. Frequently, the fluores
cence distributions of the negative and the positive populations 
overlapped (Figs. I, B and C, and 2, B and C), so that an 
absolute separation between negative and positive cells was not 
possible. Therefore. we determined the relative marker density 
expressed on the surface of AML precursors and normal bone 
marrow progenitors. The strongly positive ( + +) cells were 
separated from negative/weakly reactive (-I+) cells by sort
ing according to fluorescence intensity. The recoveries of pro
genitor cells in CD34 strongly positive ( + +)and Yim-2 strongly 
positive ( + +) fractions for all 20 cases of AML and 2 normal 
bone marrow samples are collected in Table I. Normal CFU
GEMM, CFU-GM. and BFU-e expressed CD34 antigens at an 
intense density (Fig. 10). Similarly, in 15 cases the majority 
of AML-CFU were strongly positive for CD34 (Fig. !C). In 

Table 1. Percentage Distribution of AML Precursors and Normal Bone 
Marrow Colony~forming Cells with Intense Surface Marker Expression 

AML 
Colonies Percentage Recovery in Strongly 

Patient FAB" per 10s Positive ( + +) Fractions 
Cells CD34 V!m-2 

1 M2 1074 100 0 
2 M4 67 100 31 
3 M4 269 63 18 
4 M4 115 80 38 
5 M4 27 100 61 
6 M2 127 99 82 
7 M1 122 96 64 
8 M1 179 67 80 
9 M1 64 100 98 

10 M2 40 100 54 
11 M1 780 63 52 
12 M4 212 a 56 
13 M5 306 100 
14 M2 123 56 
15 M1 50 55 
16 M4 29 3 
17 M1 33 68 0 
18 M2 439 100 0 
19 M2 54 100 2 
20 M1 91 76 4 
Normal marrow Donor 1 7 87 
CFU-GEMM Donor 2 9 100 

"early" CFU-GM Donor 1 74 87 0 
Donor 2 129 92 0 

"late" CFU-GM Donor 1 29 70 22 
Donor 2 42 88 12 

BFU-e Donor 1 42 88 0 
Donor 2 408 92 0 

The percentage of AML precursors with strong marker reactivity ( + +)based 
on fluorescence intensity were determined (upper section). Cells were sorted 
into strongly positive ( + +) versus weakly positive ( +) plus negative (-) 
fractions and then cultured. The recoveries of AML-CFU in the strongly positive 
fractions, expressed as the percentages of the total sorted ( -/ + and + +; 
1 aa%) AML-CFU, are presented. The results of experiments with normal mar
row are presented in the lower part of the table. The distributions of colony
forming cells among antigen~positive cells of donors 1 and 2, as given in the 
lower section, are representative of five individual experiments with normal 
bone marrow which gave similar results. Boxes indicate marker expressions 
of AML precursors different from normal marrow progenitors. The results are 
based on two experiments in 1 a cases and one experiment in the other 1 a 
cases. The fluorescence channels of the strongly positive fractions were 1 a5-
255 (CD34) and 110-255 (Vim-2). 

"Cytological classification of AML according to the FAB nomenclature (25, 26). 

4 cases of AML (patients 12, !3, 14. and 15), AML-CFU were 
not recovered from the CD34 + + fraction (Table I: Fig. I, A 
and B). In a fifth case (patient 16), most (i.e., 70%) AML
CFU were CD34 -I+ (Table l). In summary, using CD34 as a 
single marker, AML-CFU were distinguishable from normal 
bone marrow progenitors in 5 of 20 cases by low or negative 
CD34 expression (Table !). It should be noted that these dif
ferences are not absolute, since small proportions of normal 
marrow colony formers were present in the negative or weakly 
positive fractions of normal marrow as well. 

Normal progenitors were predominantly Yim-2- 1+ (Table I, 
Fig. 20). Sorting and culture of AML cells revealed, similarly, 
that in 9 cases of AML, blast progenitors were predominantly 
recovered from the Yim-2- 1+ fraction (Fig. 2. A and B). In 
the other cases the major proportion of AML precursors was 
found in the strongly Yim-2 positive ( + +)fraction (Fig. 2C). 
Thus. in II of 20 cases AML progenitors were distinguishable 
from normal colony-forming cells by intense Vim-2 fluores
cence (Table 1). 
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Figure 1. Fluorescence histograms of AML (3 cases) and normal mar~ 

row {1 case) labeled with anti-CD34. AML {A to C) and normal bone 
marrow cells (D) were labeled with the MoAb CD34 and GAM~FITC (~). 
As controls, cells incubated with GAM-FITC without the MoAb were used 
(-- -). AML cells in A were CD34 negative. The fluorescence profiles 
indicated in B and C reveal that in these cases AML cells were CD34 
positive, but these cells could not be sharply distinguished from CD34-
negative cells. C034 strongly positive cells (fraction 1 05-255), i.e., be
yond the vertical dashed Jines, were sorted and then cultured. The re~ 
coveries (%.)of the progenitors in the latter fraction with highest antigenic 
surface reactivity are indicated. 

AML-CFU were determined in the PHA-leukocyte feeder 
assay because of the low proliferative capacity of AML-CFU 
in semisolid cultures. However. the quantitative analysis of 
colony formation in the PHA-leukocyte feeder assay may be 
hampered to a certain extent by agglutination (27. 28). There
fore, in 7 cases of AML (i.e .. patients 2, 4. 8. 10, 13. 14. and 
15) we also analyzed the proliferative capacities of cells from 
the sorted fractions by radioactive thymidine uptake at day 4 
and day 7 of culture (Table 2). In all cases a significant [3H]TdR 
incorporation in AML cells was evident and the distributions 
of DNA-synthesizing cells. following cell sorting. were similar 
to the distributions of AML-CFU. 

Detection of Leukemic Metaphases in Artificial Mixtures of 
AML and Normal Bone Marrow Cells. We then investigated 
whether these phenotypic discrepancies between AML and nor-
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Figure 2. Fluorescence histograms of AML (3 cases; A to C) and 
normal marrow (1 case; D) labeled with Vim-2. For explanation see Figure 1. 
AML cells in A were Vim-2 negative. The fluorescence profiles of B and 
C reveal that in these cases AML cells were Vim-2 positive, but these 
could not be sharply distinguished from Vim~2 negative AML cells. The 
sorts of strongly positive cells are indicated by the dashed lines at 
channel 11 o. 

mal hematopoietic progenitors could be used to detect minimal 
numbers of AML cells among normal bone marrow. AML cells 
of a male or a female were mixed with normal bone marrow 
cells of the opposite sex in ratios of 1:100, 1:200, or 1:1000. 
Cells were labeled with CD34 (FITC) and Vim-2 biotin (phy
coerythrin), and the desired fractions were sorted (Table 3). 
The sorted cells were cultured for 3 to 6 days with l 0% GCT 
medium and the ratios of AML to normal metaphases (male/ 
female or vice versa) were determined (n = 5 cases). Leu
kemic metaphases could readily be detected following sorting 
and culture of the CD34 -I+ /Vim-2 • +fraction of mixtures with 
AML cells from cases 13. 14, and 15. whereas among the 
unsorted cells no or minimal numbers of leukemic metaphases 
were demonstrated. In cases 8 and 10, leukemic metaphases 
were detected following sorting of the CD34 • + /Vim-2 ++sub
set of cells as well. Although cell sorting increased the ratio 
of AML!normal marrow mitoses in case I 0, cytogenetic anal
ysis of the cultured nonsorted cells of the 1:100 mixture also 
revealed leukemic metaphases. 
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Table 2. Percentage Distribution of [3 H]TdR·incorporating AML Cells with Intense Surface Marker Expression 

Patient 
No. 

Harvested 
at Day 

[3 H]TdR Uptake 
of 

Unsorted Cells11 

Controlb 
Percentage Recovery in Strongly 

Positive ( + +) Fractionsc 

CD34 Vim-2 

AML cells wer~ s~rted (see legend to Table 1) and cultured for 4 or 7 days in the presence of PHA-Ieukocyte conditioned medium (1 0%). NO = not done. 
11The numbers rndrcate dpm x 10- 2 {:::SO) of 3 x 104 cells/well. 
bPre-irradiated cells (3 x 104 ) were cultured as controls in the presence of PHA-Ieukocyte conditioned medium. 
cThe recoveries of [3H]TdR-incorporating AML ceUs in the strongly positive fractions are presented as the percentage of the total sorted ( _ 1 + and + +) fractions 

(100%). 

DISCUSSION 

In the present study we have phenotyped precursor cells in 
20 cases of human AML with the two MoAbs, CD34 and Vim-
2 by FACS and subsequent culture. The proportions of pre
cursor cells with intense or negative/weak antigen expression 
o? their surrace were estimated in order to identify phenotypic 
dtscrepanctes between the main portions of AML and normal 
hematopoietic progenitors. The analysis of the expression of 
membrane surrace antigens revealed that in 12 cases, pheno
types of AML precursor cells differed from those of the ma
jority of normal hematopoietic clonogenic cells. 

Phenotypic heterogeneity of AML precursors using combi
nations of monoclonal antibodies has been reported before (4, 
7, 8). These studies had indicated that the variability of AML
CFU correlates with the phenotypes characteristic of CFU
GEMM, "early" CFU-GM, or "late" CFU-GM (7, 8). Ex
perimental data in support of the existence of AML-CFU pheno
types which deviate from normal, however, have not been 
obtained. That we were able to disclose such dissociations 
between the immunophenotypes of normal marrow and AML 
progenitors is due not only to the fact that we introduced flu-

qrescence intensity as a more refined phenotypic parameter but 
also is due to the choice of two surrace markers which defined 
a constant phenotype for a broad range of normal hematopoietic 
progenitors. The majority of normal marrow progenitors of 
varying lineage commitment and distinct maturity, i.e., CFU
GEMM, BFU-e, and "early" and "late" CFU-GM, all shared 
the CD34 strongly positive ( + + ), Vim-2 negative/weakly 
positive (-I+) phenotype. This common phenotype of norm~! 
marrow precursors served as a standard for demonstrating dif
ferences with AML. 

The data of these investigations provide practical ciues for 
separating AML precursors from the great majority of normal 
precursors for diagnostic purposes. These clues are: CD34 ne
gativity or weak positivity (5 of 20 cases) and Vim-2 strong 
positivity of AML progenitor cells (11 of 20 cases). Thes~ 
markers provide possibilities for separating AML precursors 
from normal hematopoietic progenitors by a single marker in 
8 cases and by 2 discrepant markers in 4 of20 cases (Table 1 ). 
In the latter cases the two markers can be simultaneously ap
plied to separate AML precursors from normal progenitors in 
remission bone marrow. 

Table 3. Recovery of AML Metaphases in Artificial Mixtures of AML Cells and Normal Bone Marrow Cells Following Cell sorting and Cell Culture 

Patient AMUNBM 
Sex 

No. Ratlo11 

8 Male 1:1000 
10 Male 1:100 

1:1000 
13 Male 1:200 

1:1000 
14 Male 1:200' 

1:1000 
15 Female 1:200 

1:1000 

11 NBM - normal bone marrow: NO = not done. 
bTen to 20 x 106 cells were run through the FAGS. 
cone to 2 x 106 cells of the unsorted mixture were cultured. 
dTotal number of metaphases scored. 
aNumber of leukemic metaphases. 

Phenotype 
Sorted 

CD34''1Vim-2" 
CD34 _, !Vim-2" 

CD34- '!Vim-2" 

CD34- '/Vim-2" 

CD34- '!Vim-2" 

Unsorted AML·NBM 
Sorted Fractionb Cell Mixturec 

Number of Metaphases Number of Metaphases 

Totald AML0 Total AML 

22 1 (5%) 202 0(0%) 
31 9(29%) 26 2(8%) 
17 0(0%) 14 0(0%) 
27 7(26%) 18 0(0%) 
23 3(13%) 21 0 (0%) 
65 4(6%) 50 0 (0%) 
90 0 (0%) ND" ND 

106 19 (18%) 45 1 (2%) 
45 5(11%) 45 0 (0%) 

'In this case we also verified the leukemic nature of the metaphases. All the male cells were abnormal (i.e., 50, x:y, + 6,t(9:11), + 13, +21, +22). The fluorescence 
channels of the strongly positive fractions were 1 05-255 (CD34) and 11 0-255 (Vim-2). 
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In addition to colony cultures, similar experiments were con
ducted to assess proliferation by measuring DNA synthesis in 
7 patients, and consistent results were obtained (Table 2). Thus. 
the proliferating AML cells exhibited identical immunopheno
types in both PHA-leukocyte feeder and [3H]TdR uptake as
says. 

To investigate whether the phenotypic discrepancies that ap
peared between normal and leukemic precursors could be em
ployed for detection of a minor AML blast population, we 
conducted sorting experiments with artificial mixtures of AML 
cells and normal bone marrow. It appeared that in mixtures of 
AML and normal marrow (1:100), sorting of AML-prolifer
ating cells which were discrepant from normal by only one 
marker (i.e .. CD34 + + /Vim-2+ +)resulted in an approximately 
4-fold enrichment of leukemic metaphases as compared to un
sorted mixtures in case 10 (Table 3). In case 8 one leukemic 
metaphase was found in a 1:1000 mixture after cell sorting. 
whereas no leukemic mitoses were detected in the unsorted 
mixture. Sorting of AML-proliferating cells from the 
CD34 -!+ /Vim-2+ +phenotype was applied to mixtures of nor
mal marrow and AML cells from three cases (i.e., patients 13, 
14. and!5) and resulted in a high recovery of leukemic me
taphases as compared to unsorted mixtures (Table 3). Thus, 
according to results of the latter experiments, the separation 
based upon two discrepant markers appeared more efficient for 
detecting AML metaphases. The recoveries of AML meta
phases from the 1:1000 sorted fractions in cases 13 and 15 
were nonproportionally high as compared to the 1:200 mixtures 
following cell sorting (Table 3). These differences. however. 
are determined by the scoring of a small number of leukemic 
metaphases. Obviously, to allow for precise quantitation of 
minimal residual tumor loads, greater cell numbers should be 
screened cytogenetically. We believe that the approach outlined 
can be utilized for improved detection of minimal numbers of 
AML-proliferating cells. Previously, we had suggested that the 
lectin Ulex Europaeus agglutinin might also be a useful marker 
for the separation of normal and leukemic progenitor cells (9). 
Investigations of a series of bone marrow samples of AML 
patients in remission are currently in progress to examine whether 
leukemic metaphases can be demonstrated in clinical samples. 
On the basis of the data presented, it is likely that residual 
AML cells can indeed be traced when they are present at 0.1 
to 1% concentrations. 
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Human Recombinant Multilineage Colony Stimulating Factor (lnterleukin-3): 
Stimulator of Acute Myelocytic Leukemia Progenitor Cells In Vitro 

By Ruud Delwel, Lambert Dorssers, lvo Touw, Gerard Wagemaker, and Bob Lowenberg 

Acute myeloid leukemia colony forming cells (AML-CFU) 
require the addition of colony stimulating factors ( CSFs) for 
in vitro proliferation. Recently, we isolated a human recom
binant multilineage CSF (hMulti-CSF). We investigated the 
ability of hMulti-CSF to stimulate AML clonogenic cells in 
seven patients in direct comparison with the effects of 
human granulocyte CSF (hG-CSF), human granulocyte
macrophage CSF (hGM-CSF), and feeder leukocytes. We 
show that hMulti-CSF is an efficient stimulator of AML 
colony formation in four of seven cases. In these patients, 
hGM-CSF was also capable of stimulating AML colonies in 
vitro. In two of seven cases hMulti-CSF appeared to be a 
weak stimulus of AML-CFU proliferation. In these latter 
two cases, however, hG-CSF and in one case hGM-CSF 
effectively stimulated AML-CFU growth. In one patient 
none of the hCSFs, either alone or in combination, induced 
AML colony formation, whereas AML colonies consistently 
appeared in the phytohemagglutinin (PHA) leukocyte 

THE COLONY STIMULATING factors (CSFs) com
prise a group of hormones that stimulate the prolifera

tion and differentiation of hematopoietic precursor cells in 
vitro. 1 Recently, we isolated a human multilineage CSF 
(hMulti-CSF) eDNA clone from a eDNA library of phorbol 
ester and lectin stimulated human leukocytes.2 This hMulti
CSF eDNA was identified by virtue of sequence homology 
occurring within the 3' terminal untranslated region of 
mouse interleukin-3 (miL-3). Protein homology between 
hMulti-CSF and miL-3 appeared to be low (28%).2 Expres
sion of this hMulti-CSF eDNA clone in mammalian cells 
resulted in the production of a CSF that stimulates the in 
vitro proliferation of normal hematopoietic clonogenic cells, 
ie, granulocytic, erythroid, and multipotent progenitors. 2 

This hMulti-CSF is very similar to a gibbon Multi-CSF 
described by Yang et al3 with respect to DNA and protein 
sequence as well as biologic activity. In the present study we 
analyzed the role of this factor in the proliferation of acute 
myelocytic leukemia clonogenic cells (AML-CFU) in vitro. 
Since two other human CSFs, ie, granulocyte-macrophage 
CSF (hGM-CSF) and granulocyte CSF (hG-CSF), had 
become available earlier by recombinant DNA technology 
and had been demonstrated to stimulate AML colony growth 
in vitro,"'"' we examined the effect of hMulti-CSF on AML 
progenitors in culture in direct comparison with those 
hCSFs. 

MATERIALS AND METHODS 

AML blast cells. The blasts from seven adult patients with 
AML were studied. The AML cases were classified according to the 
criteria of the French-American-British (FAB) committee. 10•11 

AML blasts were purified from bone marrow (patients no. I, 4. and 
6) or blood (patients no. 2, 3, 5, and 7) using a bovine serum albumin 
(BSA) density gradient centrifugation. Contaminating T lympho
cytes were removed from those cell samples by E~rosette sedimenta
tion as described.12

•
13 All patients had given informed consent to 

donate bone marrow and blood. 
Recombinant CSF preparations. Recombinant hGM-CSF and 

hG-CSF preparations were obtained from Genetics Institute (Cam-

feeder assay. This finding suggests that PHA stimulated 
leukocytes produce components other than the tested 
hCSFs that may have a role in the proliferation of AML cells 
in vitro. Multi-CSF. like hGM-CSF. revealed a limited capac
ity to induce progressive maturation during AML colony 
growth, ie, not beyond the promyelocytic stage. On the 
other hand, in one case. hG-CSF stimulated the growth of 
AML colonies containing {meta)myelocytes and granulo
cytes. We conclude that hMulti-CSF is a regulator of 
AML-CFU proliferation in a significant number of cases. 
The patterns of responsiveness of AML precursors to the 
three hCSFs in different patients show a striking variabili
ty. which may indicate that AML-CFU are the neoplastic 
representatives of normal bone marrow progenitors at 
different stages of maturation and with distinct CSF 
requirements. 
© 7987 by Grune & Stratton. Inc. 

bridge, MA). The structural and biological characteristics of these 
hCSFs have been reported in detail."'"'· 14

•
1
' Recombinant hMulti

CSF was produced in monkey (Cos!) cells by transfection of a 
eukaryote expression plasmid (pLB4) containing the hMulti-CSF 
cDNA.2 CosjpLB4 conditioned medium was harvested 48 to 72 
hours after transfection. Conditioned medium from Cos cells trans
fected with a vector not containing the hMulti-CSF gene did not 
stimulate AML-CFU proliferation. 

AM L colony formation. AML colony numbers were assessed in 
the standard PHA leukocyte feeder (PHA !.f.) assay.12

•
13 Colonies 

(groups of 50 cells or more) were counted on days 7 through 9 of 
culture. To study the dependence of AML-CFU on the recombinant 
hCSFs, the preparations were added separately as well as in combi
nation to the upper layer of the cultures while no feeder cells had 
been incorporated into the underlayers. After culture, the AML 
colony cells were mass harvested and analyzed morphologically on 
May-Griiwald Giemsa stained cytocentrifuge slides. 

RESULTS 

The optimal concentrations of the hCSFs to induce AML 
colony formation were determined in dose-response experi
ments (Fig 1). Based on these data further experiments were 
performed with 10% (voljvol) hMulti-CSF, 0.1% (voljvol) 

From the Dr Daniel den Hoed Cancer Center. and the Rotterdam 
Radio-Therapeutic Institute; the Radiological Institute TNO. 
Rijswijk; and the Department of Radiobiology. Erasmus Universi
ty, Rotterdam. The Netherlands. 

Submitted January 22, 1987; accepted Apri/10, 1987. 
Supported by The Netherlands Cancer Foundation "Koningin 

Wilhelmina Fonds." 
Address reprint requests to Bob Lowenberg. MD, PhD. The Dr 

Daniel den Hoed Cancer Center, Groene Hilledijk 301, 3075 EA 
Rotterdam, The Netherlands. 

The publication costs of this article were defrayed in part by page 
charge payment. This article must therefore be hereby marked 
"advertisement" in accordance with 18 U.S.C. §1734 solely to 
indicate this fact. 

© 1987 by Grune & Stratton. Inc. 
0006-4971/87/7001-0058$3.00/0 

-58-



zoo 
A 

100 

0 0 n 
w 
t- 0 0.3 0.6 1.25 2.5 5 10 20 
<t hMulti -CSF (%, V/V) ...J a.. zoo 
U) B ...J 
...J w 
<..:> ..,., 
0 

100 
0:: w a.. 
U) 
w 
:z 
0 0 ...J 
0 0 0.03 o.os 0.125 0.25 0.5 1 2 <..:> 
...J hG-CSF (% , V /V) 
X: zoo <t c 

100 

0 
0 6 12.5 25 so 100 200 

hGM·CSF (U/ml) 

Fig 1. AML colony formation (patient no. 6) with titrated 
concentrations of the hCSFs. (A) hMulti-CSF, (B) hG-CSF, and (C) 
hGM-CSF. 

hG-CSF, and 100 UjmL hGM-CSF. The effects of hMulti
CSF on AML colony formation as compared with hGM
CSF, hG-CSF, and feeder leukocytes are shown in Table 1. 
Without the addition of any of the stimuli, no colonies were 
formed. AML colony formation was stimulated efficiently by 
hMulti-CSF in cases no. 2, 4, 5, and 6. In patients no. 2 and 
6, hMulti-CSF alone induced numbers of AML colonies that 
exceeded the values of the standard PHA !.f. assay. In the 
other two cases (no. 4 and 5) suboptimal colony formation 
was observed, as compared with feeder leukocyte stimula-

tion. In patients no. I and 3, a consistent but minimal colony 
response to hMulti-CSF was apparent. In one case (no. 7) 
hMulti-CSF failed to induce AML colonies. 

The stimulatory activity of hMulti-CSF on AML-CFU 
proliferation paralleled that of hGM-CSF, with the excep
tion of case no. I, in which hGM-CSF stimulated larger 
numbers of colonies than did hMulti-CSF. On the other 
hand, hMulti-CSF and hG-CSF stimulation patterns were 
opposite. In the cases showing a significant colony response 
to hMulti-CSF (cases no. 2, 4, 5, and 6) no or considerably 
fewer numbers of colonies were induced by hG-CSF, 
whereas in the hG-CSF high responders (cases no. I and 3) 
the effect of hMulti-CSF was minimal. 

The data from Table I indicate that in most cases more 
than one recombinant hCSF stimulated AML colony forma
tion. To investigate the possibility that the different hCSFs 
acted on AML-CFU in an additive fashion the preparations 
were also tested in combination. Only in cases no. 2 and 6 was 
an indication of additive stimulation by hMulti-CSF and 
hGM-CSF obtained. In the other cases the stimulatory effect 
of the single most efficient stimulator was not enhanced as a 
consequence of using a mixture of the three hCSFs in 
culture. 

In cases no. I, 3, 4, and 5 it appeared that AML colonies 
were induced more efficiently in the PHA !.f. assay than in 
the cultures with the complete mixture of recombinant 
hCSFs. Moreover, AML-CFU from patient no. 7 did not 
respond to the three hCSFs, whereas significant numbers of 
colonies appeared in the PHA !.f. assay. These data suggest 
that feeder leukocytes may produce at least one other 
component regulating AML-CFU proliferation. 

The AML colony cells of patients no. I, 3, and 6 were 
harvested and analyzed morphologically to assess whether 
the CSFs differ in their capacity to induce maturation (Table 
2, Fig 2). In these cases the colony cells from the cultures 
stimulated by either hMulti-CSF or hGM-CSF showed 
limited differentiation, ie, not beyond the promyelocytic 
stage. In contrast, hG-CSF-stimulated colonies from patient 
no. 6 contained cells that had matured towards (meta)myelo
cytes and granulocytes (Fig 2). 

DISCUSSION 

We investigated the stimulative effects of hMulti-CSF, in 
comparison with the effects of hG-CSF and hGM-CSF and 
feeder leukocytes on the proliferation and differentiation of 

Table 1. Induction of AML Colony Formation 

Case No. 1 Case No.2 Case No.3 Case No.4 Case No.5 Case No.6 Case No.7 
(M2)• (M1) (Ml) (M4) (M2) (M1) (M1) 

No addition 0 0 0 0 0 0 0 

hMulti-CSF 5 ± 2t 169 ± 13 9±3 22 ± 2 24 ± 9 197 ± 23 0 

hG-CSF 70 ± 8 0 68 ± 17 0 0 24 ± 6 0 

hGM-CSF 104 ± 13 100 ± 3 2±0 12 ± 2 22 ± 0 123 ± 6 0 

hMulti-CSF + hG-CSF + hGM-CSF 125 ± 11 207 ± 7 70 ± 13 26 ± 1 34 ± 4 323 ± 12 0 

PHAI.f. 256 ± 23 94 ± 9 103 ± 12 50± 12 61 ± 13 107 ± 6 24 ± 8 

The effects of hMulti-CSF, hG-CSF, and hGM-CSF on AML colony formation were studied in a modified PHA I. f. system from which feeder leukocytes 

were omitted. Standard PHA l.f. cultures for AML colony formation were run in parallel. 
*Classification according to the FAB Cooperative Group.10

• 
11 

tColony numbers per 105 cells (mean ± SD). 

-59-



Table 2. Differential Counts of MGG-Stained AML Colony Cells 

Case No. 1 * Case No.3* Case No.6* 

Multi-CSF GM-CSF G-CSF Multi-CSF GM-CSF G-CSF Multi-CSF GM-CSF G-CSF 

Myeloblasts 2t 4 25 19 18 62 58 20 
Promyelocytes 92 96 84 68 68 73 26 26 17 
(Meta)myelocytes 0 3 2 0 4 2 2 43 
Granulocytes 0 0 0 0 0 0 0 0 8 
Monocytes/macrophages 0 10 7 12 5 7 14 12 
Other 0 0 0 0 0 0 3 0 0 

*The purified AML samples preculture contained 51% {case no. 1), 96% {case no. 3). and 98% (case no. 6) myeloblasts. The AML sample from case 

no. 1 preculture contained 46% promyelocytes. 

tPercentages of 250 celts counted. 

AML-CFU in colony culture. Human Multi-CSF, hG-CSF, 
and hGM-CSF were all capable of stimulating AML colony 
formation in vitro, although the responses of AML-CFU of 
different individuals to these hCSFs were variable. 

The results indicate that AML colony formation in only 
one of these patients was stimulated predominantly by one of 
the three hCSF tested (case no. 3). Usually two (cases no. 
I, 2, 4, and 5) or all three hCSFs (case no. 6) were able to 
induce AML-CFU proliferation. In most of these patients 
the presence of the three hCSFs in the cultures simulta
neously did not result in an increased colony response as 
compared with the single most active factor, suggesting that 
the different hCSFs acted on overlapping AML-CFU target 
populations. However, exceptions were patients no. 2 and 6 in 
whom additive effects of hMulti-CSF and hGM-CSF on 
AML colony formation were observed. Thus, in these cases 
different AML-CFU subpopulations were apparently stimu
lated by different growth stimuli. The data in Table I do not 

A 

c 

provide evidence that the combination of the three factors 
can enhance colony numbers synergistically. To explore 
further the possibility of a synergistic action of the hCSFs, 
we set up cultures to which suboptimal concentrations of the 
different growth stimuli were added simultaneously. These 
studies also did not indicate synergistic stimulation of AML 
colony formation by these hCSFs (data not shown). 

An interesting observation was that in patient no. 7 AML 
colony growth could not be induced by the recombinant 
hCSFs, whereas colonies appeared consistently in the stan
dard PHA l.f. assay. The PHA l.f. colony culture has been an 
efficient assay for clonogenic AML cells, 12

•
13 although the 

active stimulatory components of the system are probably 
multiple and not exactly defined. The fact that colony growth 
in patient no. 7 appeared only in the PHA l.f. assay could 
imply that components other than these hCSFs have a 
critical role in stimulating the proliferation of AML precur
sor cells. This suggestion is also supported by the fact that in 

B 

Fig 2. May-GrUnwald Giemsa morphological analysis of AML cells (patient no. 6). (A) Preculture. (B) cultured with hMulti-CSF. (C) 
cultured with hGM-CSF. and (D) cultured with hG-CSF. 

- 60 -



4 cases (no. I, 3, 4, and 5) the PHA !.f. system supported the 
outgrowth of larger numbers of colonies than was achieved 
with the mixture of recombinant hCSFs. 

Morphologic analysis of the AML colony cells of three 
patients revealed that progressive maturation occurred occa
sionally in the hG-CSF stimulated but not in the hMulti
CSF and hGM-CSF stimulated cultures (Table 2). Since the 
three factors have been reported to induce granulocytic or 
monocytic differentiation in normal bone marrow cultures, 
this could indicate that in patient no. 6, the AML blasts 
respond abnormally to hMulti-CSF and hGM-CSF but 
normally to hG-CSF, as regards the induction of matura
tionY However, at this stage, the possibility cannot be 
excluded that differentiation towards granulocytic end cells, 
observed in the normal bone marrow cultures stimulated by 
hMulti-CSF or hGM-CSF, is not caused by direct effects of 
these two factors but by endogenously produced G-CSF. 

Thus, it remains unclear whether the variations of CSF 
responses of AML progenitors either represent leukemic 
characteristics of the cells or reflect the features of normal 
bone marrow progenitor subsets at different maturation 
stages with distinct CSF requirements. To discriminate 
between these two possibilities it will be essential to study in 
detail the effects of the recombinant hCSFs on highly 
purified normal bone marrow progenitors. 
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Growth Regulation of Human Acute Myeloid Leukemia: Effects of Five 
Recombinant Hematopoietic Factors in a Serum-Free Culture System 

By Ruud Delwel, Mohammad Salem, Carin Pellens, Lambert Dorssers, 

Gerard Wagemaker, Steven Clark, and Bob Lowenberg 

The response of human acute myeloid leukemia (AML) cells 
to the distinct hematopoietic growth factors (HGFs), ie, 
recombinant interleukin-3 (IL-3), granulocyte-macrophage
CSF (GM-CSF), granulocyte-CSF (G-CSF), macrophage
CSF (M-CSF), and erythropoietin (Epo) was investigated 
under well-defined serum-free conditions. Proliferative 
responses to these factors, when added separately as well 
as in combinations, were analyzed in 25 cases of human 
AML using 3 H-thymidine incorporation and cr,lony assays. 
The 'H-thymidine uptake data revealed that IL-3, GM-CSF, 
G-CSF, and M-CSF were stimulators of AML proliferation 
in 19, 15, 13, and 4 cases, respectively. Epo only stimulated 
DNA synthesis in the cells of the single erythroleukemia 
case. GM-CSF stimulation was seen only in IL-3 reactive 
cases and GM-CSF, when combined with IL-3, could not 
further elevate the DNA synthesis evoked by IL-3 alone. On 

H EMATOPOIETIC growth factors (HGFs) are essen
tial for the proliferation and maturation of bone 

marrow and blood cells.1
•2 The availability of recombinant 

pure HGFs allows a detailed study of growth regulation of 
leukemic hematopoiesis in vitro. 3•

4 It has been shown in 
initial studies that the in vitro proliferation of acute myeloid 
leukemia colony forming cells (AML-CFU) can be stimu
lated by recombinant granulocyte-macrophage colony stimu
lating factor (GM-CSF),5

·
7 granulocyte-CSF (G-CSF),'·' 

and interleukin-3 (IL-3). 10'
12 Macrophage-CSF (M-CSF) 

has not been shown to be a frequent stimulator of AML 
growth in vitro. Erythropoietin (Epo) induces the multiplica
tion of progenitor cells in erythroleukemias. 13 These studies 
have been carried out in serum-containing systems. In the 
present study, we investigated 25 cases of human AML and 
the effects of each of these growth factors, ie, IL-3, GM
CSF, G-CSF, M-CSF, and Epo on AML cell proliferation in 
vitro when added individually and in various combinations. 
Both tritiated thymidine incorporation ('H-TdR) assays (to 
assess DNA synthesis) and colony cultures (to assess dono
genic cell proliferation) were used. To avoid the interference 
of any undefined component, a standardized culture system 
absent of serum was used. 14 
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the other hand, in six cases, G-CSF enhanced the IL-3- or 
GM-CSF-stimulated thymidine uptake. These results sug
gest that subpopulations of AML cells that are activated by 
distinct CSFs (eg, ll-3/ GM-CSF-responsive cells and 
G-CSF-responsive cells) coexist. The 3H-thymidine incor
poration assay was more sensitive for measuring CSF 
responses than methylcellulose colony cultures, since acti
vation of DNA synthesis was more frequently seen than 
induction of colony formation. DNA synthesis experiments 
revealed eight different CSF response patterns among 
these 25 cases. CSF phenotyping may be a useful addition 
to the morphologic classification of AML, since these 
patterns directly reflect the ability of the proliferating 
subsets of AML cells to respond to the CSFs. 
© 1988 by Grune & Stratton, Inc. 

MATERIALS AND METHODS 

Patients and preparation of AML cells. AML was diagnosed 
according to the French-American-British Committee (FAB) (Ta
ble 1).15

•
16 The leukemic cells from 25 patients were separated 

following bovine serum albumin (BSA) density gradient17
•
18 or 

Ficoii-Isopaque centrifugation (case nos. 10, 13, 16, 18, 20, 21, and 
24).19 T lymphocytes were then removed by resetting the cells with 
2-aminoethylisothiouronium bromide (AET; Sigma Chemicals Co, 
St Louis)-treated sheep erythrocytes as described.17

•
18 These AML 

samples usually contained >90% blasts. In six cases (nos. 13, 18, 19, 
21, 22, and 26), between 80% and 90% blasts were present. In four 
cases (nos. 12, 16, 23, and 24), the samples contained 67%, 67%, 
50%, and 67% blasts, respectively. Following this procedure the cells 
were cryopreserved in 7.5% dimethyl sulfoxide (DMSO) and 20% 
fetal calf serum (FCS; Flow Laboratories, Isrike, UK).20

•
21 AML 

cells from bone marrow or blood were obtained after receiving 
permission of the patients. 

Hematopoietic growth factors. Recombinant human IL-3, GM
CSF, G-CSF, and M-CSF were prepared at the Genetics Institute 
(Cambridge, MA). Another IL-3 preparation was obtained follow
ing expression of the human IL-3 cDNA22 in bacteria (Dorssers et al, 
manuscript in preparation). Human recombinant Epo was obtained 
from Amgen (Thousand Oaks. CA) and used at a concentration of I 
UjmL. 

Serum-Free Culture Medium. A serum-free medium that was 
recently proposed for AML cell growth in vitro14 was used through
out the experiments, ie, in suspension cultures as well as in colony 
assays. 

Tritiated thymidine incorporation. DNA synthesis was mea
sured essentially as described." Two x I 04 cells were cultured in I 00 
!'L serum-free medium, with or without the addition of CSFs, in 
96-well round-bottom microliter trays (Greiner, Niirtingen, FRG) 
for 90 hours. Four hours before harvesting, 0.1 I'Ci tritiated thymi
dine ('H-TdR 2 Ci/mmol; Amersham International, Amersham, 
UK) was added. Cells were harvested on nitrocellulose paper using a 
Titertek harvester 550 (Flow). Radioactivity was determined with a 
Beckman LS 3800 scintillation counter (Beckman Instruments, Inc, 
Fullerton, Ca). All experiments were performed in triplicate, and 
data are expressed as means ± SD. Preirradiated (30 Gy) AML cells 
were run as controls to assess the background 3H~ TdR incorporation. 
Data obtained from cultures with CSFs were compared with those 
without CSF. Data obtained from the cultures not supplemented 
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Table 1. The Effects of Individual CSFs on 3H-TdR Uptake by AML Cells 

FAB 

M1 

M2 

M3 

MS 

M6 
No. of cases positive 

Patient No. 

1 
2 
3 
4 

10 
11 
12 
13 

14 
15 
16 
17 
18 

19 
20 
21 
22 
23 
24 
2S 

Source* 

BM 

PB 
BM 
PB 
BM 
PB 
BM 

BM 
PB 

BM 
BM 
PB 
PB 
BM 
PB 
BM 
BM 
BM 

PB 
PB 
BM 

PB 
BM 
BM 
BM 

No. CSF IL-3 

1.2 1.6 
0.7 4.4 
4.5 15.1} 
4.0 11.0 

44.9} 36.7 
0.7 0.8 
0.1 

"1 1.1 171.3 

90.8) 164.8 
31.0 90.0 

3.3 213.3 

8.0) 
14.8 

23.S) 
214.0 

1.0 178.0) 
37.S 108.8 
14.S 41.S 

9.9 11.4 
19.1 "'] 46.3 60.0 
11.1 20.2 
11.9 92.0 
39.2 88.9 

3.3 17.4) 
11.4} 26.9 
0.7 4.2 

14/25 19/25 

Irradiated (30 Gy) 
GM-CSF G-CSF M-CSF Control 

1.1 3.S S.8} o.s 
2.0 2.0 0.9 0.4 

10.2) 6.6 4.1 1.1 
9.0 14.4} 4.S 0.7 

23.St S4.6 27.8t 0.6 
o.s 1.8 0.4 o.s 
o.s 

") 
0.2 0.1 

1S6.S} 
36.4 1.8 0.3 

163.S 17S.6 111.0 0.7 
91.0 221.0 S3.0} 1.2 

219.S 87.7 6.1 1.8 
11.2 9.8 7.2 o.s 

149.1} 243.7} 17.1 1.1 

24.1) 7.S) S.9) 0.8 
91.4 87.3 45.3 8.8 
26.3 17.1 12.0 0.4 
12.0 24.2) 13.1 1.2 

"'] 93.0 24.4 1.1 
6S.O 121.3 S2.7 0.7 
23.2 9.0 8.0 0.5 
32.2 20.1 11.9 1.4 
78.4 99.4} 40.S 0.4 

6.8 2.3 2.8 0.6 
13.0 13.6 11.8 0.7 

1.1 2.1 0.4 1.0 
1S/2S 13/25 4/25 

3H-TdR incorporation by AML cells from 25 cases was determined in cultures with the individual CSFs (IL-3, GM-CSF, G-CSF, M-CSF) as a measure of cell proliferation. 

Values indicate dpm x 10-2
• The results were compared with the values in AML cell cultures without any exogenous stimulus (first column). The latter were set against 

cultures with preirradiated (30 Gy) AML cells (last column). Positive responses of 3 H-TdR uptake are indicated by brackets, The AML cases are classified according to the FAB 

cytology. 

*Leukemic cells were isolated from peripheral blood (PB) or bone marrow (BM). 

tAML cells from patient no. 5 showed significant inhibition of DNA synthesis when cultured with GM-CSF and M-CSF. 

with CSFs were set against the background control values. A 
Student t test (P < 0.05) was used to determine significant differ
ences. 

Colony cultures. The effects of the recombinant CSFs on AML 
colony formation were also determined. In these experiments, 0.8 x 
105 cells were plated per dish containing 0.8 mL of the serum-free 
medium in 0.9% methylcellulose and cultured in a humidified 5% 
C02 atmosphere at 37°C. Colonies often cells or more were scored at 
days 12 through 14 of culture. In a separate series of experiments, 
colonies were also scored at days 5 through 7. Colony numbers 
represent means of triplicate cultures. The effects of the CSFs on 
colony size were analyzed as well. Four catagories of colonies were 
distinguished. ie. colonies containing ten to 20 cells, 20 to 50 cells, 50 
to 200 cells, and 200 cells or more. 

RESULTS 

Activation of DNA synthesis in AML cells in vitro: The 
effects of individual CSFs. The stimulative effects of 
optimal concentrations of human IL-3 (l:I,OOO), GM-CSF 
(200 UjmL), G-CSF (1:1,000), and M-CSF (l:I,OOO) on 
the DNA synthesis of AML cells (n ~ 25 cases) in vitro 
('H-TdR incorporation) were assessed in comparison with 
the cultures without exogenous stimuli (Table I). In I 4 of 25 
cases, significant DNA synthesis was observed in the unsti
mulated cultures. IL-3, GM-CSF, or G-CSF could each 
activate AML cells above these baseline values in 19 of 25, 
IS of 25, and I3 of 25 cases, respectively. M-CSF stimulated 

DNA sy:Jthesis in AML cells only in a minority of cases ( 4 of 
25). 

Not only was IL-3 more frequently capable of inducing 
DNA synthesis, but it also usually induced the highest level 
of DNA synthesis (ie. inn- IO cases) when compared with 
GM-CSF, G-CSF, or M-CSF. In eight other cases, G-CSF 
was the most active stimulator of 'H-TdR uptake in AML. 

In case no. 5, thymidine incorporation was significantly 
suppressed when the AML cells were cultured with GM
CSF or M-CSF. Suppression of DNA synthesis in this 
patient coincided with progressive maturation of the cells 
toward macrophages.24 

Activation of DNA synthesis in AML cells in vitro: The 
effects of combined CSFs. In all cases, we also examined 
the effects of combinations of growth factors on 3H-TdR 
uptake in AML (Table 2). In none of the cases were the 
stimulatory effects of IL-3 and GM-CSF additive. In con
trast, G-CSF enhanced the IL-3 (4 of 25) or the GM-CSF 
response (4 of 25) in certain cases of AML. M-CSF further 
elevated the rate of DNA synthesis resulting from the 
GM-CSF stimulation in 2 of 25 cases. No further enhance
ment of DNA synthesis was apparent when three or four 
factors were added. 

Colony formation of AML cells in vitro in response to the 
CSFs. Spontaneous colony formation, ie, when no exoge
nous CSFs were supplied, was found in three cases. In five 
cases, we did not assess colony formation in the presence of 
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FAB 

M1 

M2 

M3 

M4 

M5 

M6 

Patient No. 

2 

3 
4 

8 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 
23 
24 

25 

IL-3. 
GM-CSF 

1.3 

4.7 

13.7 

11.2 

21.3 

0.7 

16.6 

230.3 
155.0 

98.2 

224.3 

21.9 

218.6 

257.5 

102.5 

45.7 

10.7 

50.4 

54.8 
20.4 

92.4 

118.3 

14.9 

18.2 

3.6 

Table 2. The Effects of Combined CSFs on 3H-T dR Uptake by AML Cells 

IL-3, 
G-CSF 

3.6 

6.8 

19.7 

19.3) 

37.2 

2.1 

22.8 
227.8) 

175.7 

251.5 

226.4 

27.9 

275.7 

262.2) 

114.8 

42.4 

19.2 

105.8 

127.5 

16.5 

80.7 
136.3) 

14.4 

25.1 
6.2 

IL-3, 
M·CSF 

4.7 

4.7 
14.7 

11.0 

21.2 

0.7 

15.4 

198.8 
145.3 

108.1 

238.3 

23.0 

189.7 

198.0 

101.1 

40.4 

13.6 

61.1 

62.2 

17.4 
86.7 

109.5 

14.3 
"21.6 

5.1 

GM-CSF, 
G-CSF 

3.2 

4.0 

15.4 

18.4) 

19.9 

1.9 

10.8) 

198.9 
172.2 

229.1 

290.9) 

14.8 

276.9 

53.6 

140.4 

26.7 

17.0 

95.2 

118.3 

17.2 

38.6 

156.5) 
5.4 

13.0 

3.8 

GM-CSF, 
M-CSF 

5.5 

2.3 
11.2 

9.8 

16.0 

0.9 

0.6 

201.4 
151.0 

85.2 

239.3 

11.5 

223.0) 

65.6) 

99.9 

23.9 

14.6 

41.6 

63.9 

14.9 

37.7 

77.4 

6.2 

12.3 
4.3 

IL-3, GM-CSF, 
G·CSF 

4.2 

7.4 
20.3 

19.6 

22.2 

3.0 

22.4 
245.4 
176.7 

253.4 

250.2 

28.7 

276.6 

286.1 

127.9 

48.1 

16.1 

102.5 

124.9 

17.5 

92.1 

183.0 

15.5 
25.2 

6.8 

IL-3, GM-CSF, 
M-CSF 

6.3 

4.9 
15.5 

12.2 

12.8 

1.1 

19.1 
251.6 

160.3 

98.0 

225.4 

24.4 

236.9 

218.7 

113.7 

47.3 

10.1 

61.3 

61.5 

13.6 

96.4 

115.2 

13.4 

23.0 

5.1 

IL-3, GM-CSF, 
G-CSF, M-CSF 

10.3 

6.7 

17.5 

20.1 

18.5 

2.2 

19.7 

237.2 
184.9 

258.7 
214.9 

33.8 

290.2 

245.3 

137.5 

47.3 

20.1 

106.4 

119.9 

16.6 

90.5 

152.3 

15.5 
27.2 
nd 

Values from cultures containing two CSFs were compared with incubations with the single CSFs (Table 1 ). The data of cultures with three factors were compared with those 

containing two CSFs, and finally values obtained from experiments using four CSFs were related to those obtained with three stimulators. Positive responses (ie, significant 

enhancement of 3H-TdR uptake) are indicated by brackets. For further explanations, see Table 1. 
Abbreviation: nd, not determined. 

Table 3. Induction of Colony Formation in AML by Individual and Combinations of CSFs 

FAB 

M1 

M2 

M3 

M4 

M5 

M6 

Patient No. 

1 

2 
3 
4 

7 

8 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 
23 

24 

25 

No. CSF 

0 

0 

0 

0 

4 

0 

0 

0 
45) 

0 

0 

2 
0 

0 
46) 

0 

0 

0 

0 
0 

11) 

IL-3, CSF 

nd 

nd 

nd 

0 
16) 

0 
0 

75l 
119 

0 
20) 

655\ 
221 

1 
2,725) 

58 

0 

nd 

4 

0 
0 
nd 

16 

GM-CSF 

nd 

nd 

nd 

0 

1.2~~ 
11;j 

0 

133) 

581\ 
551 

0 

2,638\ 
76 

3 

14) 

0 

nd 

0 

0 
0 
nd 

0 

G-CSF 

0 

0 

nd 

nd 

nd 

~;) 
19 

0 
246) 

0 

301\ 
129 

0 
10) 

2 
nd 

0 

0 

0 
nd 

0 

M-CSF 

0 

8 
0 

nd 

nd 

nd 

20 
0 

0 

121\ 
23 

0 
0 

47 

0 

0 
nd 

0 

0 
0 

nd 

0 

IL-3, 
GM-CSF 

nd 

nd 

nd 

0 
0 
0 

55) 

1.407 

62 

188 
780* 

1,017) 

44l 
4,120 

95 

11 

20 

0 
nd 

11 
0 

nd 

28) 

IL-3, GM-CSF, 
G-CSF 

nd 

nd 

nd 

0 

0 
0 

65 

1,036 

so• 
13 

147 

780 
2,285) 

60 

4,275 

127* 
19 

23 
15) 

nd 

6 

0 

0 

nd 

40) 

IL-3, GM-CSF. 
G-CSF, M-CSF 

0 

0 

0 
0 

48 

1,265 

91 

20 

173 

>1,000) 

1.426 
22 

3,150 

129 

18 

36 

17 

11 

9 

0 
0 

0 

45 

IL-3, GM-CSF, G-CSF, 
M-CSF I+FCS) 

1 

0 

0 

0 

2 
701 

12 

13 

117 
>1,000 

2,500 

3 
5,000 

162 
33 

134 

14 

11 

20 
0 

0 

3 

AML colony formation in culture in the presence of IL-3, GM-cSF, G-CSF, and M-cSF, and combinations of these stimuli were assessed in 25 cases of AML. Values are 

mean numbers of colonies per 105 cells from triplicate experiments. The data from CSF-containing cultures were compared with cultures without CSF additions, and significant 

increases in colony numbers are indicated by brackets. Also, elevations of colony numbers {as compared with the effects of single CSFs) resulting from incubations with 

combined factors are indicated by brackets. Only in case nos. 9, 12, 13, 15, and 16 were colonies of 50 celts or more formed. In the other cases, the colonies contained <50 

cells (clusters). 

'""Denotes increase of the size of the colonies as a result of a second or a third CSF. 

Abbreviation: nd, not determined. 
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the single factors, but in these cases the addition of the 
combination of four CSFs produced few, if any, colonies. 
IL-3 was an efficient inducer of AML colonies in nine cases. 
In most of those cases (n - 7), GM-CSF was also active. In 
two cases, IL-3 was the only stimulator of AML-CFU. In 
two patients, the reverse pattern was seen: GM-CSF stimu
lated AML-CFU, whereas IL-3 did not. G-CSF acted as a 
colony-stimulating factor for AML-CFU in seven cases and 
was the only active stimulus in one case. 

When IL-3 and GM-CSF were added together, colony 
numbers rose significantly in five cases. When G-CSF was 
also added, an increase in colony numbers was seen in three 
cases. An enhancing effect was apparent in one case when 
M-CSF was also added. From the experiments, it is clear 
that in 17 of 25 cases, colony formation could be induced 
when the appropriate CSFs or combinations of CSFs were 
added. In ten -cases, we tested whether col9nies appeared 
after five to seven days of culture in the presence of the four 
CSFs. In case nos. 15, 16, 18, and 22, we found 31, 26, 5, and 
I colonies containing <50 cells, respectively. In the other 
cases (ie, nos. I, 3, 4, 10, 21, and 24), no colonies were 
present at days 5 through 7 of culture. 

The effects of combined CSFs were not only evaluated on 
colony numbers, but also on colony size. The colony size 
increased in case no. 12 when IL-3 and GM-CSFwere added 
simultaneously, and in case nos. 9 and 16 when G-CSF was 
added to the cultures containing IL-3 and GM-CSF. Finally, 
the results shown in Table 3 confirm that the serum-free 
assay can replace the serum-supplemented cultures without 
loss of colony forming efficiency. 

Proliferation of AML cells in vitro: The effect of 
Epo. In II patients (nos. I, 3, 6, 9, 10, 14, 17, 22, 23, and 
25), we tested the effect of Epo on 3H-TdR uptake of AML 
cells. Only in the case of erythroleukemia did Epo stimulate 
DNA synthesis of AML cells (Fig IA). Experiments in 
which IL-3 and Epo were added in combination showed a 
significant increase of 3H-TdR incorporation as compared 
with the cultures containing the single factors. Colony for
mation could be induced by IL-3 or Epo (Fig 1B). When Epo 
was added to cultures containing IL-3 and GM-CSF, an 
enhancement of colony numbers was observed. 

DISCUSSION 

We investigated the stimulatory effects of five currently 
known hematopoietic growth factors, ie, IL-3, GM-CSF, 
G-CSF, M-CSF, and Epo, when supplied individually or 
simultaneously to AML cell cultures in 25 cases of human 
AML The 3H-TdR incorporation assay indicated that IL-3, 
GM-CSF, and G-CSF activated DNA synthesis in AML 
cells in 19, 15, and 13 cases, respectively. M-CSF occasion
ally stimulated 3H-TdR uptake in AML cells (4 of25 cases). 
Thus, the malignant cells have retained their ability to 
proliferate in response to one or more of these CSFs in a high 
proportion of cases. Previous observations that were made in 
serum-containing cultures had also shown that IL-3, GM
CSF, and G-CSF stimulated AML-CFU proliferation.5

"
12 

Interestingly, whenever GM-CSF stimulated AML cell 
cycling in suspension cultures, IL-3 was a stimulator as well 
(Table I). The linkage of IL-3 and GM-CSF responsiveness 

C') 
I 

1.0 
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cells 
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IL-3 

EPO IL-3 IL-3 
+ GM + GM 
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Fig 1. Effect of recombinant Epo, IL-3. and GM-CSF on (A) 
DNA synthesis 3H-TdR incorporation and {B) colony formation of 
erythroleukemia cells (M6; case no. 25). The mean values of 
triplicate experiments ± SO are shown. 

is suggestive of a cell population being responsive to both 
IL-3 and GM-CSF. This suggestion of a common IL-
3/GM-CSF responsive subset of AML blasts would also be 
consistent with the observation that in the cases in which the 
cells responded to these two CSFs, no additive effects were 
demonstrable when GM-CSF was supplemented to the cul
tures with IL-3 (Table 2). In regard to the G-CSF response 
patterns in AML, the data are in support of a subpopulation 
of cells that responded to G-CSF alone. In two cases, G-CSF 
was the only active stimulus, and in six other cases, the 
significant G-CSF response was demonstrated to be additive 
to those of either GM-CSF or IL-3 (Table 2). In two cases, a 
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Table 4. CSF Response Patterns in 25 Cases of AML 

No. of Cases IL-3 GM-c5F G-CSF M-c5F FAB 

3 + + + + M2, M4, M4 
8 + + + M1 (n- 1). M2 (n- 3), M3 (n- 1), M4 (n- 3) 
4 + + M1, M4, M4, M4 
1 + + M2 
3 + M3, M5,M5 

+ M4 

+ M1 
4 M1, M1, M2, M6 

( +), Indicates a significant increase in 3 H-T dR uptake as compared with the cultures without exogenous CSFs. 

(-),No effect. 

clear enhancement of thymidine uptake induced by GM
CSF or IL-3 appeared when M-CSF was additionally sup
plemented. Surprisingly, in these two cases, M-CSF alone 
was incapable to induce any measurable DNA synthesis in 
AML, indicating a synergistic effect between M-CSF and 
IL-3 or GM-CSF. On the basis of these data we assume that 
different subsets of cells exist in human AML with distinct 
abilities to respond to growth factors. Cell separation studies 
should provide further support for this hypothesis. 

A comparison of the results of 'H-TdR incorporation and 
colony cultures (Tables I and 3) showed that growth factor 
responses were Jess frequently evident in the methylcellulose 
colony assay. In five cases, significant amounts of 'H-TdR 
were incorporated, whereas no colonies were formed. These 
differences may be related to the fact that thymidine uptake 
was measured at day 4 of culture, whereas in a colony assay, 
only a minority of cells that give rise to progeny following 
several cell divisions during 12 to 14 days of incubation is 
assayed. However, in six of six cases that formed no or 
limited colonies at days 12 through 14 but showed significant 
3H-TdR incorporation at day 4, colony formation at days 5 
through 7 was absent as well. Therefore, the growth in liquid 
v semisolid medium may also select for the outgrowth of 
different cell types as a consequence of culture conditions. 
Existing evidence supports the idea that AML cell growth is 
indeed better supported in liquid systems than in semisolid 
cultures.17

•
25

-
28 Since in the suspension cultures the cells are 

settled at the bottom of round-bottomed microtiter trays and 
thus show a close cell-to-cell contact, we assume that not only 
CSFs, but also cell-cell interactions may be essential for the 
growth of these AML cells. This idea is supported by 
investigations that have shown stimulative effects on AML 
proliferation by the addition of membrane fragments of 
AML cells or irradiated AML cells to the cultures.28

•
29 

An interesting observation was the increase of colony size 
in certain cases when more than one CSF was supplemented 
to the cultures. Similar effects on AML colonies have been 
reported before for GM-CSF and G-CSF.8

•
9 These data 

could be explained by the induction of maturation by one 

factor, resulting in the expression of receptors for the second 
growth stimulus on the cell surface. 

Several investigations3o.34 have shown that AML cells can 
produce CSFs that regulate proliferation of these cells in an 
autocrine fashion. In 14 of 25 cases of human AML, "CSF 
independent" DNA synthesis was observed that was signifi
cantly above the background data of cultures with preirra
diated cells (Table 1). In ten of ten cases (nos. 5, 9, 10, 11, 
16, 19, 20, 21, 23, and 25) tested, depletion of monocytic cells 
by adherence did not affect the spontaneous 'H-TdR incor
poration (data not shown). We assume that AML blasts in 
those cases incorporate 3H-TdR in response to endogenously 
produced CSFs. 

In the erythroleukemia, the cells responded to recombi
nant Epa as well as to IL-3. The data were suggestive for the 
existence of separate populations of AML cells with distinct 
growth factor requirements (Fig 1 ), ie, Epo- as well as 
IL-3-responding AML cells. 

In summary, the four CSFs act as regulators of growth of 
human AML cells. The dependence of the cells on different 
factors, however, varied a great deal among the 25 cases that 
were examined. These diverse CSF response patterns in 
AML may represent abnormalities of growth in AML. 
Otherwise, they may reflect the response of normal hemato
poietic progenitors at different maturation stages to these 
stimuli. However, we could not find any correlation between 
CSF response patterns and morphologic classification of 
AML (FAB) (Table 4). We expect that an exact assessment 
of growth factor response would provide an important tool 
for phenotyping AML based on the proliferative reactivity of 
the cells to the CSFs. 
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Summary. The abilities of human recombinant IL-3, GM
CSF, G-CSF, M-CSF and Epo to induce maturation in human 
AML cells in vitro were investigated using cell specimens from 
2 5 AML patients. The experiments were carried out under 
exactly defined serum-free culture conditions. In the absence 
of CSFs, monocytic and/or granulocytic maturation was 
detected in 14/25 cases. IL-3. GM-CSF. G-CSF and M-CSF 
elevated the proportions of monocyte/macrophages in 3/2 5, 
2/25, 1/25 and 6/25 cases respectively, and increased the 
percentagesofmaturegranulocytesin2/25,1/25,1/25 and 
0/25 cases, and if so only to a limited extent (values below 
SO%). The 'H-thymidine (lH-TdR) uptake studies revealed 
that IL-3, GM-CSF. G-CSF and M-CSF were efficient stimu
lators ofDNA synthesis ofAML cells in 19, 15, 13 and four of 
those cases, respectively. Thus, although the cells in most 

Colony stimulating factors (CSFs) and erythropoietin {Epo) 
are known to regulate the expansion and cell lineage 
commitment of the haematopoietic progenitor cells. Multi
CSF (IL-3) and granulocyte-macrophage CSF (GM-CSF) exert 
stimulative effects on the more primitive progenitors in the 
marrow, and granulocyte CSF (G-CSF), macrophage CSF (M
CSF) and Epo act particularly on maturation and functional 
activities of the more differentiated cells (Metcalf, 1984; 
Metcalf & Nicola, 1985; Metcalf, 1986; Clark & Kamen, 
1987; Sieff, 1987a). Some apparent overlap in function of 
these factors has been seen. GM-CSF and G-CSF, for instance, 
may both activate the functional status of the myelomonocy
tic end cells (Grabstein et al, 1986; Weisbart et al, 1986). 

The human CSFs (Kawasaki et al, 1985; Wong et al, 1985; 

Correspondence: Dr Bob LOwenberg, The Dr Daniel den Hoed Cancer 
Center, Department of Haematology, P.O. Box 5201, 3008 AE 
Rotterdam, The Netherlands. 

cases responded to CSFs by activation of DNA synthesis, they 
were unable to give rise to terminally differentiated stages. 
Provision of CSFs in combination was more frequently 
effective in enhancing maturation and also increased the 
magnitude of maturation response. Monocytic versus granu
locytic maturation of AML cells after culture did not correlate 
with the FAB cytology nor with the type of CSF presented; but 
generally granulocytic maturation was an infrequent pheno
menon. Epo stimulated erythroid differentiation and DNA 
synthesis only in the case of erythroleukaemia, but it had no 
effect on the cells of 10 other AML cases. Extrapolation of 
these in vitro findings would suggest that CSFs would have a 
limited therapeutic utility to induce AML cell maturation in 
vivo and that hazards of stimulating blast cell proliferation 
with these factors may be anticipated. 

Nagata et al, 1986; Yang et al, 1986) and Epo (Jacobs et al, 
1985; Lin et al, 1985) have all been obtained as separate 
entities by molecular cloning. This has inspired an increased 
interest to analyse the role of these molecules in growth 
abnormalities of human leukaemia. 

It has been demonstrated that one or more of these five 
recombinant growth factors can stimulate the proliferation of 
human AML cells in vitro (Griffin et al, 1986; Hoang et al, 
1986; Suda et al, 1986; Delwel et al, 1987; Kelleher et al, 
1987; Miyauchi et al. 1987a, b; Vellenga et al, 1987a, b; 
Delwel et al, 1988). Thus the cells in most cases of AML have 
retained the susceptibility to respond to these stimuli. Here 
we present the studies that were concerned with the abilities 
of these factors, when presented individually or in combina
tions to induce AML cell maturation. and to assess whether
under certain stimulatory situations-the leukaemic blasts 
could bypass the maturation blockade (Lotem & Sachs, 
1974). The cultures were run serum-free (Salem et al. 1988) 
to exclude the interference of any undefined substances. 
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MATERIALS AND METHODS 

Patients and preparation of AML cells. Cells were obtained 
after permission from 25 untreated cases of AML, classified 
according to the criteria of the French-American-British 
(FAB) Cooperative Group (1976, 1985) (Table I and Figs 
1-4). AML cells were isolated from peripheral blood (in cases 
2, 4, 6, 9, 12. 13, 15, 19, 20 and 22) or bone marrow after 
bovine serum albumin (BSA) density gradient centrifugation 
or Ficoll-Hypaque centrifugation (Boyum. 1968) (cases 10, 
13, 16, 18, 20, 21 and 24) followed by E-rosette depletion 
(Lowenberg et al. 1982 ). The cells were then cryopreserved in 
7·5% dimethyl sulfoxide (DMSO) and 20% inactivated fetal 
calf serum (FCS). The differential counts revealed that in 
14/2 5 cases the percentages of blasts in the thawed material 
were above 90%. In most ofM3. M4 and M5 cases, however, 
mature cells (usuallymonocytes) represented more than 10% 
(Fig 1). 

Culture medium (serum-free). A serum-free medium that 
was recently proposed for AML cell growth in vitro (Salem et 
al, 1988), was used throughout the experiments. Dulbecco's 
modified Eagle's minimum essential medium is supplemented 
with 15 mg/ml dialysed BSA (Cohn fraction V. Sigma), I0-7 

M sodium selenite (Merck, Darmstadt, F.R.G.), 7·7 x I0- 6 M 

Fig l. Maturation of AML cells: comparison 
between preculture (upper panel) and 
postculture (lower panel) cells in tbe absence 
of CSFs. AML blasts were incubated without 
CSF addition. The percentages of monocyte
macrophage (M) (black bars) and mature 
granulocytes (G) (dotted bars) were scored in 
MGG-stained smears before and after culture. 
The 2 5 cases of AML are grouped according 
to their FAB cytology (Ml-M6) and tbe 
results are indicated per individual patient. 
(+):cases with significant (P<D·OS) DNA 
synthesis in the absence of CSFs (as 
compared to irradiated cells): (- ): cases with 
no spontaneous DNA synthesis. 

iron saturated human transferrin (Behring Institute, 
Marburg, F.R.G.). I0-4 M 2-mercapto-ethanol (Merck). 7·8 
Jlg/ml cholesterol (Sigma). 1 Jlg/ml insulin (Sigma) and 2·8 
Jlg/mllinoleic acid (Merck). 

Haematopoietic growth factors. Human recombinant IL-3, 
GM-CSF. G-CSF and M-CSF were all obtained from Genetics 
Institute (Cambridge, Mass.). The molecular cloning and 
biological characteristics of these CSFs have been published 
(Kawasakietal,1985;Wongetal,1985;Nagataetal.1986; 
Yang et al, 1986). Dose-response experiments have estab
lished the concentration of each CSF stimulating optimal 
AML DNA synthesis (Delwel et al, I988). Based upon these 
data we conducted the experiments using O·I% (vjv) IL-3, 
200 U/ml GM-CSF. 0·1% (v/v) G-CSF. and O·I% (v/v) M-CSF. 
These CSFs were tested for their effects upon AML cell 
maturation as well as DNA synthesis. Control experiments 
included cultures with no CSFs and cultures with I 0% FCS 
(Flow Laboratories) in addition to the four CSFs. In a series of 
1I AML cases. the effects of the addition of I U /ml human 
recombinant Epo (Amgen, Thousand Oaks, Calif.), alone or in 
combination with IL-3 or GM-CSF. were also tested. 

Evaluation of AML cell maturation in vitro. AML cells 
(2 x 105/ml) were cultured in suspension in polystyrene 
tubes (Greiner. Nurtingen, F.R.G.), in the presence or absence 
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Fig 3. Maturation of AML cells in vitro: the response to dual CSF exposure. CSFs were added to the AML cell cultures as two factor combinations. 
For further explanations see Fig 2. 

described (Griffin et al, 1986; Salem et al. 1988). 2 x 104 cells 
were cultured in 100 ,ul serum-free medium, with or without 
the addition of CSFs, in 96 wells round-bottom microtitre 
trays (Greiner) for 90 h. 5 h before harvesting 0·1 ,uCi 
tritiated thymidine ('H-TdR 2 Ci/mmol; Amersham, U.K.) 
was added. Cells were harvested on nitrocellulose paper using 
a Titertek harvester 550 (Flow Laboratories). Radioactivity 
was determined with a Beckman LS 3800 scintillation 
counter (Fullerton, Calif.). Data are expressed as means± 
standard deviation (SD) of triplicate cultures. Statistical 
significance (P<0·05) was determined by Student's t-test. 
The results of CSF-supplemented cultures were compared to 
those of cultures with no CSFs. In order to assess whether in 

certain cases AML cells exhibited spontaneous proliferation 
(i.e. in the absence of added CSFs) the data obtained from 
unstimulated cultures were compared with control values of 
irradiated ( 3 0 Gy) AML cells. 

RESULTS 

Maturation of AML cells in vitro: no addition of growth factors 
In the absence of exogenous stimuli. some granulocyte 

and/or monocyte-macrophage maturation occurred in vitro 
in 14/2 5 cases of AML (Fig 1 ). This 'spontaneous' maturation 
was more prevalent in cases with M3. M4 and M5 morpho
logy where spontaneous cellular DNA synthesis was as well 
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The expression of certain surface antigens indicating 
progressive maturation of cultured AMI cells was also 
assessed in 11/2 5 cases by indirect immunofluorescence as 
described (Touw & Lowenberg. 1985). Three murine mono
clonal antibodies (MCA) (in appropriate titres) were 
employed: CD 15 (B4· 3; reacting with a granulocytic surface 
antigen; IgM; 1:500) (Reyden eta/, 1983), CD14 (B44-1; 
reacting with a surface marker of mature monocytes; lgM; 
1: 20) (Perrussia et a/, 1982) and IV B5 (reacting with 
glycophorin A; IgG; 1: 500) (Touw & Lowenberg, 1985). 
CD 15 and IV B5 were gifts from the Central Laboratory of The 
Netherlands Red Cross Blood Transfusion Service. Amster
dam: and CD 14 was a gift from the Wistar Institute, 
Philadelphia. 

A close concordance was noted between the results ofMGG 
staining, cytochemistry and surface marker analysis. Since 
the morphology data of MGG films were available in each 
case, we shall mainly refer to those. 

Maturation of AMI cells was evaluated in cultures devoid 
of CSFs as well as in the presence of individual or various 
combinations of CSFs. Maturation as a result of the addition 
of CSFs was considered significant (as compared to unstimu
lated cultures) if an increase of at least 15% in mature 
granulocytic or monocytic cells was noted. 

Tritiated thymidine incorporation. Maturation data were 
systematically evaluated with reference to the abilities of the 
AMI cells to respond to the growth factors by activation of 
DNA synthesis. DNA synthesis was estimated essentially as 

Fig 2. Maturation of AML cells in vitro: the response to individual 
CSFs. AML blasts were incubated with IL-3, GM-CSF. G-CSF and 
M-CSF separately. The length of the bars represents the percentages 
of monocyte-macro phages (M) and mature granulocytes (G) in CSF 
supplemented cultures. Significant increases in the numbers of 
mature cells as compared to cultures without CSFs (Fig I, lower 
panel) are indicated by black segments {for monocyte-macrophages) 
or dotted segments (for mature granulocytes). The 25 AML cases are 
listed individually according to F AB cytology as in Fig I. ( + ): cases 
with significant (P<0·05) stimulation of DNA synthesis by indi
vidual CSFs (as compared to cultures with no CSF): (-):cases with 
no proliferative response to CSFs: (*):significant (P< 0·05) inhibition 
of DNA synthesis in case 5 after exposure to GM-CSF or M-CSF (as 
compared to cultures without CSFs). 
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evident. The direction of maturation did not strictly correlate 
with the FAB classes. Monocytes and macrophages appeared 
in culture in cases with M1 (no. 2). M2 (no. 7). M3 (nos. 12 
and 13). M4 (nos. 16. 17. 18. 19, 20. 21 and 22) and M5 
(nos. 23 and 24) cytology. Granulocytic cells were noted in 
unstimulated cultures in cases with M2 (no. 8 ). M3 (no. 13) 
and MS (no. 23) AML types. 

Maturation of AML cells in vitro: the effects of individual CSFs 
It is apparent from Fig 2 that CSFs. when supplied indivi
dually, had only a limited and infrequent stimulating effect 
upon maturation of the cells in AML. IL-3 was able to 
stimulate monocyte-macrophage maturation in three cases 
(nos. 2. 10 and 18) and granulocytic maturation in two other 
cases (nos. 7 and 2 3 ). GM-CSF rarely induced monocytic 
(cases 5 and 7). or granulocytic maturation (case 23). G-CSF, 
when added as the single growth factor. produced monocytes 
in case 18 and granulocytic cells in case 7 only. Finally 
M-CSF stimulated AML cell maturation in six cases (nos. 2. 5. 
10. 13, 14 and 23) always along the monocyte/macrophage 
pathway. 

On the contrary. these factors were potent in triggering 
DNA synthesis of AML cells in most instances. IL-3. GM-CSF 
and G-CSF were especially effective and stimulated prolifer
ation in 1 9. 1 5 and 13 cases respectively. M-CSF was active 
in 4/2 5 cases only. Moreover. in the majority of cases 
( 16/2 5) the 3H-TdR uptake could be induced by two or more 
of the four CSFs. The data indeed confirm the efficacy of these 
stimuli in potentiating the in vitro proliferation of AML cells. 
In one instance (case 5). however. GM-CSF and M-CSF 
inhibited the autonomous growth of cells and this was 
accompanied by increased production of monocyte/macro
phages. 

Maturation of AML cells in vitro: the effects of CSF combinations 
When two or more CSFs were added simultaneously to the 

cultures. AML cell maturation was further enhanced in 
magnitude and in frequency (Figs 3 and 4). For instance. the 
combination of GM-CSF + G-CSF induced an increase in the 
percentages of monocyte/macrophages and/or mature gra
nulocytes in nine cases (nos. 2. 5. 10. 11, 12. 13. 17. 18 and 
23) (Fig 3). The combination of IL-3+GM-CSF+G-CSF 
permitted macrophage maturation in eight cases (nos. 2. 5. 
8. 10. 11. 17. 18 and 20). granulocyte maturation in one 
case (no. 2 3 ). and maturation into both directions in another 
case (no. 7) (Fig 4 ). 

It is of note that granulocytic maturation was generally a 
rare finding even after the exposure of AML blasts to the four 
CSFs in combination. Serum supplemented cultures that 
were performed in direct comparison to the serum-free ones 
gave similar results (data not shown). Interestingly. the cells 
of a case ofmonoblastic leukaemia (no. 23. M5) were found 
to give rise in culture to cells qf granulocytic lineage that were 
reactive with CDl 5 MCA. The prodcrction of granulocytes in 
this case was most actively stimulated by IL-3 and-to a less 
extent-by GM-CSF. 

Leukaemic origin of the mature elements that appeared in 
culture was supported by the demonstration of Auer rods. 
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Fig 4. Maturation of AML cells in Pitro: the response to three or four 
CSFs. CSFs were added to AML cell cultures as three or four factor 
combinations: For further explanation see Fig 2. (?): less than 200 
cells (macrophages) were recovered so that an exact differential 
estimate was not done. 

Granulocytic cells in two cases (no. 7 with 11-3 or G-CSF. and 
no. 11 with CSF combinations) and monocyte-macrophages 
in four cases (no. 11 with CSF combinations. and nos. 16, 20 
and 2 1 in the presence or absence of CSFs) revealed Auer rods 
postculture: whereas preculture Auer rods had only been 
seen in blasts. 

The effect a( Epo. No significant changes in cellular matu-
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Table I. Induction of erythroid and myelomonocytic differentiation in erythroleukaemia (case 2 5) in Epo or IL- 3 
stimulated cultures 

Myelomonocytic cells (%) Erythroid cells (%) 

Immature Mature 
cells* granulocytes Monocyte-macrophages Proerythroblasts Normoblasts 

Before culture 64 4 6 19 7 
After culture 

I. Epo 91 6 

2. IL-3 82 0 9 3 
3. Epo+1L-3 30 0 65 4 

Differential counts of MGG-stained preparates were performed in pre- and postculture cells. The cultures were 
stimulated by Epo or IL-3 or both together. 

* Immature myelomonocytic cells refer to myeloblasts + promyelocytes + promonocytes. 

ration or DNA synthesis were detected after the addition of 
Epo to the cultures of 1 0 of 11 AML cases that were tested. 
However. in patient 2 5. the only case with erythroleukaemia, 
Epo alone enhanced the DNA synthesis (stimulation index of 
5 x) as well as erythroid cell differentiation (Table I). IL-3, 
which could not significantly activate the 3H-TdR incorpora
tion of these cells (Fig 2), in contrast stimulated the 
production of myelomonocytic elements. The combination of 
Epo plus IL-3 further elevated the rate of DNA synthesis by 
the cells (stimulation index of 9· 2 x) and yielded interme
diate values of erythroid and myeloid cells. 

DISCUSSION 

A fundamental question in the study of AML is whether these 
cells are capable, when appropriately stimulated, to mature 
beyond the blastic stage to the terminally differentiated forms 
and thus whether the maturation blockade that characterizes 
leukaemia can be overcome. We have addressed this question 
in experiments in which AML cells from a cohort of 2 5 
patients were cultured under different conditions of growth 
factor stimulation and evaluated the abilities of cells to 
mature to monocyte/macrophages or to granulocytes in 
response to recombinant IL-3, GM-CSF. G-CSF, M-CSF and 
Epo. In order to relate the maturation phenomenon most 
directly to the growth factor effects, these experiments were 
conducted in a strictly serum-free assay. 

Firstly, we demonstrated that in the absence of external 
stimuli, the cells from 14/2 5 cases underwent progressive 
maturation in culture. The intrinsic mechanisms that 
brought about this spontaneous maturation most likely 
involve the autocrine production of factors that can stimulate 
blast cell maturation. Such an endogenous stimulus could 
originate either from AML progenitor cells, as proposed by 
others (Furukawa eta/, 1986: Young & Griffin. 1986: Young 
et a/, 1987) or from accessory cells. Candidate cells for 
endogenous growth factor production are the monocytic cells 
that are often found among the AML mass. Monocytes have 
been shown to actively release a variety of factors: e.g. 

GM-CSF (Thorens eta/, 1987). G-CSF and M-CSF (Clark & 
Kamen, 1987: Rambaldi et a/, 1987: Sieff. 1987a), inter
leukin-1 (Dinarello. 1984) and tumour necrosis factor 
(Beutler eta/, 1985). The latter two monokines can in turn 
modulate the production of CSFs in a variety of cell types 
(Fibbe eta/, 1986; Munkeret a/, 1986; Koeffier eta/, 1987: 
Old, 1987: Sieff eta/, 1987b; Zucali eta/, 1987). Support for a 
role of endogenous factors would also be in accordance with 
the observation that 'spontaneous' maturation was noted 
most frequently in the AML cases with higher numbers of 
monocytic cells in their preculture materials (Fig 1 ). Most of 
those cases also exhibited 'spontaneous' DNA synthesis in 
non-stimulated cultures. However, after plastic adherence 
and depletion of mature monocytic elements the spontaneous 
maturation and proliferation were not reduced (data not 
shown). This indicates that the endogenous stimulus for 
these events mainly originated from AML biasts. 

In a limited number of cases. IL-3, GM-CSF and G-CSF 
could enhance the formation of mature granulocytes or 
macrophages in vitro. while M-CSF only stimulated macro
phage development. In several cases, one or more of these 
CSFs were extremely active in stimulating AML cell growth in 
vitro, nevertheless the same CSFs failed to induce a significant 
degree of maturation in most of these instances. For instance, 
among 1 3 proliferation responders to G-CSF. the blast cells of 
only two cases (nos. 7 and 18) matured in response to G-CSF. 
Thus. while the AML cells were apparently susceptible to 
these factors. the cells failed to mature. Only by supplying 
combined CSFs in culture. in a fraction of these cases (e.g. no. 
11) maturation was achieved to some extent (Figs 3 and 4). 
These findings would indicate that the cells in AML are 
essentially responsive to the growth factors (activation of 
DNA synthesis) but the transduction of the signal and the 
intracellular cascade that results in proper myeloid cell 
maturation are abnormal (Sachs, 1986). This was most 
remarkable in those cases (e.g. nos. 1. 3. 4, 6 and 9) where a 
high proliferative response was achieved but no maturation 
was demonstrable even after the exposure of the AML cells to 
a cocktail of the four CSFs plus Epo. The variability in the 
degree of maturation and the response to different growth 
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factors among the patient group is a notable feature of the 
biological heterogeneity of the disease. Apparently it is an 
expression of the residual abilities of the cells to respond to 
these stimuli and to mature subsequently. It remains to be 
seen whether the cases that did not mature in the presence of 
CSFs, are really maturation defective clones with an absolute 
block of differentiation or whether they can still be success
fully manipulated to proceed along the maturation lineage 
when other differentiation inducers are presented, e.g. DMSO 
(Collins et a/, 1978) or vitamin D3 analogues (Abe et a/, 
1981). 

Maturation along the granulocytic versus monocytic 
lineage, when expressed in vitro, could not usually be 
predicted by the type of CSF added to culture. For instance, 
IL-3, GM-CSF and G-CSF induced terminally differentiated 
granulocytic or monocytic elements at approximately equi
valent frequencies. The results with M-CSF, on the other 
hand, showed a trend of preferential induction of monocytic 
maturation. It was also notable that no relationship was 
evident between the type of mature cells that appeared in 
stimulated or unstimulated cultures and the F AB classes of 
AML. Mono blastic (MS) leukaemia (e.g. case 23) gave rise in 
culture to mature granulocytes; and in several Ml. M2 and 
M3 cases, monocytic maturation took place. This indicates 
that some leukaemias in vivo express mainly the cytological 
features of a certain lineage, but under certain in vitro 
conditions, preferentially differentiate into another direction. 

In the example of erythroleukaemia (M6), different growth 
factors could promote the cellular DNA synthesis while 
leading to divergent differentiation events. Epo permitted the 
production of erythroid elements whereas IL-3 stimulated the 
development of cells with myelomonocytic morphology 
(Table I). 

Active cell proliferation was apparent during maturation 
of AML cells in certain cases; e.g. in M3, M4 and MS cases in 
the absence of CSFs (Fig 1) and in rare cases after exposure to 
single CSFs (Fig 2). In other instances. however, AML cells 
were able to mature without activation of DNA synthesis (e.g. 
cases 2, 7 and 8 with no added CSFs; Fig 1, and cases 2, l3 
and 23 with M-CSF; Fig 2). In one case (no. 5) induction of 
maturation by GM-CSF or M-CSF was associated with a 
suppression of the leukaemic cell proliferation (Fig 2). This 
reveals that there is no strict linkage between maturation and 
proliferation responses in AML, and significant maturation of 
cells may appear in the presence or absence of activated DNA 
synthesis. 

The findings reported here raise doubts about the thera
peutic utility of CSFs for induction of maturation in vivo and 
thus for treating patients with AML. First, these factors are 
potent stimuli for AML cell proliferation in most cases which 
could include the risks of boosting the progressive outgrowth 
of the leukaemia. Secondly, AML cell maturation is only 
rarely potentiated by these factors, more often towards 
monocytes, and if so, to a limited extent only. It has also been 
shown that these CSFs can promote the self-renewal of AML 
cells (Vellenga eta/, 1987b). Therefore. we believe that it is 
unlikely that therapy of patients with CSFs would have a 
general applicability. In vivo administration of CSFs, if 
intended, should benefit froni prescreening of leukaemic cells 

from individual patients in vitro to predict their maturation 
and proliferation responses and to select appropriate CSFs. 
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In this study we demonstrate that tumor necrosis factors (TNFa 
and TNF[I) are potent modulators of the in vitro proliferation of 
human AML cells. Blast cells from 11 cases of acute myelo
blastic leukemia (AML) were incubated with recombinant TNFa 
or TNF[I in serum-free 3 H-TdR uptake and colony culture sys
tems in the presence or absence of recombinant interleukin-3 
(IL-3), granulocyte macrophage colony-stimulating factor (GM
CSF), G-CSF, or M-CSF. Depending on the supplemented CSF, 
TNF could upregulate or suppress AML blast proliferation. En
hancement of AML growth by TNF was observed in the presence 
of IL-3 (in 9 of 11 cases in 3H-TdR assay; 6 of 9 cases in colony 
assay) and GM-CSF (in 8 of 11 cases in 3 H-TdR assay; 4 of 9 
cases in colony assay). In certain cases in which IL-3 or GM
CSF alone was unable to induce proliferative responses of AML 
cells, the simultaneous addition of TNF elicited colony growth 
and DNA synthesis suggesting a synergistic action between 
TNF and IL-3 or GM-CSF. In contrast, TNF suppressed G-CSF
induced growth (9 of 10 cases in 3H-TdR assay; 5 of 6 cases in 
colony assay). TNF could also stimulate DNA synthesis (in 2 of 
11 cases) or colony formation (in 2 of 9 cases) in AML cultures 
without the addition of other growth factors. Experiments with 
neutralizing antibodies and specific radioimmunoassays for in~ 
dividual CSFs showed that the synergistic and antagonistic ef
fects of TNF on AML growth could not be attributed to a release 
of one of these CSFs by the AML cells. The opposing conse
quences of exposure of AML blasts to TNF are of interest in 
view of our understanding of the pathophysiology of AML growth 
and the in vivo application of recombinant cytokines in AML 
patients. 

INTRODUCTION 

TUMOR necrosis factor (TNFa) and lymphotoxin (TNF[3) 
have been initially defined by their cytotoxic or cytostatic 

potential against an array of experimental tumors ( 1-4). Further 
studies. however, revealed that TNFs belong to a complex 
network of cytokines that regulate cell proliferation and func
tion as well as the production of growth factors (5. 6). The 
growth of certain cells. e.g .. normal human fibroblasts (7) and 
B lymphocytes (8). is efficiently promoted by TNFs. A role 
in modulating hematopoiesis has been attributed to the ability 
ofTNF to induce the release of certain hematopoietic regulators 
from diverse cells. e.g. granulocyte macrophage colony-stim
ulating factor (GM-CSF) (9) and G-CSF ( 10) from human lung 
fibroblasts. M-CSF from human monocytes (II). and interleu
kin-1 (IL-l) from endothelial cells (12). 

The colony stimulating factors (CSFs) IL-3. GM-CSF. G
CSF. and M-CSF have a major role in stimulating human acute 
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myeloblastic leukemia (AML) cells in culture (13-18). Some
times. the AML cells endogenously produce CSFs and stim
ulate their own growth (autocrine mechanism) (19-23). How 
TNF interacts with CSFs in regulating human AML growth is 
as yet unclear. 

Our present studies had the objective to determine the con
tributing role of TNF in human AML blast proliferation under 
exactly defined serum-free in vitro conditions. The data reveal 
a typical profile of reactivity to TNFs that depends on the 
particular CSF stimulating AML cells in vitro. 

MATERIALS AND METHODS 

Patients and Preparation of AML Cells. Eleven adult untreated cases 
of AML were diagnosed according to the criteria of French-American
British Committee (FAB) (24. 25) as Ml (cases 1-3). M2 (cases 4-
6). and M4 (cases 7-11 ). Bone marrow or peripheral blood (in cases 
3, 5, 7. and 8) were obtained after permission. The cells were recovered 
from the interface following Ficoll-Isopaque centrifugation. depleted 
ofT cells by AET-E rosette sedimentation. and cryopreserved (26. 
27). The percentages ofT cells in all AML specimens were less than 
I%. 

Morphological examination of cytospin slides of the cells after thaw
ing revealed that ~95% of the cells were blasts in cases 1-8. while 
in cases 9-11 (M4 cytology) the percentages of monocytes admixed 
with the blasts were 13%, 33%. and 18%. respectively. After incu
bation of 107 AML cells from the latter three cases in 2 ml serum
free medium in 35-mm plastic dishes (Greiner, Nlirtingen, F.R.G.) 
for 75 min. about 50% of the cells adhered. resulting in a reduction 
of the monocytes to less than 5% of nonadherent cells. 

Preparation of Normal Bone Marrow Cells. Normal marrow mono
nuclear cells were isolated on Ficoll-Isopaque (! .077 g/ml: Nycomed. 
Oslo. Norway). T cells. monocytes, and mature granulocytes were 
depleted after complement mediated cytolysis (28). The cells after 
Ficoll (20 x 106/ml) were incubated for 30 min on ice with a cocktail 
of three monoclonal antibodies at optimal concentrations: CD3 (0KT3; 
IgG2a). CD14 (B44-1: IgM) (29). and CD15 (B4.3: IgM) (30). Rabbit 
complement (40% v/v) was then added for another 30 min at 25°C. 
and the cells were finally washed twice in cold Hanks' balanced salt 
solution. 

Culture Medium. The serum-free medium that was recently pro
posed for the growth of human AML blasts in vitro (31) was used 
throughout the experiments. 

Purified Recombinant Colony Stimulating Factors (CSFs), Tumor 
Necrosis Factors (TNFs), and Neutrali:ing Antibodies. Purified re
combinant IL-3 (Gist Brocades. Delft. The Netherlands) was used at 
3 ng/ml. M-CSF (Cetus Corporation. EmmeryviJ!e. CA) at a dilution 
of 1.000 U/ml. G-CSF (Immuneic, Seattle. WA) at a 10 ng/ml dilution, 
and GM-CSF at 200 U/ml (25 ng/ml) as these concentrations were 
found to maximally support AML cell proliferation under serum-free 
conditions (17. 18, 32-35). Recombinant human TNFa (6 x 107 U/ 
mg). and TNF[I ( 1.2 X 108 U/mg) were provided by Dr. G. R. Adolf 
(Boehringer Institute, Vienna. Austria) (36. 37). TNFs were tested at 
various concentrations (up to 104 U/ml) in the presence or absence of 
CSFs and finally used at a concentration of 1.000 U/ml. 

Rabbit anti-human IL-3 and sheep anti-human GM-CSF (Genetics 
Institute, Cambridge. MA) were used at optimal neutralizing concen
trations (i.e .. 0.3% v/v and 0.2% v/v. respectively) in DNA synthesis 
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assay of AML blasts. Murine monoclonal antibody (lgG I) to recom
binant human TNF"' (neutralizing capacity: 1.0 x 107 U TNFC<iml) 
and rabbit antiserum to recombinant human TNF!3 (neutralizing ca
pacity: 2.9 X 107 U TNFj3/ml) were gifts from Boehringer Institute. 

-'H-thymidine ('H-TdR) Incorporation Assay. DNA synthesis of AML 
cells was measured in the presence or absence of CSFs or TNFs for 
90 hr in 96-well microliter plates as described (31). The results of 
triplicate incubations of 104 AML cells are expressed as means ::!:: 

standard deviations (SD). Preirradiated (30 Gy) AML cells were in
cluded in each experiment to assess the background thymidine incor
poration. Statistical significance (p < 0.05) between values of TNF 
supplemented and TNF-free cultures was estimated by Student t-test. 
3H-TdR uptake of normal human bone marrow progenitors was as
sessed similarly. 

AML Clonogenic Assay. Based on the dataof 3H-TdR incorporation, 
the effect of adding I 03 U/ml TNF"' on the clonogenic cells of nine 

AML cases (nos. 1-6 and 9-11) was tested in the presence or absence 
of individual CSFs. In these experiments 105 AML cells were plated 
in 1 ml serum-free medium that contained 0. 9% methylcellulose. and 
cultured in humidified 5% C02 atmosphere at 37'C. All aggregates 
of 10 cells or more were scored between days 7-10, and the numbers 
of colonies in Tables 1-3 refer to means of duplicate cultures. 

Preparation of AML Conditioned Media. Serum-free media were 
conditioned by 0.5 X 106/ml AML cells from cases 2, 4. 6. 9, and 
10. TNF"' (103 U/ml) or IL-3 (1:1,000 v/v) or both were added to 
AML cell cultures as well as to cell-free media running in parallel. 
Control cultures with no added factors were also included. Supernatants 
were collected after 4-5 day incubation. Another panel of conditioned 
media was prepared by pulse stimulating AML cells overnight with 
104 U/ml TNF"' alone (cases 4 and 6) or in combination with IL-3 
(case 2). washing the cells then further incubating them for 3 days in 
fresh medium. 

Table 1. The Effect of TNFs on AML Cell Proliferation in the Absence of Added CSFs 

Case No. TN Fa 
No TNF (1 Q3 U/ml) 

1 149 ± 15 178 ± 87 
2 351 ± 47 101 ± 36 
3 1,059 ± 54 637 ± 954 
4 168 ± 42 345 ± 86 
5 4,432 ± 1344 4,476 ± 484" 

Irradiated 
Control 

70 ± 13 
46 ± 29 

518 ± 42 
40 ± 8 

6 755 ± 143 6,004 ± 492' 92 ± 20 
7 199 ± 32 252 ± 45 47 ± 6 
8 1,740 ± 52 2,418 ± 77' 1,162 ± 90 

No 
TNF 

0 
2 
0 
0 

55 
0 

Colony Assayb 

TN Fa: 
(103 U/ml) 

0 
0 
0 

sc 
159' 

27' 

9 992 ± 199 633 ± 433 140 ± 35 220 164 

10 6,691 ± 287 1,376 ± 194 105 ± 34 88 34 
11 1,712 ± 18 172 ± 3d 62 ± 23 273 142d 

Proliferation of AML cells was assessed in the absence of exogenous CSFs in 3 H-TdR and colony assays. ln control cultures with no TNF, the blasts of seven 
cases (i.e., nos. 3, 5, 6, 8-11) exhibited spontaneous DNA synthesis (as compared to 3H-TdR uptake of preirradiated cells which was always less than 290 dpm). 
Four cases (i.e., nos. 5, 9-11) showed spontaneous colony formation. 

"Values refer to mean dpm per 104 AML cells ± SD. 
bValues refer to mean number of colonies per 105 AML cells. 
c1 00 U/ml TNFa was used in cultures with cells from case 5. 
dlndicates significant inhibition of DNA synthesis or colony formation following the addition of TNF. (SC) refers to small clusters (less than 10 cells) that were 

not found in control cultures without TNFa. 
0

- = not done. 
'Indicates significant enhancement of DNA synthesis or colony numbers (as compared to cultures without TNF). 
Parallel experiments were carried out with TNFj3 with similar results (not shown). 

Table 2. The Effect of TNF on AML Cell Proliferation Induced by IL-3 or GM-CSF 
3H·TdA Assay 

Case No. TN Fa 
NoTNF (103UJml) 

IL-3 
1 116 ± 35 106 ± 34 
2 535± 71 1,127 ± 14' 
3 1,611 ± 72 5,411 ± 557' 
4 2,232 ± 87 4,955 ± 148' 
5 9,238 ± 1479 22,395 ± 1 084' 
6 6,931 ± 609 7,078 ± 2194 
7 214 ± 29 740 ± 73' 
8 3,700 ± 129 5,968 ± 447' 
9 1,778 ± 218 4,987 ± 369' 

10 6,144 ± 294 11,465 ± 332£1 
11 2,043 ± 292 4,803 ± 85' 

GM-CSF 
1 110 ± 10 249 ± 101 
2 647 ± 85 1,820 ± 46' 
3 2,518 ± 60 4,136 ± 405' 
4 13,187 ± 619 23,136 ± 1226' 
5 8,196 ± 33 21,678 ± 1342' 
6 23,173 ± 850 10,980 ± 340' 
7 637 ± 56 3,141 ± 62' 
8 5,478 ± 251 8,238 ± 535' 
9 2,791 ± 524 6,525 ± 20211 

10 7,419 ± 348 6,654 ± 439 
11 2,455 + 78 4,064 + 215' 

The effects of TNFa were determined in AML cultures stimulated by IL-3 or GM-CSF. 
"Indicates positive effects of TNF. 
blndicates negative effects of TNF. 
For further explanation see Table 1. 
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Colony Assay 

No 
TNF 

3 
3 
2 

758 
245 
260 

248 
190 
339 

4 
6 

11 
882 
473 
570 

275 
268 
496 

TN Fa: 
(103 U/ml) 

2 
79' 

181' 
885 

1,014' 
281 

358' 
58411 

537' 

37' 
10 
31' 

953 
838' 
277' 

179b 
1,196• 

504 



Table 3. The Effect of TNFs on AML Cell Proliferation in the Presence of G-CSF or M-CSF 
3H-TdR Assay 

Case No. No 
TNF 

G-CSF 
1 93 ± 35 
2 551 ± 57 
3 4,175 = 187 
4 1,120 = 43 
5 14,819 = 942 
6 16,186 = 307 
7 501 ± 107 
8 3,443 = 96 
9 17,893 ± 572 

10 24,460 = 1639 
11 4,064 = 215 

M-CSF 
1 300 ± 18 
2 359 = 29 
3 954 ± 48 
4 172 = 15 
5 4,513 ± 440 
6 2,138 = 230 
7 90 ± 107 
8 2,119 ± 201 
9 2,423 ± 264 

10 
11 

TN Fa 
(103Ufml) 

124 ± 55 
154 ± 96' 

1,433 = 103' 
750 ± 121 11 

8,380 = 67011 

13,957 = 1465 
154 = 15' 

2,606 = 281' 
2,637 ± 350a 
7,414 = 437' 
1,630 ± 161' 

293 = 98 
143 ± 104 
581 = 124 
396 ± 21 

6,068 = 574 
6,195 = 408 

172 = 52 
2,538 ± 195 

416 = 44' 

No 
TNF 

6 
2 
5 

42 
698 
36 

263 
1,102 

339 

4 
0 
1 
0 

192 
0 

255 
256 
273 

Colony Assay 

TN Fa 
(103 Utml) 

1 
0 
0 

11' 
260' 

30 

11011 

29' 
21411 

2 
sc 

0 
sc 
754 

31 

230 
118 
161 

The effects of TNFa on AML cultures were determined in the presence of G-CSF or M-CSF; (a) indicates negative effects. For further explanations see 
Table 1. 

Testing AML Conditioned Media for Colony Stimulating Activity. As 
potential sources of CSF activities. conditioned media of TNF stim
ulated AML cells were tested (in concentrations ranging from 3-30% 
v/v) to stimulate: 

A. DNA synthesis of CD3. CD14. and CD15 negative normal hu
man bone marrow progenitors. 

B. DNA synthesis of AML cells from cases 4 and 6. Cells of both 
cases were selected as they were CSF dependent. i.e .. they showed 
no or limited baseline 3H-TdR uptake in the absence of growth stimuli 
(Table 1) but were stimulable by IL-3. GM-CSF (Table 2). as well as 
G-CSF (Table 3). 

Specific Immunoassay for GM-CSF, G-CSF, and M-CSF. Medium 
conditioned by AML cells stimulated by TNFo: alone (in case 6) or 
by TNFa plus IL-3 (in case 10) were assayed for GM-CSF. G-CSF. 
and M-CSF (37-39). The monospecific sandwich radioimmunoassay 
for GM-CSF (developed by K. Kaushansky) employs on two non
crossreacting murine monoclonal antibodies raised by immunization 
with recombinant GM-CSF. The assay has a sensitivity of 10 U/ml 
and is specific for human GM-CSF. It does not recognize G-CSF. M
CSF, or IL-3. G-CSF was quantitated in a similar immunoassay em
ploying human recombinant G-CSF as a standard (D. Chang. M. 
Hockman. and B. W. Altrock: manuscript in preparation). The limit 
of sensitivity of the assay is 2 ng/ml. The assay is negative for GM
CSF. M-CSF. or IL-3. Radioimmunoassay for M-CSF (Cetus Corp.) 
has a sensitivity of 6.1 ng/ml and is not influenced by G-CSF. GM
CSF. IL-3. nor denatured M-CSF. 

RESULTS 

Effects ofTNF on AML Cell Proliferation in the Absence of 
Exogenous CSFs. In 7 of II cases. AML cells cultured without 
exogenous CSFs exhibited baseline DNA synthesis that sig
nificantly exceeded the 3H-TdR uptake of irradiated control 
cells. This "spontaneous" DNA synthesis was inhibited by 
TNF in three of these cases (nos. 3, 10, and 110. Spontaneous 
colony formation observed in four cases was inhibited by TNF 
in three of them (nos. 9-11) but enhanced in case 5. 

On the other hand. of five cases without spontaneous DNA 
synthesis. TNF stimulated 3H-TdR incorporation in two (nos. 
6 and 8). Cells of case 6 formed some small-sized colonies 

(10-20 cells). and those of case 4 tiny clusters (less than 10 
cells) in response to TNFo: as a single stimulus. 

TNF Promotes the Proliferative Response of AML Blasts to 
IL-3 or GM-CSF. In many instances. TNF enhanced blast cell 
proliferation initiated by lL-3 (in 9 of II cases in 3H-TdR assay. 
and in 6 of 9 cases in colony assay) or by GM-CSF (in 8 of 
II cases in 3H-TdR assay. and in 4 of 9 cases in colony assay) 
(Table 2). The relationship between TNF stimulation of AML 
thymidine uptake and TNF concentration is shown in Figure I 
(panel A). indicating that the maximal effect is expressed at 
3 X 102 U/mL The magnitude of the stimulative effects of the 
combinations TNF plus IL-3 or TNF plus GM-CSF was often 
greater than the sum of the effects of the individual factors 
suggesting synergism (Table I vs. Table 2). Moreover, in the 
situations where TNF. as a single agent. had suppressed spon
taneous DNA synthesis (cases 3. 10. and II) and spontaneous 
colony formation (cases 9-11). IL-3 or GM-CSF. when com
bined with TNF. entirely reversed that negative influence of 
TNF and permitted remarkable enhancement of AML growth 
(e.g .. compare Fig. 2A with B or C). Large colonies (40 cells 
or more) predominated in cultures when TNFo: was added along 
with IL-3 or GM-CSF. 

In all the experiments reported herein. we included a set of 
incubations to which TNFi3. instead ofTNFo:. had been added. 
We do not give the complete data on TNFi3. since we observed 
that the effects of TNFo: and TNFi3 on AML cultures with or 
without CSFs were very much alike (e.g. see Figs. 2 and 3). 

TNF Suppresses the Proliferative Response of AML Blasts 
to G-CSF. TNF inhibited the proliferation of cells of 9 of I 0 
cases responding to G-CSF in 3H-TdR assay and in 5 of 6 cases 
in colony culture (Table 3 and Fig. 2D). Suppression of G
CSF-induced growth of AML was TNF dose dependent (Fig. 
I. panel B). Only small colonies (10-20 cells) appeared when 
TNFo: was added to G-CSF-containing cultures. 

M-CSF only occasionally activated DNA synthesis or colony 
formation of AML blasts. The effects of TNF on M-CSF con
taining cultures were therefore not really different from those 
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Figure 1. Modulation of IL~3 and G-CSF induced DNA synthesis of AML cells by TNFa.: dose effect relationships. Effects of titrated TNF concentrations 
on tritiated thymidine uptake of AML cells (from cases 10 and 11) induced by JL-3 (section A, enhancement by TNF) or G-CSF (section B, inhibition by 
TNF). Results are expressed as percentages of maximal stimulation (100%). Maximal thymidine incorporation in the IL-3 and TNF cultures was 12,979 ± 
597 dpm (case 10) and 5,670 ± 153 dpm (case 11). Maximal values of thymidine uptake in the G-CSF cultures were 24,460 ± 1639 (case 10) and 4,069 ± 
215 (case 11). (£-.._cells from case 10; ~o cells from case 11.) 
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Figure 2. Interaction between TNF and CSFs on DNA synthesis of 
AML cells (before and after plastic adherence). The effect of TNFa (con
tinuous lines) and TNFfl (interrupted lines) on DNA synthesis of AML 
cells from case 10 (M4 cytology) was compared before (•) and after plastic 
adherence (•). A, The dose response data show inhibition of spontaneous 
DNA synthesis byTNF, B, synergism between TNF and IL-3, C, synergism 
between TNF and GM·CSF, and D, antagonism between TNF and G·CSF. 

observed in the absence of CSFs (Table 1). Rarely (in 1 of 9 
cases in colony assay). TNF potentiated M-CSF induced pro
liferation of AML. In one case (no. 9). TNF suppressed DNA 
synthesis of M-CSF stimulated AML cells. 

Role of Auxiliary Cells. It is unlikely that TNF effects on 
AML growth were mediated through T cells or monocytes. All 
AML specimens in this study had been depleted of T cells. 
When the in vitro responses to TNFo: and TNFj3 were compared 
in 3H-TdR assay before and after plastic adherence (patients 
9-ll-M4 cytology). the results were identical (e.g., see Fig. 
2). 

Stimulatory Effects of TNF on AML Cell Cultures are not 
the Result of Induction of CSF Production. Since TNF can 
trigger in a variety of cell types the production of CSFs (e.g .• 
GM-CSF, G-CSF, and M-CSF) (9-11). we examined whether 
AML cell cycle activation by TNF was caused by CSF release . 
This was checked in a case where TNF as a single agent stim
ulated the cells (i.e .. no. 6) as well as in some instances where 
TNF synergized with lL-3 or GM-CSF. Stimulation of DNA 
synthesis by TNFo: in case 6 could not be blocked with anti
IL-3 or anti-GM-CSF antibody (Fig. 3). Supernatants of the 
cells incubated with TNFo: could not support the DNA synthesis 
of cells from the same patients, nor that of enriched human 
normal bone marrow progenitors (data not shown). Elaboration 
of CSFs into the medium following incubation of cells of case 
6 with TNF could not be demonstrated with monospecific im
munoassays for GM-CSF. G-CSF, and M-CSF. In the latter 
assay. significant quantities ofGM-CSF (160 pM). G-CSF (3.3 
ng/ml), and M-CSF (10.3 ng/mol) were detected in a mediuJT• 
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• Figure 3. Effect of anti-IL-3, anti-GM-CSF, anti-TNFa, and anti-TNF~ on TNF-induced DNA synthesis of AML cells. The increase of !lH-TdR uptake of 
cells from patient 6 following exposure to TNFo: or TNF(3 could not be reversed by anti-IL-3 or anti-GM-CSF. 

conditioned by phytohemagglutinin-stimulated peripheral blood 
leukocytes. 

In addition, anti-IL-3 could not block the enhancing potential 
ofTNF upon cultures containing GM-CSF, nor could anti-GM
CSF inhibit the synergistic effect ofTNF plus IL-3 (experiments 
performed on cells of cases 2. 9-11: data not shown). To ensure 
that the AML cells had not produced another critical factor 
during the 4-5 day incubation, supernatants from AML cell 
cultures with no stimuli. supernatants from AML cell cultures 
costimulated with IL-3 and TNF, and medium from cell-free 
incubations with TNF and IL-3 were directly compared as re
gards their stimulating activity on AML cells from case 6 and 
purified normal marrow, but no differences were noted. The 
enhanced growth in response to TNF plus IL-3-in case 10-
could not be attributed to the generation of GM-CSF, G-CSF, 
or M-CSF as evaluated by specific immunoassays. 

DISCUSSION 

The data of this report disclose contrasting responses of AML 
precursors to TNFs. DNA synthesis and colony growth of AML 
cells following stimulation by IL-3 or GM-CSF was frequently 
enhanced by TNF, even in certain cases in which AML cells 
hardly formed any colonies in response to IL-3 or GM-CSF 
alone. In marked contrast, TNFs exerted a dose-dependent 
suppression of G-CSF stimulated AML cell proliferation. Thus, 
proliferation of AML cells from the same patient could be 
positively or negatively modified following the exposure to 
TNF depending on the type of CSF supplemented to culture 
(IL-3 or GM-CSF vs. G-CSF). 

" Figure modified from original 

How TNFs accomplish their stimulatory or inhibitory influ
ences upon AML cell proliferation remains elusive. The ability 
of TNF to stimulate the production of CSFs in cells of several 
tissues (9-11) is now well established. Thus, one could hy
pothesize that the growth promoting capacities of TNF result 
from CSF release from AML cells following induction by TNF. 
However, testing of AML conditioned media for CSF activities 
with CSF neutralizing antibodies and specific radioimmunoas
says did not provide positive indications for the production by 
AML cells of any of the known CSFs as a result of exposure 
to TNF as a single molecule nor in conjunction with IL-3 or 
GM-CSF. 

An explanation for the suppressive effects of TNFs in cul-. 
tures stimulated with G-CSF or cultures with spontaneous growth 
of AML cells would be their differentiation inducing capacity 
(5. 6). We consider this possibility unlikely since cytological 
examination of cells from colony and suspension cultures re
vealed only a moderate increase in monocytes/macrophages in 
cultures with TNFa or TNF~ and an infrequent effect on the 
appearance of mature granulocytic elements (data not shown). 

Finally, a third possible mechanism underlying both syner
gistic and antagonistic effects of TNFs is that TNFs modulate 
the expression of surface receptors of CSFs on AML cells in 
a differential fashion, thus upregulating the receptors for GM
CSF and IL-3 and downregulating those for G-CSF, for in
stance. Investigations to explore this hypothesis are in progress. 

In a separate study we have investigated whether the features 
of responsiveness to TNF described here are unique to AML 
blasts or reflect common properties of normal myeloid pre-
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cursors. Very similar to the TNF responses in AML. we ob
served that GM-CSF and IL-3 stimulated myeloid colony 
formation from highly purified (CD34 +, CD14 -)normal mar
row samples was significantly enhanced by TNFs. whereas G
CSF induced colony growth was strongly suppressed by TNF 
(manuscript in preparation). This is in agreement with earlier 
studies showing that normal marrow progenitors responding in 
vitro to GM-CSF stimulation are more resistant to the cytotoxic 
effects of TNFs than those responding to G-CSF (40, 41). 
TNFa has also been shown to predominantly suppress colony 
growth of neutrophils with no significant effect on the formation 
of eosinophilic colonies in vitro ( 42). This is of interest because 
it is now obvious that eosinophilic colonies are mainly triggered 
by IL-3 or GM-CSF, while G-CSF acts as a selective stimulus 
for neutrophilic colonies from highly enriched progenitors (28, 
43). 

Recombinant CSFs and TNFs are being introduced in clinical 
medicine (44. 45). Therefore, it is crucial to understand their 
spectrum of effects and interactions on normal and neoplastic 
cells. The paradox of stimulation and inhibition of human AML 
growth by TNF may have an important bearing on the in vivo 
utility of this agent in patients with AML. Insight into the 
interplay of these hematopoietic activities may assist in se
lecting appropriate combinations of recombinant cytokines for 
in vivo administration. 
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Interleukin-1 Stimulates Proliferation of Acute Myeloblastic Leukemia Cells 
by Induction of Granulocyte-Macrophage 

Colony-Stimulating Factor Release 

By Ruud Delwel, Carin van Buitenen, Mohammed Salem, Freek Bot, Steven Gillis, 

Kenneth Kaushansky, Bruce Altrock, and Bob Lowenberg 

In this study, we further established the role of interleukin-
1 (IL-1 )a and IL-1t/ as regulators of proliferation of acute 
myeloid leukemia (AML) cells. IL-1 stimulated tritiated 
thymidine (3H-TdR) uptake of AML cells in 13 of 28 cases. 
Cytogenetic analysis confirmed the leukemic clonality of 
the IL-1-stimulated cells. Most likely, IL-1 exerted these 
stimulative effects directly on AML blast cells because IL-1 
effectively induced 3H-T dR uptake of CD34-positive AML 
blasts (separated following cell sorting). Furthermore, 
adherent cell-depleted AML samples of three patients 
were more effectively stimulated than nondepleted AML 
fractions. Cluster and colony formation from adherent cell 
depleted AML samples could also be stimulated with IL-1. 
ie, in seven of ten cases analyzed. Subsequent experiments 
indicated that IL-1 stimulation depended on the release of 
GM-CSF because (1) induction of DNA synthesis of AML 
cells by IL-1 could be abrogated with antigranulocyte
macrophage colony-stimulating factor (GM-CSF) antibody. 
(2) conditioned media ( CM) prepared from IL-1 stimulated 

I N VITRO GROWTH of human acute myeloid leukemia 
(AML) is regulated by several colony stimulating factors 

(CSFs) and interleukins (ILs), in particular IL3, granulo
cyte-macrophage-CSF (GM-CSF), granulocyte-CSF (G
CSF) and macrophage-CSF (M-CSF). 1

'
4 The molecule IL-l 

is a pleiotropic factor, which exhibits various effects on 
different target cells, eg, it induces proliferation of fibro
blasts and epithelial cells and it stimulates cytokine produc
tion in various cell types.' IL-l has a clear regulatory role in 
hematopoiesis. In human endothelial cells and fibroblasts, 
IL-l stimulates the release of GM-CSF and G-CSF_._, A 
possible role of IL-l in the regulation of AML blast eel! 
proliferation has recently been suggested as IL-l was found 
to synergize with GM-CSF and G-CSF.' In the present 
study, we further investigated how IL-l may stimulate the 
proliferation of human AML cells in vitro. We show that 
IL-l stimulates proliferation of AML cells in 13 of 28 cases 
and that in four of five cases activation of growth is the result 
of autocrine GM-CSF production induced by IL-l. 
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AML blasts (adherent cell depleted) could stimulate the 
proliferation of purified normal bone marrow progenitors 
whereas supernatants from nonstimulated AML blasts did 
not, and (3) GM-CSF was demonstrated in IL-1 I AML-CM 
with a specific radioi...:.munoassay, while GM-CSF was not 
detectable in nonstimulated supernatants. In one case of 
AML showing significant 3 H-T dR uptake in the absence of 
CSFs, this spontaneous DNA synthesis was found to 
depend on autocrine IL-1 tl release as it could be sup
pressed with anti-IL-1 tl antibody or anti-GM-CSF. The 
blockade by anti-IL-1t/ could be overcome by the addition 
of high concentrations of IL-1 tl as well as GM-CSF. Thus. in 
this particular case, endogenously produced IL-1 tl had 
stimulated the release of GM-CSF which resulted in GM
CSF-dependent proliferation. The results indicate that 
GM-CSF production by AML blasts is often regulated by 
IL-1 rather than being constitutive. 
~ 1989 by Grune & Stratton, Inc. 

MATERIALS AND METHODS 

Patients and preparations of AML cells. AML was diagnosed 
according to the French-American-British (FAB) Committee (Ta
ble 1).10 The leukemic cells from 28 patients were separated follow
ing bovine serum albumin (BSA) density gradient11

•
12 or Ficoll

isopaque (Nycomed AS, Oslo) centrifugation (cases 7, 13, 16, 19, 
21, 23, 24, and 27) and subsequent removal of E rosette forming cells 
as described."·" The cells were cryopreserved in 7.5% dimethyl 
sulfoxide (DMSO) and 20% fetal calf serum (FCS: Flow Laborato
ries; Isrike, UK) in liquid nitrogen using a controlled freezing 
methodD AML cells from bone marrow or blood as well as cells 
from healthy donors were obtained after informed consent. 

Hematopoietic growth factors and neutralizing poly clonal anti
bodies. Human purified recombinant IL-l a and (3 were obtained 
from Immunex Corp (Seattle). Recombinant human GM-CSF and 
G-CSF were prepared at the Genetics Institute (Cambridge, MA). 
The structural and biological characteristics of these human com
pounds have been reported in detail.1

" 20 IL-3 was obtained following 
expression of the human IL-3 cDNA21 in bacteria (Dorssers et al, 
manuscript in preparation). Polyclonal sheep anti--GM-CSF and 
rabbit anti-IL-3 were also gifts from Genetics Institute. Anti
GM-CSF was used in a 0.25% concentration. DNA synthesis of 
AML cells stimulated with 200 U/mL GM-CSF showed a 50% 
inhibition in the presence of0.06% anti--GM-CSF. This preparation 
did not inhibit IL-3-induced DNA synthesis. Anti-IL-3 was used at 
a 0.5% concentration. A 50% reduction of IL-3 ( 1:1,000)-induced 
DNA synthesis of AML cells was observed with 0.06% anti-IL-3. 
Anti-IL-3 did not inhibit GM-CSF induced AML cell proliferation. 
Anti-IL-Ia and anti-IL-1(3 were obtained from Immunex Corp. 
The antisera were specific, ie, anti-IL-Ia did not inhibit IL-
1,8-induced DNA synthesis, or vice versa. These antisera did not 
suppress GM-CSF or IL-3-induced DNA synthesis. Anti-IL-Ia 
was used at a 0.5% concentration. Anti-IL-Ia at a 0.015% dilution 
completely inhibited 3H-TdR incorporation of AML cells induced 
with 25 UjmL IL-Ia. Anti-IL(3 was used at a 0.5% dilution. Fifty 
percent inhibition of DNA synth.sis of AML cells stimulated with 
25 U jmL IL-1(3 was seen when this antiserum was added at a 0.06% 
concentration. 
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Table 1~ Effect of ll-1a and fJ on DNA Synthesis of AML Cells 

FAB 

M1 

M2 

M3 

M4 

M5 

M6 

Patient 
No. 

2 
3 
4 
5 
6 
7 
8 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

126 
27 

{ 28 

No. of Factors 

1.2• 

2.3 
1.5 
8.4 

107.9 
1.1 
0.5 
1.8 

0.5 
5.4 
2.1 
6.1 

22.1 
9.7 

47.5 
1.6 
5.2 

24.2 
9.5 
4.6 

18.2 
30.3 
44.1 
14.1 
22.0 

3.7 
8.2 
1.4 

ll-1a {U/ml) 

10 100 

1.3 1.2 
11.7 11.5 

1.2 1.1 
8.9 21.4 

45.6t 30.8t 
2.1 9.0 

37.5 
20.0 

0.6 0.5 
7.5 
3.2 18.6 

6.0 5.7 
27.1 33.9 
73.2 154.9 
55.5 51.6 

2.9 11.5 

8.9 16.1 

21.3 32.2 
9.6 

5.3 3.9 
25.0 28.5 
31.8 39.3 

37.1t 24.8t 
21.3 30.5 
22.7 23.7 

3.7 2.5 
9.8 14.2 
1.4 0.6 

IL-1/l (U/ml) 

1,000 10 100 1,000 Irradiated Control 

1.0 0.3 
9.5 13.4 9.9 0.4 
1.1 11.8 0.5 

20.0 2.3 
23.6t 0.4 
13.0 2.6 13.7 0.5 

7.3 0.5 
1.0 

0.4 0.3 0.5 0.5 0.2 
8.1 4.5 

14.1 0.9 
10.6 0.3 
39.2 31.7 36.9 41.0 0.7 

192.0 1.1 
42.2 1.6 
13.1 1.4 
19.6 1.4 
36.6 NO 

7.0 1.2 
3.4 4.1 3.9 2.6 0.5 

24.4 21.8 27.5 24.2 1.7 
40.9 33.0 37.9 33.3 1.7 
21.4t 0.7 
30.6 22.0 28.7 26.7 0.6 
19.2 0.6 

2.3 1.5 0.9 1.0 1.3 
13.1 0. 

1.6 0.8 

Italics indicate that the results from ll-1-stimulated cultures were significantly d"Jfferent from those of unstimulated cultures (Student's t test; 

P< .05). 
Abbreviations: FAB, French-American-British nomenclature; NO. not done. 

•
3 H-TdR uptake expressed as mean dpm X 10-2

. 

tin these cases, DNA synthesis was significantly inhibited by ll-1. 

Tritiated thymidine uptake in vitro and colony cultures of AML 
cells. DNA synthesis was measured by tritiated thymidine uptake 
in serum-free culture.'.22." Preirradiated (30 Gy) AML cells were 
run as controls to assess background 3H-TdR incorporation. Data 
from cultures not supplemented with factors were compared with 
background control values to assess whether in certain cases AML 
cells showed spontaneous DNA synthesis. Experiments were per
formed in triplicate and data are expressed as means ± SD. The 
Student's t test (P < .05) was performed to verify whether differ
ences were significant. The effects of IL-l were also determined in 
colony culture: I x I O' cells were plated in I mL of serum-free 
medium containing 0.9% methyl cellulose and cultured in a humidi
fied 5% C02 atmosphere at 37°C. Clusters of ten to 50 cells and 
colonies of 50 cells or more were scored at day 12 to 14 of culture. 
Colony numbers represent means of duplicate experiments. 

Cell adherence and preparation of AML-conditioned me
dium. Adherent cells were separated from the AML specimens 
following incubation of 107 cells in 5 mL serum-free medium in 6 em 
Petri dishes (Greiner, Nurtingen, FRG) for one hour. Nonadherent 
AML cells were cultured in serum-free medium (I x 106 cells/mL) 
in 6 em Petri dishes (5 mL) with or without 1,000 U IL-la/mL. 
After four days of culture, the conditioned media (CM) were 
harvested. 

Fluorescence-activated cell sorting. Analysis and cell sorting 
were performed after labeling with the monoclonal antibody CD34 

(BI-3C5; Sera Lab, Crawly Down, UK, concentration I: 1,000)24 and 
goat antimouse-FITC (GAM-FITC; Nordic, Tilburg, The Nether
lands) fluorescence-activated cell sorter (FACS) 440 under sterile 
conditions as described. 25.26 

Isolation of normal bone marrow progenitors and culture in the 
CFU-GEMM assay. The presence of colony-stimulating activity 
in IL-I -stimulated AML-CM was tested on purified normal bone 
marrow progenitors. These precursors were purified following two 
subsequent separation steps, ie, complement lysis and cell sorting. T 
cells, granulocytic cells, and monocytes were removed from Ficoll
isopaque-sedimented marrow by cytolysis using a cocktail of mono
clonal antibodies CD3 (IgG2, T-3), CDI5 (IgM B4.3),27 and CDI4 
(IgM, B44.1),28 and rabbit complement. Cells were then labeled 
with CD34 and positive cells were sorted by FACS. The final 
progenitor cell fraction was cultured in the CFU-GEMM assay"~' 
with AML-CM (15%) to determine stimulating activity. GM-CSF
and G-CSF-stimulated cultures with or without the addition of IL- I 
were run for comparison as well as cultures containing 15% phytohe
magglutinin-stimulated leukocyte conditioned medium (PHA
LCM). 

Radioimmunoassay for GM-CSF, G-CSF. and M-CSF. GM
CSF was assessed using a monospecific sandwich radioimmunoassay 
developed by K. Kaushansky (University of Washington, Seattle). 
The assay relies on two noncrossreacting murine monoclonal anti
bodies raised by immunization with recombinant GM-CSF. The 
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antibodies are specific for human GM-CSF and are purified by 
Staphylococcus Aureus affinity chromatography. The first antibody 
was added to microtiter wells and then nonspecific protein adherence 
was blocked by the addition of 2% albumin. Culture supernatants 
were added at a I 0% final volume, incubated, and after washing 
1251-labeled second antibody was added. After washing the excess 
labeled antibody, individual wells were counted. The results were 
compared with standards containing recombinant GM-CSF.30 The 
assay is specific for human GM-CSF; it does not recognize G-CSF, 
M-CSF, or IL-3 and has a sensitivity of 10 UfmL. G-CSF was 
assayed in a similar monospecific sandwich immunoassay using 
human recombinant G-CSF as a standard (D. Chang, M. Hockman, 
and B.W. Altrock; manuscript in preparation) that does not react 
with GM-CSF, M-CSF, and IL-3. The limit of sensitivity of the 
assay is 2 ngfmL. The sensitivity of the specific radioimmunoassay 
for M-CSF that was developed by J. Allen and M. Geier (Cetus 
Corp, Emmeryville, CA) is 6.1 ngfmL. The assay is specific for 
M-CSF and does not recognize G-CSF, GM-CSF, IL-3, or denatu
rated M-CSF. 

Cytogenetic analysis. Cytogenetic analysis of the cells was done 
after five days of culture according to standard techniques. 31 The 
spread metaphases were stained with I mg Atebrin (BDH Chemi
cals; Poole, UK) in 100 mL ethanol. 

RESULTS 

Stimulation of AML proliferation by IL-Ia or IL
l {J. The stimulative effects of IL-l on AML cell prolifera
tion were determined according to 3H-TdR incorporation 
and colony formation in vitro. In 17 of 28 cases, AML cells 
showed spontaneous DNA synthesis. DNA synthesis was 
enhanced or stimulated by IL-Ia in 13 of 28 cases (Table I). 
In three cases (ie, cases 7, 8, and 14), it resulted in an 
increase of 3H-TdR incorporation of 2,000 dpm or more. In 
the other ten cases, IL-l induced a moderate but significant 
stimulation of DNA synthesis of AML cells (ie, 1,000 to 
1,500 dpm). A direct comparison between the stimulative 
activities ofiL-la and IL-l{J revealed similar results for both 
molecules (n ~ 9 cases, Table 1). Polyclonal antisera 
towards IL-l a or {J neutralized the stimulative effects of the 
corresponding type of IL-l, confirming that activation of 
DNA synthesis had been IL-l dependent (data not shown). 
In two cases, cytogenetic analysis was performed to confirm 
the leukemic origin of the IL-l-stimulated AML cells. In 
case 7, five metaphases were analyzed following IL-l incuba
tion of the cells, which all exhibited the cytogenetic abnor
mality, ie, 48, X, Yp+, lp-, 9q-, 12q+, 13q-, + 14p+, 18q-, 
20q+, +21. All 16 metaphases analyzed from case 18 
revealed the AML karyotype as well (46, -3, 5q-, 7q-, 8?, 
8p-, +8p+, -12, +13, 17p+). CD34-positive cells were 
sorted (FACS) from the T-cell depleted AML samples of 
case 14 to exclude the possibility of residual assessory cells 
being stimulated by IL-l. CD34-positive cells (100% blast 
cells) were efficiently stimulated by IL-l (Fig I). We also 
examined the effect ofiL-1 on 3H-TdR uptake of the cells of 
three cases (cases 2, 4, and 24) after removal of adherent 
cells (Fig 2). It appeared that IL-l induced DNA synthesis 
increased following elimination of adherent cells in those 
eases. This indicates that AML cell stimulation did not 
depend on an intermediate effect of adherent monocytic cells 
in the cell preparations but resulted from direct effects of 
IL-l upon AML blasts. 

SORTED FRACTION 
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Fig 1. Effect of IL -1 on DNA synthesis of CD34-positive AML 
cells. The upper panel shows the fluorescence histogram of 
CD34-Iabeled AML cells (case 14) and the nonlabeled control cells, 
ie, cells incubated with GAM-FITC only (stippled graph}. CD34-
positive cells were sorted as indicated (fraction between arrows}. 
Morphologic analysis of this fraction revealed that 100% of the 
cells were blasts. The lower panel shows DNA synthesis of 
CD34-positive AML cells stimulated with IL-1a. Two x 1o" cells 
were plated per well. 

The data of colony and cluster formation from adherent 
cell-depleted samples often cases of AML following stimula
tion with IL-l (Table 2) are consistent with those of 3H-TdR 
uptake. IL-l stimulated cluster formation in cases 2, 4, 7, 8, 
and 24. In cases 13 and 22, clusters and colonies were 
spontaneously formed but following IL-l stimulation colony 
numbers increased significantly. In three cases (ie, cases 3, 
I 0, and 20) IL-l had no effect on colony or cluster growth. 

Stimulation of AML Growth by IL-l: induction of CSF 
release. Because IL-l acts as a modulator of CSF produc
tion in endothelial and stromal cells, .. ' we investigated 
whether activation of DNA synthesis of AML cells was 
caused by growth factor release induced by IL-l and subse
quent autocrine stimulation. AML cells from five cases 
(cases 2, 4, 7, 14, and 24) were cultured with IL-Ia and 
polyclonal antisera that specifically neutralized GM-CSF or 
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IL-3 activity (Table 3). It appeared that the IL-l-stimulated 
3H-TdR incorporation could be abrogated by anti-GM-CSF 
in four of five cases. Blocking of IL-l stimulation by anti
GM-CSF in case 7 could be restored by the simultaneous 
addition of GM-CSF to culture. Anti-IL-3 did not suppress 
IL-l-activated DNA synthesis. In three AML cases in 
which IL-l mediated cluster formation (adherent cell 
depleted samples), cluster numbers could be reduced by 
anti-GM-CSF from 476 (case 2), 227 (case 7), and >500 
(case 24) to 8, 4, and 12 clusters, respectively. Thus, it 
appears that IL-l frequently stimulates proliferation of 
AML cells through the activation of GM-CSF production in 
these cells that subsequently stimulate AML growth. 

To obtain further evidence for CSF production by AML 
blasts in the culture media, nonadherent AML cells from 
seven cases were incubated with IL-Ia and AML-CM 
prepared. The stimulating activity of these AML-CM were 
examined upon purified (CD34+, CD3-, CD14-, CD15-) 
normal bone marrow progenitors (Table 4). AML-CM of 
IL-l-stimulated AML blasts of cases 2, 7, 8, and 24 demon
strated colony stimulating activity whereas control AML
CM (prepared without IL-l) did not reveal any stimulatory 
activity. The data are compatible with GM-CSF-like activ
ity in AML-CM of cases 2, 7, and 24 because these AML
CM stimulated BFU-E, CFU-Eo, and CFU-GEMM.32 G-

125 
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40 75 

30 
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~ 
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10 ~s 
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0 10 100 1000 0 10 100 1000 
UNITS IL-1o. I ML 

CSF-like activity was found in AML-CM of cases 2 and 7. 
The colony data suggest M-CSF-like activity in AML-CM 
of cases 2, 7, 8, and 24. AML-CM from cases 4, 13, and 14 
did not induce colony growth. Radioimmunoassays were 
performed in those seven cases (cases 2, 4, 7, 8, 13, 14, and 
24) to estimate CSF concentrations in AML-CM. GM-CSF 
was detected in AML-CM of cases 2, 7, and 24 (ie, 290, 175, 
and 220 pmoljL, respectively) following IL-l stimulation 
and not in AML-CM of cases 4, 8, 13, and 14. In control 
supernatants of AML cells (ie, not induced with IL-l), no 
GM-CSF was detectable. In PHA-stimulated leukocyte con
ditioned medium (PHA-LCM) 160 pM GM-CSF was dem
onstrated. G-CSF and M-CSF were not detectable in any of 
the IL-l-stimulated cultures, whereas significant amounts of 
G-CSF (3.3 ng/mL) and M-CSF (10.2 ngjmL) were found 
in PHA-LCM. Thus, although G-CSF- and M-CSF-like 
activity had been suggested to have been released into the 
AML-CM, these factors were not detectable with the 
radioimmunoassay. 

Spontaneous proliferation as the consequence of constitu
tional IL-I release by AM L cells. Others have shown that 
AML cells are able to produce IL-1,8.33 It appears from the 
experiments presented above that IL-l can stimulate DNA 
synthesis of AML cells. Therefore, we investigated the 
hypothesis that spontaneous DNA synthesis in certain AML 

Table 2. Stimulation of AML Cluster and Colony Formation by IL-1a 

No Factor IL-1a (1,000 U/ml) 

Patient No. Clusters Colonies Clusters Colonies 

2 9• (9,8) 0 (0,0) 476 (425,527) 0(0,0) 

3 0 (0,0) 0 (0,0) 0 (0,0) 0(0,0) 

4 0 (0,0) 0 (0,0) >500t (>500,>500) 0(0,0) 

7 4 (0,7) 0 (0,0) 227 (217,237) 0(0,0) 

8 0 (0,0) 0 (0,0) 24 (28,21) 0(0,0) 

10 0 (0,0) 0 (0,0) 0 (0,0) 0(0,0) 

13 >500 (>500,>500) 313 (331,295) >500 (>500,>500) >500 (>500,>500) 
20 >500 (>500,>500) 0(0,0) >500 (>500,>500) 0(0,0) 

22 >500 (>500,>500) 157 (152,162) >500 (>500,>500) 308 (308,308) 

24 5 (9,1) 0 (0,0) >500 (>500,>500) 0 (0,0) 

Cluster and colony formation were determined in adherent cell depleted AML samples. 

•Mean values per 105 cells plated as well as colony and cluster numbers of duplicate experiments (between brackets) are indicated. 

tin this patient, >500 clusters of four to ten cells per dish appeared following IL-1 stimulation. 
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Table3. The Effects of Anti-GM-CSF and Anti-IL-3 on IL-1-Induced DNA Synthesis in AML Cells 

IL-1a + Anti-GM-CSF + 
Patient No. No. of Factor ll-1a IL-1a + Anti-ll-3 IL-1a + Anti-GM-CSF GM-cSF (10' U/ml) Irradiated Control 

2 7.5 ± 0.4 34.7 ± 3.2 34.8 ± 1.3 5.6 ± 0.9 ND 0.5 ± 0.2 

4 14.1 ± 1.0 31.6 ± 4.4 31.6 ± 3.8 10.5 ± 0.7 ND 4.9 ± 0.1 
7 0.5 ± 0.1 37.5 ± 2.4 39.7 ± 0.1 5.6 ± 2.0 28.5 ± 1.2 0.4 ± 0.1 

14 2.9 ± 2.1 45.1 ± 7.8 54.2 ± 9.0 42.6 ± 4.1 ND 1.6 ± 0.2 
24 6.6 ± 0.8 13.5 ± 1.4 14.0 ± 1.1 1.9±4.1 ND 1.4 ± 0.8 

Values of 3H-TdR uptake are expressed as dpm x 1 o-2 (means ± SO). IL-1a concentration, 100 U/mL. In case 7, the inhibition by anti-GM-cSF was 

overcome by the addition of 103 U/ml GM-GSF. Stimulation of 3H-TdR uptake with the same concentration of GM-CSF alone was 38.6 ± 2.5 dpm x 

10-2
• Italics indicate significant inhibition following the addh:ion of anti-GM-GSF. 

Abbreviation: NO, not determined. 

cases was the result of endogenously produced IL-l~ and 
subsequent CSF release. In one of nine cases (ie, case 24) 

anti-IL-l~ inhibited the spontaneous DNA synthesis, 
whereas anti-IL-Ia did not (Fig 3). Inhibition by anti-IL-l~ 
could be overcome not only by the addition of IL-l~ {103 

UjmL) but also GM-CSF (104 UjmL) to the cultures. 
Spontaneous DNA synthesis could also be abrogated with 
anti-GM-CSF. This inhibition could only be competed with 
high concentrations of GM-CSF and not with IL-l~. Thus, it 
appears that in this particular case AML cell cycling 
resulted from stimulation by G M -CSF released as the conse
quence of endogenously produced IL-l~. 

DISCUSSION 

The results of this study show that human IL-Ia and~ 
frequently stimulate DNA synthesis of AML cells (13 of 28 

cases). Sorting of CD34 (a marker for primitive hemato
poietic cells) positive AML cells in one case and removal of 
adherent cells in three other cases did not result in loss of 
stimulating activity. Instead, enrichment of blasts increased 
the stimulatory effects of IL-l. Analysis of cluster and colony 
formation in adherent cell-depleted AML samples showed a 
clear stimulative effect of IL-l as well (ie, in seven of ten 
cases). These observations are consistent with a stimulative 
effect of IL-l directly on AML blast cells and not on the 
monocytic component of the neoplasm or a normal contami
nating cell population. 

IL-l has shown to be a stimulus of cytokine production in 
several cell types, such as endothelial cells and fibroblasts. •·• 
In mice IL-l or hemopoietin-! acts synergistically with 
M-CSF as well as with IL-3, ie, IL-3 or M-CSF41ependent 
colony formation increases considerably in the presence of 
IL-1.34

•
35 Hoang et al9 demonstrated a synergistic effect of 

Table4. Effects of Conditioned Medium of AML Blasts Stimulated With or Without IL-1 a on Colony Formation 
of Purified Normal Marrow Progenitors 

Experiment No. 1 Experiment No. 2 

Stimulus G Eo M G/M Mix G Eo M G/M• Mfx 

AML-CM 

2-IL-1 0 0 0 0 0 31 
+IL-1 62 14 54 9 13 122 

4-IL-1 0 0 0 0 0 15 
+IL-1 0 0 0 0 0 39 

7-IL-1 0 0 0 0 0 55 0 0 0 0 0 49 
+IL-1 16 25 7 4 2 78 11 9 34 6 16 109 

8-IL-1 0 0 0 0 0 22 0 0 0 0 0 41 
+IL-1 0 0 16 0 0 55 3 38 3 76 

13-IL-1 0 0 0 0 0 50 

+IL-1 0 0 0 0 57 
14-IL-1 0 0 0 0 0 

+IL-1 0 0 0 0 0 
24-IL-1 0 1 0 0 0 54 

+IL-1 5 3 89 4 6 82 
No factor 0 0 0 0 0 55 0 0 0 0 0 38 
PHA-LCM 25 27 50 12 3 104 86 17 64 21 7 136 
GM-CSF 0 13 2 0 2 63 2 12 9 0 15 114 
G-CSF 19 0 0 0 0 51 42 0 0 0 0 45 

GM-cSF + G-CSF 112 19 3 3 3 70 162 18 14 7 14 115 

The stimulative effects of 15% AML-CM on CD34-positNe, CD3-negative, CD14-negative, CD15-negative bone marrow progenitor cells were 

examined in the CFU-GEMM assay. The numbers of granulocytic (G). eosinophylic (Eo). macrophage (M), granulocyte/macrophage (M/G), mixed (Mix) 

and erythroid (E) colonies were determined at day 15 of culture. Colony numbers are absolute values derived from the growth of 104 bone marrow cells. 

Cultures containing mixtures of GM-c5F or G-CSF plus IL -1 were run in parallel and the results were identical to the cultures with GM-CSF or G-c5F but 

without IL -1. IL -1 alone had no effect on colony formation. 

Abbreviation: -, not done. 
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Fig 3. The effects of anti-IL-1a (all-1a), anti-IL-11'/ (a/L-11'/). 
and anti-GM-CSF {aGM-CSF) on spontaneous DNA synthesis of 
AML cells (case 24). The results of two separate experiments are 
shown. 

IL-l and GM-CSF as well as IL-l and G-CSF on AML 
colony formation. They indicated that no distinction had 
been made between direct and indirect effects and suggested 
the possibility that the IL-l stimulation might be explained 
by the induction of growth factor release. The experiments 
presented here disclose that the stimulation of AML growth 
by IL-l was mediated by induction of GM-CSF production. 
In four of five cases, a neutralizing antiserum against 
GM-CSF interfered with IL-l induced DNA synthesis (Ta
ble 3). The addition of high concentrations of GM-CSF 
could overcome the blockade imposed by anti-GM-CSF on 
IL-l-dependent DNA synthesis. In addition, in three cases 
tested IL-l-induced cluster formation was abrogated by 
anti-GM-CSF as well. Thus IL-l-dependent growth of 
AML cells appears to be a two-stage process: (I) elaboration 
of GM-CSF by IL-l, followed by (2) activation of DNA 
synthesis by GM-CSF. It is possible that in the one case 
where we could not inhibit DNA synthesis with anti-GM
CSF, IL-l induced the release of another factor. 

The production of colony-stimulating activity by nonad
herent AML cells in response to IL-l was further supported 
by results obtained from the specific radioimmunoassay for 
GM-CSF and by the ability of supernatants of AML blasts 
incubated with IL-l, to induce colony growth from purified 
(CD34+, CD3-, CD14-, CD15-) normal bone marrow 
progenitors. Although G-CSF and M-CSF were not detected 

by specific radioimmunoassays in conditioned media of IL
l-stimulated AML blasts, the results from the in vitro 
stimulation of highly purified normal marrow progenitors 
may suggest that other CSFs were produced by AML cells as 
well following IL-l stimulation. 32 

Recently it has been shown by Griffin et al33 that in ten of 
17 AML cases, the blast cells were able to produce IL-1,6. 
Because AML cells frequently produce GM-CSF, G-CSF, 
or M -CSF as well and are able to proliferate in response to 
the latter factors,36

"
41 one wonders whether these phenomena 

may have been cytokine dependent rather than constitutive. 
We addressed this question and investigated whether sponta
neous DNA synthesis of AML blast cells was provoked by 
endogenously produced IL-l. In one of nine cases tested, 
anti-IL-1,6 antiserum could suppress spontaneous DNA 
synthesis. Blockade of DNA synthesis of the cells of this 
patient by anti-IL-1,6 could be overridden with high concen
trations of!L-1,6 or GM-CSF. Obviously these data fit with a 
model of endogenously produced IL-1,6 stimulating the pro
duction of GM-CSF in AML cells leading to activation of 
DNA synthesis. Most likely IL-1,6 was released by the 
monocytic compartment of the leukemia (M 4 ), because after 
adherence, the cells did not show spontaneous DNA synthe
sis (Fig 2C). The expression of mRNAs for GM-CSF, 
G-CSF, and M-CSF, as reported by others, may not have 
been constitutive in those instances but has been the result of 
activation by monokines released during the one hour incu
bation to deplete adherent cells.36

•
31

•
40

•
41 

Because IL-l is an inducer of CSF production in several 
normal cell types, eg, fibroblasts, endothelial cells:·• it is 
possible that the GM-CSF production by AML cells follow
ing IL-l stimulation represents a feature of normal cells. 
However, whether IL-l is a stimulator of CSF production by 
normal marrow blast cells, considered as the normal counter
parts of the leukemic cells, remains a pertinent question to 
address. 

In summary, IL-Ia and .B modify proliferation in AML 
cells by stimulating the release of GM-CSF. As IL-l is 
produced by various cell types including AML cells, it is 
conceivable that progression of AMLin vivo is influenced by 
conditions that elevate tissue concentrations of IL-l in vivo. 
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Jnterleukln-1 (IL-1) has hemopoletln-1 (H-1) activity, i.e., It sy
nerglzes with macrophage-colony stimulating factor (M-CSF), 
granulocyte-macrophage-CSF (GM-CSF) and interleukin-3 (IL-3) 
In stimulating In vitro colony formation of hematopoietic pro
genitor cells. In this study the synergistic activity of IL-1 was 
Investigated on IL-3 and GM-CSF induced growth of acute mye
loid leukemia colony forming cells (AML-CFU) in vitro. Among 
12 cases of human AML, IL-1 significantly elevated JL-3 stimu
lated colony numbers in eight instances and enhanced GM-CSF 
Induced colony growth in five cases. As IL-1 is an inducer of 
cytoklne production and since tumor necrosis factor (TNF) el
evates IL-3 or GM-CSF induced proliferation of AML-CFU, we 
examined whether IL-1 enhanced AML-CFU growth via the in
duction of TNF production. Neutralizing anti-TN F-a antibodies 
significantly decreased IL-1/IL-3 or IL-1/GM-CSF stimulated col
ony numbers in six of seven cases studied, whereas anti-TNF-
13 had no effect, Indicating that endogenously produced TN F-a 
costlmulated the growth of AML-CFU. Furthermore, AML blast 
cells stimulated by IL-1 released increased amounts of TNF-a 
(between 25 and 533 pg/ml; median 255 pg/ml) into the culture 
medium (TNF-a specific radioimmunoassay) as compared with 
non Induced AML cells (<1 to 149 pg TNF-odml; median 31 pg/ 
mi). Thus, the effect of IL-1 on AML-CFU proliferation is not the 
result of direct activation of AML progenitors, but IL-1 stimulates 
the release of TNF-a by AML cells and endogenous TNF sub
sequently synergizes with IL-3 or GM-CSF. 

INTRODUCTION 

TNTERLEUKIN-1 (IL-l), of which two different forms exist 
j_ (i.e. IL-l-a and !3), is a factor which exerts multiple effects 
on a number of cell types (1). It can induce the release of 
cytokines from endothelial cells, fibroblasts, T lymphocytes, 
and as was recently shown, also from acute myeloblastic leu
kemia (AML) cells (2-5). IL-l is a growth stimulator of fi
broblasts and epithelial cells (I). Furthermore, IL- 1 has been 
identified as hemopoietin-! (H-1) (6, 7), a stimulus that sy
nergizes with colony-stimulating factors (CSFs) (6, 8, 9). For 
instance, it significantly elevates the number and size of mac
rophage-CSF (M-CSF) stimulated colonies in murine bone mar
row in vitro (8). IL-l also synergizes with granulocyte
macrophage CSF (GM-CSF) or interleukin-3 (lL-3) in the stim
ulation of proliferation of primitive murine stem cells (6, 9). 
Similar effects of IL-l have been described on proliferation of 
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AML progenitor cells (10), i.e., IL-l synergized with GM
CSF or G-CSF in the stimulation of growth of AML colony 
forming cells (AML-CFU) in vitro. In this study we show that 
IL-l may also elevate IL-3 dependent growth of AML-CFU. 
We examined the mechanism by which IL-l costimulates AML 
cell proliferation with IL-3 and GM-CSF. The results of these 
experiments disclose that IL-l activates AML cells to produce 
tumor necrosis factor (TNF)-a, which subsequently synergizes 
with IL-3 or GM-CSF. 

MATERIALS AND METHODS 

Patients and Preparation of AML Blast~·. Cells from 12 patients 
with AML were obtained from bone marrow or blood after informed 
consent. Blast cells were purit1ed from the marrow or blood by Ficoil
isopaquc (II) or bovine serum albumin centrifugation and subsequent 
depletion ofT cells by E rosette sedimentation (12). The cells were 
then cryopreserved as described ( 13). After thawing, monocytic cells 
were remqved by plastic adherence: 107 cells in 5-ml serum free me
dium (14) were incubated for I hr in 6-cm petridishes (Greiner, Nur
tingen, F.R.G.) at 37"C. Following this procedure, ceil fractions were 
obtained that contained 97% or more blast cells. 

Purified Recombinant Gtowth Factors and Neutralizing Am/bod
ies. lL-3 (Gist Brocades, Delft, The Netherlands) ( 15) was used at a 
concentration of 3 ng/ml, GM-CSF (a gift from Dr. S. Clark from 
Genetics Institute, Cambridge, MAJ (16) at 200 U/mi (25 ng/ml) and 
IL-i-a (donated by Dr. S. Gillis from lmmunex, Seattle, WA) (17) 
at 100 or 1,000 U/ml (I or iO ng/mi). Both antibodies, anti-TNF-a 
and anti TNF-13 (Dr. Adolf, Boehringer Institute, Vienna, Austria) 
were used at concentrations of I: I ,000 and completely inhibited the 
proliferation of AML blasts in response to TNF (TNF-a or TNF-13; 
I ,000 U/ml). Anti-TNF-a did not neutralize the TNF-13 stimulation 
nor did anti-TNF-13 interfere with TNF-a stimulated growth of AML 
cells. Conditioned medium from phytohaemagglutinin stimulated leu
kocytes (PHA-LCM) was prepared from serum free cultures of pe
ripheral blood mononuclear cells ( 10' cells per ml; obtained after Fico II 
separation) stimulated with PHA (1%). Media were harvested after 4 
days of culture. 

In Vitro Culwre of Human AML Blasts. Growth of AML colony 
forming cells (AML-CFU) was determined in serum free mcthylcel
lulose cultures exactly as described ( 18). Colonies (>50 cells) and 
clusters(> 10 cells) were counted at day 14 of culture. Numbers rep
resent means of duplicate experiments. 

Radioimmunoassay for Tumor Necrosis Factor-a. Nonadhcrcnt AML 
cells (106 cells per ml) were cultured in 6-cm petri dishes Greiner) in 
serum free medium in the. presence or absence of 1,000 U/ml lL-1-ct. 
Conditioned media were harvested after 5 days of culture at 37°C. 
The concentration of TNF-a in these media were determined with a 
specific radioimmunoassay according to the methods described by the 
manufacturer (IRE-Medgenix, Fleurus, Belgium). The assay relies on 
several monoclonal antibodies directed to distinct epitopcs of TN F-a 
and shows no cross reactivity with TNF-~. IL-l, IL-2 and interferon 
a, ~. and 'Y· The mc;:1n amount of TN F-a in cell free culture media 
determined in to separate experiments was 2.4 pg/m! ranging from 
J-7 .5 pg/ml, and the intcrassay coefficient of variation at a level of 
131 pgiml was 7.2% (n ~ 10). 
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RESULTS 

Synergistic Effect Between IL-l and JL-3 or IL-l and GM
CSF on AML Growth. We investigated whether IL-l syner
gized with IL-3 and GM-CSF in stimulating AML colony for
mation (Table I). In eight of 12 cases of AML, IL-l significantly 
elevated colony or cluster numbers in the presence of IL-3. IL
l synergized with GM-CSF in stimulating AML-CFU prolif
eration in five of those eight cases. 

Inhibition of IL-l!IL-3 or IL-l!GM-CSF Stimulated Growth 
of AML-CFU by Anti-TNF-cx Antibodies. It has recently been 
shown that TNF may synergize with GM-CSF (19, 20) and 
with IL-3 (20) in stimulating AML-CFU. In addition, under 
certain conditions TNF-a can be produced by AML blast cells 
(21, 22). In anti-TNF-a blocking experiments we addressed 
the question whether the enhancement of IL-3 or GM-CSF 
stimulated growth of AML-CFU by IL-l is caused by endog
enously produced TNF-a. In three cases where IL-l synergized 
with IL-3 as well 'IS with GM-CSF (nos. 6, 10, and II), the 
increase of AML colony numbers by IL-l was reversed when 
neutralizing antibodies against TNF-a were supplemented to 
the cultures (Fig. I, A-C). In cases 4, 5, and 7, where IL-l 
synergized with IL-3 only (Table 1), anti TNF-cx suppressed 
colony numbers as well (Fig. I , D-F). These results suggest 
that the positive effect of IL-l was the result of endogenous 
TNF-a released into the cultures following IL-l stimulation. 
In one case (#8) anti-TNF-a could not abrogate the synergistic 
effect provoked by IL-l (data not shown). Anti TNF-a did not 
inhibit the growth of AML-CFU from cases 2, 3, 9, and 12, 
in which IL-l did not enhance IL-3 or GM-CSF stimulated 
growth. Neither did the anti-TNF-a antibody affect control 
cultures of AML cells with IL-3 or GM-CSF alone (data not 
shown). Addition of anti-TNF-13 did not inhibit AML colony 
growth in any of the experiments (example see Fig. I F). 

In three cases (nos. 6, 8, and I 0) IL-l as the sole factor 
added to culture stimulated considerable numbers of AML col
onies (Table 1). In two of those (nos. 6 and 10) anti-TNF-ot 
reduced IL-l stimulated colony numbers from 126 to 20 and 
from 161 to 34, respectively. IL-l induced AML colony for
mation from case 8 was not affected by anti-TNF-a (312 vs. 
299 colonies). 

Production ofTNF-cx by AML Blasts. To further demonstrate 
that AML blasts produce TNF-a following IL-l stimulation, 
the concentrations of TNF-a in culture media of AML cells 
were assessed in the 12 cases (Table 2). Noninduced blast cells 
released variable concentrations of TN F-a, i.e., between not 
detectable (<I pg/ml) and 149 pg/ml (median 31 pg/ml). Sig-

nificantly higher concentrations of TN F-a were apparent in the 
supernatants of IL-l stimulated AML cells, i.e., between 25 
and 533 pg/ml TNF-a (median 255 pg/ml). 

DISCUSSION 

In murine systems IL- I increases the number of colonies 
formed by hematopoietic progenitor cells in vitro following 
stimulation with IL-3 or GM-CSF (6, 7, 9). We have shown 
in this report that IL-l elevates IL-3 induced AML colony 
formation and confirmed the data reported by others that IL-l 
enhances GM-CSF stimulated growth of AML-CFU (10). Our 
results demonstrate that the synergistic action of IL-l on AML 
colony growth frequently depends on the induction of TNF-a 
that is released by the AML blasts. Endogenously produced 
TNF-a then costimulates AML cell proliferation with IL-3 or 
GM-CSF. This is in agreement with recent evidence indicating 
that TNF-ot strongly synergizes with IL-3 and GM-CSF in 
stimulation of AML growth in vitro (19, 20). 

In a few cases (three of 12) IL-l did not synergize with IL-
3 or GM-CSF although a clear production of TNF-a was ap
parent following IL-l stimulation (Tables I and 2). These het
erogenous responses among AML cases remain presently 
unexplained, but could for instance be related to variations of 
the maturation arrest of AML-CFUs. Likewise, when exoge
nous TNF is added to IL-3 or GM-CSF supplemented cultures 
of AML blasts synergism is not always apparent (20). In one 
case (no. 8) the AML cells elaborated TNF-a (Table 2), but 
anti TNF-ot did not inhibit the synergistic effect of IL-l upon 
AML-CFU growth. In this case the positive effect of IL-l is 
apparently not mediated through TNF-a, but may be explained 
by the release of another cytokine. Previous studies have shown 
that AML blast cells express TNF-a mRNA under certain con
ditions, i.e., after incubation for I hr with the purpose to re
move cells adherent to plastic (monocytes) (21, 22). TNF-a 
transcripts were not demonstrated in fresh AML samples (22). 
Similarly, in certain cases of AML the blast cells express the 
RNA message for GM-CSF (23), but usually only after (I hr) 
culture (24). A plausible explanation for the appearance of 
TNF-a and GM-CSF mRNAs in AML blasts is that a factor 
is released by monocytes (activated following adherence), which 
subsequently induces the expression of mRNAs for these cy
tokines. This factor could be IL-l, since IL-l is a monokine 
that stimulates the production of GM-CSF by AML blast cells 
(5) and as shown here stimulates the release ofTNF-a by AML 

Table 1. Effects of JL~1 on IL~3 and GM-CSF Induced AML Colony Formation 

Case No. FAB 
No IL·1 

Factor 
IL-3 GM·CSF ll-1 + ll-3 IL-1 + GM-CSF 

'1 M1 14 10 18 80 237 517 
2 M1 1 0 35 5 12 21 
3 M1 0 1 306 7 361 18 
'4 M1 0 0 0 0 44 0 

'5 M1 0 0 0 0 45 0 
·6 M1 0 126 34 17 >1.000 501 
•7 M2 0 0 36 12 99 9 

8 M2 0 312 360 113 >1,000 >1,000 

9 M2 0 0 21 82 62 92 

10 M4 0 161 54 210 269 697 
'11 M4 0 0 21 0 340 410 

12 M4 0 0 9 32 5 31 

Numbers indicate colonies or clusters per 1 05 cells plated. 
11 lndicates that in those cases only clusters of less than 50 cells were grown. 
FAB French-American-British nomenclature (25). 
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Figure 1. Anti TNF-a antibodies suppress colony formation stimulated by the combinations of IL~1 and JL-3, or IL-1 and GM-CSF. AML blasts were 
cultured serum free with optimal concentrations of IL-1 and/or IL-3 or GM-CSF In methylcellulose (cases 6(A), 10(8), and 11(C)). Cells from cases 4(0), 
5(E), and 7(F) were cultured with IL-1 and/or IL-3. AML cells from those cases did not form colonies with GM-CSF plus IL-1 (see Table 1). To verily 
whether the synergistic effect of IL-1 on IL-3 or GM-CSF Induced colony growth was the result of endogenously produced TNF-ta:, neutralizing antibodies 
against TNF-a (aTNFa) were added to the cultures. In control experiments anti TNF·ll neutralizing antibodies were added to the cultures as well. An 
example Is shown (F). GM: GM-CSF. 

cells as well. Thus, the production of at least two cytokines, 
i.e., GM-CSF and TNF-a, by AML blast cells is under the 
control of IL-l. 

Since AML blast cells may produce GM-CSF in addition to 
TN F-a, colony formation stimulated by IL-l alone may be the 
result of the synergistic action of endogenously produced OM-

CSF and TNF-a. We recently showed that AML colony for
mation stimulated by IL-l could be inhibited with anti-GM
CSF antibodies. Here we show that in two cases where IL-l 
alone stimulated AML colony growth, anti-TNF-a was inhib
itory as well. As TNF does not stimulate AML colony formation 
by itself (20), it is most likely that AML colony growth in 
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Table 2. TNF-a Concentrations in Culture Media of AML Blasts 
Incubated In the Presence or Absence of IL-1 

pglml TNF-a in Culture 

FAB 

Medium 
AML 

Case No. Stimulus 

None IL-1 

M1 1 20 208 
2 21 101 
3 10 485 
4 14 533 
5 33 40 
6 6 372 

M2 7 7 107 
8 <1 25 
9 15 96 

M4 10 59 499 
11 37 284 
12 149 277 

PHA·LCM >5,000 

AML blasts (1 06 cells per ml) were cultured for 5 days in serum free medium 
in the presence or absence of 1,000 U!mlll-1~a. The concentration of TNF~ 
ex in the medium produced by the AML blasts was determined with a specific 
radioimmunoassay. 
PHA~LCM = phytohemagglutinin stimulated leukocyte conditioned medium. 

those instances was synergistically stimulated by endogenous 
GM-CSF and TNF-a. 
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INTRODUCTION 

In vitro cultures of AML cells may have 
diagnostic applications, e.g. for the 
classification of AML cells based on growth 
factor responses (1) or for monitoring residual 
leukemic cells in remission marrow (2). 
Furthermore, culture assays are important tools 
for the analysis of leukemic growth 
characteristics (3). Two characteristic growth 
types of primary AML cells which may be of use 
in the diagnosis of AML and which should be 
investigated in more detail for a better 
understanding of the mechanisms of AML growth 
are a) the spontaneous growth and b) the IL-l 
stimulated proliferation of AML blasts (1,4). In 
several studies it has been suggested that AML 
cells may produce their own growth factors 
constitutively, i.e. nonregulated. Thus GM-CSF, 
G-CSF, M-CSF, IL-6, TNFcx and IL-lt3 may stimulate 
AML growth in an autocrine fashion (5-7) • On the 
other hand, it has also been demonstrated that 
GM-cSF and TNFcx may be produced by AML blast 
cells under the control of IL-l (4,8). Since 
these results may appear contradictory we 
investigated in more detail: a) which HGFs are 
produced by IL-l responding AML cells and AML 
blasts that grow spontaneously, and b) whether 
spontaneous growth of AML blasts can always be 
attributed to autocrine stimulation or whether 
in certain cases the cells may grow independent 
of any regulator. 

MATERIALS AND METHODS. 

Patients and preparation of AML cells 
Cells from AML patients were obtained after 
informed consent. Blast cells were purified from 
the marrow or blood by a ficoll-isopaque 
centrifugation (9) and subsequent depletion of 
T-cells by E-rosette sedimentation (10). The 
cells were cryopreserved as described (11). 
After thawing monocytic cells were removed by 
plastic adherence: 107 cells in 5 ml serum free 
medium (12) were incubated for 1 hour in 6 em 
petridishes (Greiner, Nurtingen,FRG) at 37 °c. 
Following this procedure cell fractions were 
obtained that contained 97% or more blast cells. 

3H-Thymidine (3H-TdR) incorporation assay 
DNA synthesis of AML cells was measured in 96 
well microtiter plates (Greiner) as described 
(1). Thymidine uptake was determined at day 3 or 
7 of culture. Eighteen hours before harvesting 
the cells, tritiated thymidine (0.1 uCi 3H-TdR, 
specific activity 2 Cijmmol; Amersham 
International, Amersham, UK) was added. Cells 
were harvested on nitrocellulose paper using a 
Titerteck harvester 550 (Flow Laboratories, 
Isrike, UK). Radioactivity was determined with a 
Beckman LS 1701 scintillation counter (Beckman 
Instruments, Fullerton, ~a). 4 The results of 
triplicate experiments of 2xlO cells per well 
are expressed as mean ± standard deviations 

(SD). Preirradiated (30Gy) AML cells were always 
run in parallel to assess background thymidine 
incorporation. 

Purified recombinant hematopoietic growth 
factors and neutralizing antibodies 
Interleukin-3 (IL-3, Gist Brocades, Delft, The 
Netherlands) was used at concentrations of 10 
ng;rnl. GM-CSF (Genetics Institute, Cambridge,MA) 
was supplied to the cultures at a concentration 
of 25 ngjml. G-CSF (Immunex, Seattle,WA) was 
used at 10 ng;rnl and M-CSF (Cetus Corporation, 
Emeryville, CA) at 2000 U/ml and human IL-6 
(Central Laboratory of the Netherlands Red Cross 
Blood Transfusion Service [CLB], Amsterdam) at 
2000 U;rnl. Plateau concentration of IL-lcx 
(Immunex) was 100 U;rnl (1 ng/ml). Polyclonal 
rabbit anti IL-3, sheep anti GM-CSF (both from 
Genetics Institute), rabbit anti IL-lcx, rabbit 
anti IL-lt3, rabbit anti G-cSF (from Immunex) and 
monoclonal (IgGl) anti M-CSF (Cetus) wece used 
in dilutions that completely blocked the effects 
of the corresponding growth factors at the 
indicated concentrations. Optimal concentrations 
of IL-6 and anti IL-6 (CLB) were determined on a 
murine IL-6 dependent plasmacytoma cell line. 

Preparation of~ conditioned media 
Adherent cell depleted AML samples (106 cells 
per ml) were cultured serum free in 6 em petri 
dishes. After 3 days of culture media were 
harvested and tested on HGF activity on factor 
responsive AML cells and an IL-6 dependent 
murine plasmacytoma cell line. 

Northern blotting 
AML cells were cultured for 18 hours in serum 
free medium in the presence or absence of 10 
ng/ml IL-lcx. Total cellular mRNA was isolated as 
described (13). Electrophoresis of mRNA and 
northern blotting was performed according to 
standard procedures (14). The eDNA probes for 
GM-CSF, G-CSF, M-CSF, IL-3, IL-6, IL-lcx and 
IL-lt3 were kindly provided by Genetics 
Institute. Control blots were hybridized with a 
eDNA probe of the gene coding for human 
glyceraldehyde -3- phosphate dehydrogenase 
(GAPDH) (15). 

RESULTS 

IL-l stimulated growth of AML cells 
Human AML cells may produce their own growth 
factors (5-7). However, release of GM-CSF and 
TNF by AML cells is frequently regulated by IL-l 
(4,8). To investigate whether IL-l may stimulate 
the release of other cytokines by AML blasts as 
well, the expression of mRNA for GM-CSF, G-CSF, 
M-CSF, IL-6 and IL-lt3 was studied in five IL-l 
responsive (both in thymidine uptake and colony 
assay) cases (Figure 1). GM-CSF mRNA expression 
was induced in three cases (*1-3) and enhanced 
in two patients (H and 5) by IL-l. G-CSF mRNA 
expression was elevated by IL-l in two cases (*3 
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and 5) and the amounts of M-cSF mRNA increased 
in three AML patients (#1-3) after exposure to 
IL-l. In the other two patients baseline M-cSF 
mRNA levels did not increase further. In two of 
three cases ( #2 and 3) IL-6 mRNA was expressed 
only after IL-l induction. Interestingly, IL-l~ 
mRNA expression could be influenced in three 
cases (#1-3) by IL-l as well. IL-3 and IL-le< 
mRNA were not expressed in AML cells. 
Hybridization with the GAPDH eDNA probe 
indicated similar amounts of mRNA in all lanes 
(data not shown). 
Using cells from the same five cases and an 
additional patient with AML the effects of HGF 
neutralizing antibodies on IL-l stimulated DNA 
synthesis were investigated (TABLE 1). Anti 
GM-CSF was highly inhibitory in all cases. Anti 
G-CSF partly abrogated IL-l stimulated DNA 
synthesis in case #1. In cases #3, 4 and 6 anti 
M-CSF partly suppressed thymidine uptake 
elicited by IL-l. In cases #3 and 6 neutralizing 
antibodies against IL-6 partially inhibited the 
IL-l dependent growth. In the presence of 
combinations of antibodies the IL-l stimulated 
growth was always brought back to the baseline 
level of proliferation, i.e DNA synthesis in the 
absence of IL-l. 

Spontaneous growth of AMt cells 
In approximately 50% of the cases AML cells show 
a considerable baseline DNA synthesis in the 
absence of HGFs (1). To study how frequently 
this spontaneous growth is the result of 
autocrine stimulation, anti HGF neutralizing 
antibodies were added to the cultures (TABLE 2). 
Anti GM-CSF was inhibitory in five out of twelve 
cases (#10,13 and #15-17). However, abrogation 
due to anti GM-CSF was not as effective as in 
IL-l stimulated AMLs. Anti G-CSF was partly 
inhibitory in three cases, i.e. # 10, 11 and 16. 
Anti M-CSF was not at all inhibitory and anti 

case: 
IL-1: 

GM-CSF-

18s 
G-CSF 

28s -
M-CSF- 111!1 

5 
- + 

-18s 

18s 

FIGURE 1. EXPRESSICN OF HGF mRNA IN IL-l 
:RESPCNSIVE AML CELLS. 
AML cells from five cases were cultured for 18 
hours with (+) or without (-) IL-l and the 
expression of the HGF mRNAs was determined by 
northern blotting. HGF mRNA analysis included 
GM-CSF, G-CSF, M-CSF, IL-6 and IL-l~. 

IL-6 suppressed spontaneous thymidine uptake to 
some extent in two cases (#13 and 14). 
In a recent study we described an AML case that 
growed spontaneously as the result of endogenous 
IL-l~ release which stimulated the production of 
GM-CSF by AML blast cells. This endogenously 
released GM-CSF in a subsequent step induced AML 
growth (1). In the cases presented here we 
investigated as well whether autocrine 

TABLE 1. IL-l STIMULATED INA SYN'l'HESIS OF AML BLASTS. 
Effects of anti HGF neutralizing antibodies. 

no IL-l Elus: irr. 
Case IL-l no ab. aGM-CSF aG-CSF aM-CSF aiL-6 Comb. contr. 

1 3.6±0.3 78.2±12.6 5.6±0.6 52.4±1.8 69.9±4.8 62.7±9.4 1.6±0.3 0.7±0.3 
2 3.8±0.6 38.3±2.1 11.1±2.2 nd nd nd nd 0.6±0.1 
3 5.0±1.0 91.8±1.3 16.9±2.4 90.2±14.1 28.2±1.6 53.4±12.2 4.4±0.5 0.8±0.4 
4 5.0±0.4 41.2±3. 7 4.8±0.1 40.2±3.0 32.5±1.2 46.6±1.3 7.1±1. 0 1.0±0.2 
5 14.7±3.7 56.9±3.4 8.1±1.1 82.9±11.3 53.9±7.3 62.4±2.0 9.5±0.7 0.5±0.1 
6 1.9±0 .4 14.0±3.5 1.5±0. 6 14.5±3.6 2. 8±0. 6 6.2±0. I 1.0±0.2 0.4±0.4 

Values represent dpm x 10- 2 (± SD) 
In italics significant inhibition of IL-l stimulated thymidine uptake is 
indicated. 
no ab. no antibodies were supplied. 
aHGF anti HGF antibodies were added to the cultures. 
Comb. combinations of all four antisera were added to the cultures. 
irr. contr. AML cells were preirradiated. 
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TABLE 2 SPCNrANEOUS DNA SYNTHESIS OF AML BLASTS 
Effects of anti HGF neutralizing antibodies 

irr. 
Case no ab. aGM-CSF aG-CSF aM-CSF aiL-6 Comb. contr. 

7 103.6+7.2 100.6±1.4 105.9±6.7 103.8±4.3 108.6±6.2 105.7±2.8 0.5+0.1 
8 127.3+3.3 120.1±9.4 122.7±3.0 124.0±14.9 129.7±3.5 98.1±9.3 1.2+0.4 
9 38.8+1.8 42.6±0.8 52.6±2.0 36.9±0.5 34.9±2.1 41. 7±3.2 0.8±0.2 

10 143.6+13.2 117./±f. 2 88. 3±11. 7 149.9±14.2 163.9±0.8 /06.7±0.8 1.4+0.4 
11 55.9±5.8 48.3±4.1 35.9±0.8 55.8±6.8 68.1±4.2 6.3±0.5 3.8±0.3 
12 19.8+1. 7 20.5±1.2 23.7+3.1 16.4±0.9 16.7±0.7 7.5±0.9 1. 0+0 .3 
13 54.7±0.6 44.1±2.6 54.1±4.7 49.0±1.7 34.3±2.0 31. 4±1. 4 Lo+o.3 
14 9.1+1. 7 11.5±0.6 10.2±2.4 8.2±1.4 3.5±0.4 3.4±0.9 0.7+0.1 
15 12.7±2.6 2.5±0.5 9.5±4.2 11.9±2.3 9.6±1. 7 2.7±0.6 1.7±0.1 
16 53.7±7.8 35.6±5.7 25. 9±2. 4 48.9±7.2 53.4±1.9 29.0±0.8 0.7±0.1 
17 70.8±6.1 24.0±0.9 72.0±0.9 69.8±7.7 80.0±7.3 15.8±1.0 0.8±0.2 

In italics significant inhibition of spontaneous DNA synthesis is indicated. 
For further explanation see TABLE 1. 

proliferation was regulated by IL-l that was 
released by the AML blasts in culture. Except 
for one case (#15) anti IL-l(~) did not abrogate 
spontaneous growth of AML cells (data not 
shown). Thus spontaneousjautocrine growth of AML 
cells is in general not regulated by endogenous 
IL-l. 
Interestingly, in most cases the neutralizing 
antibodies only partially abrogated spontaneous 
DNA synthesis. The complete combination of 
antibodies was usually more effective to 
suppress spontaneous growth of AML ( n=9) than 
were the individual anti HGF antibodies. 
Nevertheless, in most of the cases even the 
cocktail of antibodies did not entirely suppress 
spontaneous DNA synthesis. In two cases (# 7 and 
9) the complete antibody supplement did not 
suppress the spontaneous DNA synthesis of AML 
cells at all. Addition of antibodies against 
IL-3, TNF~ or TNF~ neither affected the 
spontaneous proliferation. The lack of 
suppression by these anti cytokine antibodies 
may suggest that spontaneous growth in those 
cases is not due to autocrine stimulation but 
that the cells proliferate independent of any 
regulator. Northern blot analysis in a selection 
of four of those cases (#7-10) demonstrated that 
GM-CSF, G-CSF and IL-6 rnRNA were not expressed 
in AML cells that had been cultured for 18 hours 
without a stimulus (FIGURE 2). Only low amounts 
of M-CSF rnRNA were expressed in cases # 9 and 
10. When stimulated with IL-l limited amounts of 
rnRNA for all cytokines were observed in cells 
from case #7. Low expression of M-CSF rnRNA and 
ILl~ rnRNA was observed in the other three cases 
following IL-l exposure. Thus even following 
IL-l stimulation the blasts from those 
spontaneous growers show limited or no HGF rnRNA 
expression (FIGURE 2). In contrast, control 
cells from case #11, which growed spontaneously 
as the result of autocrine stimulation, 

expressed high levels of the rnRNAs for all 
cytokines following culture without a stimulus 
(18 hours). 

Finally, conditioned media were prepared from 
nonstimulated cells of these five spontaneously 
growing cell specimens of AML and tested for HGF 
activity on factor dependent AML cells and also 
on an IL-6 dependent cell line (TABLE 3). No 
activity that stimulated AML growth was evident 
in the conditioned media of four cases (#7-10). 
Conditioned medium from case #10 contained some 
IL-6 stimulatory activity. It was calculated 
that the concentration of IL-6 in this 
preparation (250 U/ml) was 8 times less than the 
optimal stimulatory concentration of recombinant 
IL-6 (2000 U/ml). Since the concentration of 
anti IL-6 used in the blocking experiments 
(Table 2), which completely abrogates the effect 
of 2000 U/ml IL-6, did not abrogate the 
spontaneous growth of case #10, endogenously 
produced IL-6 cannot explain the autonomous 
growth in this particular case. Thus, in those 
cases AML cells proliferate spontaneously, 
without an apparent role of endogenous IL-3, 
GM-CSF, G-CSF, M-CSF, IL-6, IL-l or TNF. 
Conditioned medium prepared from cells of case 
#11 (autocrine grower) stimulated the growth of 
HGF responsive cells in all instances. 

DISCUSSION 

In recent studies contradicting results have 
been generated concerning autocrine growth of 
AML cells in vitro. Some studies suggest that 
AML cells may produce their own growth factor 
spontaneously (5-7), whereas others have implied 
that HGF production by AML cells is regulated by 
IL-l (4,8). Furthermore, one cannot exclude the 
possibility of spontaneous growth not founded on 
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case; 

IL-1: 

18s 

GM-CSF-

7 8 9 10 11 

+ -+ -+ -+ + 

-18s 

18s -18s 
G-CSF -

28s -
M-CSF -

18s 

IL-6 

* -~ 
GAPDH -

FIGURE 2. EXPRESSION OF HGF mRNA 
SPONTANEOUSLY GROWING 1\ML CELLS. 

IN 

autocrine stimulation. Here we show that all 
these mechanisms may occur. First, expression of 
mRNA for GM-CSF, G-CSF, M-CSF, IL-6, IL-l~ may 
be induced by IL-l, whereas in other cases the 
expression of these HGF mRNAs appears 
nonregulated. Blocking studies revealed that 
anti HGF neutralizing antibodies may abrogate 
IL-l induced and spontaneous DNA synthesis. 
Thus, IL-l mediated and IL-l independent 
autocrine growth of AML cells may both occur. 
Finally, blocking studies as well as northern 
blotting suggest that in certain AML casr; 
spontaneous growth may not be the result ~ 

~~i~~r~; ~~~~~~n~pon~~~~~~ situations I 

Northern blot analysis of IL-l responsive cas~s 
and blocking studies with HGF neutralizing 
antibodies of IL-l stimulated AML cells do npt 
strictly correspond. For instance, sometimes the 
RNA message of a certain HGF was expressed 
following IL-l stimulation whereas antibodies 
against this particular factor could not 
abrogate the IL-l induced DNA synthesis or vice 
versa. The reasons for these lacks of 
correlations can be conceived. Expression of HGF 
mRNA by AML cells does not necessarily imply 
that the peptide is produced. Neither will it be 

a rule that the AML cells always respond to the 
produced cytokine. on the other hand, when HGF 
mRNA is not detected in the northern blot, but 
IL-l stimulation can be inhibited with the 
neutralizing antibodies, the amount of mRNA is 
probably below the detection level of the assay. 

In addition to autocrine growth whether or not 
inducible by IL-l a mechanism of autonomous 
growth may be involved as well. It is of 
interest to note that blocking of thymidine 
uptake of AML cells by neutralizing antibodies 
was always much more efficient in IL-l 
stimulated cells than in spontaneously growing 
blasts. In fact in certain cases spontaneous 
growth could not be inhibited with neutralizing 
antibodies at all. An extended analysis in those 
latter cases neither revealed the mRNAs of most 
of these cytokines. Examination of the 
conditioned media of these AML samples for 
stimulating activity indicated that in general 
none of the studied regulators of AML growth had 
been released by the AML cells. one possibility 
to explain these findings is that these cells 
produce an as yet unknown growth factor that 
stimulates the cells in an autocrine fashion. 
Future studies should reveal whether factors 
such as IL-2, IL-4, IL-5, IL-7, IL-9 or other 
cytokines are involved in the growth of these 
cells. A second possibility is that the 
neoplastically transformed cells have really 

TABLE 3. HGF ACTIVITY IN AML CONDITIONED MEDIA. 

AML-CM Tar'::let cells: 
from AML #18 AML #4 IL-6 dependent 
case#: cell line 

7 27.0±2.9 15.3+5.2 n.d. 
8 14.1±0.6 10.2±1.9 1.9±0.2 
9 22.5±2.6 14.8±4.8 5.7±0.2 

10 14. 4±1. 3 12.1±0.8 43. 6±5. 0 
11 47.3±3.8 69. 1±6. 0 !39.9±2.0 

HGF: 
none 27.0±2.9 25.5±5.2 6.1±0.4 
IL-3 65.2±5.0 97.8±13.4 
GM-CSF 73.5±7.6 24.6±4.0 
G-CSF 58.5±2.3 66.7±16.0 
M-CSF 63.3±0.5 21.6±3.9 
IL-6 17.7±4.6 !43. 3±5. I 
IL-l 60.9±2.2 

HGF act~v~ty ~n AML-CM was examined on factor 
responsive AML cells and on an IL-6 dependent 
murine plasmacytoma cell line. Conditioned 
medium (50%) was tested in the cultures. In 
control experiments the effects of recombinant 
HGFs were investigated. Values represent dpm x 
10- 2 (± SD). In italics significant stimulation 
is indicated. 
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become independent of HGFs. 
These three groups of AML, i.e. 1) the IL-l 
responding cases, 2) the IL-l independent 
autocrine growers and 3) cases that proliferate 
independent of HGFs could be of importance in 
the diagnosis and prognosis of AML since these 
distinct groups of leukemia may have a different 
in vivo biology as well. In particular the 
latter two groups of leukemias may behave 
differently in vivo since their growth may not 
require any exogenous regulator. Finally it may 
be possible to make use of these specific growth 
characteristics of AML cells for monitoring 
residual AML cells in remission bone marrow in 
combination with cytogenetics since these 
patterns of growth may be rare in normal marrow. 
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CHAPTER 11 

General Discussion 



11.1 Heterogeneity of growth factor responses 

In vitro studies presented in this thesis show that AML blasts have usually 

retained responsiveness to hematopoietic growth factors (HGFs) (Table 1). 

Comparison of the growth factor responses among a large number of cases 

reveals a considerable variability. The most important stimulators of AML 
proliferation are IL-3, GM-CSF and G-CSF (Chapters 4 and 5). M-CSF 
stimulates AML growth in about 20% of the cases only (Chapter 5). TNF often 
costimulates AML proliferation with IL-3 and GM-CSF, whereas it inhibits 
G-CSF induced proliferation of AML cells (Chapter 7). IL-l induces 
autocrine growth in approximately 40% of AML cases (Chapters 8 and 9). 
Furthermore, analysis of growth regulation in more than hundred cases of 
AML disclosed that infrequently AML growth may be stimulated by other 

cytokines, e.g. erythropoietin (Epo), IL-5, IL-6, IL-2 or IL-7 (data not 

presented). These results indicate that regulation of AML growth is complex 
and may involve a multitude of cytokines. 

TABLE 1. Mechanisms of .AMI. growth control. 

- Stimulation by exogenous 

growth factors 

- Stimulation by endogenous 

growth factors ( autocrine growth) 

- Factor independence 

Heterogeneity among AML cases 
morphologic and immunophenotypic 

Chapters Ref. 

IL-3 4,5,7,9 1,2 

GM-CSF 4,5,7 ,9 1-5 

G-CSF 4,5,7 1,4,6,7 

M-CSF 5 

IL-6 

TNF 7 10 

IL-l dependent 8,9,10 11-13 

IL-l independent 10 14-17 

10 

has previously been established by 
criteria (18-20). Morphologic and 

immunologic differences have been explained as variations of maturation 
stages at which the leukemic cells have been arrested and form the basis 

for current morphological (FAB) and immunological classifications of 
leukemias (18-20). Similarly, phenotypes of AML-CFUs may vary as well among 
different AML cases. These dissimilarities indicate that AML precursors 
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represent distinct normal marrow precursor cells at different stages of 
maturation (Chapters 2 and 3). In analogy, the heterogeneity of growth 
factor responses of AML precursors may reflect HGF reactivities of normal 
marrow precursors at various differentiation stages. Thus, AML cells that 
respond to G-CSF, but which are less responsive to IL-3 or GM-CSF, may be 

classified as cases with relatively mature subsets of precursors. On the 
other hand, AML cells that respond to IL-3 and GM-CSF but not to G-CSF may 
be representative of more immature precursor cell subsets. Of particular 
interest are recent observations that AML cells from certain cases respond 
to the lymphoid growth factor IL-7 (21). Thus in those AML cases the cells 
respond to a lymphoid growth factor as well as to myeloid proliferation 

inducers. Cells in those instances frequently coexpress the stem cell 

antigen CD34, the myeloid markers CD13 and CD33 and the B-lymphoid marker 

CD19. These AML cases may therefore be considered as biphenotypic leukemias 
with progenitors that express myeloid and primitive B lymphoid 

differentiation features. Based upon these results we assume that leukemias 
may be classified on basis of growth factor responses. A growth factor 
response related classification could be of importance for the diagnosis of 
leukemias, because it is based on the biology of the proliferating cell 
subsets. The most important aspects of the role of growth factors in AML 
are discussed below. 

11.2 IL-3 and GM-CSF stimulation 

An interesting aspect of the regulation of AML proliferation is that the 

mitogenic responses to IL-3 and GM-CSF frequently coincide (Chapter 5). On 

the other hand, there is no correlation between the responses of AML cells 
to G-CSF and IL-3 (or GM-CSF). Binding studies with radiolabeled IL-3 and 

GM-CSF revealed that high affinity receptors for those ligands are allways 

coexpressed on AML cells (22). Studies with purified normal bone marrow 
cells (CD34 positive) show closely associated effects of IL-3 and GM-CSF as 

well (23,24). Both IL-3 and GM-CSF stimulate the proliferation of CFU-GEMM, 
BFU-E and CFU-Eo in colony culture. When IL-3 and GM-CSF are supplemented 
simultaneously to cultures of AML cells (Chapter 5) or normal bone marrow 
precursors (23,24), no additive effect is generally apparent as compared to 
cultures supplemented with IL-3 or GM-CSF alone. These results suggest that 

IL-3 and GM-CSF stimulate identical target cell populations in AML and 

normal bone marrow. 
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A possible explanation for the association between IL-3 and GM-CSF 

stimulation of proliferation has recently been unveiled. Binding studies 

with radioactive ligands suggest a common high affinity binding structure 

for IL-3 and GM-CSF on AML blast cells and on monocytes (25,26). IL-3 and 

GM-CSF may reciprocally inhibit the binding of the other ligand to these 

cells. Based on these experiments, two types of high affinity receptors 

have been postulated on AML cells and on monocytes, i.e. one that binds 

IL-3 as well as GM-CSF and another type that uniquely binds IL-3. In 

addition, AML cells and monocytes also express low affinity GM-CSF 

receptors with no affinity for IL-3. Presently, the structure of these 

receptors remains unknown. Recently, two eDNA clones have been isolated 

that code for two different receptor structures. one of these codes for a 

low affinity IL-3 receptor (27) and the second eDNA clone encodes a low 
affinity GM-CSF receptor (28). These receptors are specific for the 

corresponding ligand and show no crossbinding. It is possible that in 

analogy with IL-2 receptors (29) these low affinity receptors represent 

subunits that in association with other proteins in the cell membrane, e.g. 
receptor structures with intermediate affinity for the corresponding 

ligands, constitute high affinity IL-3 or GM-CSF receptors. Common 

IL-3/GM-CSF binding structures may share a subunit that has affinity 

(possibly intermediate) for both ligands. When combined with the unique low 

affinity IL-3 receptor a high affinity IL-3 receptor may be formed, whereas 

in association with the low affinity GM-CSF receptor this common binding 
site may form a high affinity GM-CSF receptor. Another explanation for 

IL-3/GM-CSF cross competition could be that GM-CSF and IL-3 bind to 
distinct high affinity receptors (each comprised of different unique 
subunits), which are situated in a complex structure on the membranes of 

AML cells and monocytes. Steric hindrance or a change in the structure of 

this receptor complex following ligand binding may inhibit the binding of 
the second ligand (26). 

The fact that IL-3 and GM-CSF compete for a common structure may 

explain the closely related in vitro responses of the two HGFs (26). This 

may also suggest that these molecules activate the same intracellular 

signal pathways in those cells. The question which pathways are triggered 

following receptor activation by IL-3 or GM-CSF in human cells is presently 

under investigation. Murine IL-3 and GM-CSF receptors as well as 

intracellular substrates are phosphorylated on tyrosine following ligand 

binding (30-32). By analogy it is likely to assume that the high affinity 
human IL-3 and GM-CSF receptors have intrinsic tyrosine kinase activity or 
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are associated with tyrosine kinases. Analysis of substrate phosphorylation 
in AML cells or monocytes after IL-3 or GM-CSF activation could give 
further insight into the signal pathways that follow IL-3 or GM-CSF 
stimulation. 

11.3 G-CSF stimulation 

Following stimulation with G-CSF normal marrow granulocyte precursors 

(CFU-G) are activated and give rise to colonies containing mature 

neutrophils (23,33). G-CSF is a stimulator of AML proliferation as well 
(Chapters 4 and 5). However, generally AML cells do not mature towards 
neutrophils in reaction to G-CSF (Chapter 6). Since AML blasts express high 
affinity G-CSF receptors at their surface membrane (34) and proliferation 
can be activated by G-CSF, one may assume that a defect in the signal 

transduction pathway, that follows receptor activation, is responsible for 

the disturbed maturation of AML cells. Specific questions to be addressed 
in future investigations are: 1) Which intracellular pathways are activated 
in myeloid cells following G-CSF stimulation? 2) Is the inability of AML 
cells to mature towards functional end cells related to deficiencies of 
specific pathways? 3) Is the maturation blockade of AML cells the result of 
inappropriate expression or activation of certain gene (proto-oncogene) 
products? 

Since it is almost impossible to obtain sufficient precursor cells 
from normal bone marrow for a comparative analysis, it will be of interest 

to examine the effects of G-CSF in well defined models. These models could 

include G-CSF responsive myeloid cell lines that proliferate in response to 
G-CSF without maturation (e.g. NFS 60 cells) versus cell lines that mature 
towards neutrophils following G-CSF exposure (e.g. WEHI3B o+ cells) (35). 
Results obtained from those cell lines may provide important clues for the 
disturbed maturation processes in primary AML. For example, about 20% of 
the HGF dependent murine cell lines contain common sites of viral 
integrations, resulting in the 

Interestingly, the evi-l gene 
nonmaturing NFS-60 cells but not 

expression of the evi-l gene (34,35). 

is rearranged in the G-CSF responsive 
in the WEHI3B o+ cells that are able to 

mature towards neutrophils following G-CSF stimulation. Possibly, the evi-l 

nuclear protein blocks transcription of genes that are required for 
maturation (35,36). Experiments to pursue the role of this gene in the 
transformation of cells may resolve whether this gene is involved in 

leukemic transformation in subgroups of AML (35,36). Several studies have 
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revealed a role of the nuclear proteins c-myb andjor c-myc in the 

maturation blockade of murine hematopoietic cell lines and the human HL-60 

cell line (37-41). Whether these genes play a role in transformation of 

primary AML cells is uncertain. 
Another issue that has been considered is whether the disordered 

maturation of AML cells can be restored by the addition of other 

(artificial or physiological) compounds to G-CSF supplemented cultures of 

AML cells (42,43). In an attempt to overcome the maturation blockade in 
AML, we recently examined the effects of several compounds that are able to 

induce differentiation in myeloid cell lines. In these studies it became 

evident that AML cells from certain cases, when stimulated in vitro with 

G-CSF plus retinoic acid (RA), could mature along the granulocytic lineage 

(41,42). Thus the maturation blockade may not always be absolute. In those 

cases where maturation is restored to a certain extent, experiments should 

be conducted to determine second messengers that are essential for 

granulocytic maturation. 

11.4 TNF stimulation 

As shown in Chapter 7, TNF may enhance GM-CSF or IL-3 induced proliferation 

whereas it often inhibits G-CSF induced growth of AML cells in vitro. How 

does TNF modulate proliferation of AML cells? While TNF is an inducer of 

growth factor production, e.g. in endothelial cells, fibroblasts or 

lymphocytes (44-46), the data presented in Chapter 7 indicate that the 

costimulatory effects of TNF cannot be explained by the release of IL-3, 
GM-CSF or M-CSF. Although it is possible that TNF stimulates the release of 

unknown growth factors that subsequently activate AML proliferation 

synergistically with IL-3 or GM-CSF, recent data suggest other explanations 
for the costimulatory effects of TNF in AML. TNF is a regulator of growth 

factor receptor expression. GM-CSF and G-CSF receptors are eliminated from 
human neutrophils following exposure to TNF (47,48). On murine macrophages 

TNF downregulates the expression M-CSF receptors (49). Most probably this 

effect of TNF is the result of stimulation of protein kinase-C which may 

activate function and release of proteolytic enzymes ( 47). .Those enzymes 

may subsequently cleave the receptors from the membranes. Recent studies in 

our laboratory have suggested that the inhibitory effect of TNF on G-CSF 

stimulated proliferation of AML cells may be the consequence of the 

selective elimination of G-CSF receptors from the plasma membranes as well 

(47). In contrast, the number of high affinity receptors for IL-3 and 
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GM-CSF increase significantly on AML cells following exposure to TNF (48), 
which may explain the costimulatory effects of TNF with IL-3 or GM-CSF. 

Are the stimulatory effects of TNF on AML colony growth leukemia 
specific? Experiments performed in our laboratory with CD34 positive (FACS 

separated) normal marrow precursors revealed that at a concentration of 100 

U/ml, which is suboptimal (see Chapter 7), TNF inhibits G-CSF stimulated 

colony formation (CFU-G), but enhances IL-3 or GM-CSF stimulated colony 

growth (CFU-Eo, BFU-E and CFU-G) (50). Thus it appears that TNF exerts 

similar effects on normal bone marrow precursor cells. Normal bone marrow 
derived colonies contain mature cells (23,24,33) which need HGFs to survive 

in vitro (51). Since TNF downregulates HGF receptors from mature cells, one 

may assume that in the presence of optimal concentrations of TNF throughout 

colony culture, the mature cells that are produced will lose their HGF 

receptors, become insensitive to the HGFs and die. In the colony cultures 

containing 100 U/ml TNF, the amount of this cytokine appears to be 

insufficient to generate the downmodulating effects on the mature colony 
cells at the end stage of the colony cultures. To test this possibility the 

same experiments with higher TNF concentrations (1000 U/ml) were performed. 

Indeed with 1000 U/ml TNF, IL-3 or GM-CSF stimulated colonies contained 
degenerated cells (50). Thus, although proliferation and colony formation 

were initially stimulated, the colony cells degenerated in a later phase of 

the culture. These data are in agreement with a model in which TNF has 

stimulatory effects on immature IL-3 or GM-CSF responding cells but on the 

contrary hastens cell death of mature cells through the elimination of HGF 

receptors. Interestingly, a concentration of 1000 U/ml TNF synergizes with 

IL-3 or GM-CSF in the generation of AML colonies and those colonies do not 

contain degenerated cells (Chapter 7). An explanation for this finding is 
that AML cells do not mature following IL-3 or GM-CSF stimulation and thus 

escape the downregulating effects of TNF during culture. 

11.5 IL-l stimulation 

AML cells may produce HGFs, e.g. GM-CSF, G-CSF, M-CSF, IL-6, IL-l-beta and 

TNF-alpha (14,17). In Chapters 8, 9 and 10 it has been shown that the 
expression of HGF mRNA and the release of these cytokines may be controled 

by IL-l, an inducer of growth factor production (Figure 1). In situ 

hybridization experiments using a GM-CSF eDNA probe confirmed that the 

GM-CSF transcripts are present in IL-l stimulated AML blast cells and not 

in admixed normal cells, such as lymphocytes or monocytes (data not shown). 
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The mechanism by which IL-l elevates the expression of HGF mRNA in AML 

cells has not been elucidated. However, studies with other cell types have 

suggested that IL-l may either act on the stability of HGF mRNA in the 

cytoplasm or activate transcription of mRNA (52-54). 

IL-1 stimulation Factors Effects on Mechanisms 
of AML blasts released AML growth of action 

GM-CSF 

G-CSF 

M-CSF - stimulation - direct 
activation 

IL-1 • IL-6 

TN F-a - costimulation with - upregulation of 
IL-3/GM-CSF IL-3/GM-CSF 

receptors 

- inhibition of - elimination of 
G-CSF stimulation G-CSF receptors 

IL -1/3 - stimulation - induction of factor 
production 

Figure 1: Autocrine growth control of AML. IL-l stimulates the release of 

HGFs in AML blasts in 40% of the cases. The cells may either 

produce one or more HGFs. In certain cases AML blasts produce 

HGFs independent of exogenous IL-l. 

One may ask the question whether IL-l regulated HGF production and 

subsequent activation of growth of AML cells is a neoplastic feature or 
whether it represents a growth mechanism of normal marrow progenitor cells. 
CD34 expressing normal marrow cells have been collected by fluorescence 
activated cell sorting and cultured in the presence of IL-l. DNA synthesis 
experiments (thymidine uptake) revealed that those cells may respond 
(although weakly) to IL-l. This stimulation of normal marrow cells by IL-l 
can be abrogated with neutralizing antibodies against GM-CSF and TNF~ (55). 

IL-l stimulated low numbers of colonies and clusters when CD34+ normal 

marrow cells were placed in colony culture (unpublished observations). 
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These data suggest that CD34+ normal marrow blasts that produce cytokines 
in response to IL-l exist, but comprise a minor population among CD34+ 

marrow cells. In fact, in situ hybridisation experiments using 35S labeled 
DNA probes of GM-CSF established that a subgroup of CD34 positive normal 
marrow blast cells indeed express GM-CSF mRNA following IL-l stimulation 

(55). 

11.6 Spontaneous proliferation 

Proliferation of AML cells in vitro is often dependent on exogenous 
factors. However, in certain cases, AML blast cells proliferate in vitro 

independent of HGFs. Those spontaneously growing leukemias can be 

subdivided into two groups: 
- AML cases that proliferate spontaneously as the result of autocrine 

stimulation. In those cases, AML cells may produce GM-CSF, G-CSF, M-CSF, 
IL-6, TNF~ or IL-l~ constitutively, i.e. not regulated by inducers. 

- Leukemias that grow spontaneously without an apparent release of the 
known HGFs and subsequent activation of growth. 

Whether constitutive factor production by AML cells is a neoplastic feature 
of the cells is uncertain and deserves further investigation. The second 

class of spontaneously growing AMLs is an interesting group as well. It is 
unlikely that in those cases other factors, yet to be identified, are 
produced and stimulate growth. Conditioned media, preirradiated cells or 
cytosolic fractions prepared from those AML samples could not stimulate the 
patients' own cells (data not shown). Thus in those cases AML cells may 
grow autonomously, independent of endogenous factors. Several mechanisms 
may be considered to explain factor independent growth: 

1) overexpression of HGF receptors, 2) permanently activated receptors, 3) 

abnormal activation of intracellular (proto-oncogene) products that play a 
role in signal transduction. AML cells express normal numbers of IL-3, 
GM-CSF, G-CSF and M-CSF receptors (22,26,34,56), so that overexpression of 

HGF receptors cannot be the explanation for autonomous growth. Of interest, 
are recent studies showing that in some (2 out of 110) AML cases and 
patients with myelodysplastic syndrome (MDS) the M-CSF receptor gene has 
been mutated at codon 301 (57). Introduction of such mutated M-CSF 

receptors into HGF dependent cell lines renders them HGF independent and 
tumorigenic (58). A direct role of these mutated receptors in growth of 
primary AML cells has not been demonstrated. However, the possibility that 

in those cases mutated M-CSF receptors trigger AML proliferation 
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independent of their ligand, still needs verification. In murine cell lines 

second messenger abnormalities may play a role in neoplastic growth 

(Chapter 1). While AML cells in certain cases carry mutated RAS genes 

(59,60), a role of these genes in neoplastic growth of AML has not been 

established. Nevertheless, it is conceivable that defects in the receptor 

transduction pathways, are involved in spontaneous growth in certain cases 
of AML in vitro. Studies with HGF-dependent and independent AML cells could 
be of use to provide insight into abnormalities in post receptor events 
that may determine neoplastic growth in the latter group of AML cases. 
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Summary - Samenvatting 



SU!\M4RY 

Blood cell formation takes place 

Multipotential bone marrow stem cells 

primarily in the bone marrow. 

are able to undergo selfrenewal or 

produce progenitor cells which are predestinated to mature towards certain 
functional blood cells, e.g. erythrocytes, granulocytes, monocytes, 

platelets or lymphocytes. The process of blood cell production is regulated 
by hematopoietic growth factors (HGFs). In the past two decades culture 
systems have been developed, which enabled the study of the role of HGFs in 
the proliferation and maturation of bone marrow progenitor cells in vitro. 

When appropriately stimulated the different progenitor cells give rise to 

colonies containing mature cells. In acute myeloid leukemia (AML), 
myelomonocytic cells are arrested at an early stage of maturation (blasts) 
and accumulate in the marrow and in the blood. AML blasts may be cultured 

in vitro as well. AML colony forming cells (AML-CFU) give rise to colonies 
containing leukemic blast cells. 

Normal bone marrow colony forming cells can be identified among other 
hematopoietic cells using monoclonal antibodies directed towards membrane 

antigens and with immunologic cell separation procedures. using the same 

techniques, AML-CFUs can also be recognized as distinct subpopulations of 
cells with membrane surface characteristics different from those of 
nonclonogenic AML cells. one of the objectives of the investigations 
presented in this thesis was to search for differences in surface marker 
expression between AYlli-CFU and normal bone marrow progenitor cells. Such 
dissimilarities could be of use in the diagnosis of AML, in particular for 
the detection of minimal numbers of AML progenitor cells in remission 

marrow (following chemotherapy or bone marrow transplantation). 

In the original cultures a variety of crude sources of growth factors 
were supplemented, e.g. placenta conditioned medium, cell line conditioned 
medium, leukocyte conditioned medium or feeder leukocytes. However, as 
these sources of growth factors are impure and the concentrations of the 
HGFs variable and unkwown a critical analysis of the role of the individual 

HGFs in the proliferation and maturation of AML progenitor cells was not 
possible. During the last five years the genes and the complementary DNAs 
(cDNAs) of several HGFs have been identified and cloned and the activities 

of these molecules on normal marrow cells determined. In the studies 
presented here the role of the distinct HGFs in the proliferation and 
maturation of precursor cells of human AML in vitro has been investigated. 
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In Chapter 1 the general principles of blood cell formation, the 

heterogeneity and the in vitro growth characteristics of AML, the distinct 

hematopoietic growth factors (HGFs) and their functions, and the current 

understanding of neoplastic growth of experimental leukemias (in animals) 
are introduced. 

The reactivity of AML cells with a fucose binding lectin, Ulex 

europaeus agglutinin coupled to fluorescein-isothiocyanate (UEA-FITC) was 

studied in 13 cases of AML on a flowcytometer (fluorescence activated cell 

sorter; FACS) (Chapter 2). UEA binding to AML-CFU was determined by cell 

sorting and subsequent colony culture of UEA-negative, intermediately 

positive and highly fluorescent cells. AML-CFU from the four FAB-M1 cases, 

the one FAB-M5 case and one FAB-M2 case were all UEA negative. However, 

AML-CFU in one of the four FAB-M2 cases and all four FAB-M4 cases, showed 

high UEA binding. In contrast, normal bone marrow colony forming cells, 

i.e. granulocyte-erythrocyte-macrophage-megakaryocyte-colony forming cell 

(CFU-GEMM) and granulocyte-macrophage-CFU (CFU-GM) were generally UEA 

negative or weakly positive. Thus, in certain cases, following UEA-FITC 

labeling AML-CFU and normal hematopoietic progenitors can be distinguished. 
In an extension of these experiments (Chapter 3), AML cells were 

labeled with the monoclonal antibodies (MoAbs) CD34 or Vim-2 (CDw65), 
sorted by FACS into negative, weakly and strongly positive cells and 

subsequently cultured in colony assays. The majority of normal bone marrow 

progenitor cells, i.e. CFU-GEMM, CFU-GM and erythrocyte-burst forming cell 

(BFU-e) expressed an identical phenotype: CD34 strongly positive and Vim-2 

negative or Vim-2 weakly positive (CD34++;vim-2-l+). On the contrary, the 

majority of AML-CFU expressed different immunophenotypes in 12 of 20 AML 
cases. In 8 cases a difference was apparent for one marker (CD34-/+ or 

Vim-2++) and in 4 cases the immunophenotypes differed for both markers 

(CD34-/+ and Vim-2++). To verify the utility of these discrepancies for the 

detection of AML cells in remission bone marrow, artificial mixtures of 

normal bone marrow cells and minimal numbers of AML cells (0.1-1%) were 

prepared. Based on the discrepant phenotypes AML cells were sorted and 

cultured and AML metaphases could be traced in those mixtures. 

In Chapter 4 it is investigated in 7 cases whether the three human 

recombinant HGFs, interleukin-3 (IL-3), granulocyte macrophage-colony 

stimulating factor (GM-CSF) and granulocyte-CSF (G-CSF) could substitute 

the feeder leukocytes of the PHA leukocyte feeder (PHA l.f.) assay and 

stimulate proliferation of AML-CFU. IL-3 (or multi-CSF) stimulated AML-CFU 

in 4 of the 7, cases and in the same cases GM-CSF was an efficient growth 
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factor as well. In 2 other cases IL-3 stimulated AML cell growth only 
weakly. In those cases G-CSF and in 1 case GM-CSF was an efficient inducer 

of proliferation. In the single remaining case none of the factors were 

able to induce growth in vitro, whereas the cells of this particular 

patient were effectively stimulated in the PHA l.f. assay. In 5 cases the 

PHA l.f. was more active in supporting AML proliferation than the 

combination of three factors. This suggests that feeder leukocytes produce 

at least one other cytokine that stimulates proliferation of AML cells~ 

IL-3 nor GM-CSF were able to induce maturation of AML blast cells in vitro. 
However, in 1 of the 3 G-CSF responding cases AML cells matured towards 

(meta)myelocytes and granulocytes when stimulated with G-CSF. The results 

indicat~ that the responsiveness of AML precursors to IL-3, GM-CSF and 

G-CSF in different cases is variable. This may indicate that AML precursor 

cells represent normal marrow progenitor cells at different stages of 

maturation with distinct HGF requirements. 
In Chapter 5 the effects of five hematopoietic growth factors, IL-3, 

GM-CSF, G-CSF, macrophage-CSF (M-CSF) and erythropoietin (Epo) on AML 
proliferation were investigated in a serum-free culture system. The effects 

of single and combined factors were studied in 25 cases of AML in 

suspension-( 3 H-thymidine incorporation) and colony culture. DNA synthesis 

experiments revealed that IL-3, GM-CSF and G-CSF stimulated AML growth 

frequently, i.e. in 19, 15 and 13 cases respectively. M-CSF induced DNA 

synthesis in 4 cases and Epo only activated thymidine uptake of the cells 
from an erythroleukemia. Remarkably, the stimulation of DNA synthesis by 

IL-3 and GM-CSF frequently coincided. Furthermore, when GM-CSF was added to 

cultures containing IL-3 it did not further increase DNA synthesis that was 
evoked by IL-3 alone. Most likely, IL-3 and GM-CSF stimulate identical cell 

populations, sothat stimulation by one factor gives optimal proliferation. 
On the contrary, in certain cases G-CSF enhanced the IL-3 or GM-CSF 

stimulated thymidine uptake. It is possible that in those cases G-CSF 

stimulates a different population of AML cells than does IL-3 or GM-CSF. 

The DNA synthesis assay appeared more sensitive for determining growth 

factor responses of AML cells than were colony cultures. Based on these 

results, we assume that cell-cell contact, which is facilitated in 

suspension culture, is important for optimal proliferation of AML cells. 

The ability of the five HGFs IL-3, GM-CSF, G-CSF, M-CSF and Epo to 

induce maturation of AML cells in vitro was investigated in the study 

presented in Chapter 6. AML cells from the same 25 cases were cultered 

serum free in suspension for seven days without factors or with single or 
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combined HGFs. Some degree of monocytic maturation was observed in about 

50% of the cases in the absence of factors. The number of 

monocytejmacrophages further increased following stimulation with IL-3 (3 
cases), GM-CSF (2 cases), G-CSF (1 case) and M-CSF (6 cases). The 

combination of factors increased the number of mature monocytic cells in 9 

cases even further. Neutrophils appeared in culture in only two cases in 

the absence of HGFs. An additional increase was seen in 2 cases only, i.e. 

following exposure to IL-3 (2 cases), GM-CSF (1 of those 2 cases) and G-CSF 

(the other case). Although AML cells may proliferate in response to IL-3, 

GM-CSF or G-CSF, the ability of the cells to mature towards neutrophils is 

disturbed and can generally not be restored by these HGFs. 
In Chapter 7 the role of tumor necrosis factor (TNF) ~ and S on AML 

growth was investigated. The effects of these cytokines were studied in 11 

cases when the cells were stimulated by IL-3, GM-CSF, G-CSF or M-CSF in a 

serum free culture system. TNF inhibited the G-CSF stimulated D~ synthesis 

and colony or cluster formation. In contrast, TNF elevated 3 H-TdR 

incorporation and colony or cluster numbers induced by IL-3 or GM-CSF. 

Since TNF is a stimulator of HGF production in other cell types (e.g. 
endothelial cells or fibroblasts) it was investigated whether the 

costimulatory effect of TNF was indirect. Specific radioimmunoassays for 

individual HGFs did not demonstrate detectable amounts of GM-CSF, G-CSF or 

M-CSF in culture supernatants of TNF stimulated AML cells. Blocking of AML 

growth with anti-HGF neutralizing antibodies neither indicated an autocrine 

mechanism of TNF/IL-3 or TNF/GM-CSF costimulated AML cells. 

Tumor necrosis factor {TNF) and interleukin-1 (IL-l) are the two most 
important regulators of HGF production in different hematopoietic and 
non-hematopoietic cells. In Chapter 8, the role of IL-l in AML cell 
proliferation was investigated. In 13 of 28 AML cases IL-l stimulated D~ 

synthesis. In a selected number of cases it was shown that IL-l also 

stimulated AML colony or cluster formation. Experiments performed to 

investigate by which mechanism IL-l activated the growth of AML cells, 

demonstrated that IL-l stimulated AML growth indirectly, i.e. through the 

induction of GM-CSF release. This conclusion is based on the findings that: 

1) IL-l induced AML growth could be inhibited by anti GM-CSF neutralizing 
antibodies, 2) conditioned media (CM) from IL-l stimulated AML cells 

contained factors that could stimulate normal bone marrow precursors, 

whereas CM from nonstimulated AML blasts could not, and 3) GM-CSF was 

demonstrated in IL-1/AML-CM with a specific radioimmunosassay. Detectable 

levels of GM-CSF were not apparent in control AML-CM. Thus IL-l can 
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activate an autocrine growth mechanism in human AML involving GM-CSF as the 

HGF. 
From the experiments of Chapter 9 it appears that the role of IL-l is 

even more complex. When optimal concentrations of IL-3 or GM-CSF were added 

to AML cultures, IL-l further elevated colony and cluster numbers in 8 of 

12 cases studied. This costimulating effect of IL-l was mediated by 

endogenous TNF-~ released following IL-l stimulation. Anti TNF-~ abolished 

the increase of colony/cluster numbers in IL-1/IL-3 or IL-1/GM-CSF 
stimulated AML cultures. Furthermore, with a TNF~ specific radioimmunoassay 

it was demonstrated that IL-l stimulated AML blasts released TNF~ into the 
culture medium. We had already shown (Chapter 7) that TNF synergized with 

IL-3 or GM-CSF. Thus the costimulating effects of IL-l on AML-CFU were not 

the result of direct activation of growth, but were caused by TNF~ released 

by IL-l activated AML blasts. 

Previous studies had already suggested that AML cells produce their 

own HGFs constitutively, i.e. nonregulated. From the experiments of 
Chapters 8 and 9 it has become evident that HGF production by AML cells can 

be induced by IL-l. In Chapter 10 sponaneous growth was compared with IL-l 
regulated growth of AML blasts. This was done to examine whether 

spontaneous growth was also dependent on endogenously released HGFs. 

Anti-HGF blocking studies and Northern blot analysis revealed that IL-l 

stimulated AML cells may produce GM-CSF, G-CSF, M-CSF, IL-6 or IL-l~ (n=6 

cases), and that these factors subsequently may activate proliferation of 
those cells. The cocktail of neutralizing antibodies completely abolished 

the IL-l induced proliferation of AML blasts of those 6 patients. On the 

other hand, in 9 of 11 spontaneous growers this nonregulated proliferation 

could not be inhibited completely with the cocktail of anti(a)GM-CSF, 

aG-CSF, aM-CSF, aiL-1, aiL-3, aiL-6 and aTNF antibodies, although some 

suppressive effect was evident in most cases. In 2 of those latter 9 cases 

neutralizing antibodies did not affect spontaneous proliferation at all. 
Northern blot analysis in four of those spontaneous growers did not reveal 

detectable levels of HGF mRNAs. Conditioned media prepared from AML blasts 

of the latter cases did not show HGF activity when added to factor 
dependent cells in vitro. These data are consistent with the hypothesis 

that in these particular AML cases the cells proliferate spontaneously 

independent of endogenous HGFs. 

Several aspects of growth activation of AML cells in vitro have been 

discussed in Chapter 11. 1) It is suggested that the variable HGF responses 

may be of use in the diagnosis of AML, i.e. for the classification of AML. 

2) The observation that IL-3 and GM-CSF stimulation of AML cells frequently 
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coincide is discussed in view of recent findings that IL-3 and GM-CSF share 
a common receptor complex. 3) G-CSF stimulation of AML cells is discussed 

with respect to the ability of G-CSF to activate proliferation of AML cells 
without inducing maturation towards neutrophils. 4) Mechanisms are 
suggested that may explain the stimulatory and inhibitory effects of TNF on 
HGF induced proliferation of AML cells. The stimulatory effects of TNF on 
IL-3 and GM-CSF induced proliferation may be explained by the recent 
observations that the number of high affinity IL-3 and GM-CSF receptors on 
the membranes of AML cells are increased following TNF stimulation. In 
contrast, the inhibitory effects of TNF on G-CSF induced growth may be 

attributed to the elimination of G-CSF receptors from the AML cell surface 
following exposure to TNF. 5) As regards autocrine growth, spontaneous or 

induced by IL-l, the question is raised whether normal marrow precursors 
may produce their own HGFs as well or whether these features are leukemia 
specific. 6) The factor independent growth of AML cells, observed in 

certain cases, is considered in the light of mechanisms of abnormal growth 
that have been described for experimental leukemias in animals. 
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SAMENVATTING 

Bloedcelvorming vindt voornamelijk in het beenmerg plaats. Multipotentiele 

beenmerg stamcellen kunnen zichzelf vermeerderen (zelfreplicatie) of 

voorlopercellen produceren die voorbestemd zijn om uit te rijpen tot 

bepaalde functionele bloedcellen, bijvoorbeeld erythrocyten, granulocyten, 

monocyten, bloedplaatjes of lymphocyten. Het proces van bloedcelvorming 
wordt gereguleerd door hematopoietische groeifactoren (HGFs). In de 
afgelopen twee decaden zijn kweeksystemen ontwikkeld, die het mogelijk 

hebben gemaakt om de rol van HGFs in de proliferatie en maturatie van 
' beenmerg· voorlopercellen in vitro te bestuderen. Wanneer de verschillende 

voorlopercellen op de juiste wijzen worden gestimuleerd kunnen ze kolonies 

van uitgerijpte cellen vormen. In acute myelo1de leukemie (AML) zijn 

myelojmonocytaire cellen gearresteerd in een vroeg stadium van de maturatie 

(blasten) en hopen zich op in het beenmerg en in het bleed. AML blasten 

kunnen oak in vitro gekweekt worden. AML kolonie-vormende cellen (AML-CFU) 

produceren kolonies met leukemische blasten. 

Normaal beenmerg kolonie-vormende cellen kunnen worden 

ge1dentificeerd tussen de andere hematopo1etische cellen met behulp van 
monoclonale antilichamen die gericht zijn tegen membraan antigenen en met 

immunologische celscheidingstechnieken. Met behulp van dezelfde technieken 

kunnen AML-CFUs oak worden herkend als aparte subpopulaties van cellen met 

membraan oppervlakte kenmerken die verschillen met die van niet-klonogene 
AML cellen. Een van de doelen van de onderzoekingen gepresenteerd in deze 

thesis was te zoeken naar verschillen tussen merkerexpressie op het 

celoppervlak van AML-CFUs en normale beenmerg voorlopercellen. zulke 
verschillen zouden gebruikt kunnen worden in de diagnose van AML, in het 

bijzonder voor de detectie van minimale aantallen AML voorlopercellen in 

remissie beenmerg (na chemotherapie of beenmergtransplantatie). 

In de oorspronkelijke kweken werden verschillende groeifactoren uit 

ruwe bronnen toegevoegd, bijvoorbeeld placenta geconditioneerd medium, 

cellijn geconditioneerd medium, leukocyten geconditioneerd medium of 

leukocyten "feeders". Echter, omdat deze groeifactor bronnen onzuiver waren 
en concentraties van de HGFs variabel en onbekend, was het niet mogelijk om 
de rol van de individuele HGFs in de proliferatie en maturatie van AML 
cellen kritisch te analyseren. Gedurende de afgelopen vijf jaar zijn de 

genen en de complementaire DNAs (cDNAs) van verscheidene HGFs 

ge1dentificeerd en gekloneerd en de aktiviteiten van deze moleculen op 

normaal beenmerg voorloper cellen bepaald. In de hier gepresenteerde 
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studies werd de rol van de verschillende HGFs in de proliferatie en 
maturatie van voorlopercellen van menselijke AML in vitro bestudeerd. 

In Hoofdstuk 1 worden de algemene principes van de bleed eel vorming, 

de heterogeniteit en de in vitro groei karakteristieken van AML, de 

verschillende hematopoietische groeifactoren (HGFs) en hun functies, en het 
huidige inzicht in neoplastische groei van experimentele leukemieen (in 

dieren) ge1ntroduceerd. 
De reactiviteit van AML cellen met een fucose bindend 1ectine, Ulex 

europaeus agglutinine gekoppeld aan fluoresceine-isothiocyanaat (uEA-FITC) 

werd bestudeerd in 13 gevallen met AML op een flowcytometer (fluorescentie 

geactiveerde eel sorteerder; FACS) (Hoofdstuk 2). UEA binding aan AML-CFUs 

werd bepaald door middel van celsortering gevolgd door een koloniekweek van 

UEA-negatieve, intermediair positieve en sterk fluorescerende cellen. 

AML-CFUs van de vier FAB-M1 gevallen, het ene FAB-M5 en een FAB-M2 geval, 

waren allemaal UEA-negatief. Echter, AML-CFUs in een van de vier FAB-M2 en 

alle vier FAB-M4 gevallen, toonden een sterke UEA binding. Daarentegen 

waren normale beenmerg voorlopercellen (de granulocytjerythrocyt/macro

faag/ megakaryocyt ko1onie-vormende [CFU-GEMM] en granulocyt/macrofaag-CFU 
[CFU-GM]) doorgaans UEA-negatief of zwak positief. Dus, in sommige gevallen 

kunnen AML-CFUs en normale hematopoietische voorlopercellen van elkaar 
worden onderscheiden met behulp van UEA-FITC labeling. 

In een uitbreiding van deze experimenten (Hoofdstuk 3), werden AML 

cellen gemerkt met monoclonale antilichamen (MaAhs), CD34 of Vimr2 (CDw65), 

gesorteerd met behulp van een FACS in negatieve, zwak en sterk positieve 

cellen en vervolgens gekweekt in koloniekweken. De meerderheid van normale 

beenmerg voorlopercellen, de CFU-GEMM, de CFU-GM, en de erythrocyt-"burst" 
vormende eel (BFU-e) hadden een identiek phenotype: CD34 sterk-positief en 
Vim-2 negatief of zwak-positief (CD34++;vim-2-/+). Echter, in 12 van de 20 

AML gevallen, had de meerderheid van de AML-CFUs een ander immunophenotype. 

In. 8 gevallen was er een verschil in de expressie van een merker (CD34-/+ 

of Vim-2++) en in 4 patienten verschilde het immunophenotype voor beide 

merkers (CD34+ en Vimr2++). Om de bruikbaarheid van deze verschillen tussen 

AML-CFUs en normale beenmerg voorlopers voor de detectie van AML cellen in 
remissie beenmergen te verifieren, werden artificiele mengse1s van normale 

beenmergcellen en minimale aantallen AML cellen (0,1%-1%) bereid. Gebaseerd 

op discrepante phenotypen werden AML cellen gesorteerd en gekweekt en 

konden AML metaphasen opgespoord worden in deze mengsels. 
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In Hoofdstuk 4 werd in 7 gevallen onderzocht of de drie menselijke 

recombinant HGFs, interleukine-3 (IL-3), granulocyt macrofaag 

kolonie-stimulerende factor (GM-CSF) en granulocyt-CSF (G-CSF), de "feeder" 

leukocyten konden vervangen in de PHA leukocyten "feeder" (PHA l.f.) test 

en de proliferatie van AML-CFUs stimuleren. IL-3 (of multi-CSF) stimuleerde 

AML-CFUs in 4 van de 7 gevallen en in dezelfde gevallen was GM-CSF ook een 

efficiente groeifactor. In 2 andere gevallen stimuleerde IL-3 de AML groei 

zwak. In deze twee gevallen bevorderde G-CSF en in een ander geval 

stimuleerde GM-CSF de proliferatie. In de ene overgebleven patient kon geen 

van de factoren de groei in vitro stimuleren, terwijl de cellen van deze 

bijzondere patient effectief gestimuleerd konden worden in de PHA l.f. 

test. In 5 gevallen werd de proliferatie van AML cellen effectiever 

gestimuleerd in de PHA l.f. test dan in kweken met de combinatie van drie 

factoren. Dit suggereert dat "feeder" leukocyten ten minste een andere 

cytokine produceren die de groei van AML cellen stimuleert. IL-3 noch 

GM-CSF waren in staat om maturatie van AML cellen in vitro te induceren. 

Echter, in een van de drie op G-CSF reagerende leukemieen rijpten de cellen 

uit tot (meta)myelocyten en granulocyten wanneer ze gestimuleerd werden 

door G-CSF. De resultaten tonen aan dat de respons van AML voorloper cellen 

op IL-3, GM-CSF en G-CSF in de verschillende gevallen variabel is. Dit zou 

kunnen betekenen dat AML voorlop~r cellen normale beenmerg voorlopers van 

verschillende differentiatie stadia en met verschillende HGF behoeften 

representeren. 

In Hoofdstuk 5 werden de effecten van 5 hematopo~etische 

groeifactoren, IL-3, GM-CSF, G-CSF, macrofaag-CSF (M-CSF) en 

erythropo~etine (Epo) op AML proliferatie in een serum-vrij kweeksysteem 

onderzocht. De effecten van afzonderlijke en gecombineerde factoren werd ,in 

25 gevallen van AML bestudeerd en wel in suspensie-( 3 H-thymidine 

incorporatie) en koloniekweek. DNA synthese experimenten toonden aan dat 

IL-3, GM-CSF en G-CSF de groei van AML frequent stimuleerden, namelijk in 

respectievelijk 19, 15 en 13 gevallen. M-CSF induceerde de DNA synthese in 

4 gevallen, en Epo stimuleerde de thymidine inbouw alleen in de cellen van 

een erythroleukemie. Het was opvallend dat de stimulatie van de DNA 

synthese door IL-3 en GM-CSF vaak samenvielen. W~nneer GM-CSF werd 

toegevoegd aan kweken met IL-3, verhoogde dit niet de DNA synthese die werd 

bereikt door stimulatie met IL-3 alleen. Waarschijnlijk stimuleren IL-3 en 

GM-CSF identieke celpopulaties, zodat stimulatie door een factor al 

optimale proliferatie bewerkstelligt. Daarentegen kan G-CSF in sommige 

gevallen de door IL-3 of GM-CSF gestimuleerde thymidine inbouw wel verder 
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doen toenemen. Mogelijk stimuleert G-CSF in deze gevallen een andere 

populatie van AML cellen dan IL-3 of GM-CSF. De DNA synthese test bleek 

gevoeliger voor de bepaling van groeifactor gevoeligheid van AML cellen dan 
de koloniekweektechniek. Gebaseerd op deze resultaten, wordt aangenomen dat 

eel-eel contacten, welke worden vergemakkelijkt in suspensiekweken, 

belangrijk zijn voor optimale proliferatie van AML cellen. 

Het vermogen van de vijf HGFs, IL-3, GM-CSF, G-CSF, M-CSF en Epo om 

maturatie van AML cellen in vitro te induceren, werd onderzocht in de 

studie beschreven in Hoofdstuk 6. AML cellen van 25 gevallen werden voor 

zeven dagen zonder factoren of met enkelvoudige of gecombineerde HGFs 

serumrvrij in suspensie gekweekt. Enige mate van monocytaire uitrijping 

werd waargenomen in ongeveer 50% van de gevallen in afwezigheid van 

factoren. Het aantal monocytjffiacrofagen nam verder toe na stimulatie met 

IL-3 (3 gevallen), GM-CSF (2 gevallen), G-CSF (1 geval) en M-CSF (6 

gevallen). De combinatie van factoren verhoogde bet aantal rijpe 

monocytaire cellen in 9 gevallen. Neutrofielen verschenen in twee gevallen 
in afwezigheid van factoren. Een verdere toename werd maar in twee gevallen 

waargenomen, namelijk na blootstelling aan IL-3 (2 gevallen), GM-CSF (1 van 

deze 2 gevallen) en G-CSF (bet andere geval). Alhoewel AML cellen kunnen 

prolifereren in respons op IL-3, GM-CSF of G-CSF, is bet vermogen van de 
cellen om uit te rijpen tot neutrofielen kennelijk gestoord en kan 

doorgaans niet door deze HGFs worden hersteld. 

In Hoofdstuk 7 werd de rol van tumor necrosis factor (TNF) ~ en S op 

AML groei onderzocht. De effecten van deze cytokinen werden bestudeerd in 

11 gevallen waarbij de cellen werden gestimuleerd met IL-3, GM-CSF, G-CSF 

of M-CSF in een serumrvrij kweeksysteem. TNF remde de G-CSF gestimuleerde 

DNA synthese en kolonie of kluster vorming. Daarentegen verhoogde TNF de 

IL-3 of GM-CSF ge~nduceerde 3 H-TdR incorporatie en kolonie of kluster 

aantallen. Omdat TNF een stimulator van groeifactor productie is in 

bepaalde celtypen (bijv. endotheelcellen of fibroblasten) werd onderzocht 

of bet costimulerende effect van TNF indirect was. Specifieke radioimmuun 

testen voor individuele HGFs toonden geen detecteerbare hoeveelheden 

GM-cSF, G-CSF of M-CSF aan in kweek supernatanten van AML cellen na 

stimulatie met TNF. In experimenten waarbij werd onderzocht of the groei 

van AML met anti-HGF neutralizerende antilichamen kon worden geremd, werd 

geen aanwijzing gevonden dat onder invloed van TNF groeifactoren uit de AML 
cellen vrijkwamen die vervolgens de proliferatie stimuleerden. Een 

autocrien mechanisme in TNF/IL-3 of TNF/GM-CSF gestimuleerde AML cellen is 

dus onwaarschijnlijk. 
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Tumor necrosis factor (TNF) en interleukine-1 (IL-l) zijn de twee 

belangrijkste regulatoren van HGF productie in verschillende 

hematopoietische en niet hematopo~etische cellen. In Hoofdstuk 8 werd de 

rol van IL-l bij de AML proliferatie onderzocht. In 13 van de 28 AML 

gevallen stirnuleerde IL-l de DNA synthese. In een geselecteerd aantal 

gevallen werd aangetoond dat IL-l ook AML kolonie of kluster vorming 

stirnuleerde. Experimenten uitgevoerd om te verklaren door welk mechanisme 

IL-l de groei van AML cellen activeerde, toonden aan dat IL-l de groei van 

AML cellen indirect stirnuleerde, namelijk door de inductie van GM-CSF 

produktie. Deze conclusie is gebaseerd op de bevindingen dat: 1) IL-l 

gestirnuleerde groei kon worden geremd door anti GM-CSF neutralizerende 

antilichamen, 2) geconditioneerde media (CM) van IL-l gestirnuleerde AML 

cellen factoren bevatten die normale beenmerg voorloper cellen konden 

stirnuleren, terwijl CMs van niet-gestirnuleerde AML cellen dat niet konden, 

en 3) GM-CSF werd aangetoond in IL-1/AML-CM met behulp van een specifieke 

radioimrnuun test. Detecteerbare hoeveelheden GM-CSF waren niet aanwezig in 

centrale AML-CMs. Dus IL-l kan (autocriene) groei in menselijke AML cellen 

stirnuleren, waarbij GM-CSF de betrokken HGF is. 

Uit de experimenten van Hoofdstuk 9 blijkt dat de rol van IL-l nog 

complexer is. Wanneer optimale hoeveelheden IL-3 of GM-CSF werden 

toegevoegd aan AML kweken, verhoogde IL-l de kolonie of kluster aantallen 

in 8 van de 12 bestudeerde gevallen. Dit costirnulerende effect van IL-l 

werd bewerkstelligd door endogeen TNF~, dat werd geproduceerd als gevolg 

van de IL-l stirnulatie. De verhoging van de koloniejkluster aantallen in 

IL-1/IL-3 of IL-1/GM-CSF gestirnuleerde AML kweken werd door anti-TNF~ 

teniet gedaan. Verder werd met een TNF~ specifieke radioimrnuun test 

aangetoond dat IL-l gestirnuleerde AML blasten TNF~ uitscheidden in het 

kweekmedium. We hadden al reeds aangetoond (Hoofdstuk 7) dat TNF 

synergistisch werkt met IL-3 of GM-CSF. Dus de costirnulerende effecten van 

IL-l op AML-CFU waren niet het resultaat van "directe" groeiactivatie, maar 

werden veroorzaakt door TNF~, uitgescheiden door IL-l geactiveerde AML 

blasten. 

Eerdere studies hadden al gesuggereerd dat AML cellen hun eigen 

groeifactoren constitutief, i.e. niet gereguleerd kunnen produceren. Uit de 

experimenten van de Hoofdstukken 8 en 9 is het duidelijk geworden dat HGF 

produktie door AML cellen kan worden ge~nduceerd door IL-l. In Hoofdstuk 10 

werd de spontane groei vergeleken met IL-l gereguleerde groei van AML 

blasten. Dit werd gedaan om na te gaan of spontane groei ook het gevolg was 

van stirnulatie door endogeen uitgescheiden HGFs. Anti-HGF blokkering 
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studies en Northern blot analyse toonden aan dat IL-l gestimuleerde AML 

cellen GM-CSF, G-CSF, M-CSF, IL-6 en IL-lS (n=6 gevallen) kunnen produceren 

en dat deze factoren vervolgens de groei van deze cellen kunnen activeren. 
De cornbinatie van neutralizerende antilichamen deed de IL-l ge1nduceerde 

proliferatie van AML blasten in deze 6 patienten volledig teniet. Aan de 

andere kant, in 9 van de 11 spontane groeiers, 

proliferatie niet volledig worden gerernd met 

kon de ongereguleerde 

de cornbinatie van 
anti(a)GM-CSF, aG-CSF, aM-CSF, aiL-1, aiL-6, aiL-3 en aTNF antilichamen, 

alhoewel in de meeste gevallen enig onderdrukkend effect werd waargenomen. 

In 2 van deze 9 gevallen hadden de neutralizerende antilichamen in het 

geheel geen effect. Northern blot analyse in vier van deze spontane 

groeiers toonde geen detecteerbare hoeveelheden HGF mRNAs aan. 

Geconditioneerde media, bereid van AML blasten van deze gevallen, 

vertoonden geen HGF activiteit wanneer ze werden getest op factor 

afhankelijke cellen in vitro. Bij deze gegevens past de hypothese dat in 

deze bijzondere AML gevallen de cellen spontaan groeien onafhankelijk van 
endogene HGFs. 

In Hoofdstuk 11 worden verscheidene aspecten van groeiactivatie van 

AML cellen in vitro besproken. 1) Geopperd wordt dat de variabele HGF 
gevoeligheid van waarde kan zijn in de diagnose van AML, bijvoorbeeld voor 

de klassifikatie van AML. 2) De observatie dat IL-3 en GM-CSF stimulatie 

van AML cellen vaak samenvallen wordt bediscussieerd in het licht van 

recente bevindingen dat IL-3 en GM-CSF een gemeenschappelijk receptor 

complex delen. 3) G-CSF stimulatie van AML cellen wordt bediscussieerd met 

betrekking tot het vermogen van G-CSF om proliferatie van AML cellen te 

activeren zonder uitrijping tot neutrofielen te induceren. 4) Er wordt 
ingegaan op de mechanismen die de stimulerende en remmende effekten van TNF 
op HGF ge1nduceerde proliferatie van AML cellen kunnen verklaren. De 

stimulerende effecten van TNF op IL-3 en GM-CSF ge1nduceerde proliferatie 

zou kunnen worden verklaard met de recente observaties dat het aantal IL-3 

eri GM-CSF receptoren, met hoge affiniteit voor deze factoren, op de 

mernbranen van AML cellen wordt verhoogd als gevolg van de TNF stimulatie. 

In tegenstelling zouden de remmende effecten van TNF op G-CSF ge1nduceerde 

groei kunnen worden toegeschreven aan de eliminatie van G-CSF receptoren 
van bet AML oppervlak na blootstelling aan TNF. 5) wat betreft autocriene 

groei, spontaan of ge1nduceerd door IL-l, wordt de vraag opgeworpen of 

normale beenmerg voorlopers hun eigen HGFs op gelijke wijze zouden kunnen 

produceren of dat deze kenmerken leukemie-specifiek zijn. 6) De factor 

onafhankelijke groei van AML cellen, waargenomen in sommige gevallen, wordt 
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besproken in het licht van mechanismen van abnormale groei die zijn 

beschreven voor experimentele leukemieen in dieren. 
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