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CHAPTER 1 

GENERAl INTRODUCTION 

1.1 NORMAL AND ABNORMAL HEMATOPOIESIS 

In smears of human peripheral blood (PB) at least seven different cell types can be 
recognized, i.e. erythrocytes, platelets, neutrophils, basophils, eosinophils, monocytes, and 
lymphocytes. Each cell type has its own specific function and is involved in e.g. gas 
transport, hemostasis, immunity, and inflammation (1). The formation of different blood cells 
(hematopoiesis) primarily occurs in the bone marrow (BM). The committed precursor cells 
and their progeny are derived from a small population of immature pluripotent hematopoie

tic stem cells (2-7). These pluripotent stem cells have the ability to remain quiescent and to 
undergo self-renewal (6-8). Hematopoiesis is tightly regulated and a balance between cell 

formation and cell destruction is maintained (4,6-9). In case of increased demands, such as 
in bleeding or infection, a compensatory increase in cell production will occur. 

During the last two decades major progress has been made in the understanding of the 
molecular processes which are involved in hematopoiesis (4,9,10). Blood cell formation is 
regulated by cell-to-cell interactions in the BM and by several soluble regulatory glycopro

tein molecules, the hematopoietic growth factors (4,9-14). These hematopoietic growth 
factors as well as several other cytokines are involved in the maintenance of cell viability, 

induction of proliferation, differentiation, and maturation of the hematopoietic cells. Further

more, they can enhance several functional activities of mature PB cells, especially in host 

responses to infection or amigenic chaJienge (11,15,16). Some properties of cytokines 
involved in hematopoiesis are summarized in Table 1 (14,17-99). Comparable with other 

systems in biology, like the complement system and the blood clotting system, there is a 

complex network of interactions between cytokines and various cell types, i.e. stromal cells, 
endothelial cells, and hematopoietic cells (4,9-11, 14-16,100-1 02). The cascade of interacti
ons has been extensively reviewed by others and is beyond the scope of this thesis 
(4,9-11,14-16,102). Figure 1 summarizes the target cells of hematopoietic growth factors 
and other cytokines during hematopoiesis (4,11,14-17,51,71,75,81,86,89-91,102-123). It 

should be emphasized that this figure is a hypothetical and simplified summary of complex 
interactions in which synergism, antagonism, suppression, and autoregulation play a role. 
An example of synergism comes from experiments with the recently isolated and cloned 
stem cell factor (SCF), also known as mast cell growth factor or c-kit ligand 

(1 05-109,113,114, 119). These experiments indicate that SCF synergistically interacts with 
various cytokines to augment the proliferative capacity of hematopoietic progenitor cells, 

precursor B cells, and mast cells (Rgure 1). 
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TABLE 1. Cytokines involved in hematopoiesis. 

Factor Molecular 
Mass (kDa)a 

Hematopoietic growth factors 

SCF 18-35b 
IL-3c 15-25 
GM-CSF 18-24 

G-CSF 1&-22 

M-CSF 35-45b 

Erythropoietin 34-39 

Other cytokines 

IL-1ajpd 17 

IL-2 15 
IL-4 15 
IL-5 20' 
IL-6 21-26 

IL-7 17-25 
IL-8 8-11 

IL-9 37-40 
IL-1 0 17-21 

IL-11 23 
TN Fa 17 
TNFft 18-25 
TGFP1 12' 

Gene 
localization 

12q22-q24 
5q23-q31 
5q23-q31 

17q11.2-q21 

1 p13-p21 

7q21.3-q22.1 

2q12-q21 

4q2&-q27 
Sq23-q31 
5q23.3-q31 
7p15-p21 

8q12-q13 
4q13-q21 

5q31-q32 
1 

19q13.3-q13.4 
6p21.3 
6p21.3 
19p13.1 

Cellular source 

fibroblasts 
T cells 
T cells. monocytes, 
macrophages, fibroblasts, 
endothelial cells 
monocytes. macrophages. 
fibroblasts, endothelial cells 
monocytes, macrophages, 
fibroblasts, endothelial cells 
peritubular cells of the kidney 

lymphocytes. monocytes, 
macrophages, fibroblasts. 
endothelial cells 
T cells 
T ce!ls, mast cells 
T cells 
T cells, monocytes, macrophages, 
fibroblasts, endothelial cells 
fibroblasts 
T cells, monocytes,macrophages, 
fibroblatst, endothelial cells 
T cells 
T cells, monocytes, macrophages 
8 cells 
fibroblasts 
T cells, monocytes. macrophages 
T cells, monocytes, macrophages 
lymphocytes. monocytes. 
macrophages, platelets, fibroblasts 

a Due to variable glycosylation and sialylation of tho cytokines molecular mass is often heterogeneously. 

References 

17-21 
14,22-25 
14,25-30 

14,28-35 

14,30,35-40 

14,41-46 

47-51 

52-56 
57-61 
61-65 
66-71 

72-75 
76-79 

80-83 
84-86 

87-91 
92-94 
93-95 
96-98 

b. SCF, M-CSF. IL-5, and TGFP have also been Isolated as homodimers. The molecular mass of the monomeric forms Is given. 
c. lnterleukin classification for IL-1 to IL-10 according to the international union of Immunological societies nomenclature subcommittee 

on inter!eukin designation (99). 
d. Two distinct IL-1 molecules, IL-1a: and IL-lp, have been isolated. 
Abbreviations used: kDa = kilo Dalton, SCF = stem cell factor. ll = lnterleukin, GM-CSF = granulocyte macrophage colony 
stimulating factor, G-CSF = granulocyte CSF, M-CSF = macrophage CSF, TNF = tumor necrosis factor. TGF = transforming growth 
factor. 

The down regulatory actions of some cytokines on hematopoiesis are not indicated in 
Figure 1. Growth inhibitory influences have been demonstrated for interleukin (IL)-4, IL-10, 

tumor necrosis factor (TNF), transforming growth factor (TGF)P as well as interferon-1 

(15,60,86,124-131). As indicated in Table 1, T lymphocytes, monocytes, macrophages, 
endothelial cells, and fibroblasts represent the major sources of the cytokines. Cytokines 
produced by monocytes and macrophages, such as IL-1 and TNF, can cause the release 
of cytokines from other cell types, which illustrates the central role of the monocyte-macro
phage lineage in cytokine release (15,16,51,124). 
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Figure 1. Hypothetical scheme of human hematopoiesis. Hematopoietic growth factors and some other 
cytokines which can induce differentiation, maturation. or proliferation of certain cell types during hematopoie
sis are indicated (white boxes). Data on IL-7 and SCF interactions on precursor lymphoid cells as well as the 
actions of IL-10 during mast cell differentiation were partly obtained in mice (72,73,75,113,114,120). ln mice IL-
11 proved to have lymphopoietic properties (87). but at present, reports on the action of IL-11 during human 
hematopoiesis are restricted to progenitor cells and megakaryocytopoiesis (89-91). Although mast cells were 
shown to originate from BM derived pluripotent progenitor cells their relation with the other cell lineages has 
not been proved (119,120). BFU-E = erythrocyte burst forming unit, CFU = colony forming unit, CFU-Baso = 
basophil CFU, CFU-E = erythrocyte CFU, CFU-EO = eosinophil CFU, CFU-G = granulocyte CFU, CFU-GEMM 
= granulocyte erythrocyte macrophage megakaryocyte CFU, CFU-GM = granulocyte macrophage CFU, CFU
M = macrophage CFU, Epo = erythropoietin. For the other abbreviations used see legend of Table 1. Adapted 
from references 4,11,14-17,51 ,71 ,75,81 ,86,89-91,102-123. 

For each cytokine an unique membrane receptor exists, which can be found on respon
ding cells. Cloning of the receptors for the cytokines listed in Table 1 revealed a significant 

homology for several receptors (51,56,96,132-146). These cytokine receptors have been 
designated as the hematopoietin receptor superfamily (147-149). Complex intracellular 
mechanisms are involved in signalling through the receptors (150-152). Probably, there are 
some common control pathways within the cell, which may explain synergistic as well as 

antagonistic effects of various cytokines (150). 
Disturbances of hematopoiesis can result in quantitative andjor qualitative alterations in 

BM and PB. These alterations may be manifested in one cell lineage, e.g. anemia in 
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thalassemia, or in several different cell series, e.g. pancytopenia due a toxic agent. The 

etiology of the various disorders is manyfold, including deficiency states, toxic effects, 

autoreactive processes, infectious diseases, hereditary disorders, and genetic alterations 
(1). The latter can result in disturbances of growth and differentiation, wh·lch are man·lfested 
as aplasia, dysplasia, or malignancy (10,153-155). 

Depending on the organ system primarily involved, i.e. BM, PB, or lymphoid tissues, the 

malignancies of the hematopoietic system are denominated leukemias or lymphomas, 
respectively. According to clinical presentation the leukemias are divided in acute leukemias 
which, ·1f untreated, usually cause death in weeks or months and chronic leukemias which, if 

untreated, cause death in months or years (1 ). In general, the acute leukemias are 
characterized by excessive proliferation and abnormal differentiation of immature cell types 
in BM and PB leading to disturbed hematopoiesis (1, 156). They comprise a heterogeneous 
group of conditions which differ in biology and prognosis. Depending on the cell lineage(s) 
which are involved in the leukemic process the acute leukemias can be divided into acute 

lymphoblastic leukemias (All) and acute non-lymphocytic leukemias (ANLL) (1, 156-159). 
The latter include the acute myeloid leukemias (AML) and acute undifferentiated leukemias 

(AUL). According to the recently redefined morphological classification of acute leukemias, 

the far majority (>99%) represent either AML or All and only a small fraction (<1%) 

represent AUL (159, 160). Within each group of acute leukemias considerable heterogeneity 
is found. This heterogeneity is manifested in a patient-to-patient variation in clinical presenta

tion, cytomorphology, cytogenetics, response to therapy, and prognosis (156-161 ). 
Furthermore, in most AML patients the leukemic cells partly retain the ability to differentiate 
and mature wh·1ch results in a marked phenotypic heterogeneity within each leukemia. The 
recognition of subgroups of biologically similar cases as well as the identification of different 
cell subpopulations within each acute leukemia is important for a better understanding of 

the leukemic processes. Such knowledge may ultimately lead to different therapeutic 

approaches in well-defined subgroups and can be used to define which leukemic cell 
subpopulations are important for leukemia growth and regrowth during relapse. 

1.2 EPIDEMIOLOGY OF AML 

AML occur at all ages with an overall incidence of 1 to 3 per 100,000 persons per year 

(162-164). The incidence rates are greater for males than females and for whites than non
whites (162-164). Furthermore, international comparisons showed geographic differences in 
incidence rates (164,165). In the Netherlands AML has been reported to occur in 2.4 per 
100,000 inhabhants each year (166). The results of a 15-years study of the Dutch childhood 

leukemia study group (DCLSG) and a 1 0-years study of the Eindhoven Cancer Registry 
Office are outlined in Figure 2 (166,167). Similar to other studies there is an age specific 
incidence of AML (162,164,166,168). The small peak in the incidence of AML during infancy 
is caused by congenital leukemias which relatively frequently represent AML (164,167-169). 
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However, during childhood the most common leukemia is ALL which has a sharp peak of 

disease incidence at age 3-5 (Figure 2) (162, 164,167, 168). The incidence of AML during 

childhood and young adulthood is less than 1 per 100,000 each year. Above the age of 30 
the incidence of AML rises from 1 per 100,000 per year to more than 10 AML cases per 
100,000 persons per year above the age of 70 (Figure 2). It is clear that in adults AML is 
the most frequent form of acute leukemia. If all types of leukemia are taken into account, 

AML is the most common type of leukemia in the middle-aged group (164,166). During the 
last decades the incidence of AML has been reported to increase (162, 170). This increase 
as well as sex, age, and geographic differences in the incidence rates of AML support the 

hypothesis that occupational and environmental exposures are potentially important in the 

etiology. In general, AML which arises de novo is denominated primary AML, whereas 
secondary AML arises from preleukemic disorders and/or after leukemogenic exposures 

(155,156,160). 
Risk factors for the development of AML which have been consistently reported in the 

literature are summarized in Table 2. It should be noticed that many studies are limited by 
inadequate sample size, imprecise case definition, or inadequate exposure measure (164, 

171). Children with Down's syndrome or Klinefelter's syndrome are at increased risk for 

childhood leukemia, especially congenital leukemia (163, 164,168, 172-174). In other genetic 

syndromes abnormalities of DNA repair processes predispose for the development of AML 
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Figure 2. Age specific incidence of AML (open symbols) and ALL (closed symbols) in the Netherlands 
according to DCLSG (0~15 years) and Eindhoven cancer registry(> 15 years) (166,167). Incidence in first year 
of life and in the 1-4 years group is given. Subsequent values represent the mean of a 5 years age group. 



18 CHAPTER 1 

TABLE 2. Potential risk factors for AML, as reported in the literature11
• 

Genetic factors 

Radiation 

- Down's syndrome 
- Klinefelter's syndrome 
- ataxia-teleangiectasia 
- Bloom's syndrome 
- Fanconi's anemia 

- atomic explosions or fall-out 
from nuclear testing 

- therapeutic irradiation 
- X-ray contrast agents, 

especially thorotrast 
- background radiation, 

especially radon inhalation 

a. References 153,164,168,172-202. 

Chemicals - benzene 

Cigarette smoking 

- other petroleum products 
and solvents 

- pesticides 

Drugs - alkylating agents 
- nitrosoureas 
- procarbazine 

(163,164,168,172,174,175). Studies on Japanese surv·,vors of the atomic bomb as well as 
on military personnel or civilians exposed during nuclear testing demonstrated an increased 
risk incidence of AML for those exposed to ionizing radiation (163,164,176-178). However, 

an association between increased risk of childhood leukemia and residence in the southern 

countries of Utah during aboveground nuclear testing at the Nevada test site (178), could 

not be confirmed on closer examination of available data (179). In two large studies on 
people who have been employed at or lived nearby nuclear plants, there was no evidence 
of an excess of leukemia (180,181). Follow-up of patients irradiated for various diseases, 

such as ankylosing spondylitis or cervical cancer revealed that AML risk increased with the 
exposure doses but that the incidence curve flattened at higher doses (163,164,182-184). 
The latter has been attributed to a cell killing effect at these high doses (184). Whether 

natural background radiation at home from radon is a causative factor in the induction of 

AML needs further investigation (185,186). Benzene is probably the best known and most 

widely occurring leukemogen and, together with other potential leukemogens, it might 
account for increased AMLin cigarette smokers (163,164,187-193). Increased AML risk has 

also been suggested lor organic solvent or pesticide exposures (194, 195). There have been 
many reports of secondary AML in patients treated for other malignancies with combined 
chemotherapy andjor irradiation (196-202). Especially alkylating drugs have a high 
leukemogenic potential and these agents probably cause the relatively high incidence of 
secondary AML in patients treated lor Hodgkin's disease (196,197,200). Chromosome 
changes following exposure to drugs, chemicals, or irradiation probably play an important 

role in the development of AML (196,197). In secondary AML especially deletions of the 
long arm of chromosomes 5 and 7 are frequently observed (196,197). These and other 
karyotypic aberrations of AML will be discussed in Chapter 3. 
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1.3 BIOLOGY OF AML 

Uke other cancers, AML essentially is a genetic disease which results from alterations in 

the structure or expression of critical genes (153,154,203-206). Most probably, the 
malignant transformation requires a step wise series of events, the so-called multistep 
pathogenesis (205). In particular, derangements of genes which normally control growth 

and differentiation are thought to play a role in the development of AML (153,154,204-210). 
These concern proto-oncogenes, tumor suppressor genes, growth factor genes, and 
growth factor receptor genes (208,211). Various mechanisms, including point mutations, 
translocations, or deletions may alter the structure or expression of these genes 
(153,154,204,206). The finding of non-random chromosome abnormalities associated with 
AML (summarized in Chapter 3) has focused on the role of specific genes which reside 
nearby chromosomal breakpoints (204,212-214). Although many studies have suggested 
that proto-oncogenes or growth factor genes might be involved in AML, their precise role in 

leukemogenesis is still unclear (206-208). The major issue concerning the role of growth 
factors and proto-oncogenes is whether dysregulation of these genes play a central role in 
leukemogenesis or merely reflects an epiphenomenon. Expression of some cellular 

proto-oncogenes like, c-myc, c-myb, e-lms, c-les, and c-los, in AML patients have been 

found to be associated with either the proliferative activity or the differentiation stage of the 
AML cells (215,216). Interestingly, high expression of c-myc or c-myb may be associated 
with shorter remissions in AML patients (216). Activation of the N-ras oncogene does not 
depend on a chromosome translocation but can be caused by a single mutation (217-219). 

Such mutations have been demonstrated in 15%-30% of AML cases (219·221). Recent 
studies support evidence that activation of N-ras does not initiate AML, but contributes to 
the outgrowth of more malignant subclones (222). 

Several investigators have found autonomous proliferation of AML cells in vitro, which 

finding provides further evidence that growth factors might play a role in the pathogenesis 
of AML (223-233). Autostimulation can be achieved by autocrine or paracrine growth factor 

production, altered growth factor receptor expression, or by internal autostimulation that 
bypasses membrane receptors (207,209,210,224). However, like their normal counterparts, 
most AML cells still require growth factors for in vitro growth and maturation (209). 
Interestingly, several investigators have found autocrine IL-1 (225-229) or TNF (230-233) 

synthesis in AML, which cytokines might induce production of other growth factor cytokines 
resulting in blast cell proliferation. 

The leukemic cell population in AML is derived from a single malignantly transformed 
progenitor ceiL In some patients the leukemic transformation occurs in a committed 
precursor eel!, whereas in other patients involvement of pluripotent progenitor cells will 

result in AML involving various differentiation lineages (234-240). The transformed cell 
population is characterized by an increased self renewal potential andjor a decreased 

ability of differentiation. However, this differentiation and maturation block is usually not 
absolute, given the various maturation stages within an AML clone (156,157,161,241,242). 
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Furthermore, additional genetic derangements might occur, leading to subclone formation 

within an AML. The heterogeneity of AML between patients probably reflects, transformation 

in different stages of hematopoiesis as well as the differences in residual maturation abilities 

of the transformed cells. 
The clonal origin of AML can be demonstrated by use of several techniques, like 

cytogenetics (204,212-214), determination of X-chromosome linked isoenzymes (243-245), 

analysis of X-chromosome linked DNA polymorphisms {246-248), and analysis of ras gene 
mutations {249). AML is not the only clonal disorder of myelopoiesis as clonality has also 
been demonstrated in aplastic anemia {AA), paroxysmal nocturnal hemoglobinuria (PNH), 
myeloid dysplastic syndrome (MDS), and chronic myeloproliferative disorders, such as 

chronic myeloid leukemia {CML) (250-256). Patients having one of these disorders are 
known to have an increased risk of AML development (251 ,252,255-259). Furthermore, 
MDS, AML, and some AA share comparable karyotypic abnormalities (213,214,252,257,260, 
261). It has been hypothesized that clonal hematopoiesis represents an intermediate stage 
in the multistep pathogenesis of AML (262). 

1.4 DIAGNOSIS OF AML 

Introduction 

The clinical manifestations of AML and other types of acute leukemias are directly or 
indirectly due to proliferation of leukemic cells and infiltration into normal tissues. Increased 
cell turn-over has metabolic consequences, e.g. hyperuricemia, hyperkalemia, and hyperp
hosphatemia, whereas the infiltrating cells disturb tissue function (1 ). As a consequence of 
BM infiltration anemia, neutropenia, and thrombocytopenia occur, which can lead to 
infection and hemorrhage. AML is heterogeneous with respect to biology, and as a result of 
the biologic heterogeneity, a wide variety of clinical presentations can be seen. In general, 

there is an acute onset of disease with malaise, fever, anemia, and hepatosplenomegaly. 
However, in some elderly patients a more gradual development of symptoms can be seen, 

especially if the AML is preceded by an MDS (263). 
The purpose of disease classification is the clustering of diseases which share common 

features of etiology, pathogenesis, biology, clinical presentation, and response to therapy. 
Leukemia classification systems have traditionally been based on morphological criteria and 

different subvarieties of the disease are recognized according to the nature of the predomi

nating cells (156, 157). Recent advances in immunology, genetics, and molecular biology 
have enabled the characterization of additional features of acute leukemias, which may 

determine or reflect etiology, pathogenesis, or biology of the malignancy in a more direct 
way. 
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Morphological classification 

The most widely used classification of acute leukemias is the French American British 
(FAB) classification, which was first published in 1976 and which was subsequently expan
ded, modified, and clarified (157-159,264-266). The FAB classification requires the examina
tion of both PB and BM smears. The diagnosis is based on conventionally stained smears 
(e.g. Romanowsky staining or May Grunwald Giemsa staining) and a few essential 
cytochemical reactions, such as myeloperoxidase or Sudan black B and a-naphthylacetate 
esterase (156,157,267). Diagnostic criteria for acute leukemias such as established by the 
FAB group as well as the proposed system for classification of AML are outlined in Tables 3 
and 4, respectively (156-158,264-266,268-270). The FAB classification of AML is essentially 
based on features of morphological maturation; in those acute leukemias which lack typical 
morphological characteristics classification might be difficult (156,159,160,265). More 
advanced techniques such as ultrastructural cytochemistry and immunological marker 
analysis have been incorporated in the FAB criteria for the diagnosis AML-MO and AML-M7 
(Table 4) (159,265,266,271-273). Additional enzym cytochemical reactions, such as specific 

esterase, periodic acid-Schiff reaction, and acid phosphatase may be applied to obtain 
insight in the cytoplasmic differentiation of the AML (156,160,267). The FAB group has 
defined criteria for the separation of AML from MDS as well as criteria for the classification 
of MDS (156,157,274). The prognostic value of the AML FAB classification is limited, 
although it has been reported that cases of AML-M5 and M6 have a slightly worse 
prognosis than those of AML-M1, M2, M3, and M4 (156,160,275). In most studies progno

sis of AML-MO and AML-M7 has been reported to be particularly bad (156,160,271 ,272, 
275). A poor prognosis is also associated with the presence of AML with MDS features in all 
myeloid differentiation lineages (156,160,276-278). These examples demonstrate that 
maturation characteristics of AML at least partly refiect the biology of the malignancy. This 
can further be illustrated by the association between specific FAB subtypes and some 
distinct clinical features, such as disseminated intravascular coagulation (DIC), central 
nervous system (CNS) leukemia, skin infiltration, and myelofibrosis (Table 4). 

TABLE 3. FAB criteria for acute leukemia diagnosis'\ 

At least 30% of the total nucleated cells in BM are btastsb. or 
in the case of BM showing erythroid predominance (erythroblasts comprising ~ 50% of total nucleated 
cells), at least 30% of non·erythroid cells are blastsc, or 
if the characteristic morphological features of hypergranutar promyelocytic leukemia (AML·M3 or M3 variant) 
are present. 

a. Adapted from reference 156·158. 
b. It has been recommended that occasional cases, who havo less than 30% blasts in BM, but more than 30% myeloblasts In PB, 

should be diagnosed as having AML (268,269). 
c. Lymphocytes, plasma cells, and macrophages also being excluded from the differential count of non-erythroid cells. 
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TABLE 4. Morphological classification of AML according to the FAB criteriat~. 

FAS Leukemia type Percentage of Typical clinical 
subtype AML casesb syndromes 

MD' myeloblastic without cytological maturation 5 
M1 myeloblastic with minimal maturation 15-20 
M2 myeloblastic with significant maturation 30-35 
M3 acute promyelocytic leukemia (APL) 5-10 DIC and bleeding diathesis M3 variant APL unusual hypogranutar form 
M4 acute myelomonocytic leukemia (AMML) 
M4Eo AMML with eosinophilic maturation 15-25 CNS leukemia (M4Eo) 
M4Basod AMML with basophilic maturation 
MSa monoblastic poorly differentiated 10-15 

gumhyperthrophy, 
M5b monoblastic more differentiated skin infiltration 
M6 acute erythroid leukemia 4-6 
M7' acute megakaryoblastic leukemia 1-4 myelofibrosis 

a. Adapted from references 156-160,264-266. 
b. According to references 156,160,270. 
c. For diagnosis AML-MO leukemic cells should be positive for at least one myeloid antigen, such as C013 or CD33, and the leukemic 

cells should be negative for lymphoid antigens (C02, C04, and CD7 are net regarded as lymphoid markers). AML-MO is often 
positive for myeloperoxidase demonstrated by immunocytochemistry andjor electron microscopy analysis (159). 

d. Not described by the FAB group. 
e. AML-M7 diagnosis should be confirmed by ultrastructural demonstration of platelet peroxidase or by (monoclonal) antibodies against 

platelet antigens (e.g. CD41, CD42, CD61, and factor Vl!J related antigen) (265.266). 

Immunological classification 

The hybridoma technology has permitted the generation of large series of monoclonal 

antibodies (McAb) against differentiation antigens expressed by leukocytes (279-282). In 

hematological malignancies, such as AML, McAb can be used for immunophenotyping of 

the tumor cells (283-286). The development of microscopic and flow cytometric techniques 

enabled the application of the so-called immunological marker analysis in diagnosis of AML 

(286,287). Immunological marker analysis can be used to characterize the various subpo

pulations present in heterogeneous AML cell populations. Furthermore, it is helpful, but not 

always conclusive, to differentiate whether a very immature type of acute leukemia repre

sents an AML or ALL, which has important consequences for choosing the optimal therapy 

(159, 160,271-273,288,289). Although immunological marker analysis is useful for the 

diagnosis of AML-MO, AML-M7, and immature types of AML-M6, in general their is only a 

partial correlation between immunophenotypes and the FAB types (159,290-293). The 

different immunological markers which can be used as well as the techniques to detect 

immunological markers are summarized in Chapter 2. Furthermore, in Chapter 2.2 data on 

the various applications of immunological marker analysis in the diagnosis of AML as well 

as the prognostic sign-Ificance of the expression of certain antigens on AML cells will be 

discussed. 
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Cytogenetic classification 

In the majority of AML patients clonal chromosomal aberrations can be found (212-214). 
The prognostic significance of the cytogenetic classification of AML has been demonstrated 
in different studies (212-214,270,294-296). As has been mentioned above, the finding of 

non-random chromosomal abnormalities in AML patients has yielded important information 

with regard to etiology and biology. Karyotypic abnormalities which are regularly found in 
AML patients are summarized in Chapter 3. For several chromosome abnormalities a strong 
correlation with a specific FAB type has been demonstrated (see Chapter 3.1 ). Other 

karyotypic abnormalities are associated with trilineage AML or MDS. A close association 
between genotype and phenotype in AML provides further evidence that the biology of the 
different types of AML are related to, or caused by, specific chromosome changes. 
Evidence for important links between molecular defects and morphological characteristics in 
AML comes from recently obtained results on the genes involved in the translocation 

t(15;17)(q22;q21) in AML-M3 (297-299). This translocation splices the retinoic acid receptor 
(RAR)-a gene on chromosome 17, which plays a significant role in cell differentiation. 

Important information on the relation between genotype and phenotype may come from 
extensive immunological marker analysis on AML with specific chromosome abnormalities. 

Data on the association of karyotypic abnormalities and specific immunophenotypes in AML 
are summarized in Chapter 3. 

Other techniques to characterize AML 

In addition to cytomorphology, immunological marker analysis, and cytogenetics other 
techniques can be used for the characterization of AML These especially concern 

ultrastructural morphology, cell culture techniques, and recombinant DNA techniques. 
Ultrastructural morphology and ultrastructural cytochemistry may be helpful in some 

specific cases, such as AML-M3, AML-M6, and, as has been mentioned above, AML-MO 
and AML-M7 (300-303). The prognostic significance of electron microscopy (EM) is not 

clear, but most probably such analysis is only valuable if light microscopy is inconclusive 
(159,265,302). 

Cell culture techniques are especially important in basic research of AML There is 

marked patient to patient variation with regard to growth factor responsiveness in vitro and 

this heterogeneous reactivity appears not to correlate with the morphological classification 

of AML (304,305). In case of undifferentiated types of acute leukemias differentiation 
induction by use of short term in vitro cultures might be of diagnostic value (306). In 
addition, specific grow1h patterns in vitro may have prognostic significance for obtaining 

remission (305). Therefore, variations in growth factor responsiveness may provide another 

way of classifying AML patients with biologically different disease (307). 

Recombinant DNA techniques have enabled analysis of genes at the DNA and mRNA 
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level (308). Specific probes can be used to detect gene rearrangements, mutations, or 
deletions. RNA studies enable structural analysis as well as quantitation of specific trans

cripts. The polymerase chain reaction allows the amplification of a specific piece of DNA or 
RNA, which fragments can be analyzed by use of other techniques (309). At this stage 

techniques of molecular genetics are a powerful research tool and probably they will be 
applied in AML diagnosis in the near future, especially in those cases in which other 
techniques are not conclusive (310-314). 

EM, cell culture systems, and recombinant DNA techniques have in common that they 
are relatively expensive and time consum·,ng and that the application of these techniques 

needs high technical skill and background information about structure and expression of 
genes during normal and abnormal differentiation. 

Combined classification systems 

During the last 5 years severaJ attempts have been made to integrate various types of 
classification systems of acute leukemias in particular morphology, immunological marker 

analysis, and cytogenetics into a combined classification system (292,293,315-321). The 

morphologic, immunologic, and cytogenetic (MIG) working classification of AML established 
10 AML subtypes, mainly based on unique combinations of cytogenetic aberrations and 
specific FAB subtypes (319). The MIG cooperative group identified a few specific immunop
henotypes which showed some association with one of these 10 MIC subtypes. Further
more, they emphazised to the value of immunological marker anaJysis to differentiate 
between ALL or AML in case of undifferentiated types of acute leukemia. The MIG group 
recognized the prognostic significance of specific karyotypic aberrations in AML (319). 

Large studies on the prognostic value of the MIG classification are still lacking. An alternati

ve classification system of AML, which may have prognostic value, has been proposed by 
Hayhoe (318). He avoids to use the predominant cell population as primary, but instead 

divide AML into those with blast cell populations deriving from a committed clonogenic stem 

cell and those with origins from a pluripotential stem cell. Although primarily based on 
cytomorphology, this classification system does not exclude contributory features from 
immunological marker analysis, cytogenetics, or FAB classification. 

1.5 PROGNOSIS AND TREATMENT OF AML 

Introduction 

Since the first application of chemotherapy in acute leukemia in the early 1950's and 
especially after the introduction of therapies using combinations of different drugs, progress 
has been made in the treatment of AML. In contrast to the high cure rates in childhood ALL, 
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the majority of AML patients still die of their disease (322-324). Clinically relevant adverse 

prognostic features include increasing age, a history of MDS, secondary AML, and certain 
cytogenetic abnormalities, especially those involving chromosomes 5 or 7 (263,276,277,294-
296,325-328). All these features are probably associated with a defect in an immature 

precursor cell type (235). 
In addition to conventional chemotherapy, bone marrow transplantation (BMT), and 

more recently, the application of growth factors and differentiation factors have become 
important treatment options for some patients (322,329-334). Furthermore, progress in 

supportive treatment with anti-microbial therapy and growth factors, which shorten the 
phase of critical neutropenia, has enabled a more successful infection prophylaxis and may 
allow a more aggressive approach in high risk AML patients (323,334). 

Chemotherapy 

The various drugs wh'1ch are used in AML therapy are beyond the scope of this thesis 
and have been reviewed by others (322-324). In general, two phases of chemotherapy can 
be recognized, i.e. induction treatment and post remission treatment. Induction therapy will 

cause BM aplasia and should induce complete remission (CR). At present, induction with a 
combination of cytosine arabinoside (Ara-C), an anthracycline (usually daunorubicin), and 
one or two other drugs achieves CR in 55% to 80% of AML patients (322-324). On the other 

hand, about one third of all patients do not obtain CR and most of these patients will die 

within 2 months alter d'1agnosis. This especially concerns patients over the age of 60 years, 
at which ages the highest incidence of AML occurs (322,323) (Figure 2). Despite leukemic 

cell kill in those patients who obtained CR, a considerable number of AML cells (probably 
107 to 109) will remain in the majority of patients after induction treatment (322,335). Such 

numbers of tumor cells are usually undetectable by standard cytomorphology of BM and 
PB samples. 

Post remission treatment attempts to eradicate remaining AML cells. Several strategies 
of post remission therapy have been proposed, such as double induction, intensive 

consolidation, and long term maintenance treatment (322-324,335). There is no general 
agreement about the optimal intensity and duration of post remission chemotherapy (322-
324,335-339). For elderly over 65 years of age a less toxic therapy using low dose Ara-C 

has been proposed (340,341). However, in a selected group of elderly patients with a good 
performance status full intensity induction and post remission treatment can achieve long 

term results similar to younger patients (341 ,342). 

The median remission duration ranges from about 10 to 20 months in most studies 

(322-324,335). The reported 5-year disease Ires suNival rates range from 10% to 25% in 
adults and up to about 50% in children (322-324,336,337,343). Comparison of studies on 
the therapy of such a heterogeneous disorder as AML should be performed cautiously 

because of differences in patients groups and selection of controls and because the 
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number of patients in follow-up is often too low (344). Moreover, comparison of results may 
be hampered by the !act that some studies on post remission therapy, such as post 
remission chemotherapy and BMT, are applied only on those patients who have entered CR 
(344). Therefore, survival rates from studies on post remission chemotherapy are higher, 

ranging from 15% in some studies in elderly patients to 65% in a German study on AML in 
children (322,343,345). 

Sometimes treatment of acute leukemia fails because of drug resistance, which may be 
caused by a mutation or an increase in expression of a so-called multidrug resistance 

(MDR) gene (346-348). This results in overexpression of a 170 kDa membrane glycoprotein 
(P-glycoprotein) which !unctions as an energy dependent membrane pump (347). Alterati
ons in the expression of the MDR gene can be demonstrated at the RNA level or by use of 
a McAb against P-glycoprotein (346-348). The effectiveness of chemotherapy can be 

enhanced by using different drugs which are not cross-resistant, dose escalation of the 
drugs, or specific pharmacologic agents which are able to block drug resistance (e.g. 

verapamil, cyclosporine, and tamoxifen) (347,349,350). 

Bone marrow transplantation 

For patients who have entered CR BMT enables a myeloablative therapy, which is the 
most aggressive form of post remission therapy (322,329,330). In case of allogeneic BMT 

the patient is rescued with BM provided by an HLA identical sibling or, more recently, by a 
transplant from an unrelated HLA compatible donor (351 ). In autologous BMT (ABMT) 
patient's own BM and/or peripheral stem cells are taken and stored before total body 
irradiation and/or the administration of high dose chemotherapy (352). 

Allogeneic BMT is generally performed in patients up to the age of -55 years, because 

peritransplant mortality increases with age (322,329,330). For patients transplanted in first 
CR with BM from an HLA identical sibling 5 years survival rates ranges from 40% to 60% 

(322,329,330). Despite the good results of some recent studies of post remission chemo
therapy, it has been reported that results of allogeneic BMT are equivalent or superior 
(322,329,330,353-355). Therefore, allogeneic BMT is recommended for young AML patients 
in first CR who have an HLA identical sibling. It should be mentioned that, due to fact that 
the median age of AML patients is 60 years as well as the lack of donors in most cases, 

less than 10% of all AML patients turn out to be candidates for allogeneic BMT 
(322,329,356). Comparison of T cell depleted allogeneic BMT and allogeneic BMT without T 
cell depletion has demonstrated the essential role of T lymphocytes in BMT. Although T 

cells may mediate graft versus host (GVH) reactivity, they also facirrtate engraftment of the 

transplant (322,357,358). In addition, the efficacy of allogeneic BMT depends among others 
on a T cell mediated graft versus leukemia activity (322,329,330,359). 

In ABMT the risk of GVH reactivity is not present. Therefore, ABMT is less toxic than 
allogeneic BMT, but it is also less effective, probably by the absence of the graft versus 
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leukemia activity (322,360,361). Furthermore, there is a risk of reinfusion of clonogenic AML 

cells. The autologous BM graft can be treated in vitro by use of various techniques to 
remove residual AML cells (352). Controversy exists about the importance of these so
called purging procedures and the role of residual leukemic cells in the autologous BM 
transplant (322,352,362-365). The differences in protocols used for ABMT hamper a proper 

evaluation of its value in AML treatment. There is often a significant delay from achievement 
of CR to transplantation, which causes selection of patients who may already be cured 
(352). An extended follow-up is needed to demonstrate the value of the various post 
remission therapies. 

Other treatment options in AML 

It has been suggested that more intensive chemotherapy than performed at present 
does not cure more patients (366,367). Therefore, other strategies of treatment are needed 
to obtain higher cure rates. The role of T lymphocytes in the process of graft versus 
leukemia in allogeneic BMT has initiated research on the possibilities to use T ce!l immuno

therapy in AML (359,368,369). For this approach autologous T cells might be activated by 
biological substances such as ll-2 (370,371). Alternatively, sequential increments of 
allogeneic T cells, either in vitro activated or not, might be administrated to the patient at 

different time intervals (372). Preclinical data on these types of post remission treatment are 
promising (371 ,372). 

It has been mentioned above that the transformed cell population in AML is characteri
zed by an increased self renewal potential and a decreased ability of differentiation. Several 
attempts have been made to induce terminal differentiation in AML and a few chemothera

peutic agents are able to cause some differentiation, e.g. low dose Ara-C (340). As has 

been mentioned previously, in AML-M3 with t(15;17)(q22;q21) critical elements of the genes 
coding for the RAR-a are replaced as a consequence of the chromosomal translocation 
(297-299). It has been found that all-trans-retinoic acid is extremely successful in inducing 

differentiation of the leukemia cells in patients with an AML-M3 (373-376). Such treatment 
can result in CR and prevent DIC, but chemotherapy remains necessary. Growth factors, 
such as granulocyte macrophage colony stimulating factor (GM-CSF), may be used to 

induce differentiation and proliferation of AML cells in vivo, which might increase the efficacy 
of some chemotherapeutic drugs (377-378). However, results of a recent study suggest 
caution in the use of GM-CSF because it may increase resistance of AML cells to chemo

therapy (379). 
Although AML is a heterogeneous disorder, treatment is rather uniform. The exciting 

developments in the treatment of AML-M3 demonstrate that patients with certain well 
defined subtypes of AML might benefit from a more specific therapy. In the near future it 
might be expected that several specific genetic defects will be identified, which allow the 
development of specific therapeutic modalities designed to correct or antagonize these 
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defects and improve the change of curing AML. 

1.6 SCOPE OF THE THESIS 

The heterogeneity of AML is subject of this thesis. The purpose of this study was to 
characterize the different subpopulations which can be found in the various types of AML at 
diagnosis and during follow-up. For this purpose we especially used extensive immunologi
cal marker analysis. In close collaboration with clinical scientists and laboratory scientists 
our results were correlated with other features of these patients, especially clinical characte

ristics and cytogenetics. Both the clinical significance and some basic aspects of specific 
immunophenotypes in AML patients were determined. 

Chapter 2 summarizes characteristics of immunological markers, which are generally 
used for immunophenotyping of various differentiation stages of hematopoietic cells. 
Microscopic techniques and fiow cytometric techniques, which can both be used for the 
detection of expression of these markers, are described. Data on marker expression in AML 
are summarized and their significance will be discussed. 

Chapter 3 describes the results of immunological marker analysis in AML wtth specific 

non-random chromosome aberrations. Literature data on the association between specific 
karyotypic abnormalities and phenotypical features are summarized. We investigated the 
immunophenotypes of the various subpopulations which occur in AML with t(6;9)(p23;q34) 
and AML with inv16(p13q22). In both AML types we found a specific immunophenotype. 

The clinical and biological signifance of these results are discussed. 
Chapter 4 is a compilation of four studies on the presence and significance of AML 

subpopulations expressing terminal deoxynucleotidyl transferase (TdT). TdT is normally 
expressed in immature lymphoid cells and is probably involved in the rearrangement 

processes of the genes which code for the antigen specific receptors of lymphocytes, the 
immunoglobulin {lg) and T cell receptor (TcR) molecules. We investigated the occurrence of 
TdT+ subpopulations in AML patients and in healthy control subjects. Furthermore, by use 
of double immunofluorescence {IF) staining, we determined the immunophenotype of these 

TdT+ cells. We found that TdT is expressed in immature leukemic subpopulations which 
occur in the majority of AML patients, whereas TdT+ myeloid cells are extremely rare or not 
detectable in healthy controls. Based on these results we started a follow-up study of AML 
patients to investigate whether TdT+ AML subpopulations can be monitored during and 
after treatment. We found that double IF labeling for myeloid markers and TdT enables the 
detection of minimal residual disease. The clinical significance of these findings are 
discussed. Finally, we investigated whether rearrangements of lg or TcR genes did occur in 

AML and whether these were related to TdT expression. 
Chapter 5 discusses the significance of the presented experimental data and their 

clinical application in the context of the literature. In addition, we discuss some perspectives 
of the role of immunological marker analysis in AML characterization and clinical diagnosis. 



General introduction 29 

REFERENCES 

1. Wi[Jiams WJ. Beutler E, Erslev A.J. Lichtman MA, eds. Hematology 4th edition. New York: McGraw-Hm 

Publishing Company, 1990. 

2. Abramson S, Miller RG. Phillips RA The identification in adult bone marrow of pluripotent and restricted 

stem cells of the myeloid and lymphoid systems. J Exp Med 1977;145:1567-1579. 

3. Keller G, Paige C, Gilboa E, Wagner EF. Expression of a foreign gene in myeloid and lymphoid cells 

derived from multipotent haematopoietic precursors. Nature 1985;318:149-154. 

4. Metcalf D. The molecular control of cell division, differentiation commitment and maturation in 

haemopoietic cells. Nature 1989;339:27-30. 

5. Visser JWM, Bekkum OW. Purification of pluripotent hemopoietic stem cells: past and present. Exp 

Hematol 1990;18:248-256. 

6. Jordan CT. Lemischka IR. Clonal and systemic analysis of longterm hematopoiesis in the mouse. Genes 

Develop 1990;4:220-232. 

7. Keller G, Snodgrass R. Life span of multipotential hematopoietic stem cells in vivo. J Exp Med 

1990;171 :1407-1418. 

8. Capel B, Hawley R, Covarrubias L., Hawley T, Mintz B. Clonal contributions of small numbers of 

retroviral!y marked hematopoietic stem cells engrafted in unirradiated neonatal W ;wv mice. Proc Nat! 

Acad Sci USA 1989:86:4564-4568. 

9. Dexter TM. Regulation of hemopoietic cell growth and development: experimental and clinical studies. 

Leukemia 1989;3:469-474. 

10. Sachs L The molecular control of blood cell development Science 1987;238:1374-1379. 

11. Clark SC, Kamen R. The human hematopoietic colony-stimulating factors. Science 1987;236:1229-1237. 

12. Hemler ME. Adhesive protein receptors on hematopoietic cells. lmmunol Today 1988;9:109-113. 

13. Liesveld JL, Abboud CN, Duerst RE, Ryan DH, Brennan JK, Lichtman MA Characterization of human 

marrow stromal cells: role in progenitor cell binding and granulopoiesis. Blood 1989;73:1794-1800. 

14. Groopman JE, Molina J-M, Scadden DT. Hematopoietic growth factors. Biology and clinical appficati

ons. New Engl J Med 1989;321:1449-1459. 

15. Balkwill FR, Burke F. The cytokine network. lmmunol Today 1989;10:299-304. 

16. Mantovani A, Dejana E. Cytokines as communication signals between leukocytes and endothelial cells. 

lmmunol Today 1989;10:370-375. 

17. Zsebo KM, Wypych J, McNiece IK Lu HS, Smith KA, Karkare SB, Sachdev RK, Yuschenkoff VN, Birkett 

NC, Williams LR, Satyagal VN, Tung W, Bosselman RA, Mendiaz EA. Langley KE. Identification, 

purification, and biological characterization of hematopoietic stem cell factor from buffalo rat liver-condi

tioned medium. Cell 1990; 63:195-201. 

18. Martin FH, Suggs SV. Langley KE, Lu .HS, Ting J, Okino KH, Morris CF, McNiece IK, Jacobsen PN, 

Mendiaz EA, Birkett NC, Smith KA, Johnson MJ, Parker VP, Flores JC, Patel AC, Fisher EF, Erjavec HO, 

Herrera CJ, Wypych J, Sachdev RK, Pope JA. Leslie !, Wen D. Lin C-H. Cupples RL, Zsebo KM. Primary 

structure and functional expression of rat and human stem cell factor DNAs. Cell 1990;63:203-211. 

19. Arakawa T, Yphantis DA, Lary JW. Narhi LO. Lu HS, Prestrelski SJ, Clogston CL, Zsebo KM, Mendiaz 

EA. Wypych J, Langley KE. Glycosylated and unglycosylated recombinant-derived human stem eel! 

factors are dimeric and have extensive regular secondary structure. J Bioi Chern 1991;266:18942-18948. 

20. Geissler EN, Liao M, Brook JD, Martin FH, Zsebo KM, Housman DE, Galli SJ. Stem cell factor (SCF), a 

novel hematopoietic growth factor and ligand for c-kit tyrosine kinase receptor, maps on human 

chromosome 12 between 12q14.3 and 12qter. Somat Cell Mol Genet 1991;17:207-214. 

21. Anderson OM, Williams DE, Tushinski R, Gimpel S, Eisenman J, Cannizzaro LA, Aronson M, Croce CM, 

Huebner K. Cosman D. Alternate splicing of mRNAs encoding human mast cell growth factor and 

localization of the gene to chromosome 12q22-q24. Cell Growth Differ 1991;2:373-378. 



30 CHAPTER 1 

22. Yang Y~C, Ciarletta AB, Temple PA, Chung MP, Kovacic S, Witek-Giannotti JS, Leary AC, Kriz R, 

Donahue RE, Wong GG, Clark SC. Human ll--3 (multi-CSF): identification by expression cloning of a 

novel hematopoietic growth factor related to murine IL-3. Cell1986;47:3-10. 

23. Otsuka T, Miyajima A, Brown N, Otsu K, Abrams J, Saeland S, Caux C, De Waal Malefijt R, De Vries J, 

Meyerson P, Yokota K, Gemme! L, Rennick D. lee F, Arai N, Arai K-1, Yokota T. Isolation and 

characterization of an expressible eDNA encoding human IL.-3. Induction of IL--3 mRNA in human T cell 

clones. J lmmunol 1988;140:2288-2295. 

24. Le Beau MM, Epstein ND, O'Brien SJ, Nienhuis AW, Yang Y-C, Clark SC, Rowley JD. The interleukin 3 

gene is located on human chromosome 5 and is deleted in myeloid leukemias with a deletion of Sq. 

Proc Nat! Acad Sci USA 1987;84:5913-5917. 

25. Yang Y-C, Kovacic S, Kriz R, Wolf S, Clark SC, WeHems TE, Nienhuis A, Epstein N. The human genes 

for GM-CSF and ll3 are closely linked in tandem on chromosome 5. Blood 1988;71:958-961. 

26. Gassen JC, Weisbart RH, Kaufman SE, Clark SC, Hewick RM, Wong GG, Golde OW. Purified human 

granulocyte-macrophage colony-stimulating factor: direct action on neutrophils. Science 

1984;226:1339-1342. 

27. Wong GG, Wrtek JS, Temple PA, Wilkens KM, Leary AC, Luxenberg DP, Jones SS, Brown EL, Kay RM, 

Orr EC, Shoemaker C, Golde OW, Kaufman RJ, Hewick RM, Wang EA, Clark SC. Human GM-CSF: 

molecular cloning of the complementary DNA and purification of the natural and recombinant proteins. 

Science 1985;228:81 0-815. 

28. Bagby GC, Oinarello CA, Wallace P, Wagner C, Hefeneider S, McCall E. lnterleukin 1 stimulates 

granulocyte macrophage colony-stimulating activity release by vascular endothelial cells. J Clin Invest 

1986;78:1316-1323. 

29. Broudy VC, Kaushansky K, Harlan JM, Adamson JW. lnterleukin 1 stimulates human endothelial cells to 

produce granulocyte-macrophage colony-stimulating factor and granulocyte colony-stimulating factor. J 

Immune! 1987;139:464-468. 

30. Kaushansky K, Un N, Adamson JW. lnterleukin 1 stimulates fibroblasts to synthesize granulocy

te-macrophage and granulocyte colony-stimulating factors. Mechanism for the hematopoietic response 

to inflammation. J Clin Invest 1988;81:92-97. 

31. Nicola NA, Begley CG, Metcalf D. Identification of the human analogue of a regulator that induces 

differentiation in murine leukaemic cells. Nature 1985;314:625-628. 

32. Nagata S, Tsuchiya M, Asano S, Kaziro Y, Yamazaki T, Yamamoto 0, Hirata Y. Kubota N, Oheda M, 

Nomura H, Ono M. Molecular cloning and expression of eDNA for human granulocyte colony-stimula

ting factor. Nature 1986;319:415-418. 

33. Souza L, Boone TC, Gabrilove J, Lai PH, Zsebo KM, Murdock DC, Chazin VA, Bruszewski J, Lu H, 

Chen KK, Barendt J, Platzer E, Moore MAS, Mertelsmann R, Welte K Recombinant human granulocyte 

colony-stimulating factor: effects on normal and leukemic myeloid cells. Science 1986;232:61-65. 

34. Simmers RN, Webber LM, Shannon MF, Garson OM, Wong G, Vadas MA, Sutherland GR. Localization 

of the G-CSF gene on chromosome 17 proximal to the breakpoint in the t(15;17) in acute promyelocytic 

leukemia. Blood 1987;70:330-332. 

35. Vellenga E, Rambaldi A, Ernst T J, Ostapovicz 0, Griffin JD. Independent regulation of M-CSF and 

G-CSF gene expression in human monocytes. Blood 1988;71:1529-1532. 

36. Kawasaki ES, Ladner MB, Wang AM, Van Arsdell J, Warren MK, Coyne MY, Schweickart VL, Lee M-T, 

Wilson KJ, Boosman A. Stanley ER, Ralph P, Mark OF. Molecular cloning of a complementary DNA 

encoding human macrophage-specific colony-stimulating factor (CSF-1). Science 1985;230:291-296. 

37. Wong GG, Temple PA, Leary AC, Witek-Giannotti JS, Yang Y-C, Ciarlena AS, Chung M, Murtha P, Kriz 
R, Kaufman RJ, Ferenz CR, Sibley BS, Turner KJ, Hewick RM, Clark SC, Yanai N, Yokota H, Yamada M, 

Saito M, Motoyoshi K, Takaku F. Human CSF-1: molecular cloning and expression of 4-kb eDNA 

encoding the human urinary protein. Science 1987;235:1504-1508. 



General introduction 31 

38. Horiguchi J, Warren MK, Kufe D. Expression of the macrophage-specific colony-stimulating factor in 

human monocytes treated with granulocyte-macrophage colony-stimulating factor. Blood 

1987;69:1259-1261. 

39. Morris SW, Valentine MB, Shapiro ON, Sublett JE, Deaven LL, Foust JT, Roberts WM. Cerretti DP, Look 

AT. Reassignment of the human CSF1 gene to chromosome 1 p13-p21. Blood 1991;78:2013-2020. 

40. Landegent JE, Kluck PMC, Balk MWJ, Willemze R. The human macrophage colony-stimulating factor 

gene is localized at chromosome 1 band p21 and not at 5q33.1. Ann Hematol1992;64:110-111. 

41. Miyake T, Kung CK-H, Goldwasser E. Purification of human erythropoietin. J Bioi Chern 

1977;252:5558-5564. 

42. Jacobs K, Shoemaker C, Rudersdorf R, Neill SD. Kaufman RJ, Mufson A, Seehra J, Jones SS, Hewick 

R, Fritsch EF, Kawakita M, Shimizu T, Miyake T. Isolation and characterization of genomic and eDNA 

clones of human erythropoietin. Nature 1985;313:806-810. 

43. Lin F-K, Suggs S, Un C-H. Browne JK, Smalling R, Egrie JC. Chen KK Fox GM, Martin F, Stabinsky Z, 

Badrawi SM. Lai P-H, Goldwasser E. Cloning and expression of the human erythropoietin gene. Proc 

Natl Acad Sci USA 1985;82:7580-7584. 

44. Law ML, Cai G-Y, Un F-K, Wei Q, Huang S-Z, Hartz JH. Morse H, Lin C-H, Jones C, Kao F-T. 

Chromosomal assignment of the human erythropoietin gene and its DNA polymorphism. Proc Nat! Acad 

Sci USA 1986;83:6920-6924. 

45. Koury ST, Bondurant MC, Koury MJ. Localization of erythropoietin synthesizing cells in murine kidneys 

by in situ hybridization. Blood 1988:71:524-527. 

46. Donis-Keifer H. Hetms C. Green P. Riethman H. Ramachandra S. Falls K, Bowden OW, Weiffenbach B, 

Keith T, Stephens K Cannizzaro LA, Shows TB, Stewart GD, Van Keuren M. A human genome linkage 

map with more than 500 RFLP loci and average marker spacing of 6 centiMorgans. Cytogenet Cell 

Genet 1989;51:991. 

47. Lamedica PT, Gubler U, Hellman CP, Dukovich M, Giri JG, Pan Y-CE, Collier K, Semionow R. Chua AO, 

Mizel SB. Cloning and expression of murine interleukin-1 eDNA in Escherichia coiL Nature 

1984;312:458-462. 

48. Auron PE. Webb AC, Rosenwasser LJ, Mucci SF, Rich A, Wolff SM, Dinarello CA. Nucleotide sequence 

of human monocyte interleukin 1 precursor eDNA. Proc Nat! Acad Sci USA 1984;81 :7907-7911. 

49. March CJ, Mosley B, Larsen A, Cerretti DP, Braedt G, Price V, Gillis S, Henney CS, Kronheim SR, 

Grabstein K, Conlon PJ, Hopp TP, Cosman D. Cloning, sequence and expression of two distinct human 

interleukin-1 complementary DNAs. Nature 1985;315:641-647. 

SO. Lafage M, Maroc N, Debreuil P, De Waal Malefijt R, Pebusque M-J, Carcassonne Y, Mannoni P. The 

human interleukin-1a gene is located on the long arm of chromosome 2 at band q13. B!ood 

1989;73:1 04-107. 

51. Di Giovine FS, Duff GW. lnterleukin 1: the first interleukin. lmmunol Today 1990;11:13-20. 

52. Smith KA, Gilbride KJ, Favata MF. Lymphocyte activating factor promotes T-cell growth factor 

production by cloned murine lymphoma cells. Nature 1980;287:851-853. 

53. Taniguchi T, Matsui H, Fujita T, Takaoka C, Kashima N, Yoshimoto R. Hamuro J. Structure and 

expression of a cloned eDNA for human interleukin-2. Nature 1983;302:305-310. 

54. Devos R, Plaetinck G, Cheroutre H, Simons G, Degrave W, Tavernier J, Remaut E, Fiers W. Molecular 

cloning of human interleukin 2 eDNA and its expression in E. coli. Nucl Acids Res 1983;11:4307-4323. 

55. Seigel LJ, Harper ME, Wong-Staal F, Gallo RC, Nash WG, O'Brien SJ. Gene for T -celt growth factor: 

location on human chromosome 4q and feline chromosome B1. Science 1984;223:175-178. 

56. Smith KA. lnterleukin-2: inception, impact, and implications. Science 1988;240:1169-1176. 

57. Howard M, Farrar J. Hilfiker M, Johnson B, Takatsu K Hamaoka T, Paul WE. Identification of a T 

cell-derived B cell growth factor distinct from interleukin 2. J Exp Med 1982;155:914-923. 

58. Yokota T, Otsuka T, Mosmann T, Banchereau J, DeFrance T, Blanchard D, De Vries JE, Lee F, Arai K-1. 



32 CHAPTER 1 

Isolation and characteriZation of a human interleukin eDNA clone, homologous to mouse 8-cell 

stimulatory factor 1, that expresses 6-cell- and T -cell-stimulating activities. Proc Natl Acad Sci USA 

1986;83:5894-5898. 

59. Brown MA, Pierce JH, Watson CJ, Falco J, lhle JN, Paul WE. 6 cell stimulatory factor-1/interleukin-4 

mRNA is expressed by normal and transformed mast cel!s. Cell 1987;50:809-818. 

60. Coffman Rl, Seymour BW?, Lebman DA, Hiraki DD, Christiansen JA. Shrader B. Cherwinski HM, 

Savelkoul HFJ, Finkelman FD, Bond MW, Mosmann TR. The role of helper T cell products in mouse B 

cell differentiation and isotype regulation. Immune! Rev 1988;102:5-28. 

61. Le Beau MM, Lemons RS, Espinosa R, Larson RA, Arai N, Rowley JD. lnterleukin-4 and interleukin-5 

map to human chromosome 5 in a region encoding growth factors and receptors and are deleted ln 

myeloid leukemias with a de1(5q). Blood 1989;73:647-650. 

62. Azuma C, Tanabe T, Konishi M. Kinashi T, Noma T. Matsuda F, Yaoita Y, Takatsu K, HammarstrOm l., 

Smith CIE, Severinson E, Honjo T. Cloning of eDNA for human T·cell replacing factor (interleukin·5) and 

comparison with the murine homologue. Nucl Acids Res 1986;14:9149·9158. 

63. Campbell HD. Tucker WQJ, Hart Y, Martinson ME, Mayo G. Clutterbuck EJ, Sanderson CJ, Young lG. 

Molecular cloning, nucleotide sequence, and expression of the gene encoding human eosinophil 

differentiation factor (interleukin 5). Proc Natl Acad Sci USA 1987;84:6629-6633. 

64. Sutherland GR. Baker E, Callen OF, Campbell HO, Young IG. Sanderson CJ, Garson OM, Lopez AF. 

Vadas MA lnterleukin·5 is at 5q31 and is deleted in the 5q· syndrome. Blood 1988;71 :1150·1152. 

65. Sanderson CJ. lnterleukin·5. eosinophils, and disease. Blood 1992;79:3101--3109. 

66. Sehgal PB, Zilberstein A, Ruggieri R·M, May LT, Ferguson·Smith A, Slate DL, Revel M, Ruddle FH. 

Human chromosome 7 carries the /32 interferon gene. Proc Natl Acad Sci USA 1986;83:5219-5222. 

67. Sehgal PB, May LT, Tamm I, Vilcek J. Human /32 interferon and B·cell differentiation factor BSF·2 are 

identical. Science 1987;235:731-732. 

68. Brakenhoff JPJ, De Groot ER, Evers RF, Pannekoek H. Aarden LA Molecular cloning and expression of 

hybridoma groVv'th factor in escherichia coli. J Immune! 1987~139:4116-4121. 

69. Ferguson-Smith AC. Chen YF, Newman MS. May LT, Sehgal PB, Ruddle FH. Regional localization of the 

interferon-beta 2/B--cell stimulatory factor 2/hepatocyte stimulating factor gene to human chromosome 

7p15·P21. Genomics 1988;2:203·208. 

70. Bowcock AM, Kidd JR. lathrop GM, Oaneshvar L May LT. Ray A, Sehgal PB, Cavalli-Sforza LL The 

human "interferon·beta 2/hepatocyte stimulating factorjinterleukin-6" gene: DNA polymorphism studies 

and localization to chromosome 7p21. Genomics 1988;3:8·16. 

71. Hirano T, Akira S, Taga T, Kishimoto T. Biological and clinical aspects of interleukin 6. lmmunol Today 

1990;11 :443-449. 

72. Namen AE, Lupton S, Hjerrild K. Wignall J, Mochizuki DY, Schmierer A, Mosley 6, March CJ. Urdal D, 

Gillis S, Cosman D, Goodwin RG. Stimulation of B-cell progenitors by cloned murine interleukin·7. 

Nature 1988;333:571~575. 

73. Goodwin RG, Lupton S, Schmierer A, Hjerrild KJ, Jerzy R, Clevenger W, Gims S, Cosman 0, Namen AE. 

Human interleukin 7: Molecular cloning and groVv'th factor activity on human and murine B·lineage cells. 

?roc Natl Acad Sci USA 1989;86:302--306. 

74. Sutherland GR. Baker E, Fernandez KEW, Callen DF, Goodwin RG, Lupton S, Namen AE. Shannon MF, 

Vadas MA. The gene for human interleukin 7 (IL7) is at 8q12-13. Human Genet 1989;82:371-372. 

75. Henney CS. lnterleukin 7: effects on early events in lymphopoiesis. lmmunol Today 1989;10:170·173. 

76. Yoshimura T, Matsushima K, Oppenheim JJ, Leonard EJ. Neutrophil chemotactic factor produced by 

lipopolysaccharide (LPS)·stimulated human blood mononuclear leukocytes: partial characterization and 

separation from interleukin 1 (ll 1). J lmmunol 1987;139:788--793. 

77. Matsushima K, Morishita K, Yoshimura T, Lavu S. Kobayashi Y, lew W, Appella E, Kung HF. Leonard 

EJ, Oppenheim JJ. Molecular cloning of a human monocyte-derived neutrophil chemotactic factor 



General introduction 33 

(MDNCF) and the induction of MDNCF mRNA by interteukin 1 and tumor necrosis factor. J Exp Med 

1988;167:1883-1893. 

78. Baggiolini M, Walz A, Kunkel SL Neutrophil-activating peptide-1 jinterleukin 8, a novel cytokine that 

activates neutrophils. J Clin Invest 1989;84:1045-1049. 

79. Modi WS, Dean M, Seuanez HN, Mukaida N. Matsushima K O'Brien SJ. Monocyte-derived neutrophil 

chemotactic factor (MDNCF j!L-8) resides in a gene cluster along with several other members of the 

platelet factor 4 gene superfamily. Hum Genet 1990;84:185-187. 

so. Yang Y-C, Ricciardi S, Ciarletta A, Calvetti J, Kelleher K, Clark SC. Expression cloning of a eDNA 

encoding a novel human hematopoietic growth factor: human homologue of murine T -cell growth factor 

P40. Blood 1989;74:1880-1884. 

81. Donahue RE. Yang Y-C, Clark SC. Human P40 T-cell growth factor ~nterleukin-9) supports erythroid 

colony formation. Blood 1990;75:2271-2275. 

82. Mock BA Krall M, Kozak CA, Nesbitt MN, McBride OW, Renau!d J-C, Van Snick J. lL9 maps to mouse 

chromosome 13 and human chromosome 5. Immunogenetics 1990;31:265-270. 

83. Kelleher K Bean K, Clark SC, Leung W-Y, Yang-Feng TL, Chen JW. Un P-F, Luo W. Yang Y-C. Human 

interleukin-9: genomic sequence, chromosomal location, and sequences essential for its expression in 

human T-ceH leukemia virus (HTLVH-transformed human T cells. Blood 1991;n:1436-1441. 

84. Vieira P, De Waal-Malefyt R, Dang M-N. Johnson KE, Kastelein R, Fiorentino DF, De Vries JE, Roncarolo 

M-G, Mosmann TR, Moore !<:W. Isolation and expression of human cytokine synthesis inhibitory factor 

eDNA clones: homology to Epstein-Barr virus open reading frame BCRFI. Proc Natl Acad Sci USA 

1991;88:1172-1176. 

85. De Waal Ma!efyt R, Yssel H, Roncarolo M-G. Spits H, De Vries JE. lnterleukin-10. Current Opin lmmunol 

1992;4:314-320. 

86. Howard M, O'Garra A Biological properties of interleukin 10. lmmunol Today 1992;13:198-200. 

87. Paul SR, Bennett F, Calvetti JA, Kelleher K, Wood CR. O'Hara RM, Leary AC, Sibley 8, Clark SC, 

Wimams DA, Yang Y-C. Molecular cloning of a eDNA encoding interleukin 11, a stromal cell-derived 

lymphopoietic and hematopoietic cytokine. Proc Nat! Acad Sci USA 1990;87:7512-7516. 

88. Yang-Feng TL Gibson L Assignment of the gene encoding human interleukin-11 to chromosome 

19q13.3-q13.4. Cytogenet Cell Genet 1991;A27019. 

89. Teramura M, Kobayashi S, Hoshino S. Oshimi K. Mizoguchi H. !nterteukin-11 enhances human 

megakaryocytopoiesis in vitro. Blood 1992;79:327..J31. 

90. Leary AG, Zeng HQ, Clark SC, Ogawa M. Growth factor requirements for survival in G0 and entry into 

the cell cycle of primitive human hematopoietic progenitors. Proc Natl Acad Sci USA 1992;89:4013-

4017. 

91. Tsuji K, Lyman SO, Sudo T, Clark SC, Ogawa M. Enhancement of murine hematopoiesis by synergistic 

interactions between steel factor Oigand for c-kit), interteukin-11, and other early acting factors in 

culture. Blood 1992;79:2855-2860. 

92. Pennica D. Nedwin GE, Hayflick JS, Seeburg PH, Derynck R. Palladino MA. Kohr WJ. Aggar.val BB, 

Goedde! OV. Human tumour necrosis factor: precursor structure, expression and homology to 

lymphotoxin. Nature 1984;312:724-729. 

93. Dunham I, Sargent CA, Trowsdale J, Campbell RD. Molecular mapping of the human major histocompa

tibility complex by pulsed-field gel electrophoresis. Proc Natl Acad Sci USA 1987;84:7237-7241. 

94. Ragoussis J, Bloemer K, Weiss EH. Ziegler A Localization of the genes for tumor necrosis factor and 

lymphotoxin between the HLA. class I and Ill regions by field inversion gel electrophoresis. lmmunoge

net 1988;27:66--69. 

95. Gray PW, Aggarwal BB, Benton CV, Bringman TS, Henzel WJ, Jarrett JA. Leung OW, Moffat 6, Ng P, 

Svedersky LP, Palladino MA, Nedwin GE. Cloning and expression of eDNA for human lymphotoxin. a 

lymphokine with tumour necrosis activity. Nature 1984;312:721-724. 



34 CHAPTER 1 

96. Cheifetz S, Weatherbee JA, Tsang ML-S, Anderson JK, Mole JE, Lucas R, Massague J. The transfor

ming growth factor-.8 system, a complex pattern of cross-reactive ligands and receptors. Cell 

1987;48:409-415. 

97. Assoian RK, Fleurdelys BE, Stevenson HC, Miller PJ, Madtes DK, Raines '2N, Ross R, Sporn MB. 

Expression and secretion of type .8 transforming growth factor by activated human macrophages. Proc 

Natl Acad Sci 1987;84:6020-6024. 

98. Sporn MB, Roberts AB, Wakefield LM, De Crombrugghe B. Some recent advances in the chemistry and 

biology of transforming growth factor-beta J Cell Bioi 1987;105:1039-1045. 

99. The WHO-lUIS nomenclature subcommittee on interleukin designation. Nomenclature for secreted 

regtdatory proteins of the immune system Onterieukins). Blood 1992;79:1645-1646. 

100. Kinoshita T. Biology of complement: the overture. lmmunol Today 1991;12:291-295. 

101. Ratnoff OD, Forbes CD, eels. Disorders of hemostasis. Philadelphia: WB Saunders Company, 1991. 

102. Carding SR. Hayday AC, Bottomly K Cytokines in T-cell development lmmunol Today 1991;12:239-245. 

103. K"rttler ElW, McGrath H, Temeres D, Crittenden RB, Kister VK, Quesenberry PJ. Biologic sign'rficance of 

constitutive and subliminal growth factor production by bone marrow stroma. Blood 1992;79:3168-3178. 

104. Leary AG, lkebuchi K, Hirai Y. Wong GG. Yang Y-C, Clark SC, Ogawa M. Synergism between 

interleukin-6 and interleukin-3 in supporting proliferation of human hematopoietic stem cells: comparison 

with interleukin-1a. Blood 1988;71:1759-1763. 

105. McNiece lK, langley KE, Zsebo KM. Recombinant human stem cell factor synergises with GM-CSF. 

G-CSF, IL-3 and epa to stimulate human progenitor cells of the myeloid and erythroid lineages. Exp 

Hematol 1991;19:226-231. 

106. Bernstein 10, Andrews RG, Zsebo KM. Recombinant human stem cell factor enhances the formation of 

colonies by CD34 + and CD34 +lin- cells. and the generation of colony-forming cell progeny from 

CD34+1in- cells cultured with interleukin-3, granulocyte colony-stimulating factor. or granulocyte-ma

crophage colony-stimulating factor. Blood 1991;77:2316-2321. 

107. Andrews RG, Knitter GH, Bartelmez SH, Langley KE, Farrar D, Hendren RW, Appelbaum FR. Bernstein 

10, Zsebo KM. Recombinant human stem cell factor, a c-kit ligand, stimulates hematopoiesis in 

primates. Blood 1991;78:1975-1980. 

108. Brandt J, Briddell RA, Srour EF, Leemhuis TB, Hoffman R. Role of c-kit ligand in the expansion of 

human hematopoietic progenitor cells. Blood 1992;79:634-641. 

109. Avraham H, Vannier E, Cowley S, Jiang S, ChiS, Dinarello CA, Zsebo KM, Groopman JE. Effects of the 

stem cell factor, c-kit ligand, on human megakaryocytic cells. Blood 1992;79:365-371. 

110. Brach MA, LOwenberg 8, Mantovani L, Schwulera U, Mertelsmann R, Herrmann F. lnterleukin-6 (IL-6) is 

an intermediate in JL-1-induced proliferation of leukemic human megakaryoblasts. Blood 

1990;76:1972-1979. 

111. Geissler K Valent P, Bettelheim P. Siliaber C, Wagner B, Kyrle P, Hinterberger W. Lechner K. Uehl E, 

Mayer P. In vivo synergism of recombinant human interleukin-3 and recombinant human interleukin-6 on 

thrombopoiesis in primates. Blood 1992;79:1155·1160. 

112. Touw l, Pauwels K, Van Agthoven T, Van Gurp R. Budel L, Hoogerbrugge H, Delwel R, Goodwin R, 

Namen A, LOwenberg B. lnterleukin-7 is a growth factor of precursor 8 and T acute lymphoblastic 

leukemia. Blood 1990;75;2097-2101. 

113. McNiece lK. langley KE, Zsebo KM. The role of recombinant stem cell factor in early 8 cell develop

ment. Synergistic interaction with ll·7. J lmmunol 1991;146:3785-3790. 

114. Billips LG, Petitte D. Dorshkind K, Narayanan R, Chiu C-P, Landreth KS. Differential roles of stromal 

cells, interleukin-7, and kit-ligand in the regulation of B lymphopoiesis. Blood 1992;79:1185·1192. 

115. Bot FJ, Van Eijk L, Breeders L, Aarden LA, LOwenberg B. lnterleukin-6 synergizes with M-CSF in the 

formation of macrophage colonies from purified human marrow progenitor cells. Blood 

1989;73:435-437. 



General introduction 35 

116. Jansen JH, Kluin-Nelemans JC, VanDamme J, Wientjens GJHM, Willemze R, Fibbe WE. lnterleukin-6 is 

a permissive factor for monocytic colony formation by human hematopoietic progenitor celts. J Exp 

Med 1992;175:1151-1154. 

117. Dahinden CA. Kurimoto Y, De Week AL, Undley I, Dewald B, Baggiolini M. The neutrophil-activating 

peptide NAF/NAP-1 induces histamine and leukotriene release by interleukin 3-primed basophi!s. J Exp 

Med 1989;170:1787-1792. 

118. Thompson-Snipes L, DharV, Bond MW, Mosmann TR. Moore 't\:N, Rennick OM. lnterleukin 10: a novel 

stimulatory factor for mast cells and their progenitors. J Exp Med 1991;173:507-510. 

119. Kirshenbaum AS. Goff JP, Kessler SW, Mican JM, Zsebo KM, Metcalfe DD. Effect of lL-3 and stem cell 

factor on the appearance of human basophils and mast cells from C034 + pluripotent progenitor cells. J 

lmmunol 1992;148:772-777. 

120. Denburg JA. Basophil and mast ce!l lineages in vitro and in vivo. Blood 1992;79:846-860. 

121. Denburg JA, Silver JE. Abrams JS. lnterleukin-5 is a human basophilopoietin: induction of histamine 

content and basophilic differentiation of HL-60 cells and of peripheral blood basophil-eosinophil 

progenitors. Blood 1991;77:1462-1468. 

122. Oenburg JA. Telizyn S, Messner H, LimB, Jamal N, Ackerman SJ, Gleich GJ, Bienenstock J. Heteroge

neity of human peripheral blood eosinophils-type colonies: evidence for a common basophil-eosinophil 

progenitor. Blood 1985;66:312-318. 

123. Clutterbuck EJ. Hirst EMA, Sanderson CJ. Human interleukin-5 (!L-5) regulates the production of 

eosinophils in human bone marrow cultures: comparison and interaction with IL-1, !L-3, IL-6, and 

GMCSF. Blood 1989;73:1504-1512. 

124. Le J, Vilcek J. Tumor necrosis factor and interleukin 1: cytokines with multiple overlapping biological 

activities. Lab Invest 1987;56:234-248. 

125. Ve!lenga E, De Wolf JThM, Beentjes JAM, Esselink MT. $mit JW, Halie MR. Divergent effects of 

interleukin-4 (IL-4) on the granulocyte colony-stimulating factor and ll-3-supported myeloid colony 

formation from normal and leukemic bone marrow cells. Blood 1990;75:633-637. 

126. Jansen JH, Wientjens G-JHM, Fibbe WE, Wi!lemze R, Kluin-Nelemans JC. Inhibition of human 

macrophage-colony formation by interleukin 4. J Exp Med 1989;170:577-582. 

127. Murase T, Hotta T, Saito H, Ohno R. Effect of recombinant human tumor necrosis factor on the colony 

growth of human leukemia progenitor cells and normal hematopoietic progenitor cells. Blood 

1987;69:467-472. 

128. Han ZC, Bellucci S, Wan HY, Caen JP. New insights into the regulation of megakaryocytopoiesis by 

haematopoietic and fibroblastic growth factors and transforming growth factor j31. Br J Haemato! 

1992;81 :1-5. 

129. Lotem J, Sachs L Selective regulation of the activity of different hematopoietic regulatory proteins by 

transforming growth factor /31 in normal and leukemic myeloid cells. Blood 1990;76:1315-1322. 

130. Rigby WFC, Ball ED, Guyre PM, Fanger MW. The effects of recombinant-DNA-derived interferons on the 

growth of myeloid progenitor ceUs. Blood 1985;65:858-861. 

131. Cheung DL Hamilton JA Regulation of human monocyte DNA synthesis by colony-stimulating factors. 

cytokines, and cyclic adenosine monophosphate. Blood 1992;79:1972-1981. 

132. Varden Y, Kuang W-J, Yang-Feng T. Coussens L, Munemitsu $, Dull TJ, Chen E, Schlessinger J, 

Francke U, Ullrich A. Human proto-oncogene c-kit: a new cell surface receptor tyrosine kinase for an 

unidentified ligand. EMBO J 1987;6:3341-3351. 

133. Gearing DP, King JA, Gough NM, Nicola NA. Expression cloning of a receptor for human granulo

cyte-macrophage colony-stimulating factor. EMBO J 1989;8:3667-3676. 

134. Larsen A. Davis T, Curtis SM. Gimpel S, Sims JE, Cosman D, Park L Sorensen E, March CJ, Smith CA. 

Expression cloning of a human granulocyte colony-stimulating factor receptor: a structural mosaic of 

hematopoietin receptor, immunoglobulin, and fibronectin domains. J Exp Med 1990;172:1559-1570. 



36 CHAPTER 1 

135. Tweardy OJ, Anderson K, Cannizzaro LA. Steinman RA, Croce CM, Huebner K Molecular cloning of 

cDNAs for the human granulocyte colony-stimulating factor receptor from HL-60 and mapping of the 

gene to chromosome region 1p32--34. Blood 1992;79:1148-1154. 

136. Sherr CJ. Colony-stimulating factor-1 receptor. Blood 1990;75:1-12. 

137. Sims JE, March CJ, Cosman D, Widmer MB, MacDonald HR, McMahan CJ, Grubin CE, Wignall JM, 

Jackson JL, Call SM, Friend D, Alpert AR, Gillis S, Urdal DL, Dower SK. eDNA expression cloning of the 

lL-1 receptor, a member of the immunoglobulin superfamily. Science 1988;241:585-589. 

138. Leonard WJ, Depper JM, Crabtree GR, Rudikoff S, Pumphrey J, Robb RJ, KrOnke M, Svetlik PS, Peffer 

NJ. Waldmann TA, Greene WC. Molecular cloning and expression of cDNAs for the human interleukin-2 

receptor. Nature 1984;311 :626-631. 

139. Hatakeyama M, Tsuda M, Minamoto S, Kana T, Doi T, Miyata T, Miyasaka M, Taniguchi T. lnterleukin-2 

receptor P chain gene: generation of three receptor forms by cloned human a and fJ chain eDNA's. 

Science 1989;244:551-556. 

140. ldzerda RL, March CJ, Mosley B, Lyman SO, Vanden BasT, Gimpel SO, Din WS, Grabstein KH, Widmer 

MB, Park LS, Cosman D, Beckmann MP. Human interleukin 4 receptor confers biological responsive

ness and defines a novel receptor superfamily. J Exp Med 1990;171:861-873. 

141. Yamasaki K, Taga T, Hirata Y, Yawata H, Kawanishi Y, Seed B. Taniguchi T, Hirando T, Kishimoto T. 

Cloning and expression of human interleukin-6 (BSF-2/IFNP 2) receptor. Science 1988;241:825-828. 

142. Goodwin RG, Friend D. Ziegler SF, Jerzy R, Fa!k SA. Gimpel S. Cosman D. Dower SK, March CJ, 
Namen AE, Park LS. Cloning of the human and murine interleukin-7 receptors: demonstration of a 

soluble form and homology to a new receptor superfamily. Ce!l1990;60:941-951. 

143. Schall TJ, Lewis M, Koller KJ, Lee A. Rice GC, Wong GHW, Gatanaga T, Granger GA, Lentz R, Raab H, 

Kohr WJ. Goedde! DV. Molecular cloning and expression of a receptor for human tumor necrosis factor. 

Cell 1990;61 :361--370. 

144. Loetscher H, Pan Y-CE, Lahm H-W, Gentz R, Brockhaus M, Tabuchi H, lesslauer W. Molecular cloning 

and expression of the human 55 kd tumor necrosis factor receptor. Cell 1990;61 :351-359. 

145. Smith CA, Davis T, Anderson D, Salam L, Beckmann MP, Jerzy R, Dower SK, Cosman D, Goodwin RG. 

A receptor for tumor necrosis factor defines an unusual family of cellular and viral proteins. Science 

1990;248:1019-1023. 

146. Tartaglia LA, Goedde! DV. Two TNF receptors. lmmunol Today 1992;13:151-153. 

147. D'Andrea AD, Fasman GO, Lodish HF. Erythropoietin receptor and interleukin-2 receptor fJ chain: a new 

receptor family. Cell 1989;58:1 023-1024. 

148. Bazan JF. A novel family of growth factor receptors: A common binding domain in the growth hormone, 

prolactin, erythropoietin and !L-6 receptors, and the p75 ll-2 receptor P-chain. Biochem Biophys Res 

Comm 1989;164:788-795. 

149. Cosman D, Lyman SD, ldzerda RL, Beckmann MP, Park LS, Goodwin RG, March CJ. A new cytokine 

receptor superfam]y. Trends Biochem Sci 1990;15:265-270. 

150. Vairo G, Hamilton JA. Signalling through CSF receptors. lmmunol Today 1991;12:362-369. 

151. Kanakura Y, Druker 8, Cannistra SA, Furukawa Y, Torimoto Y. Griffin JD. Signal transduction of the 

human granulocyte-macrophage colony-stimulating factor interleukin-3 receptors involves tyrosine 

phosphorylation of a common set of cytoplasmic proteins. Blood 1990;76:706-715. 

152. Okuda K, Sanghera JS, Pelech SL, Kanakura Y. Hallek M, Griffin JD, Druker BJ. Granulocyte

macrophage colony-stimulating factor, interleukin-3, and steel factor induce rapid tyrosine phosphoryla

tion of p42 and p44 MAP kinase. Blood 1992;79:2880-2887. 

153. Yunis JJ. The chromosomal basis of human neoplasia. Science 1983;221 :227-236. 

154. Bishop JM. The molecular genetics of cancer. Science 1987;235:305-311. 

155. Bagby GC. The preleukemic syndrome (Hematopoietic dysplasia). Blood Rev 1988;2:194-205. 

156. Bain BJ. Leukaemia diagnosis. A guide to the FAB classification. Philadelphia: JB Lippincott Company, 



General introduction 37 

1990. 

157. Bennett JM, Catovsky D. Daniel M-T, Aandrin G, Galton DAG, Gralnick HR, Sultan C. Proposals for the 

classification of the acute leukaemias. French-American-British (FAB) co-operative group. Br J Haematol 

1976;33:451-458. 

158. Bennett JM, Catovsky D, Daniel MT, Flandrin G, Galton DAG, Gra!nick HR, Sultan C. Proposed revised 

criteria for the classification of acute myeloid leukemia. A report of the French-American-British 

cooperative group. Ann lnt Med 1985;103:626-629. 

159. Bennett JM, Catovsky D, Daniel M-T, Flandrin G, Galton DAG, Gralnick HR, Sultan C. Proposal for the 

recognition of minimally differentiated acute myeloid leukaemia (AML-MO). Br J Haemato! 

1991;78:325-329. 

160. Goasguen JE, Bennett JM. Classifications of acute myeloid leukemia. Clin Lab Med 1990;10:661-681. 

161. McCulloch EA. Kelleher CA, Miyauchi J, Wang C, Cheng GYN, Minden MD, Curtis JE. Heterogeneity in 

acute myeloblastic leukemia. Leukemia 1988;2:38S49S. 

162. Stevens RG. Age and risk of acute leukemia. JNCI 1986;76:845-848. 

163. Sandler DP. Epidemiology of acute myelogenous leukemia. Sem Oneal 1987;14:359..-364. 

164. Cartwright RA, Staines A Acute leukaemias. In: Fleming AF, ed. Ba!liere's Clinical Haematology. 

Epidemiology of haematological disease: Part I 1992;5:1-26. 

165. Leukaemia research fund 1984 data collection group. Distribution of leukemia, lymphoma, and allied 

disease in parts of Great Britain: analysis by administrative districts and simulations of adjacencies. 

Leukemia 1987;1 :78..S1. 

166. Coebergh JWN, Vander Heijden LH, eds. Cancer incidence and survival1975-1987. Eindhoven Cancer 

Registry, 1991. 

1f/7. Coebergh JWN, Van der Does-van den Berg A, Van Wering E, Van Steensei-Moll HA, Valkenburg HA, 

Van 't Veer MB, Schmitz PJM, Van Zanen GE. Childhood leukaemia in the Netherlands, 1973-86. 

Temporary variation of the incidence of acute lymphocytic leukaemia in young children. Br J Cancer 

1989;59:100-1 05. 

168. Neglia JP, Robison LL Epidemiology of the childhood acute leukemias. Pediatr Clin North Am 

1988;35:675-692. 

169. KOller U, Haas OA, Ludwig W-0, Bartram CR, Harbott J, Panzer-GrOmayer R, Hansen-Hagge T, Ritter J, 

Creutzig U, Knapp W, Gadner H. Phenotypic and genotypic heterogeneity in infant acute leukemia. II. 

Acute nonlymphoblastic leukemia Leukemia 1989;3:708-714. 

170. Hansen NE, Karle H. Jensen OM. Trends in the incidence of leukemia in Denmark, 1943-77: an 

epidemiologic study of 14,000 patients. JNCl 1983;71:697-701. 

171. Darby SC. The value of subtyping in studies of irradiation and human leukaemia. Leuk Res 1985;9:699-

704. 

172. Hamden DG. Inherited factors in leukaemia and lymphoma. Leuk Res 1985;9:705-707. 

173. Zipursky A, Peeters M, Peon A Megakaryob!astic leukemia and Down's syndrome, a review. In: McCoy 

EE, Epstein CJ, eds. Oncology and immunology of Down's syndrome. New York: Alan R Liss, 

Incorporated, 1987:33-56. 

174. Lampkin BC, Lange B, Bernstein I, Woods W, Odom I, Wells R. Ruymann F, Feig S, Miller L, Chard R, 

Benjamin D, Buckley J, Kim T, Hammond D. Biologic characteristics and treatment of acute nonlympho

cytic leukemia in children. Report of the ANLL strategy group of the childrens cancer study group. 

Pediatr Clin North Am 1988;35:743-764. 

175. Morrell D, Cromartie E, Swift M. Mortality and cancer incidence in 263 patients with ataxia-telan

giectasia. JNCI 1986;77:89-92. 

176. Darby SC, Nakashima E, Kate H. A paral!el analysis of cancer mortality among atomic bomb survivors 

and patients with ankylosing spondylitis given X-ray therapy. JNCI 1985;75:1-21. 

177. Lyon JL Klauber MR. Gardner JW, Udall KS. Childhood leukemias associated with fallout from nuclear 



38 CHAPTER 1 

testing. N Eng! J Med 1979;300:397-402. 

178. Stevens W. Thomas DC, Lyon JL Till JE, Kerber RA, Simon SL, Uoyd RD, Abd Elghany N, Preston-Mar

tin S. leukemia in Utah and radioactive fallout from the Nevada test site. A case-control study. JAMA 

1990;264:585-591. 

179. Land CE, McKay PN, Machado SG. Childhood leukemia and fallout from the Nevada nuclear tests. 

Science 1984;223:139-144. 

180. Smith PG, Douglas AJ. Mortality of workers at the Sellafield plant of British nuclear fuels. Br Med J 

1986;293:845--855. 

181. Hill C, Lap!anche A Overall mortality and cancer mortality around French nuclear sites. Nature 

1990;347:755-757. 

182. Darby SC, Doll R. Gill SK, Smith PG. Long term mortality after a single treatment course with X-rays in 

patients treated for ankylosing spondylitis. Br J Cancer 1987;55:179-190. 

183. Boivin J-F, Hutchison GB, Evans FB, Abou-Daoud KT, Junod B. Leukemia after radiotherapy for first 

primary cancers of various anatomic sites. Am J Epidem 1985;123:993-1 003. 

184. Boice JD, Blettner M, Kleinerman RA, Stovall M, Moloney WC, Engholm G, Austin DF, Bosch A, Cookfair 

DL, Krementz ET, Latourette HB, Peters W, Schulz MD, Lundell M, Pettersson F. Storm HH, Bell CMJ, 

Coleman MP, Fraser P, Palmer M, Prior P, Choi NW, Hislop TG, Koch M, Robb D, Robson D, Spengler 

RF, Von Fournier D, Frischkom R, LochmQHer H, Pompe-Kirn V, Rimpela A, Kjorstad K. Pejovic MH, 

Sigurdsson K, Pisani P, Kucera H. Hutchison GB. Radiation dose and leukemia risk in patients treated 

for cancer of the cervix. JNCI 1987;79:1295-1311. 

185. Henshaw DL, Eatough JP, Richardson RB. Radon as a causative factor in induction of myeloid 

leukaemia and other cancers. Lancet 1990;335:1008-1012.. 

186. Bridges SA, Cole J, Arlett CF, Green MHL Waugh APW, Beare D. Henshaw DL. Last RD. Possible 

association between mutant frequency in peripheral lymphocytes and domestic radon concentrations. 

Lancet 1991;337:1187-1189. 

187. Rinsky RA, Smith AB, Hornung R, Filloon TG, Young RJ, Okun AH, Landrigan PJ. Benzene and 

leukemia An epidemiologic risk assessment. N Eng! J Med 1987;316:1044-1050. 

188. Austin H, Delzell E, Cole P. Benzene and leukemia. A review of the literature and a risk assessment. Am 

J Epidem 1988;127:419-439. 

189. Lumley M, Barker H, Murray JA. Benzene in petrol. Lancet 1990;336:1318-1319. 

190. Austin H, Cole P. Cigarette smoking and leukemia J Chron Dis 1986;39:417-421. 

191. Kinlen W, Rogot E. Leukaemia and smoking habits among United States veterans. Br Med J 1988;297:-

657-659. 

192. Garfinkel L, Boffetta P. Association between smoking and leukemia in two American Cancer Society 

Prospective Studies. Cancer 1990;65:2356-2360. 

193. Severson RK. Davis S, Heuser L, Daling JR, Thomas DB. Cigarette smoking and acute nonlymphocytic 

leukemia. Am J Epidem 1990;132:418-422. 

194. Lindquist R, Nnsson B, Eklund G, Gahrton G. Increased risk of developing acute leukemia after 

employment as a painter. Cancer 1987;60:1378-1384. 

195. Morris Brown L, Blair A, Gibson R. Everett GD, Cantor KP, Schuman LM, Burmeister LF, Van Uer SF, 

Dick F. Pesticide exposures and other agricultural risk factors for leukemia among men in Iowa and 

Minnesota Cancer Res 1990;50:6585-6591. 

196. Kantarjian HM, Keating MJ. Therapy-related leukemia and myelodysplastic syndrome. Sem Oneal 

1987;~ 4:435-443. 

197. Pedersen-Bjergaard J, PhilipP. Therapy-related malignancies: A review. Eur J Haematol 1989;42:39-47. 

~98. Pui C-H, Behm FG, Raimondi SC, Dodge RK, George SL, Rivera GK Mirra J, Kalwinsky DK, Dahl GV, 

Murphy SB, Crist WM, Williams DL Secondary acute myeloid leukemia in children treated for acute 

lymphoid leukemia. N Engl J Med 1989;321:136-142. 



General introduction 39 

199. Kaldor JM, Day NE, Pettersson F, Clarke EA. Pedersen D, Mehnert W, Bell J, Host H, Prior P, 
Karjalainen S, Neal F, Koch M, Band P, Choi W, Pompe Kim V, Arslan A, Zaren B, Belch AR, Storm H, 

Kittel man B, Fraser P, Stovall M. Leukemia following chemotherapy for ovarian cancer. N Eng! J Med 

1990;322: 1-6. 

200. Kaldor JM. Day NE, Clarke EA. Van Leeuwen FE, Henry-Amar M, Fiorentino MV, Bell J, Pedersen 0, 

Band P, Assouline D, Koch M, Choi W, Prior P, Blair V, Langmark F, Pompe Kirn V, Neal F, Peters D, 

Pfeiffer R, Karjalainen S, Cuzick J, Sutcliffe SB, Somers R, Pellae--Coset B, Pappagallo GL, Fraser P, 

Storm H, Stovall M. Leukemia following Hodgkin's disease. N Engl J med 1990;322:7-13. 

201. Andrieu J-M, lfrah N, Payen C, Fermanian J, Coscas Y, Flandrin G. Increased risk of secondary acute 

nonlymphocytic leukemia after extended-field radiation therapy combined with MOPP chemotherapy for 

Hodgkin's disease. J Clin Oncol 1990;8:1148-1154. 

202. Curtis RE, Boice JD, Stovall M, Bernstein L, Greenberg RS, Flannery JT, Schwartz AG, Weyer P, 

Moloney WC, Hoover RN. Risk of leukemia after chemotherapy and radiation treatment for breast 

cancer. N Eng! J Med 1992;326:1745-1751. 

203. Cairns J. The origin of human cancers. Nature 1981;289:353-357. 

204. Sandberg AA A chromosomal hypothesis of oncogenesis. Cancer Genet Cytogenet 1983;8:277-285. 

205. Land H, Parada LF. Weinberg RA. Cellular oncogenes and multistep carcinogenesis. Science 

1983;222:771-778. 

206. Butturini A, Gale RP. Oncogenes and leukemia Leukemia 1990;4:138-160. 

207. Vellenga E, Griffin JD. The biology of acute myeloblastic leukemia. Sem Oncol 1987;14:365-371. 

208. Willman CL, Whittaker MH. The molecular biology of acute myeloid leukemia. Proto-oncogene 

expression and function in normal and neoplastic myeloid cells. Clin Lab Med 1990;10:769-796. 

209. LOwenberg B, Delwel FR. The pathobiology of human acute myeloid leukemia. In: Hoffman R, Benz EJ, 

Shattil SJ, Furie B, Cohen HJ, eds. Hematology: basic principles and practice. Edinburgh: Churchill 

Livingstone !ncorperated, 1991:708-715. 

210. LUbbert M, Herrmann F, Koeffler HP. Expression and regulation of myeloid-specific genes in norma! and 

leukemic myeloid cells. Blood 1991;77:909-924. 

211. Varmus HE. The molecular genetics of cellular oncogenes. Ann Rev Genet 1984;18:553-612. 

212. Yunis JJ, Brunning RD, Howe RB, Lobell M. High-resolution chromosomes as an independent 

prognostic indicator in adult acute nonlymphocytic leukemia. N Engl J Med 1984;311:812-818. 

213. Sandberg AA. The chromosomes in human leukemia. Sem Hematol 1986;23:201-217. 

214. Bloomfield CD. De Ia Chapel!e A Chromosome abnormalities in acute nonlymphocytic leukemia: clinical 

and biologic significance. Sem Oneal 1987;14:372-383. 

215. Mavilio F, Sposi NM, Petrini M, Bottero L, Marinucci M, De Rossi G, Amador! S, Mandelli F, Peschle C. 

Expression of cellular oncogenes in primary cells from human acute leukemias. Proc Natl Acad Sci USA 

1986;83:4394-4398. 

216. Preisler HD, Raza A, Larson R. LeBeau M, Browrnan G, Goldberg J, Grunwald H, Volger R, Verkh L, 

Singh P, Block AM, Sandberg A Protooncogene expression and the clinical characteristics of acute 

nonlymphocytic leukemia: a leukemia intergroup pilot study. Blood 1989;73:255-262. 

217. Bos Jl, Toksoz D, Marshall CJ, Verlaan-de Vries M. Veeneman GH, Van der Eb AJ, Van Boom JH, 

Janssen JWG, Steenvoorden ACM. Amino-acid substitutions at codon 13 of the N-ras oncogene in 

human acute myeloid leukaemia. Nature 1985;315:726-730. 

218. Needleman SW, Kraus MH, Srivastava SK, Levine PH, Aaronson SA. High frequency of N-ras activation 

in acute myelogenous leukemia. Blood 1986;67:753-757. 

219. Farr CJ, Saiki RK, Erlich HA, McCormick F, Marshall CJ. Analysis of RAS gene mutations in acute 

myeloid leukemia by polymerase chain reaction and oligonucleotide probes. Proc Natl Acad Sci USA 

1988;85:1629-1633. 
220. Bos Jl, Verlaan-de Vries M, Vander Eb AJ, Janssen JWG, Oelwe! R, LOwenberg B, Colly LP. Mutations 



40 CHAPTER 1 

in N-ras predominate in acute myeloid leukemia. Blood 1987;69:1237~1241. 

221. Radich JP, Kopecky KJ, Willman CL, Weick J, Head D, Appelbaum F, Collins SJ. N-ras mutations in 

adult de novo acute myelogenous leukemia: prevalence and clinical significance. Blood 1990;76:801-

807. 

222. Bashey A, Gill R, Levi S, Farr CJ, Clutterbuck R, Millar JL, Pragne!l 16, Marshall CJ. Mutational activation 

of the N-ras oncogene assessed in primary clonogenic culture of acute myeloid leukemia (AML): 

implications for the role of N-ras mutation in AML pathogenesis. Blood 1992;79:981-989. 

223. Murohashi 1, Tohda S, Suzuki T, Nagata K, Yamashita Y, Nara N. Autocrine growth mechanisms of the 

progenitors of blast cells in acute myeloblastic leukemia. Blood 1989;74:35-41. 

224. Lang RA, Burgess AW. Autocrine growth factors and tumourigenic transformation. Immune! Today 

1990;11 :244-249. 

225. Delwel R, Van Buitenen C, Salem M, Bot F, Gillis S, Kaushansky K, Altrock 6, LOwenberg B. lnterleu

kin-1 stimulates proliferation of acute myeloblastic leukemia cells by induction of granulocyte-macropha

ge colony-stimulating factor release. Blood 1989;74:586-593. 

226. Cozzolino F. Rubartelli A, Aldinucci D, Sitia R, Torcia M, Shaw A, Di Guglielmo R. lnterleukin 1 as an 

autocrine growth factor for acute myeloid leukemia cells. Proc Nat! Acad Sci USA 1989;86:2369-2373. 

227. Bradbury D. Bowen G, Kozlowski R, Reilly I, Russel! N. Endogenous interleukin-1 can regulate the 

autonomous growth of the blast cells of acute myeloblastic leukemia by inducing autocrine secretion of 

GM-CSF. Leukemia 1990;4:44-47. 

228. Bradbury D, Rogers S, Kozlowski R, Bowen G, Reilly lAG, Russell NH. lnterleukin-1 is one factor which 

regulates autocrine production of GM-CSF by the blast cells of acute myeloblastic leukaemia. Br J 

Haematol 1990;76:488493. 

229. Rodriguez-Cimadevilla JC, Beauchemin V, Villeneuve L, Letendre F, Shaw A, Hoang T. Coordinate 

secretion of interleukin-1 f3 and granulocyte-macrophage colony-stimulating factor by the blast cells of 

acute myeloblastic leukemia: role of interleukin-1 as an endogenous inducer. Blood 1990;76:1481-1489. 

230. Wakamiya N, Stone R, Takeyama H, Spriggs D. Kufe D. Detection of tumor necrosis factor gene 

expression at a cellular level in human acute myeloid leukemias. Leukemia 1989;3:51-56. 

231. Hoang T, Levy B, Onetto N, Haman A, Rodriguez-Cimadevilla JC. Tumor necrosis factor a stimulates 

the growth of the clonogenic cells of acute myeloblastic leukemia in synergy with granulocyte/macrop

hage colony-stimulating factor. J Exp Med 1989;170:15-26. 

232. Fiedler W, Suciu E, Wittlief C, Ostertag W, Hossfeld DK. Mechanism of growth factor expression in 

acute myeloid leukemia (AML). Leukemia 1990;4:459-461. 

233. Elbaz 0, Budel LM, Hoogerbrugge H, Touw IP, Delwel R, Mahmoud LA, LOwenberg B. Tumor necrosis 

factor regulates the expression of granulocyte-macrophage colony-stimulating factor and interleukin-3 

receptors on human acute myeloid leukemia cells. Blood 1991;77:989-995. 

234. Ftalkow PJ, Singer JW, Adamson JW, Berkow RL, Friedman JM, Jacobson RJ, Moohr JW. Acute 

nonlymphocytic leukemia. Expression in cells restricted to granulocytic and monocytic differentiation. N 

Engl J Med 1979:301 :1-5. 

235. Fialkow PJ, Singer JW, Adamson JW, Vaidya K, Dow LW, Ochs J, Moohr JW. Acute nonlymphocytic 

leukemia: heterogeneity of stem cell origin. Blood 1981:57:1068-1073. 

236. Ferraris AM, Breccia G, Meloni T, Canepa L, Sessarego M, Gaetani GF. Clonal origin of cells restricted 

to monocytic differentiation in acute nonlymphocytic leukemia. Blood 1984;64:817-820. 

237. Sabbath KD, Ball ED, Larcom P, Davis RB, Griffin JD. Heterogeneity of clonogenic cells in acute 

myeloblastic leukemia. J Clin Invest 1985:75:746-753. 

238. LOwenberg B, Bauman JGJ. Further results in understanding the subpopulation structure of AML: 

clonogenic cells and their progeny identified by differentiation markers. Blood 1985:66:1225-1232. 

239. Keinanen M, Griffin JD, Bloomfield CD, Machnicki J, De Ia Chapelle A Clonal chromosomal abnormali

ties showing multiple-cell-lineage involvement in acute myeloid leukemia. N Engl J Med 



General introduction 41 

1988;318:1153-1158. 

240. Bernstein !0, Singer JW, Smith FO, Andrews RG, Flowers DA, Petersens J, Steinmann L. Najfeld V, 

Savage 0, Fruchtman S, Arlin Z, Fiatkow PJ. Differences in the frequency of normal and clonal 

precursors of colony-forming cells in chronic myelogenous leukemia and acute myelogenous leukemia 

Blood 1992;79:1811-1816. 

241. Fearon ER, Burke PJ, Schiffer CA. Zehnbauer BA, Vogelstein 6. Differentiation of leukemia cells to 

polymorphonuclear leukocytes in patients with acute nonlymphocytic leukemia N Eng! J Med 

1986;315:15-24. 

242. Singer JW, Bernstein !0, Davis PC, Walters TR, Raskind WH, Fialkow PJ. The effect of long-term 

marrow culture on the origin of colony-forming cells in acute myeloblastic leukemia: studies of two 

patients heterozygous for glucose..S..phophate dehydrogenase. Leukemia 1988;2:148-152. 

243. Fialkow PJ. Primordia! cell pool size and lineage relationships of ftVe human cell types. Ann Hum Genet 

1973;37:39-48. 

244. Fiatkow PJ. Cell lineages in hematopoietic neoplasia studied with gtucose-6-phophate dehydrogenase 

cell markers. J Cell Physiol 1982;S1 :37 43. 

245. Ftatkow PJ, Singer JW, Raskind WH, Adamson JW, Jacobson RJ, Bernstein ID, Dow LW, Najfetd V, 

Veith R. Clonal development, stem-eel! differentiation, and c!inical remissions in acute non-lymphocytic 

leukemia N Eng! J Med 1987;317:468473. 

246. Vogelstein 8, Fearon ER, Hamilton SR, Feinberg AP. Use of restriction fragment length polymorphisms 

to determine the clonal origin of human tumors. Science 1985;227:642-645. 

247. Yaffe G, Spitzer G, Boggs SA, McCredie KB. Stass SA. Chinault AC. Determination of clona!ity in acute 

nonlymphocytic leukemia by restriction fragment length polymorphism and methylation analysis. 

Leukemia 1987;1 :226-230. 

248. Taylor KMcD, Shetta M. Talpaz M, Kantarjian HM, Hardikar S, Chinault AC, McCredie KB, Spitzer G. 

Myeloproliferative disorders: usefulness of X--linked probes in diagnosis. Leukemia 1989;3:419-422. 

249. Bartram CR, Ludwig W-0, Hiddemann W, Lyons J. Buschle M, Ritter J. Harbott J, FrOhlich A. Janssen 

JWG. Acute myeloid leukemia: analysis of ras gene mutations and clonality defined polymorhic X·linked 

loci. Leukemia 1989;3:247-256. 

250. Janssen JWG, Buschte M, Layton M, Drexler HG, Lyons J, Van den Berghe H, Heimpel H. Kubanek B, 

Kleihauer E, Mufti GJ, Bartram CR. Clonal analysis of myetodysplastic syndromes: evidence of 

muttipotent stem cell origin. Blood 1989;73:248-254. 

251. Rotoli B, Luzzatto L Paroxysmal nocturnal hemoglobinuria. Sem Hematol1989;26:201-207. 

252. Beris P. Primary clonal myelodysplastic syndromes. Sem Hematol 1989;26:216-233. 

253. Josten KM, Tooze JA. Borthwick-Ciarke C, Gordon-Smith EC, Rutherford TR. Acquired aplastic anemia 

and paroxysmal nocturnal hemoglobinuria: studies on clonality. Blood 1991;78:3162-3167. 

254. Van Kamp H, Landegent JE, Jansen RPM, Willemze R, Fibbe WE. Clonal hematopoiesis in patients with 

acquired aplastic anemia. Blood 1991;78:3209-3214. 

255. Young NS. The problem of clonality in aplastic anemia: Or Dameshek's riddle, restated. Blood 

1992;79:1385-1392. 

256. De Klein A, Hagemeijer A Cytogenetic and molecular analysis of the Ph translocation in chronic 

myeloid leukaemia. Cancer SuNeys 1984;3:515-529. 

257. De Planque MM, Kluin-Nelemans JC, Van Krieken HJM, Kluin PM, Brand A. Beverstock GC, Willemze R, 

Van Rood JJ. Evolution of acquired severe aplastic anaemia to myelodysplasia and subsequent 

leukaemia in adults. Sr J Haematol 1988;70:55--62. 

258. Tichelli A, Gratwohl A. WOrsch A, Nissen C, Speck B. Late haematological comptlcations in severe 

aplastic anaemia. Br J Haematol 1988;69:413418. 

259. Marsh JCW. Geary CG. Is aplastic anaemia a pre·leukaemic disorder? Br J Haematot 1991;n:447-452. 

260. Appelbaum FR. Barrall J. Storb R, Ramberg R, Doney K, Sale G. Thomas ED. Clonal cytogenetic 



42 CHAPTER 1 

abnormalities in patients with otheRWise typical aplastic anemia Exp Hematoi 1987;15:1134-1139. 

261. Parlier V, Tiainen M. Beris Ph, Miescher PA, Knuutila PA, Jotterand Bellomo M. Trisomy 8 detection in 

granulomonocytic, erythrocytic and megakaryocytic lineages by chromosomal in situ suppression 

hybridization in a case of refractory anaemia with ringed sideroblasts compHcating the course of 

paroxysmal nocturnal haemoglobinuria. Br J Haematol 1992;81 :296-304. 

262. FLalkow PJ, Janssen JING, Bartram CR. Clonal remissions in acute nonlymphocytic leukemia: evidence 

for a multistep pathogenesis of the malignancy. Blood 1991;77:1415~1417. 

263. Copplestone JA, Prentice AG. Acute myeloblastic leukaemia in the elderly. Leuk Res 1988;12:617-625. 

264. Bennett JM, Catovsky D, Daniel MT, Flandrin G. Galton DAG. Gralnick HR, Sultan C. A variant form of 

hypergranular promyelocytic leukaemia (M3). Br J Haematol 1980;44:169·170. 

265. Bennett JM, Catovsky D, Daniel M·T, Aandrin G. Galton DAG, Gralnick HR, Sultan C. Criteria for the 

diagnosis of acute leukemia of megakaryocyte lineage (M7). A report of the French·American·Brrtish 

cooperative group. Ann lnt Med 1985;103:460462. 

266. Bloomfield CD, Brunning RD. FAB M7: acute megakaryoblastic leukemia • beyond morphology. Ann lnt 

Med 1985;103:450-452. 

267. Elghetany MT, MacCallum JM, Davey FR. The use of cytochemical procedures in the diagnosis and 

management of acute and chronic myeloid leukemia. Clin Lab Med 1990;10:707·720. 

268. Cason JD. Trujillo JM, Estey EH, Huh YO, Freireich EJ, Stass SA Peripheral acute leukemia: high 

peripheral but low.marrow blast count Blood 1989;74:1758·1761. 

269. Cheson BD, Cassileth PA, Head DR, Schiffer CA, Bennet JM, Bloomfield CD, Brunning R, Gale RP, 

Grever MR, Keating MJ, Sawitsky A, Stass S, Weinstein H. Woods WG. Report of the national cancer 

institute·sponsored workshop on definitions of diagnosis and response in acute myeloid leukemia. J Clin 

Oncol 1990;8:813-819. 

270. Arthur DC. Berger R, Golomb HM, Swansbury GJ, Reeves BR, Alimena G, Van den Berghe H, 

Bloomfield CD, De Ia Chapelle A, Dewald GW, Garson OM, Hagemeijer A, Kaneko Y, Mitelman F, Pierre 

RV, Ruutu T, Sakurai M, Lawler SO, Rowley JD. The clinical significance of karyotype in acute 

myelogenous leukemia Cancer Genet Cytogenet 1989;40:203·216. 

271. Lee EJ. Pollak A, Leavitt RD. Testa JR, Schiffer CA Minimally differentiated acute nonlymphocytic 

leukemia: a distinct entity. Blood 1987;70:1400·1406. 

272. Matutes E, Pompa de Oliveira M, Foroni L, Marilla R, Catovsky D. The role of ultrastructural cytochemis

try and monoclonal antibodies in clarifying the nature of undifferentiated cells in acute leukaemia. Br J 

Haematol 1988;69:205·211. 

273. Parreira A, Pombo de Oliveira MS, Matutes E, Foroni L, Marilla R, Catovsky D. Terminal deoxynu

cleotidyl transferase positive acute myeloid leukaemia: an association with immature myeloblastic 

leukaemia Br J Haematol 1988;69:219·224. 

274. Bennett JM, Catovsky D, Daniel MT, Flandrin G, Galton DAG, Gralnick HR, Sultan C, The French

American- British (FAB) co·operative group. Proposals for the classification of the myelodysplastic 

syndromes. Br J Haematol 1982;51 :189·199. 

275. Peterson SA, Levine EG. Uncommon subtypes of acute nonlymphocytic leukemia: clinical features and 

management of FAB MS, M6 and M7. Sem Oncol 1987;14:425-434. 

276. Brrto--Sabapulle F, Catovsky D. Galton DAG. Myelodysplastic relapse of de novo acute myeloid 

leukaemia with trilineage myelodysplasia: a previously unrecognized correlation. Br J Haematol 

1988;68:41 1-415. 

277. Nagai K, Matsuo T. Atogami S, Moriuchi Y. Yoshida Y, Kuriyama K, Tomonaga M. Remission with 

morphological myelodysplasia in de novo acute myeloid leukaemia: implications for early relapse. Br J 

Haematol 1992;81:33--39. 

278. Goasguen JE, Matsuo T, Cox C, Bennett JM. Evaluation of the dysmyelopoiesis in 336 patients with the 

novo acute myeloid leukemia: major importance of dysgranulopoiesis for remission and survival. 



General introduction 43 

Leukemia 1992;6:520~525. 

279. Bernard A. BoumseH L Dausset J, Milstein C, Schlossman SF, eds. Leucocyte typing. Human leucocyte 

differentiation antigens detected by monoclonal antibodies. Berlin: Springer~Verlag. 1984. 

280. Reinherz EL. Haynes BF, Nadler LM, Bernstein !0, eels. Leucocyte typing H. Volume 1: Human T 

lymphocytes; Volume 2: Human 8 lymphocytes; Volume 3: Human myeloid and hematopoietic cells. 

Berlin: Springer~Ver1ag. 1986. 

281. McMichael AJ, Beverley PCL. Gi!ks W, Horton M, Mason OY, Cobbold S, Gotch FM, Ung N. Milstein C, 

Waldmann H, Crumpton MJ, Hogg N, Maclennan ICM. Spiegelhalter D, eds. Leucocyte typing IIi: white 

cell differentiation antigens. Oxford: Oxford University Press, 1987. 

282. Knapp W, D6rken B. Rieber EP, Stein H, Gilks WR, Schmidt RE, Von dem Borne AEGKr, eds. Leucocyte 

Typing IV: white cell differentiation antigens. Oxford: Oxford University Press, 1989. 

283. Foon KA. Todd RF. Immunologic classification of leukemia and lymphoma. Blood 1986;68:1--31. 

284. Van Dongen JJM. Adriaansen HJ, Hooijkaas H. !mmunophenotyping of leukemias and non~Hodgkin 

lymphomas: immunological markers and their CD codes. Neth J Med 1988;33:298-314. 

285. Ball ED. lmmunophenotyping of acute myeloid leukemia cells. Clin lab Med 1990;10:721~736. 

286. Janossy G, Campana D. Immunofluorescence studies in leukaemia diagnosis. In: Beverley P, eeL 

Methods in haematology. Monoclonal antibodies. Edinburgh: Churchill Livingstone, 1985:97~131. 
287. Shapiro HM. Practical flow cytometry. New York: Alan R. Liss, Incorporated, 1988. 

288. Campana D, Hansen~Hagge TE. Matutes E, Coustan~Smith E. Yokota S, Shetty V, Bartram CR. Janossy 

G. Phenotypic, genotypic, cytochemical, and ultrastructural characterization of acute undifferentiated 

leukemia Leukemia 1990;4:620-624. 

289. Buccheri V, Shetty V, Yoshida N, Marilla R, Matutes E, Gatovsky D. The role of an anti~myeloperoxidase 

antibody in the diagnosis and classification of acute leukaemia: a comparison with light and electron 

microscopy cytochemistry. Br J Haematol 1992;80:62-68. 

290. Cuneo A. Van Orshoven A, Michaux JL Boogaerts M, Louwagie A, Doyen Ch, Da! Cin P, Fagioli F, 
Castaldi G, Van den Berghe H. Morphologic, immunologic and cytogenetic studies in erythroleukaemia: 

evidence for multilineage involvement and identification of two distinct cytogenetic-clinicopathological 

types. Br J Haematol 1990;75:346-354. 

291. San Miguel JF, Gonzalez M, Cafiizo MC, Ojeda E, Orfao A, Caballero MD, Moro MJ, Fisac P, Lopez 

Borrasca A. Leukemias with megakaryob!astic involvement clinical, hematologic, and immunologic 

characteristics. Blood 1988;72:402-407. 

292. San Miguel JF, Gonzalez M, Cafiizo MC, Anta JP, Zola H, Lopez Borrasca A Surface marker analysis in 

acute myeloid leukaemia and correlation with FAB classification. Br J Haematol 1986;64:547~560. 

293. Drexler HG. Classification of acute myeloid leukemias • a comparison of FAB and immunophenotyping. 

Leukemia 1987;1:697~705. 

294. Keating MJ, Cork A, Broach Y, Smith T, Walters RS, McCredie KB, Trujillo J, Freireich EJ. Toward a 

clinically relevant cytogenetic classification of acute myelogenous leukemia. Leuk Res 1987;11:119~133. 

295. Weh HJ, Kuse R, Hoffmann R, Seeger D, Suciu S, Kabisch H, Ritter J. Hossfeld OK Prognostic 

significance of chromosome analysis in de novo acute myeloid leukemia (AML). Slut 1988;56:19~26. 

296. Schiffer CA, lee EJ, Tomiyasu T, Wiemik PH, Testa JR. Prognostic impact of cytogenetic abnormalities 

in patients with de novo acute nonlymphocytic leukemia. Blood 1989;73:263~270. 

297. Borrow J, Goddard AD, Sheer D, Solomon E. Molecular analysis of acute promyelocytic leukemia 

breakpoint cluster region on chromosome 17. Science 1990-,.249:1577~1580. 

298. De The H, Chor:nienne C, Lanotte M, Degas L. Dejean A. The t(15;17) translocation of acute promyelo

cytic leukaemia fuses the retinoic acid receptor a gene to a nove[ transcribed locus. Nature 

1990;347:558~561. 

299. Castaigne S, Chomienne C, Daniel MT, Ballerini P, Berger R, Fenaux P, Degas L All~trans retinoic acid 

as a differentiation therapy for acute promyelocytic leukemia L Clinical results. Blood 1990;76:1704-



44 CHAPTER 1 

1709. 

300. Pearson EC, Matthews JG, Hayhoe FGJ. Ultrastructure and cytogenetics in seven cases of acute 

promyelocytic leukaemia (APL). Br J Haematol 1986;63:247-256. 

301. Valnchenker W, Villeval JL Tabilio A. Matamis H, Karianakis G, Guichard J, Henri A, Vernant JP, 

Rochant H, Breton-Gorius J. lmmunophenotype of leukemic blasts with small peroxidase-positive 

granules detected by electron microscopy. leukemia 1988;2:274-281. 

302. Pearson EC. Wheatley K. Gray RG, Hayhoe FGJ. The significance of ultrastructural features in acute 
myeloid leukemia: a study of 220 patients entered into the medical research council's ninth acute 

myeloid leukemia trial. Leukemia 1939;3:54$-553. 

303. HeH G, Gunsilius E, Raghavachar A, Bartram CR, Ganser A, Kurrle E. Aydemir 0, LOffler H, Hoezler D, 

Thiel E, Heimpel H. Ultrastructural demonstration of peroxidase expression in acute unclassified 

leukemias: correlation to immunophenotype and treatment outcome. Blood 1991;77:1305~1312. 

304. Minden MD, Till JE, McCulloch EA. Proliferative state of blast cell progenitors in acute myeloblastic 

leukemia (AML). Blood 1978;52:592-600. 

305. Griffin JD, LOwenberg B. Clonogenic cells in acute myeloblastic leukemia. Blood 1986;68:1185~ 1195. 

306. Heil G, Ganser A, Raghavachar A, Kurrle E, Heit W, Hoelzer D, Heimpel H. Induction of myelope~ 

roxidase in five cases of acute unclassified leukaemia 6r J Haematol 1988;68:23w32. 

307. LOwenberg B, Touw I. Hematopoietic growth factors and human acute leukemia. Schweiz Med Wschr 

1988;118:1506~1509. 

308. Van Dongen JJM, Wolvers~Tettero lLM. Analysis of immunoglobulin and T cell receptor genes. Part 1: 

Basic and technical aspects. Clin Chim Acta 1991;198:1~174. 

309. Eisenstein 81. The polymemse chain reaction. A new method of using molecular genetics for medical 

diagnosis. N Eng! J Med 1990;322:178~183. 

310. Ludwig W~D, Bartram CR, Ritter J, Raghavachar A, Hiddeman W, Hell G, Harbott J, Seibt-Jung H, 

Teichmann JV, Riehm H. Ambiguous phenotypes and genotypes in 16 children with acute leukemia as 

characterized by multiparameter analysis. Blood 1988;71 :1518~ 1528. 

311. Hara J, Yumura~Yagi K, Tawa A, Ishihara S, Murata M, Terada N, Izumi Y, Champagne E, Takihara Y, 

Mak TVV, Minden M, Kawa·Ha K Molecular analysis of acute undifferentiated leukemia: two distinct 

subgroups at the DNA and RNA levels. Blood 1989;74:1738~1746. 

312. Gagnon GA, Childs CC, LeMaistre A, Keating M, Cork A, Trujillo JM, Nellis K, Freireich E, Stass SA. 

Molecular heterogeneity in acute leukemia lineage switch. Blood 1989;74:2088-2095. 

313. Zaki SR, Austin GE, Swan D. Srinivasan A, Ragab AH, Chan WC. Human myeloperoxidase gene 

expression in acute leukemia. Blood 1989;74:2096~2102. 

314. Willman CL. Stewart CC, Longacre TL. Head DR, Habbersett R, Ziegler SF, Perlmutter RM. Expression 

of the c~fgr and hck protein~tyrosine kinases in acute myeloid leukemic blasts is associated with early 

commitment and differentiation events in the monocytic and granulocytic lineages. Blood 

1991;77:726·734. 

315. First MIC cooperative study group. Morphologic, immunologic, and cytogenetic (MIC) working 

classification of acute lymphoblastic leukemias. Cancer Genet Cytogenet 1986;23:189~197. 

316. Neame PB, Soamboonsrup P, Srowman GP, Meyer RM, Senger A, Wilson WEC, Walker lR, Saeed N, 

McBride JA. Classifying acute leukemia by immunophenotyping: a combined FAB~immunologic 

classification of AML Blood 1986;68:1355~1362. 

317. Caflizo MC, San Miguel JF, Gonzalez M, Anta JP, Orfao A, Lopez·Borrasca A. Discrepancies between 

morphologic, cytochemical, and immunologic characteristics in acute myeloblastic leukemia Am J Clin 

Pathol 1987;88:38-42. 

318. Hayhoe FGJ. Classification of acute leukaemias. Blood Rev 1988;2:186~193. 

319. Second MIC cooperative study group. Morphologic, immunologic and cytogenetic (MIC) working 

classification of the acute myeloid !eukaemias. Report of the workshop held in Leuven, Belgium, on 



General introduction 45 

15-17 september 1986 (Van den Serghe H, Organizer). Br J Haematol 1988;68:487-494. 

320. Catovsky D, Matutes E, Buccheri V, Shetty V, Hanslip J, Yoshida N, Marilla R. A classification of acute 

leukaemia for the 1990s. Ann Hemato! 1991;62:16-21. 

321. Bain 6, Catovsky D. Current concerns in haematology 2: Classification of acute leukaemia. J Clln Pathol 

1990;43:882...SS7. 

322. Champlin R, Gale RP. Acute myelogenous leukemia: recent advances in therapy. Blood 1987;69:1551-

1562. 
323. Buechner T, Hiddemann W. Treatment strategies in acute myeloid leukemia (AML). A First-line 

chemotherapy. Slut 1990;60:61-67. 

324. Lampkin BC, Masterson M, Sambrano JE, Heckel JL, Jones G. Current chemotherapeutic treatment 

strategies in childhood acute nonlymphocytic leukemia. Sem Oneal 1987;14:397-406. 

325. Swirsky OM, De Bastos M, Parish SE, Rees JKH, Hayhoe FGJ. Features affecting outcome during 

remission induction of acute myeloid leukaemia in 619 adult patients. Br J Haemato! 1986;64:435-453. 

326. Hassan HT. Rees JKH. Relation between age and blast celt differentiation in acute myeloid leukaemia 

patients. Oneal 1990;47:439-442. 

327. Estienne MH, Fenaux P. Preudhomme C. Lai JL Zandecki M, Lepetley P, Casson A Prognostic value of 

dysmyelopoietic features in de novo acute myeloid leukaemia: a report on 132 patients. Clin Lab 

Haematol 1990;12;57-65. 

328. Larson RA, Wernli M, Le Beau MM, Daly KM, Pape LH. Rowley JD, Vardiman JW. Short remission 

durations in therapy-related leukemia despite cytogenetic complete responses to high-dose cytarabine. 

Blood 1988;72:1333-1339. 

329. Appelbaum FR. Marrow transplantation for hematologic malignancies: a brief review of current status 

and Mure prospects. Sem Hematol 1 988;25S3:16-22. 

330. Santos GW. Bone marrow transplantation in hematologic malignancies. Current status. Cancer 

1990;65:786-791. 

331. Hoang T, Nara N. Wong G, ClarkS. Minden MD, McCulloch EA. Effects of recombinant GM-CSF on the 

blast cells of acute myeloblastic leukemia. Stood 1986;68:313-316. 

332. Vellenga E. Young DC, Wagner K, Wiper D, Ostapovicz D, Griffin JD. The effects of GM-CSF and G-CSF 

in promoting growth of clonogenic cells in acute myeloblastic leukemia. Blood 1987;69:1n1-1776. 

333. Co!ombat Ph, Santini V, Delwel R, Kreeft J, Bredmond JL LOwenberg 8. Primary human acute 

myeloblastic leukaemia: an analysis of in vitro granulocytic maturation following stimulation with retinoic 

acid and G-CSF. Br J Haematot 1991;79:382-389. 

334. Ueschke GJ, Burgess AW. Granulocyte colony-stimulating factor and granulocyte-macrophage colony

stimulating factor. N Eng! J Med 1992;327:99-1 06. 

335. Mayer RJ. Current chemotherapeutic treatment approaches to the management ci previously untreated 

adults with de novo acute myelogenous leukemia Sem Oneal 1987;14:384-396. 

336. Preisler HD, Anderson K, Rai K. Cunner J, Yates J, DuPre E. Holland JF. The frequency of tong-term 

remission in patients with acute myelogenous leukaemia treated with conventional maintenance 

chemotherapy: a study of 760 patients with a minimal follow-up time of 6 years. Br J Haematol 

1989;71 :189-194. 

337. Brincker H, Christensen BE. Long-term sur..rival and late relapses in acute leukaemia in adults. Br J 

Haematol 1990;74:156-160. 

338. Roberts MM. Bik To L Juttner CA Long-term follow-up of adult AML patients. Br J Haematol 

1990;75:632-633. 

339. Woods WG, Ruymann FB, Lampkin BC, Buckley JD, Bernstein JD, Srivastava AK, Smithson WA, 

Benjamin DR, Feig SA, Kim TH, Odom LF, Wells RJ, Hammond GD. The role of timing of high-dose 

cytosine arabinoside intensification and of maintenance therapy in the treatment of children with acute 

non!ymphocytic leukemia. Cancer 1990;66:1106-1113. 



46 CHAPTER 1 

340. Tilly H, Castaigne S, Bordessoule D. Sigaux F, Daniel M-T, Monconduit M, Degas L Low-dose cytosine 

arabinoside treatment for acute nonlymphocytic leukemia in elderly patients. Cancer 1985;55:1633-1636. 

341. Tilly H. Castaigne S, Bordessoule D. Casassus P, Le Prise P-Y, Tertian G, Desablens 8, Henry-Amar M, 

Degas L low-dose cytarabine versus intensive chemotherapy in the treatment of acute nonlymphocytic 

leukemia in the elderly. J Clin Oneal 1990;8:272-279. 

342. LOwenberg 8, Zittoun R, Kerkhofs H, Jehn U. Abels J, Debusscher l, Cauchie Ch, Peetermans M, Solbu 

G, Suciu S, Strljckmans ?. On the value of intensive remission-induction chemotherapy in elderly 

patients of 65 + years with acute myeloid leukemia: a randomized phase Ill study of the European 

organization for research and treatment of cancer leukemia group. J Clin Oneal 1989;7:1268-1274. 

343. Creutzig U, Ritter J, Schellong G for the AML-BFM study group. Identification of two risk in childhood 

acute myelogenous leukemia after therapy intensification in study AML-BFM-83 as compared with study 

AML-BFM-78. Blood 1990;75:1932-1940. 

344. Gale RP, Lee ML Do different therapies of AML produce different outcomes? Leuk Res 

1990;14:207-208. 

345. Ue SO. Acute myelogenous leukaemia in children. Eur J Pediatr 1989;148:382-288. 

346. Ma DDF, Scurr RD, Davey RA, Mackertich SM, Harman DH, Dowden G. Isbister JP, Bell DR. Detection 

of a multidrug resistant phenotype in acute non-lymphoblastic leukaemia. Lancet 1987;1:135-137. 

347. Deuchars KL. Ung V. ?-glycoprotein and multidrug resistance in cancer chemotherapy. Sem Oneal 

1989;16:156-165. 

348. Sato H, Preisler H. Day R, Raza A, Larson R, Browman G. Goldberg J, Vogler R, Grunwald H, Gottlieb 

A. Bennett J, Gottesman M, Pastan I. MDR1 transcript levels as an indication of resistant disease in 

acute myelogenous leukaemia. Br J Haematol 1990;75:340-345. 

349. Sonneveld P, Nooter K. Reversal of drug-resistance by cyclosporin-A in a patient with acute myelocytic 

leukaemia. Br J Haematol 1990;75:208-211. 

350. Berman E, Adams M, Duigou-Osterndorf R, Godfrey L Clarkson 8, Andreeff M. Effect of tamoxifen on 

cell lines displaying the multidrug-resistant phenotype. Blood 1991;n:818-825. 

351. Ash RC, Casper JT, Chitambar CR, Hansen R, Bunin N, Truitt RL, Lawton C. Murray K, Hunter J, 

Baxter-Lowe LA, Gottschall JL Oldham K, Anderson T, Camitta 8, Menitove J. Successful allogeneic 

transplantation of T·cell-depleted bone marrow from closely HLA-matched unrelated donors. N Eng! J 

Med 1990;322:485-494. 

352. Gale RP, Sunurini A. Autotransplants in leukaemia. Lancet 1989;ii:315-317 

353. Appelbaum FR, Fisher LD, Thomas ED, the Seattle marrow transplant team. Chemotherapy v marrow 

transplantation for adults with acute nonlymphocytic leukemia: a five-year follow-up. Blood 1988;72:179-

184. 

354. International bone marrow transplant registry. Transplant or chemotherapy in acute myelogenous 

leukaemia. Lancet 1989;i:1119-1122. 

355. Cassileth PA. Lynch E, Hines JD, Oken MM. Mazza JJ, Bennett JM, McGJave PB, Edelstein M, 

Harrington DP, O'Connell MJ. Varying intensity of postremission therapy in acute myeloid leukemia 

Blood 1992;79:1924-1930. 

356. Berman E, Unle C, Gee T, O'Reilly R, Clarkson B. Reasons that patients with acute myelogenous 

leukemia do not undergo allogeneic bone marrow transplantation. N Engl J Med 1992;326:156-160. 

357. Anasetti C, Amos D, Beatty PG, Appelbaum FR, Bensinger W, Buckner CD, Clift R, Doney K, Martin PJ, 

Mickelson E, Nisperos B. O'Quigley J, Ramberg R, Sanders JE, Stewart P, Storb R. Sullivan KM, 

Witherspoon RP, Thomas ED, Hansen JA. Effect of HLA compatibility on engraftment of bone marrow 
transplants in patients with leukemia or lymphoma N Eng! J Ned 1989;320:197-204. 

358. Young JW, Papadopoulos EB, Cunningham I, Castro-Malaspina H. Flomenberg N. Carabasi MH. Gulati 

SC, Brochstein JA. Heller G, Black P, Collins NH, Shank B, Kernan NA, O'Reilly RJ. T-cell-depleted 

allogeneic bone marrow transplantation in adults with acute nonlymphocytic leukemia in first remission. 



General introduction 47 

Blood 1992;79:3380-3387. 

359. Horowitz MM, Gale RP, Sandel PM, Goldman JM. Kersey J, Ko!b H-J. Rimm AA, Ringden 0, Rozman C, 

Speck 6, Truitt RL, Zwaan FE, Sartin MM. Graft-versus-leukemia reactions after bone marrow transplan

tation. Blood 1990;75:555-562. 

360. McMillan AK, Goldstone AH, Linch DC, Gribben JG, Patterson KG. Richards JDM, Franklin I, Boughton 

BJ, Milligan DW, Leyland M, Hutchison RM, Newland AC. High-dose chemotherapy and autologous 

bone marrow transplantation in acute myeloid leukemia. Blood 1990;76:408-488. 

361. Gate RP, Horowitz MM, Bunurini A Autotransplants in acute leukemia Br J Haematol 1991;78:135-137. 

362. Ball ED, Mills LE, Coughlin CT, Beck JR, Cornwell GG. Autologous bone marrow transplantation in 

acute myelogenous leukemia: in vitro treatment with myeloid cell-specific monoclonal antibodies. Blood 

1986;68:1311-1315. 

363. lemoli RM, Gasparetto C, Scheinberg OA, Moore MAS, Clarkson BD, Gulati SC. Autologous bone 

marrow transplantation in acute myelogenous leukemia: in vitro treatment with myeloid-specific 

monoclonal antibodies and drugs in combination. Blood 1991;77:1829-1836. 

364. Robertson MJ, Soiffer RJ, Freedman AS, Rabinowe SL, Anderson KC. Ervin TJ, Murray C, Dear K, Griffin 

JD, Nadler LM, Ritz J. Human bone marrow depleted of CD33-positive ceHs mediates delayed but 

durable reconstitution of hematopoiesis: clinical trial of MY9 monoclonal antibody-purged autografts for 

the treatment of acute myeloid leukemia. Blood 1992;79:2229-2236. 

365. Gorin NC, Labopin M, Meloni G, Korb!ing M, Carella A, Herve P, Burnett A, Rizzoli V, Alessandrino EP, 

Sjorkstrand B. Ferrant A, LOwenberg B, Coser P, Simonsson B, Helbi W, Brunet Mauri S, Verdonck LF. 

lriondo A, Potli E. Colombat P, Franklin IM, Souillet G, Willemze R. Autologous bone marrow 

transplantation for acute myeloblastic leukemia in Europe: further evidence of the role of marrow 

purging by mafosfamide. Leukemia 1991;5:896-904. 

366. Reiffers J, Maraninchi 0, Rigai-Huguet F, Michallet M, Marit G, Stoppa AM, Attal M, Hol!ard D. Does 

more intensive treatment cure more patients with acute myeloid leukemia? Sem Hematol 1991;28$4:90-

92. 

367. Gate RP. Butturini A, Horowitz MM. Does more intensive therapy increase cures in acute leukemia? Sem 

Hematol 1991;28$4:93-94. 

368. Sullivan KM, Storb R, Buckner CD, Fefer A, Fisher L, Welden PL. Whiterspoon RP, Appelbaum FR. 

Banaji M, Hansen J, Martin P, Sanders JE, Singer J, Thomas ED. Graft-versus-host disease as adoptive 

immunotherapy in patients with advanced hematologic neoplasms. N Eng! J Med 1989;320:82s.834. 

369. Brenner MK, Heslop HE. Graft versus leukaemia effects after marrow transplantation in man. In: Proctor 

SJ. ed. Bailliere's Clinical Haematology. Minimal residual disease in leukaemia. 1991;4:727-749. 

370. Blaise 0, Olive D, Stoppa AM, Viens P, Pourreau C, Lopez M, Attal M, Jasmin C, Menges G, Mawas C, 

Mannoni P, Palmer P, Franks C, Philip T, Maraninchi D. Hematologic and immunologic effects of the 

systematic administration of recombinant interleukin-2 after autologous bone marrow transplantation. 

Blood 1990;1092-1097. 

371. Faa R, Meloni G, Tosti S, Novarino A, Fenu S, Gavosto F, Mandelli F. Treatment of acute myeloid 

leukemia patients with recombinant interleukin 2: a pilot study. Br J Haematot 1991;77:491-496. 

372. Slavin S, Ackerstein A, Vourka-Karussis U, Nagler A, Or R, Naparstek E. Weiss L Control of relapse due 

to minima! residual disease (MRD) by ceU-mediated cytokine-activated immunotherapy in conjunction 

with bone marrow transplantation. In: Proctor SJ, ed. Bailliere's Clinical Haematology. Minimal residual 

disease in leukaemia. 1991;4:715-725. 

373. Nilsson B. Probable in vivo induction of differentiation by retinoic acid of promyelocytes in acute 

promyelocytic leukaemia. Br J Haematol 1984;57:365-371. 

374. Ushner M. Curtis JE, Minkin S. McCulloch EA. Interaction between retinoic acid and cytosine arabinosi

de affecting the blast cells of acute myeloblastic leukemia. Leukemia 1989;3:784-788. 

375. Warrell RP, Frankel SR, Miller WH, Scheinberg DA, ltri LM, Hittelman WN, Vyas R, Andreeff M, Tafuri A, 



48 CHAPTER 1 

Jakubowski A, Gabrilove J, Gordon MS, Dmitrovsky E. Differentiation therapy of acute promyelocytic 

leukemia with tretinoin (all-trans-retinoic acid). N Engl J Med 1991;324:1385-1393. 

376. Elliott S, Taylor K, WhiteS, Rodwell R, Marlton P. Meagher D, Wiley J, Taylor D, Wright S, Timms P. 

Proof of differentiative mode of action of all-trans retinoic acid in acute promyelocytic leukemia using X

linked clonal analysis. Blood 1992;79:1916-1919. 

377. Howell AL. Stukel TA, Bloomfield CD, Davey FR. Ball ED. Induction of differentiation in blast cells and 

leukemia colony-forming cells from patients with acute myeloid leukemia Blood 1990;75:721-729. 

378. Bette!heim P, Valent P, Andreeff M, Tafuri A, Halmi J, Gorischek C, Muhm M, Sillaber Ch, Haas 0, 

Vieder L, Maurer D, Schulz G, Speiser W, Geissler K, Kler P, Hinterberger W, Lechner K. Recombinant 

human granulocyte-macrophage colony-stimulating factor in combination with standard induction 

chemotherapy in de novo acute myeloid leukemia. Blood 1991;77:700-711. 

379. Estey E, Thall PF, Kantarjian H, O'Brien S, Koller CA, Beran M, Gutterman J, Deisseroth A, Keating M. 

Treatment of newly diagnosed acute myelogenous leukemia with granulocyte-macrophage colony

stimulating factor (GM-CSF) before and during continuous-infusion high-dose ara-C + daunorubicin: 

comparison to patients treated without GM-CSF. Blood 1992;79:2246-2255. 



CHAPTER 2 

IMMUNOLOGICAL MARKER ANALYSIS 

2.1 Immunological marker analysis of cells in the various hematopoietic 
differentiation stages and their malignant counterparts 

2.2 Immunological marker analysis of myeloid disorders, with special 
emphasis on flow cytometric techniques 

2.3 Expression of the myeloid differentiation antigen CD33 depends on 

the presence of human chromosome 19 in human-mouse hybrids 

49 

51 

87 

115 





CHAPTER 2.1 

IMMUNOlOGICAl MARKER ANAlYSIS OF CEllS 
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51 

The characterization of cells in the various hematopoietic differentiation stages can be 

performed morphologically (1-5). Additional characterization is obtained by immunological 

marker analysis (6-12). The expression of a particular set of immunological markers designates 

a cell to a particular differentiation stage. The various markers are detectable by means of 

antibodies or by rosette techniques (13-18). 

Leukemias and non-Hodgkin lymphomas (NHL) can be regarded as malignant counterparts 

of cells in the various hematopoietic differentiation stages (6-12,19-24). Hematopoietic 
differentiation schemes as presented in Rgure 1, are based upon knowledge concerning 

normal hematopoiesis as well as leukemias and NHL (1-12, 19-24). Such differentiation schemes 

are hypothetical and cannot be complete. In addition, it should be realized that differentiation 

is a gradual procession of events and that differentiation stages are not as finite as suggested 

in the figure. However, such differentiation schemes provide an indication as to where the 

various leukemias and NHL can be located according to their maturation arrest (Rgure 2). It 

is noteworthy that a maturation arrest is not always restricted to one differentiation stage, but 
that several differentiation stages can occur within one malignancy. 

It will be discussed which cells express the various immunological markers, how the 

expression of these markers can be detected and how immunological markers can be used 

for the characterization of normal hematopoietic cells as well as leukemic and NHL cells . 

.. Published in: Ruiter DJ, Fleuren GJ, Warnaar SO, eds. Application of monoclonal antibodies in tumor pathology. 
Dordrecht Mattinus Nijhoff Publishers, 1987:87-116. Updated for CD codes and several new immunological 
markers. 
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Figure 1. Hypothetical scheme of hematopoiesis. The different compartments, where cells in the various 
differentiation stages are located, are indicated. 

HEMATOPOIETIC DIFFERENTIATION STAGES AND IMMUNOLOGICAL MARKERS 

Hematopoietic differentiation can be divided into a lymphoid and a myeloid lineage. The 

lymphoid differentiation consists of the B cell and T cell lineages. The B cell differentiation 

occurs partly in the bone marrow (BM) and partly in the lymphoid tissues, finally resulting in 

antibody secreting plasma cells. The major part of the T cell differentiation probably occurs in 

the thymus, finally resulting in the mature helper /inducer T lymphocytes and suppressor 1 
cytotoxic T lymphocytes, which are present in the peripheral blood (PB) and lymphoid tissues. 

The precise origin of the natural killer (NK) cell is not yet known (not included in Figure 1). The 

myeloid differentiation, consisting of the monocytic, granulocytic, erythroid, and thrombocytic 

lineages mainly takes place in the BM (Figure 1). 

Most hematopoietic differentiation stages can be characterized by the use of immunological 

markers (6-12, 19-24). Although immunological markers represent differentiation antigens, they 

usually are not specific for one differentiation stage, but are expressed in several stages. How

ever, a certain combination of markers can be specific for a particular differentiation stage. The 
expression of the various immunological markers per differentiation stage is summarized in the 
Figures 3 and 4. As is illustrated by these figures, markers for the lymphoid differentiation 
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lineage are more discriminating and more numerous than those for the myeloid lineage. 

Therefore, in particular, cells in the various lymphoid differentiation stages and their malignant 

counterparts can be characterized precisely. Detailed information about the markers presented 
in the Figures 3 and 4 is summarized in Table 1. In this table the markers are divided into 

groups according to their specificity: 1, lymphoid markers (8 cell markers, T cell markers) and 

NK cell markers; 2, myeloid markers (pan-myeloid markers, myeloid granulocytic markers, mo

nocyte-macrophage markers, erythroid markers and thrombocytic markers); 3, markers which 

are expressed by cells of several differentiation lineages. 

International nomenclature and classification of immunological markers 

In order to classify the large number of monoclonal antibodies (McAb) against immunologi

cal markers, an international nomenclature has been developed analogous to nomenclatures 

such as those for classifying HlA antigens and blood group antigens (15-18). The various 

McAb (and the recognized immunological markers) are classified in clusters of differentiation 

(CD). McAb against most lymphoid and myeloid markers have received a CD code (Table 1; 

Figures 3 and 4). In the following sections the various McAb and the recognized markers will 

be indicated by their CD codes. When specific immunological stainings are discussed, the 

names of the used McAb will be placed in parentheses behind the CD codes. 

lymphoid markers 

The enzyme terminal deoxynucleotidyl transferase (TdT) is present in the nucleus of 

immature lymphoid cells, but is absent in more mature differentiation stages (6, 7,25,26). Early 

in 8 cell differentiation, in the pre-8 cell stage, weak cytoplasmic expression of p, 

immunoglobulin heavy chains (weak Cyp,) occurs (27-30), while more mature 8 cells express 

both immunoglobulin heavy and light chains on their cell surface membrane (Smlg) (31 ,32). 

Finally, the plasma cell strongly expresses cytoplasmic immunoglobulin (Cylg) heavy and light 

chains (33). Additional characterization of the various 8 cell differentiation stages can be 

performed by the use of other 8 cell markers such as the pan-8 cell markers CD1S and CD22 

(34-36), the common acute lymphoblastic leukemia antigen (CALlA; CD1 0 antigen), and the 
8 cell markers CDS, CD20, CD21, CD24, CD37, FMC? and 8-ly-7 (3S-50). The expression of 

the markers CDS and CD24 is not restricted to the 8 cell lineage, but is also found in other 

differentiation lineages (17, 18). The plasma cell is negative for the mentioned B cell markers, 

but expresses the CD38 antigen (Figure 3) (41 ). 
During T cell differentiation, several T cell markers appear on the cell surface membrane, 

resulting in the expression of many T cell antigens by functional T lymphocytes (7,8,51 ,52). The 

putative prothymocyte only expresses the C02 and CD7 antigens (53-58). The C02 antigen 

represents the sheep red blood cell (SRBC) receptor (56,57,5S). Another valuable marker for 
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immature T cells is the cytoplasmic expression of the CD3 antigen (CyCD3) (60,61). During 

further differentiation also the CDS antigen as well as the CD4 and CDS molecules are 

expressed and finally the CD3 antigen appears on the cell surface membrane (51 ,52,62-66). 

The CD6 antigen is generally co-expressed with the CDS antigen (67), while the CD1 antigen 

or so-called "common thymocyte antigen" is only temporarily expressed in the thymus (Figure 

3) (51 ,52,68). 

It is noteworthy that the mature T cell antigen CD3 is closely associated with the T cell 

receptor (feR) (69-71), which represents an antigen specific receptor, comparable to Smlg, the 

antigen specific receptor of the B cell (72-74). Within the protein complex formed by TcR and 
CD3(fcR-CD3 complex), the CD3 antigen probably plays an important role in the anchorage 

of TcR as well as in the transduction of signals from TcR to intracellular components (71,75). 

Two types of TcR exist: the "classical" TcR-ap and the "alternative" TcR-ro (76,77). TcR-ap is 

expressed on the majority ofT lymphocytes, while TcR-ro is found on a minority of the CD3 + 

T cells (78-81 ). 

NK cells generally express the CD16 antigen (low affinity Fe receptor for lgG; FerRill) and 
the CD56 antigen (neural cell adhesion molecule; NCAM) (82). A subpopulation of the NK cells 

also expresses the CDS molecule and the CD57 molecule (83). The CD16, CD56, and CD57 

molecules may also be expressed by a subpopulation of CD3+ T lymphocytes. The CD16 

antigen is also expressed by granulocytes {84). 

Myeloid markers 

Analogous to the lymphoid markers, also during myeloid differentiation more or less 

characteristic markers appear on the cell surface membrane, while other markers disappear. 

Virtually all myelo-monocytic cells 0mmature and mature) are positive for the CD13 and CD33 

molecules (9, 11 ,85,86). Also CDw65 and myeloperoxidase (MPO) are expressed by most 
myelo-monocytic cells (87,88). Cells of the monocytic lineage express CD14 (85,86,89-91) and 

more mature monocytes are positive for Monocyte-2 (91 ,92), while macrophages may express 

the markers CD68 and RFD9 (93,94). The myeloid granulocytic cells are positive for CD15 

(95,96), while more mature granulocytic cells also express CD16, CD66, and CD67 (Figure 4) 

{17, 18). The H antigen, which represents the backbone of the ABO blood group proteins, and 

glycophorin A (GpA) can be used as markers for cells of the erythroid lineage (Figure 4) (97-

1 00). Cells of the megakaryocyte platelet lineage can be recognized by use of McAb against 

the platelet specific glycoproteins (GP), such as the whole Gpllb-GPIIIa complex (CD41 

molecule), GPIX chain (CD42a molecule), GPib (CD42b molecule), and GPI!Ia chain (CD61 

molecule) (fable 1 and Figure 4) (101-104). 
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TABLE 1. Immunological markers, which can be used for the characterization of cells in the various 
hematopoietic differentiation stages and their malignant counterparts. 

Antibodiesb 1 
techniques 

1. LYMPHOID MARKERS 

Immature lymphoid marker 

anti-TdT" 

antiserum 

B CElli markers 

CD10 

C019 

C020 

CD21 

CD22 

CD37 

V1L-A1d,e, JSf, 

BA-3' 

84\ Leu-12h 

911, Leu-16h 

821, HB-sh 

Leu-14\ HD39d,l,k, 

RFB4l.o 

Y2S/551 

FMC7'•m 

B-ly-7n 

M rosette 

weak CyJJ. 

(pre-B) 

Smlg {~;,,\,J,t,5,')',et,() 

Cylg (~;,.\,JJ:,S,-r,a,c) 

"/A ratio 

T cell markers 

C01 Leu-8', 66l!C7P, 
OKTs'v 

E rosette 

C02 T111, Leu-sbh, 
OKT11q,r 

Antigen 
recognized 

terminal deoxym,J

cleotidyl transferase 

common All antigen 
{CAllA) (gp100) 

pan-B cell antigen (gp90) 

B cell antigen (p35) 

B cell antigen: complement 

(C3d) receptor (CR2) (gp140) 

pan-B cell antigen 

(gp135) 

B ceil antigen (gp40-52) 

B cell antigen (gp105) 

hairy cell antigen (gp144) 

mouse red blood cell 

(MRBC) receptor 

weak cytoplasmic 

expression of JJ. heavy chain 

surface membrane 

immunoglobulin 

cytoplasmic immunoglobulin 

T6 antigen (common 

thymocyte antigen) 

(gp43. gp45. gp49) 

shoop red blood cell 

{SRBC) receptor 

T11 antigen; SRBC receptor 

(gp50) 

Reactivity with 
hematopoietic cells 

immature lymphoid cells (Figure 3), a small 

subpopulation of immature myeloid cells 
{Figure 4) 

pre-pre-8 cells, pre-S ce!!s, subpopulation of 

cortical thymocytes (Figure 3), granulocytes 

all (precursor) B cells (Figure 3) 

all B cells (Figure 3) 

subpopulations of B cons (Figure 3) 

all (precursor) B cells (Figure 3) 

Smlg+ B cells (Figure 3) 

subpopulations of Smlg + B cells (Figure 3) 

small subpopulation of normal B cells: HCL 

subpopulatlon of B cells C'resting B cells"), 

B-CLL 

pre-B cells (Figure 3) 

Smlg + B cells (each B ceil expresses only 

one lg light chain isotype: ,oc or ),, but can 
express multiple lg heavy chain isotypeS) 

immunoblasts, lmmunocytes, plasma cells 

the normal ,ocj), ratio ranges from 0,8 to 

2,0 (mean:1,4) 

cortical thymocytes (Figure 3), Langerhans 
cells, subpopulation of dend(ltic ce!!s 

(Figure 4), subpopuiation of B celts 

all T cells,most NK cells 

all T cells,most NK cells (Figure 3) 

References 

6,7 ,25,26 

6,3741,122,123 

34,40,41 

35,40,41,44,45 

35,40,41,46 

35,36,41 

35,41,47 

40,41,48,49 

so 

118,121 

27-30 

31,32 

33 

31 

51,52,68,115 

56,57,59 

51,52,56,57 
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co•·b Antlbodicsb I Antigen Reactivity with References 
code techniques recognized hematopoietic cells 

CD3 VIT-3°, Leu-411, T3 antigen (gp16-25) immature T cells (cytoplasmic expression) and 51,52,60,61 
OKT3<i'', UCHT1s.~ mature T cells (membrane expression (Figure 3) 

CyCD3 Leu-411, UCHT1~.t cytoplasmic C03 antigen cytoplasmic expression of the CD3 antigen in 60,61 

immature T cells (figure 3) 

CD4 T4A1, Leu-3a11, T4 antigen (gp60} subpopulation of thymocyteS, helperjinducer 51,52,64 
OKT4q,r T cells (Figure 3) 

CDS T1B1, Leu-1 11, OKT1' T1 antigen (gp67) thymocytes and mature T cells, subpopu!atlon 51,52,62,63 
of B cells (figure 3), B-CLL 117-119 

CD6 OKT1?<i 112 antigen (gp120) thymocytes and mature T cells, subpopu!atlon 67,120 

of B cells (8-CLL} 

CD7 Leu-911, 3A1 1, WT1u Tp41 antigen (gp41) virtually all T cells, NK cells (figure 3), 53-55 
subpopulation of Immature myeloid ce!!s 
(Figure 4), -5% of AML 

cos TSA1, Leu-2ah. T8 anf1gen (gp32) subpopulation of cortical thymocytes, 51,52,64,65 
OKT~·' cytotoxicjsuppressor T ce!!s, subpopu!atlon 

of NK cells (Figure 3) 

BMA031d, WT31h TcR-aP (gp80) majority (85%-98%) of mature C03+ T cells 78,79 

anti-TCR-7/S-1 TCR-7S (gp75) minority (2%-15%) of mature coo+ T cells 80,81 

(11F2)\ TCRS1" 

NK cell markers 

CD56 Leu-19(My31)11 neural cell adhesion mole- NK cells, some T cells (Figure 3) 82 
cule (NCAM) (gp135-220) 

CD57 Leu-7(HNK-1)h,r human NK cell subpopulation of NK cells, subpopu!atlon of 83 
antigen (gp110) T cells (Figure 3) 

2. MYELOID MARKERS 

Pan-myeloid markers 

CD13 My71, MCS2w. pan-myeloid antigen almost all myeloid cells (figure 4) 9,11,85,86 
CLB-mon-granji"' (gp150) 

CD33 My91, Leu-M911 pan-myeloid majority of myeloid and monocytic cells, 11 
antigen (gp67) except for granulocytes (Figure 4} 

CDw65 V1M-2d.o myelomonocytic majority of myeloid and "' antigen monocytic cells 

MP0-7", Cl8-MP0-1x myeloperoxldase (MPO) majority of myeloid and monocytic cells 88 
(gp60j12) (Figure 4) 

Monoeyte-macrophage markers 

C014 My4f, Mo21, Leu-M311, monocytic antigen (gpSS) monocytic cells, macrophages (Figure 4) g,11,85,86, 
FMCrt, UCHM11 89-91 
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CD64 

CD68 Ki·Msd, Ki-Mr:l 

Monocyte-2/61 03" 

Myeloid granulocytic markers 

CD15 

CD66 CLB-granj1rl' 

CD67 913.9" 

Erythroid markers 

VIE-G4d• 6 ,CLB-eryjtl< 

Megakaryocyte plateiot markers 
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Antigen 
rocognlzod 

high affinity Fe receptor 

for lgG (FC7RI) (gp75) 

macrophage antigen {gp110) 

monocytic antigen {gp75) 

macrophage antigen (gp25) 

X hapten 

granulocytic antigen 
(gp180-200) 

granulocytic antigen (p100) 

H antigen (backbone of 

ABO proteins) 

GpA (glycophorin A) (gp41) 

Reactivity with 
hematopoietic eells 

monoeytes 

macrophages (Figure 4) 

monocytic cells 

macrophages (Figure 4) 

cells of the granulocytic lineage (Figure 4) 

granulocytes 

granulocytes (Figure 4) 

erythroid cells (Figure 4) 

erythroid cells (Figure 4) 

CD41 J15", CLB-thrombof?" GPllb-GPIIIa complex (Glanz- megakaryocytes, platelets (Figure 4) 
mann antigen) (gp145/115) 

CD42a FMC25m platelet GPIX (gp20) megakaryocytes, platelets (Figure 4) 

CD42b AN51~ platelet GPib {gp170) megakaryocytes, platelets (Figure 4) 

CD61 CLB-thromboj1 (C17)", platelet GPIIIa {gp115); megakaryocytes, platelets (Figure 4) 

Y2/51 3 associated with GP!Ib (see 

CD41) 

3. MARKERS WHICH ARE NOT RESTRICTED TO ONE DIFFERENTIATION UNEAGE 

CD9 

CD11a 

C011b 

CD11C 

C016 

CD18 

BA-211, CLS-thrombo/8x p24 antigens subpopulation of precursor 8 cells, 

subpopulation of 8 cells (Figure 3), 

megakaryocytes, platelets (Figure 4) 

CLB-LFA-1/2"" 

Mot f. 0KM1q,r 

Leu-MSJSHCL3h 

Leu-11bn, 

CLB-FcR-gr" 

CLB-LFA-1/1x 

LFA-1 antigen (gp180} 

MAC-1 antigen, complement 

(C3bi) receptor {CR3) 

majority of lymphoid and myeloid cells 

monocytes, macrophages, granulocytes 

(Figure 4), NK cells 

p150,95 antigen, complement monocytes, macrophages, granulocytes, 

{C3bi, C3dr) receptor (CR4) subpopulation of lymphocytes (Figure 3) 

low affinity Fe receptor 

for lgG (Fc7Rlll} 

f3 chain of CD11 molecules 

NK cells, subpopulation ofT cells (Figure 3), 

neutrophil granulocytes (Figure 4) 

majority of lymphoid and myeloid cells 

References 

18.84 

93 

91,92 

94 

95,96 

18 

18 

97 

97-100 

101·104 

102,10 

101-104 

39-43,101 

113,114 

113,114 

113,114 

82-84,112 

113,114 
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coa.b Antlbodlesbj , ... techniques 

CD23 leu-20h 

C024 BA-1g 

CD25 =' 

Antigen 
rec:ognized 

low affinity Fe reeeptor 

for lgE (FccR!I) (gp45) 

B eell-granulocytic 

antigens (gp42) 

o: chain of interleukin 2 

receptor (IL-2R) (gpSS) 

Reactivity with 
hematopoietic cells 

subpopulation of B eells, 

monocytes, eosinophils 

subpopulations of (precursor) B eells, 

granulocytes 

activated T cells, activated B cells 

(e.g. HCL) (Figure 3) 

References 

17,18,84 

39-41,124 

17,18 

CDw32 N.3Y intermediate affinity Fe recap- monocytes, subpopulation of macrophages, 17,18,84 

tor for lgG (Fe1AII) (gp40) B cells, granulocytes, eosinophils 

CD34 My10h, BI·3CS1 

CD:l$ OKMS!, ESNC7x 

CD36 Leu-17n, OKT10"-·' 

CD54 Leu-54/LB-i', 

CDSS 8RIC110""' 

CD58 G2sd, TS2/9bb 

CDSS YTH53.1cc 

CD71 T9\ OKT9q 

L243h.r, OKia"-

precursor antigen (gp115) 

thrombospondin receptor 
(platelet GPJV) (gp90) 

T10 antigen (gp45) 

intercellular adhesion mole
cule-1 (ICAM-1); ligand for 

CD11a-CD18 (LFA-1) (gp90) 

decay accelerating factor 

(OAF) (gp70) 

LFA-3 antigen; ligand for 

CD2 (LFA-2) ~04D-0~ 

Ly-6 antigen (gp18-20) 

transferrin receptor 

(gp190) 

HLA-DR, non-polymorphic 

antigen (gp29/34) 

a. CD "' cluster of differentiation, as defined during the 
Leukocyte Typing Conferences (Paris, France, 1982; Boston, 
MA, USA, 1984; Oxford, UK, 1986; Vienna, Austria, 1989). 

b. Only McAb are included, which are routinely used in the 
immunodiagnostic laboratory of the Department of Immuno
logy, University Hospital Dijkzigt, Rotterdam, The Netherlands. 

c. Supertechs, Bethesda, MD, USA. 
d. Behring, Marburg, Germany. 
e. Dr. W. Knapp and Dr. 0. Majdic, Vienna, Austria. 
f. Coulter Clone, Hialeah, FL. USA 
g. Hybritech, San Diego, CA. USA 
h. Becton Dickinson, San Jose, CA. USA 

I. SeraL.ab, Crawley Down, UK. 
k. Boehringer Mannhe!m, Mannheim, Germany. 

Or. H.K. Forster, Hottman-La Roche, Basel, Switzerland. 
m. Dr. H. Zola, Bedford Park, Australia. 
n. Or. S. Poppema, Edmonton, Canada 

precursors of lymphoid and myeloid cells 

cells (Figures 3 and 4) 

monocytes, macrophages, early erythroid cells, 
megakaryocytes, platelets 

activated T and B cells precursor eells. 

subpopulations of B eells, plasma cells 

monocytes, lymphocytes 

leukocytes, erythrocytes, platelets 

leukocytes, erythrocytes 

leukocytes, erythrocytes, platelets 

proliferating cells, activated cells 

hematopoietic precursor cells, B cells, acti
vated T cells, monocytic cells (Figures 3 and 4) 

o. Royal Free Hospital, London, UK. 

17,18,111 

17,18 

17,18,41,108 

18 

18 

18 

18 

108-110 

105-108 

p. MonosanfSanbio, Nistelrode, The Netherlands 
q. Ortho Diagnostic Systems, Raritan, NJ, USA 
r. American Type Culture Collection, Rockville, MD, USA 
s. DAKOPATTS, Glostrup, Denmark. 
t. Dr. P.C.L Beverly, London, UK 
u. Dr. W. Tax, Nijmegen, The Netherlands. 
v. T Cell Sciences, Gambridge, MA, USA 
w. Nlchirei Co., Tokyo, Japan. 
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Markers which are not or partly restricted to one differentiation lineage 

Several markers are not restricted to one differentiation lineage, but are expressed by cells 
of several differentiation lineages. The HlA-DR antigen is expressed by cells in immature 
hematopoietic differentiation stages, but also by B cells, monocytic cells, and activated T 
lymphocytes (Figures 3 and 4) (105-108). The interleukin 2 (IL-2) receptor (CD25 antigen) is 
expressed by activated T cells and activated B cells, while the CD38 antigen and the transferrin 
receptor (CD71 antigen) are expressed by virtually all proliferating and activated cells 
(17,18,108-110). The precursor antigen CD34 is found on most immature cells of both the 

lymphoid and myeloid differentiation lineages (Figures 3 and 4) (111). 
The CD16 antigen (Fc-yRIII) is not only expressed on NK cells (82,83), but is also found on 

mature granulocytes (Figures 3 and 4) (84,112). The CD11/CD18 antigens represent a family 

of adhesion molecules, in which the a chains (CD11a, CD11b, and CD11c antigens) are 
associated with one common ft chain (CD18 antigen) (113, 114). CD11a/CD18 molecule 

represents leukocyte function antigen-1 (LFA-1), CD11b/CD18 represents the complement 
(C3bi) receptor type 3 (CR3), while the last member of this adhesion molecule family 

(CD11cjCD18) also binds complement (C3bi) (113,114). The expression patterns of the 
CD11 jCD18 molecules are summarized in Table 1 and partly indicated in Figures 3 and 4 

(113, 114). 
Some markers, which initially seemed to be restricted to one differentiation lineage, later 

appeared to be expressed by cells of other lineages as well. This is especially the case for 
several T cell markers. The CD1 antigen is not only expressed by thymocytes, but also by 
Langerhans cells in the skin (115). The CD4 molecule is also found on a subpopulation of 
monocytes and macrophages (116). The CDS and CDS antigens appear to be expressed by 
a subpopulation of B cells (117-120), which also express the mouse red blood cell (MRBC) 

receptor (118, 121 ). Finally, the CD? antigen is expressed by a small subpopulation of immature 

myeloid cells (54). Also some B cell markers are not totally lineage restricted. For example, the 
CD9 antigen is also expressed by cells of the megakaryocytic platelet lineage (101), CD10 
molecules are found to be present on many cortical thymocytes (122) and on granulocytes 

(123) and also the CD24 antigen is found on granulocytes (124). 

DETECTION OF IMMUNOlOGICAL MARKERS OF CELLS IN SUSPENSION AND CEllS 

IN TISSUE SECTIONS 

In recent years McAb have increasingly been used for the detection of immunological 
markers in adcfrtion to conventional antisera (14-18). In order to visualize the reactiv'1ty of the 

antibodies, lluorochromes or enzymes are generally used as labels (125,126). Sometimes 
rosette techniques using erythrocytes are applied, e.g. for the detection of the T cell specific 
SRBC receptor (E rosette) (59) and the MRBC receptor (M rosette), which is expressed by a 
subpopulation of B cells (118,121). The staining techniques mentioned can be used for the 
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A 

Figure 5. Double immunological staining for CD10 and TdT on MNC of PB from a patient in early relapse of an 
ALL A: phase contrast picture; B: CD10 positive cells (TRITC labeled); C: TdT positive cells (FITC labeled). All TdT 
positive cells in the PB sample appeared to express CD10, indicating that it concerned a CD10 positive ALL 

detection of immunological markers on hematopoietic cells in suspension (Figures 5-12) as well 
as on cells in tissue sections. 

Immunological marker analysis of cells in suspension 

Cells in suspension can be obtained from BM, PB, cerebrospinal fluid (CSF), broncho

alveolar lavage (SAL) fluid, pleural exudate, ascites, synovial fluid, etc. Generally, the granulo
cytes and erythrocytes are removed from the BM and PB samples by ficoll density centri
fugation, which purification facilitates the analysis of the remaining mononuclear cells (MNC) 
(127). 

For the detection of markers on the cell surface membrane the cells are incubated with 
the relevant antibodies in suspension, while for the detection of cytoplasmic or nuclear markers, 

cytocentrifuge preparations are made, which are subsequently incubated with the relevant anti
bodies. In our laboratory we mainly use direct and indirect fluorescence methods for the 
visualization of the reactivity of the antibodies (Figures 5-7 and 9-12). It is one of the 
advantages of a fluorochrome as label, that double stainings can be easily performed and 

evaluated (Figures 5, 7, 9, and 1 0) (6-8,58). In these double stainings we use fluorescein 

isothiocyanate (FITC) and tetramethylrhodamine isothiocyanate (TRITC) as labels. TRITC can 
be replaced by texas red or phycoerythrin (PE) (128,129). Although PE has advantages lor 
fluorescence activated cell sorting procedures, we prefer to use TRITC in fluorescence 
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A 

Figure 6. Immunological staining for cytoplasmic J.L lg heavy chain on MNC of BM from an ALL patient at 
diagnosis. A: phase contrast picture; B: weak CyJi. positive cells (FITC labeled). Most MNC of BM appeared to be 
weakly positive for CyJJ., indicating that it concerned a pre-B-ALL 

microscopy, because PE fades very quickly. If necessary, even a triple immunological staining 

can be performed using colloidal gold particles as the third label next to FITC and TRITC 

(Figure 12) (125). Such double and triple immunological stainings allow the evaluation of two 

or three different markers at the single cell level. This is important for determining whether the 

markers are expressed by the same cell or by different cells {125,130). Detailed information 

concerning methods for immunological marker analysis of cells in suspension is described 

below. 

In our opinion it is necessary to use phase contrast facilities on a fluorescence 

microscope, since phase contrast morphology gives valuable information about the cells 

evaluated and allows the precise localization of the labels, which is important when intracellular 

antigens are stained such as TdT (Figures 5, 9, and 12). In addition, this equipment allows 

optimal discrimination between labeled cells and contaminating auto-fluorescent particles. 

Immunological marker analysis of cells in tissue sections 

Cells in tissues such as obtained by biopsies from lymph nodes, tonsils, liver and spleen, 
can be characterized immunologically by the use of tissue sections. The tissue sections, usually 
frozen sections, are incubated with the relevant antibodies. The reactivity of the antibodies is 

visualized by the use of direct or indirect staining methods using an enzyme as label, such as 

peroxidase (PO) or alkaline phosphatase {AP) (20, 131). Such enzymes transform a substrate 

into a colored precipitate. Double immunological stainings, using enzymes as labels (e.g. PO 

and AP) are possible if the detected antigens are expressed by different cells (126, 130-132). 

Expression of two antigens by the same cell is difficult to prove by use of enzymes as labels 

(130), unless the antigens are expressed very strongly (133, 134). Detailed information 
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Figure 7. Double immunological staining for CyK. and Cy).. on BM cells from a patient with a plasmacytoma. A: 
phase contrast picture; B: Cyr;. positive cells (TRITC labeled); C: Cy). positive cell (F!TC tabeled). The majority of 
the Cytg positive cells appeared to be positive for Cyr;.; only a few Cy). positive cells were detectable in the 
cytocentrifuge preparation. This indicates that the plasmacytoma cells were Cyr;. positive. 

concerning methods for immunological marker analysis of cells in tissue sections are 

extensively described in several reviews (135-137). 

The advantage of the use of tissue sections is that histologic information can be combined 

with information about the expression of immunological markers (20). Nevertheless it may be 

necessary that a cell suspension is made from a tissue biopsy in order to perform immunolo

gical marker analysis, especially if a part of the cell suspension is used for cytogenetic analysis. 

METHODS FOR IMMUNOLOGICAL MARKER ANALYSIS OF CELLS IN SUSPENSION 

Preparation of cell suspensions 

MNC from BM and PB are isolated by ficoll density centrifugation (Ficoll Paque; density 

1.077 gfml; Pharmacia, Uppsala, Sweden) for 15 min at room temperature (RT) with a 

centrifugal force of 1000 g. All standard washings of cells in suspension derived from SM, PB, 

CSF, pleural exudate, ascites, etc., are performed with phosphate buffered saline (PBS) (300 

mosmol; pH 7.8), supplemented with 0.5% bovine serum albumin (BSA; Organon Teknika, Oss, 

The Netherlands) and 0.05% sodium azide. Washing centrifugations are performed for 5 min 

at 4 ·c with a force of 400 g. If the cells are incubated in suspension for the detection of 

surface membrane markers by use of antibodies, the cell concentration is adjusted to 107 cells 

per mi. Cytocentrifuge preparations are made using cell suspensions with a concentration of 
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0.5 to 2 x 106 cells per ml, depending on the size of the cells; in the case of a BM or PB cell 

sample a concentration of 2 x 106 cells per ml is generally used. If the cell suspension is used 

for rosette techniques, the cell concentration is also adjusted to 2 x 1 o6 cells per mi. 

General remarks concerning immunological stainings 

Most immunological markers are detected by the use of antibodies. Commercially available 

McAb generally can be diluted 1:50 to 1 :200, while commercially available conventional antisera 

can be diluted 1 :20 to 1 :80. However, each batch of antibodies has to be optimally titrated for 

the different applications. The labeled cells or cytocentriluge preparations are mounted in 
glycerol/PBS (9:1), containing 1 mg p-phenylenediamine per ml (BDH Chemicals, Poole, UK) 

to prevent lading of fiuorochromes (138). Coverslips are sealed with paraffin wax with ceresin 

(BDH Chemicals). Some immunological markers are detected by rosette techniques. Such 

rosette tests generally are evaluated by the use of a counting chamber. 

We will describe several single, double and triple immunofluorescence (IF) staining methods 
as well as the microscopes, which we use for the evaluation of the IF stainings. 

Single immunological stainings 

In single staining methods using antibodies, we generally use FITC as fluorochrome. 

Several single staining methods using antibodies or rosette techniques are described below. 

Detection of cell surface membrane markers by the use of antibodies. 

In case of a direct immunological staining (e.g. using FITC-conjugated anti-human 

immunoglobulin (lg) antisera) 50 JLI of a cell suspension (107 cells per ml) is incubated for 30 

min at 4 "C with 50 JLI of the relevant, optimally titrated, FITC-conjugated antibody. After this 

incubation the cells are washed twice. In the case of an indirect immunological staining (e.g. 

using mouse McAb), the cells undergo an additional incubation (30 min, 4 "C) with the relevant 

FITC-conjugated second step antiserum (a FITC-conjugated goat anti-mouse lg antiserum, if 

mouse McAb are used). After the second incubation, the cells are washed twice and the cell 

pellet is mounted in glycerol. 

Detecuon of Cylg. 

FITly JLI of a cell suspension (2 x 106 cells per ml) is centrifuged on slides in a cyto

centrifuge (Nordic Immunological Laboratories, Tilburg, The Netherlands). The cytocentrifuge 

preparations are air dried for at least 15 min and the location of the cells is marked by 

encircling with a glass penciL The preparations are fixed in acid ethanol (ethanol with 5% acetic 
acid) for 15 min at -20"C. The preparations are then washed in PBS (pH 7.8) lor 15 min, dried, 

and incubated with 15 JLI of a FITC-conjugated anti-human lg heavy or light chain antiserum 
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(Table 1) in a moist chamber (30 min, R1) (33). Subsequently the slides are washed again in 

PBS (15 min), mounted in glycerol, covered with a coverslip and sealed (Figures 6, 7, and 10). 

Detection of TdT. 

Cytocentrifuge preparations are made, air dried, fixed in methanol (30 min, 4"C), and 

washed in PBS. The preparations are incubated with 15 JLI of optimally titrated rabbit anti-TdT 

antiserum (Table 1) in a moist chamber (30 min, R1) and washed in PBS. Subsequently, the 

preparations are incubated with 15 JLI of a FITC-conjugated goat anti-rabbit lg antiserum and 

washed again (26,58). Afterwards the preparations are mounted in glycerol, covered with a 

coverslip and sealed (Figures 5, 9 and 12). 

E rosette test. 

SRBC are washed five times with PBS; washing centrifugations are performed for 10 min 

at RT with a centrifugal force of 1500 g. Subsequently, the SRBC are incubated with 2-amino

ethylisothiouronium bromide (AET) (40 mg per ml; pH 9.0) for 15 min at 37"C. Afterwards these 

AET treated SRBC are washed several times with PBS and finally are resuspended in PBS, 

supplemented with 10% fetal calf serum (FCS) (59). 

One hundred JLI of the cell suspension (2 x 106 cells per ml) is mixed with 100 JLI AET 

treated SRBC (2 x 108 SRBC per ml), and centrifuged for 5 min at 4 "C with a centrifugal force 

of 300 g. The pellet is incubated for at least 15 min at 4 "C. After this incubation the pellet is 

very carefully resuspended in the supernatant. Fifty JLI of acridine orange (5 JLg per ml) is added 

to stain the DNA of the nucleated cells. The cell suspension is carefully mounted into a 

counting chamber and evaluated by combining epi-illumination (using the FITC filter combina-

FigureS. E rosette test on MNC of PB from a healthy adult. The nucleated cells were stained with acridine orange 
and evaluated by combining epi-il!umination (using a FITC filter combination) with trans-illumination. Eight cells in 
the presented field form rosettes, while six cells do not. 
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tion) with trans-illumination (Figure 8). A nucleated cell is regarded as positive, if three or more 

erythrocytes are attached to the cell (Figure 8). 

M rosette test. 

Freshly collected MRBC are washed five times with PBS. Fifty JLI of the cell suspension (2 

x 106 cells per ml), 50 JLI of the MRBC suspension (1 x 108 MRBC per ml) and 100 JLI FCS are 

mixed. This mixture is incubated lor 15 min at 37'C and subsequently centrifuged for 5 min at 

4 ·c with a centrifugal Ioree of 300 g. The pellet is incubated at 4 ·c for 18 hours without being 

disturbed (118,121). After this incubation 100 JLI of the supernatant is removed and the pellet 
is very carefully resuspended. Acridine orange is added to the cell suspension and the 

percentage M rosette forming cells is determined in a counting chamber (see E rosette test). 

Double immunological stainings 

All of the various single immunological stainings, described above, can be combined. When 

antibodies are used in double immunological stainings, we use FITC and TRITC as labels. In 

our laboratory the double stainings with antibodies are performed in four different ways: 

1. Combination of lwo fluorochrome conjugated antibodies. 
The advantage of fiuorochrome conjugated antibodies is that these antibodies can be 

mixed and that therefore only one incubation step is needed for the double staining. 

However, weakly expressed antigens might be insufficiently stained in a direct staining 

method, so that positivity is not always detectable. 

2. Combination of a fluorochrome conjugated mouse McAb and an unconjugated mouse 

McAb. 

In such combinations, the cell suspension is first incubated with the unconjugated 

McAb, followed by an incubation with a fluorochrome conjugated anti-mouse lg 

antiserum. Subsequently, the cells are incubated with normal mouse serum (NMS) to 

block free antigen binding sites of the anti-mouse lg antiserum. Finally, the cells are 

incubated with the fluorochrome conjugated McAb. 

3. Combination of lwo unconjugated mouse McAb of different isotypes. 

Indirect staining methods using McAb can be performed by selecting pairs of mouse 

McAb on the basis of their different isotypes (e.g. lgM and lgG or lgG1 and lgG2). The 

application of this double staining method is restricted by the availability of FITC- and 

TRITC-conjugated anti-mouse lg (sub)class specific antisera (excellent antisera can be 

purchased from Nordic Immunological Laboratories). 

4. Combination of antibodies from different species. 
Antibodies, raised in different species, can be combined very easily. E.g. a rabbit 

antiserum can be combined with a mouse McAb, using a FITC-conjugated goat 

anti-rabbit lg antiserum and a TRITC-conjugated goat anti-mouse lg antiserum, 

respectively. 
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Figure 9. Double immunological staining for the CD15 antigen and TdT on MNC of BM from a CML patient in early 
lymphoid BC. A: phase contrast picture; B: CD15 (V1M~D5) positive cells (TRlTC labeled); C: TdT positive cells 
(FlTC labeled). The three TdT positive cells do not express the myeloid marker CD15 (VlM-05). 

By the use of these lour possibilities or their combinations, many different double IF stainings 

can be performed. Additional possibilities lor double immunological stainings can be obtained 

by using biotin conjugated or arsanilic-acid conjugated McAb; the reactivity of such McAb is 

visualized by the use of fluorochrome conjugated avidin molecules or fluorochrome conjugated 

anti-arsanilic-acid antisera, respectively (139, 140). In the combined detection of a cell surface 

membrane antigen and a cytoplasmic antigen, we prefer to use FITC as label lor the detection 

of the cytoplasmic antigen and TRITC as label for the detection of the cell surface membrane 

antigen. In our experience the use of TRITC for the labeling of cytoplasmic antigens generally 

results in a higher background staining as compared with FITC. In addition to double stainings 

with antibodies, an antibody staining can be combined with a rosette technique. Several double 
immunological stainings will be described. 

Double IF staining for Sm< and Sm>.. 

The cell suspension is incubated with a mixture of a TRITC-conjugated anti-human < 

antiserum and a FITC-conjugated anti-human>. antiserum (Table 1) (30 min at 4 •q. After the 

incubation the cells are washed and a suspension preparation is made. 

Double IF staining for Cy< and Cy>.. 
A cytocentrifuge preparation is made, fixed in acid ethanol and subsequently incubated with 

15 ~I of a mixture of a TRITC-conjugated anti-human < antiserum and a FITC-conjugated 

anti-human ), antiserum (30 min, Rl) (Figure 7). 
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Figure 10. Double immunological staining for HLADR and CyJ.L on cells of a Burkitt lymphoma derived ceil line. 

A: phase contrast picture: B: HLA·DR positive cells (TRITC labeled): C: CyJ..L positive cells (FlTC labeled). The HLA· 
DR positive cells did not express CyJ.L. 

Double IF stajning for a cell surface membrane antigen and Td7. 

Fifty ILl of the cell suspension is incubated with the relevant antibody, which is directly or 

indirectly labeled with TRITC. After the incubation and washings, 200 ILl of PBS/0.5% BSA is 

added to the cell pellet Subsequently cytocentrifuge preparations are made (50 ILl of the cell 

suspension per preparation), which are fixed in methanol (30 min, 4 ·q. The cytocentrifuge 

preparations are subjected to the indirect TdT staining with a rabbit anti-TdT antiserum and a 

FITC-conjugated goat anti-rabbit lg antiserum (Figures 5 and 9). 

Double IF staining tor a cell surface membrane anvgen and Cylg. 

The cell suspension is incubated with the relevant antibody, which is directly or indirecty 

labeled wtth TRITC. Subsequently cytocentrifuge preparations are made. The cytocentrifuge 

preparations are fixed in acid ethanol (15 min, -2o•c) and subjected to a direct Cylg staining, 

using a FITC-conjugated anti-human lg antiserum (Figure 10). 

Double immunological stajning tor Smlg and the MRBC receptor. 

Fifty ILl of the cell suspension is incubated with a FITC-conjugated anti-human lg antiserum. 

After the incubation and washings, the cell suspension is subjected to the M rosette test (see 

above). Subsequently the concentration of the cell suspension (MRBC plus nucleated cells) is 

adjusted to 2 x 106 cells per ml and cytocentrifuge preparations are made (50 ILl of the cell 

suspension per preparation): The cytocentrifuge preparations are fixed in methanol (5 min, 

4 ·c), mounted in glycerol, covered with a coverslip and sealed (Figure 11). 
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Figure 11. Double immunological staining for SmA and M rosette on MNC of PB from a CLL patient. A and C: 
phase contrast pictures; Band D: SmA positive cells (FITC labeled). A and B represent the same field and C and 
0 represent the same field. The M rosette forming cells also weakly expressed SmA, wht!e the SmA negative cetls 
did not form M rosettes. 

Triple immunological staining 

In the triple immunological staining we use colloidal gold particles of 30 nm as the third 

label next to FITC and TRITC (125). Colloidal gold can be visualized in the same epi-illumination 

system, which is used for the evaluation of fluorescence. Although colloidal gold particles of 

30 nm can easily be used as label for the detection of cytoplasmic markers of cells in tissue 

sections (141), this is more difficult when cytocentrifuge preparations are used. Therefore we 
use the colloidal gold technique for staining cell surface membrane markers. One example of 

a triple immunological staining will be described. 

Triple immunological staining tor the CD3 antigen, HLA-DR and TdT. 

Fifty JLI ofthe cell suspension is incubated with the CD3 McAb Leu-4 (Table 1), washed and 

subsequently incubated with 50 JLI of an undiluted goat anti-mouse lg antiserum, conjugated 

with colloidal gold particles of 30 nm (GAM-G30; Janssen Pharmaceutica, Beerse, Belgium). 

Afterwards the cells are incubated with NMS (diluted 1 in 100) to block free antigen binding 

sites of the goat anti-mouse lg antiserum. Subsequently the cells are incubated with a TRITC-
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Figure 12. Triple immunological staining for the CD3 antigen. HLA~DR and TdT on MNC of BM from a child with 
ALL in complete remission under maintenance treatment. A: phase contrast picture; B: CD3 (Leu-4) positive cells 
(colloidal gold labeled); C: HLA-DR positive cells (TRITC labeled); 0: TdT positive cells (FITC labeled). The three 
TdT positive cells are also positive for HLA-DR, but negative for the CD3 (Leu-4) antigen. The former cells probably 
represent precursor B cells, while the CD3 positive cells represent mature T lymphocytes. 
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conjugated anti-HLA-DR McAb (Becton Dickinson). After the incubation and washings, 200 1'1 

of PBS/0.5% BSA is added to the cell pellet. FinaJiy, cytocentrifuge preparations are made, 

which are subjected to the indirect TdT staining using FITC as label (Figure 12). 

Microscopes 

Evaluation of single and double immunological stainings, using fluorochromes. 

For the evaluation of fluorescence (FITC, TRITC and acridine orange), we use Zeiss 
Standard 16 microscopes (Carl Zeiss, Oberkochen, Germany), equipped with a IV FL Fluor

eszenz-Auflichtkondensor (epi-illumination condenser) and phase contrast facilities. The 
epi-illumination system contains two filter combinations: Zeiss filter combination 14 (BP 51 0-560; 

FT 580; LP 590) for the evaluation of TRITC labelling and Zeiss filtercombination 19 (BP 

485/20; FT 510; LP 515) combined with a KP 560 filter for the evaluation of FITC labeling and 

acridine orange staining. The microscopes are equipped with at least three Zeiss objectives: 
a neofluar 63/1.25 Oel Ph3 for evaluation of surface membrane staining, TdT staining, etc.; a 

planapochromat 40/1.0 Oel Ph3 for evaluation of strong expression of Cylg and a neofiuar 

16/0.40 Ph2 for evaluation of the rosette tests. These objectives are used in combination with 

the Zeiss wide-field oculars Kpi-W10x/18. 

Evaluation of the triple immunological staining, using colloidal gold as the third label. 

We use two different microscopes for the evaluation of colloidal gold in combination with 

FITC and TRITC: a Zeiss Universal II (Carl Zeiss) and a Leitz Orthoplan (Ernst Leitz, Wetzlar, 

Germany). The Zeiss Universal II is equipped wtth a Ill RS Fluoreszenz- Aufiichtkondensor, 

phase contrast facilities and the same filtercombinations, objectives and oculars as described 

for the Zeiss Standard 16 microsccpes (see above). The Leitz Orthoplan is equipped wtth a 

Ploemopak 2 epi-illumination system, phase contrast faciltties and the following two 

filtercombinations: Leitz filtercombination 12 (BP 450-490; RKP 510; LP 515) for the evaluation 

of FITC and Leitz filter combination N2 (BP 530-560; RKP 580; LP 580) for the evaluation of 

TRITC. The most frequently used objective of the Leitz microscope is the PL APO 63/1.40 Oel 

PHACO 4 in combination with the wide-field oculars Periplan GW 10xM. 
For the evaluation of colloidal gold, we use a polarization filter combination in both 

microscopes, consisting of a polarizer for the excitation light, a beam-splitter and an analyzer, 
which extinguishes the reflected light that has the same polarization as the excitation beam. The 

objectives which are used for evaluation of colloidal gold should not contain phase contrast 

rings. According to our experience the best objective is the Zeiss Antiflex-Neofluar 63/1.25 Oel, 

which contains a rotatable quarter-wave plate (125). 
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TABLE 2. Immunological phenotypes of ALL 

TdT HlA-DR C019 and/ CD10 weak CyJJ. $mig pan-T cell 
or CD22 (CAllA) markers 

(CD2,CyCD3,CD7) 

null ALL + + + 
common AlL + + + + 
pre-B-All + + + + + 
B-ALL + + (+)' + 
T-ALLb + -/+ + 

a Not always expressed. 
b. Several subtypes of T-ALL can be recognized, based on their positivity for the various T cell markers (see ref. 2:2 and 143). 

c. A few T-ALL may be HLA-DR positive (see ref. 58). 

IMMUNOLOGICAL PHENOTYPES OF LEUKEMIAS AND NHL 

Immunological marker analysis can be applied not only to the characterization of normal 

hematopoietic cells, but also to the characterization of leukemias and NHL (Figure 2). 

The maturation arrest of the acute leukemias is localized in the immature differentiation 

stages [e.g. acute lymphoblastic leukemias (ALL) and acute myeloid leukemias (AML)]. Chronic 

leukemias are the malignant counterparts of cells in more mature differentiation stages [e.g. 

chronic lymphocytic leukemias (CLL) and chronic myeloid leukemias (CML)J. Generally, NHL 

have a mature immunological phenotype. 

Several dtfferentiation stages may occur within one malignancy. This indicates that 

malignant cells are capable of further maturation and that their maturation arrest is not 

restricted to a single differentiation stage. This especially occurs in AML and NHL 

Lymphoid malignancies 

ALL can be divided into at least five different types according to their immunological 

phenotype: null All, common ALL, pre-B-ALL, B-All, and T-ALL (6,7,19,22,23,142). These 

immunological phenotypes are summarized in Table 2. T-ALL can be subdivided into several 

immature and more mature subtypes, as is indicated in Figures 2 and 3 (7, 19,22,23,52, 143). 

The morphological French American British (FAB) classification of All recognizes three ALL 

types: L 1, L2, and L3 (1 ,3). This FAB classification does not correlate well with the immunologi

cal classification. L 1 and L2 morphology can be found in most immunological All types; only 

L3 morphology seems to be restricted to the rarely occurring B-ALL. 

Normally about 60% of the B cells express ~ light chain, while about 30% express A light 

chain; the normal ~/A ratio varies from 0.8 to 2.0 (31). Since a B cell malignancy represents 

the clonal expansion of a single B cell, only one type of lg light chain (either~ or A) is expres-
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TABLE 3. Immunological phenotypes of chronic B cen leukemias. 

CDS CD6 CD11c CD20 CD22 CD25 CD37 FMC7 Smlg B"y-7 

B-CLL + + ± ± + -I± ± 

HCL + + + + + + + + 

B-Pll + + + + ++ 

Used symbols: -. no expression; :t, weak expression; +. normal expression; + +, strong expression. 

sed. Therefore, the </A ratio is used for the detection of a B cell malignancy and may give an 

impression of the number of malignant cells (31, 144). Several B cell malignancies can be 

distinguished by the use of additional B cell markers. B cell CLL (B-CLL) can be discriminated 
from other B cell malignancies by their weak expression of Smlg and positivity for the CDS and 

CDS antigen (117,118,120). On the other hand, the B cell prolymphocytic leukemia (B-PLL) 

strongly expresses Smlg and is generally negative for the CDS and CDS antigens (19,22). Hairy 

cell leukemia (HCL) is a B cell malignancy which expresses the "HCL specific" B-ly-7 antigen 

as well as the CD11c and CD25 antigens (50,145,146), which are generally absent on B-CLL 

and B-PLL cells (147). The detailed immunological phenotypes of B-CLL, HCL, and B-PLL are 

summarized in Table 3. 

Immunological marker analysis of NHL does not result in a classification comparable to the 

detailed morphological classifications such as the Kiel classification (4,148). However, 

immunological marker analysis is still valuable in the diagnosis of NHL (148). It is possible to 

determine whether a B cell or T cell malignancy is involved and to prove, in the case of a B cell 

malignancy, the clonality ofthe tumor by means of the </A ratio (Figure 7) (31 ,144). In addition, 

more immunological markers (especially B cell markers) have become available, which enable 

a better immunological classification of NHL (17, 18). 

Myeloid malignancies 

The various myeloid markers can be used for the classification ofthe myeloid malignancies, 

although they are not as discriminating as the lymphoid markers (Figures 2 and 4). 

The morphological FAB classification of AML and the immunological classification of AML 

are both based on differentiation characteristics (1-3,9, 11 ,85,86). Although Figures 2 and 4 

suggest that the FAB classification and immunological classification of AML are similar, this is 

only true in the case of more mature AML (i.e. acute monocytic leukemia and acute 
promyelocytic leukemia) (11 ,24). AML often appear to consist of several subpopulations, which 

hampers the immunological marker analysis of AML (24). Only double IF stainings for the 

various myeloid markers allow the immunological marker analysis of these subpopulations. 

CML cells express granulocytic markers such as CD15 and CD67 (Figure 4). When a CML 
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transforms into a blastic crisis (BC), immunological marker analysis can reveal whether it 

concerns a myeloid or lymphoid BC (Figure 9). The immunological phenotypes of a myeloid 

BC are comparable to those of the various AML, while the phenotype of a lymphoid BC is 

generally similar to the phenotype of a common ALL or pre-B-ALL (22, 149). 

The true histiocytic NHL is very rare. By use of the various monocytic macrophage markers 

(indicated in Figure 4 and Table 1) it is possible to characterize these NHL 

APPLICATION OF IMMUNOLOGICAL MARKER ANALYSIS 

Immunological marker analysis of cells in normal hematopoietic differentiation stages 

Immunological marker analysis can be used for the characterization of hematopoietic cell 
populations, such as in patients with primary immunodeficiencies (150). It can also provide 

information concerning diseases, where the balance between various (sub)populations is dis

turbed (151,152). In patients with acquired immunodeficiency syndrome (AIDS) the CD4/CD8 

ratio in PB becomes extremely low (153, 154). In patients with active sarcoidosis the percentage 

T lymphocytes in BAL fluid is about 22% and sometimes up to 80% with high CD4/CD8 ratios, 

while in BAL fluid from normal controls, low percentages T lymphocytes are detected (155, 156). 
The monitoring of percentages ofT lymphocytes and CD4/CD8 ratios may be useful during 

follow-up of patients, who have undergone an organ transplantation (e.g. during anti-thymocyte 

globulin treatment) (157,158) (fable 4). 

In addition, immunological marker analysis is used to determine the nature of cells in 

culture, such as in lymphocyte proliferation tests. 

TABLE 4. Application of immunological marker analysis. 

A. Immunological marker analysis of cells in normal hematopoietic differentiation stages is important for: 

- determination of percentages ofT lymphocytes and CD4/CD8 ratios in cell samples from patients with diseases 

such as sarcoidosis, AIDS, etc. 
- analysis of cell populations in BM, PB and lymphoid tissues from patients with (primary) immunodeficiencies. 

- analysis of cultured cells. e.g. in the case of lymphocyte proliferation tests. 

B. Immunological marker analysis of leukemias and NHL is important for. 

- classification of leukemias and NHL 
- recognition of subtypes of leukemias and NHL, which differ in clinical behaviour and therapy resistance. 
- recognition of association between immunological phenotypes of leukemias and NHL and chromosomal 

aberrations. 

- detection of two malignancies in one patient. 
~ characterization of subpopulations within one malignancy. 
- detection of low numbers of malignant cells. 
-staging of NHL, especially TdT+ T-NHL 
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Immunological marker analysis of leukemias and NHl 

Immunological marker analysis of leukemias and NHL enables a reproducible classification 

of these malignancies. By means of clinical trials it may be possible to recognize immunological 

subtypes of leukemias and NHL, which differ in clinical behavior and therapy sensitivity (159). 

Therefore it is necessary to characterize these malignancies according to clinical, morphological 
and immunological criteria, allowing adaptation of treatment protocols. Furthermore, 

immunological marker analysis is important for the detection of associations between 
immunological phenotypes and chromosome aberrations, to gain more ins·1ght in oncogenesis 
(160, 161 ). In addition immunological marker analysis allows the detection of two malignancies 

in one patient (162) and the characterization of subpopulations within one malignancy (163) 

(Table 4). 

During maintenance therapy and even after termination of therapy it remains uncertain 

whether malignant cells are still present. The application of immunological marker analysis can 

be used for the detection of low numbers of malignant cells, but is hampered by the presence 
of their normal counterparts (164). Therefore, cells positive for a certain marker or marker 

combination can only be regarded as malignant if these posrtive cells are present in higher 
frequencies than norma! or if they are detected outside their normal sites of occurrence. Since 
TdT positive cells are normally not detectable in CSF and since most ALL are positive for TdT, 
the TdT determination is valuable for the early detection of central nervous system leukemia 

(165). Another example of immunological detection of low numbers of malignant cells is the 

double IF staining for aT cell marker and TdT on cell samples from patients suffering from a 

TdT positive T cell malignancy (166-168). This approach is based on the fact that CD1 +, TdT+, 

CD3+, TdT+, and cos+, TdT+ cells normally occur in the thymus only (58,166,167). The 

application of these double stainings for analysis of BM and PB samples of T-ALL patients 

allows early detection of relapse (164, 168). 

CONCLUSION 

Immunological marker analysis of normal hematopoietic cells and their malignant 

counterparts is an important tool for diagnostic use. It allows a precise analysis of leukocyte 

subpopulations in various diseases, such as immunodeficiencies. Moreover, it results in a 
reproducible classification of leukemias and NHL and allows, in several types of ALL and NHL, 

the detection of low numbers of malignant cells. Finally, it may be used not only for diagnostic 

purposes, but also for clinical research. 
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INTRODUCTION 

87 

As has been described in Chapter 2.1 immunological marker analysis is useful for the 
characterization of normal hematopoietic cells as well as their malignant counterparts, i.e. 

the leukemias and the non-Hodgkin lymphomas (NHL). The visualization of the reactivity of 

the antibodies can be performed by use of fluorescence methods, which enable the 
periormance of double or triple stainings. The evaluation of immunofluorescence (IF) 

stained cells can be performed with microscopic or fiow cytometric techniques. The former 
technique has been described in Chapter 2.1. In the present chapter we shall discuss fiow 
cytometry and summarize the applications of this technique in clinical diagnosis. Especially, 

the application of flow cytometry in immunological marker analysis of myeloid cells and 
myeloid disorders is described. At the end of this chapter the possibilities and limitations of 

both fiuorescence microscopy and flow cytometry in immunological marker analysis are 
discussed. 

FLUORESCENCE ACTIVATED FLOW CYTOMETRY 

Structure of flaw cytometer 

During the last three decades progress has been made in the technology of flow 
cytometry as well as in computer technology to acquire and process a large amount of data 
{1-4). These developments have resulted in current '1hird generation" fluorescence activated 

flow cytometers for clinical practice. These instruments, e.g. FACScan (Becton Dickinson, 

San Jose, CA, USA), EPICS Profile II (Coulter Electronics, Hialeah, FL, USA), or CYTORON 

ABSOLUTE (Ortho Diagnostic Systems, Raritan, NJ, USA), are exclusively developed to 
analyze cell samples and lack cell sorter capabilities. A schematic diagram of a fluorescence 

activated flow cytometer is given in Figure 1. A typical instrument consists of an air cooled 
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laser 

.. 
•••• cells 

Figure 1. Schematic diagram of a flow cytometer. Laser beam is focused on the cells passing through the flow 
chamber. Refracted light is measured at a low angle in toward direction (FSC signal) and at goo (SSC signal). 
Auorescence light collected at goo is split off by a series of dichroic mirrors and filters in three different colors 
and detected by photomultlpller tubes (FL 1, FL2, and FL3). 

15 mW argon-ion laser light source which provides monochromatic light at 488 nm. The 
laser beam strikes the cells or other particles which flow in a laminar non-turbulent fluid 
stream through the measurement region (flow cell). Pure laminar flow is achieved by forcing 
the jet of fluid containing the sample particles into a sheath fluid flowing under pressure 

slightly lower than that of the sample fluid (2,3). This enables a sequential flow of primarily 
single cells, sufficiently separated so that only one cell is subject to measurement. The cells 
will refract the light from the laser beam and, if present, fiuorochromes will be excited and 
emit fluorescence. The refracted light is measured at two different angles. In forward 

direction of the laser beam (<1°-10°), the so-called forward scatter (FSC) or low angle 

scatter is measured, and at 90° (range -5°), the so-called sideward scatter (SSC) is 
measured (Figure 1). The FSC signal is primarily dependent upon volume of the particles or 

cells, whereas the SSC signal provides a measure of internal organization, cytoplasmic 
granularity, nuclear density, and external cell structure (1-3). The emitted fluorescence light 
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TABLE 1. Fluorescent reagents useful for measurements with 488 nm excitation. 

Reagents 

Fluorochromes conjugated 
to specific antibodies. 
biotin or streptavidin 

Fluorescent DNA andjor 
RNA binding dyes 

Fluorescent Ca2 + indicator 

Fluorescent bacteria or 
opsonized latex particles 

Examples 

- fluorescein isothiocyanate (FITC) 
- phycoerythrin (PE) 
- PE-Texas Red tandem 
- PerCP 

- acridine orange (AO) 
- propidium iodide 
- ethidium bromide 
- thiazole orange 

- fluo-3 

- FITC-Iabeled E-coli or 
latex particles 

Applications 

- immunological marker analysis 
- determination of HLA-phenotype 
- analysis of autoantibodies 
- blood group serology 

- measurement of DNA-content 
- enumeration of reticulocytes 
-analysis of NK cell function 

- analysis of lymphocyte activation 

- analysis of phagocytosis 

is collected by optics in the 90° angle and, dependent on the wavelength of the emitted 
light, the light is split off by a series of dichroic mirrors into two or three beams (Figure 1). 
Fluorescence light can be measured at 515-545 nm (FL1), 565-605 nm (Fl2), and >630 nm 

(FL3). Table 1 summarizes some fluorescent reagents which can be used in flow cytometry 
with 488 nm excitation (4). The refracted light or fluorescence light is measured by light 
detection devices, such as photodiodes and photomultiplier tubes, which convert light into 
an electric signal. The magnitude of the electric signal is proportional to the amount of light 

detected, which, in case of fluorescence light, is related to the number of fluorescent 

molecules (1-4). The FSC signal is detected by a photodiode whereas all 90° signals, which 
are relatively weak, are detected by photomultiplier tubes (Figure 1). Because the sensitivity 

of each light detection device depends on the voltage applied and/or amplifier gain setting, 
it is clear that the parameters are measured as relative intensity. The measurements can be 

performed with either linear or logarithmic amplification. In case of fluorescence measure
ments in immunological marker analysis logarithmic amplification is preferred. For each cell 

or particle the signals produced by the different light detection devices are processed and 

combined and subsequently sent as so-called list mode data to the computer. Flow 

cytometry enables a rapid acquisition of information about a large number of cells 
(250-2500 cells per sec). 

Analysis of flow cytometry results 

The amount of information obtained during measurement is large and sophisticated 
computers and software programmes are required for data processing and analysis (3). 

Typically, 5000-10,000 cells are counted and from each cell results on four or five different 
parameters are obtained. The results of one parameter can be presented and analyzed by 
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Figure 2. Analysis of CD15 (Leu-M1 FITC), CD14 (My4 PE) double JF staining of lysed whole blood cells 
obtained from a healthy volunteer. Upper part: histogram analysis for CD15 Deft) and CD14 (right). lower part: 
dot plot analysis of FSC against SSC (left) and CD15 against CD14 (right). In the FSCjSSC dot plot debris, 
lymphocytes, monocytes, and granulocytes can be recognized. 

use of histogram analysis (see Figures 2A and 28). It is also possible to plot two different 
parameters against each other in one graph, e.g. dot plot diagram, contour plot diagram, or 
three dimensional profile. Examples of dot plot analysis are given in Figures 2C and 20. A 

diagram of FSC against SSC of lysed whole blood cells allows a discrimination between 
lymphocytes, monocytes, and granulocytes (Figure 2C). Analysis can be performed on all 
cells or a specific subpopulation can be selected for analysis. In the latter case the cells of 

interest are selected by "gating" on a specific subpopulation in a histogram or dot plot. A 
widely used application of the so-called "gating" in immunological marker analysis is the 

selection of a specific "morphological" cell type in the FSC/SSC dot plot (e.g. blast cells, 
lymphocytes, or monocytes). The "gated" cells can subsequently be studied for various 
parameters. An example of "gating" of a specific subpopulation on the expression of a 

immunological marker, i.e. CD15 + cells in peripheral blood (PB), is given in Figure 3. It is 
clear that modern fiow cytometry enables multiparameter analysis of various cell populati

ons (5). 
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Figure 3. Example of "gating~ of a specific subpopulation, i.e. CD15 + cells in lysed whole blood cells obtained 
from a healthy volunteer. Left: histogram analysis of CD15 (Leu-M1 FITC) stained cells. The cells at the right 
side of the plotted marker are CD15 +. Right: FSC/SSC dot plot of the ~gated~ CD15 + cells only. If compared 
with Figure 2 Qower left) it is clear that CD15 + cells represent the ceH population with a variable but high SSC 
signal. 

Diagnostic applications of flow cytometry 

Flow cytometry can be used for a wide variety of purposes. In fact, flow cytometry can 
be performed if the particles of interest are in suspension, if these particles have a diameter 
which is smaller than 100 )Lm, and if fluorescence probes are available which are suitable 
for the specific application (see also Table 1 ). An extensive discussion of the diagnostic 

applications of flow cytometry is beyond the scope of this thesis. Table 2 summarizes 
several applications which are currently used in clinical diagnosis. In this chapter the 

applications of immunological marker analysis in myeloid disorders, in particular acute 
myeloid leukemia (AML), will be discussed (fable 3). It should be emphasized that these 

applications are not restricted to flow cytometry and that other techniques, such as IF 
microscopy, can be used also. 

TABLE 2. Applications of flow cytometry in clinical diagnosis. 

Immunological marker analysis of leukocytes 

Determination of HLA-phenotype {e.g. HLA-627) 

Enumeration of reticulocytes 

Measurement of cellular DNA-content: 
-determination of DNA-piokfy 
- cell cycle analysis 

Analysis of autoantibodies against leukocytes, 
platelets. or erythrocytes 

Determination of in vitro functions of leukocytes: 
- analysis of phagocytosis 
- analysis of NK cell functions 
-analysis of leukocyte activation in vitro 

Blood group serology 

Analysis of malaria parasites in erythrocytes 

Determination of total volume of circulating 
erythrocytes 
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TABLE 3. Application of immunological marker analysis in myeloid disorders. 

Immunological marker analysis of myeloid malignancies 
. immunophenotyping of AML, CML and true histiocytic NHL 
- characterization of subpopurations within one malignancy 
- detection of two malignancies in one patient 
- recognition of association between immunological phenotypes of AML and specific chromosomal 

aberrations 
- detection of low numbers of AML cells 

Analysis of myeloid cells in immunodeficiency 
- detection of CD11 jCD18 deficiencies in leukocyte adherence deficiency 

Characterization of deficiencies of specific antigens 
- determination of CD41 deficiency in Glanzmann's thrombasthenia 
- determination of CD42 deficiency in the Bernard-Soulier syndrome 
- analysis of Pl~linked antigens in PNH and AA 

Analysis of disorders of maturation of myeloid cells 
~ characterization of subpopulations in MDS 
~ analysis of erythroid differentiation in red cell disorders 
~ analysis of megakaryocytic differentiation in platelet disorders 

Analysis of platelet activation 

Abbreviation used: CML = chronic myeloid leukemia For other abbreviations see text. 

IMMUNOLOGICAL MARKERS DURING MYELOID DIFFERENTIATION 

The expression of immunological markers during normal myeloid differentiation has 

been summarized in Chapter 2.1. The presence of a continuum of maturational stages of 
myeloid precursor cells in normal bone marrow (BM) complicates the recognition of distinct 

cell populations. This might explain the relatively low number of studies on the immune

phenotype of myeloid cells and their precursors of normal BM samples (6-12). Using 

multiparameter fiow cytometry Terstappen and Loken could identity consistent patterns of 
gradual changes of light scattering properties and cell surface antigen expression during 
normal myeloid differentiation (12). Such consistent characteristics of differentiation 
pathways in normal individuals might provide a basis for the discrimination between normal 

and abnormal myeloid differentiation. 
In Table 4 we have summarized a few characteristics of the antigens which can be 

studied and/or used in the diagnosis of myeloid disorders (13-96). For most markers the 

chromosome localization of the encoding genes has been determined. Human rodent 
hybrids segregating human chromosomes have been shown useful for gene localization 
studies (19,47), because they allow to determine the concordancy between the presence 
and absence of the specific marker and human chromosomes. Either a specific probe, 

which hybridize to the encoding genes, or monoclonal antibodies (McAb), which bind to the 
expressed antigens, are useful to determine whether hybrid cells with (well-defined human 
chromosome content) contain the specific genes (13,19). Chromosomal in situ hybridization 
can be performed to confirm the assignment and to localize the gene to a specific part or 
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band of the chromosome (31 ,49). Alternatively, mapping of antigens have been performed 
by hybridization of a specific probe directly to DNA of human chromosomes which have 

been sorted by use of flow cy1ometry (30,35). An example of mapping of a myeloid antigen, 
i.e. CD33, by use of interspecies hybrid cells and McAb is given in Chapter 2.3. 

IMMUNOLOGICAL MARKER ANALYSIS IN AML 

Marker expression in AML subtypes 

As have been mentioned in Chapter 2.1, myeloid markers in AML are not as informative 

as the lymphoid markers in acute lymphoblastic leukemia (ALL). Most studies of immunolo
gical marker analysis in AML indicate considerable heterogeneity of marker expression 
between different patients as well as within a given individual (97-102,103). Although a few 
proposals have been made for an objective immunological classification system of AML, 
such classifications are not widely used (97,100,101,104). Because both the morphological 
French American British (FAB) classification and the expression of immunological markers 
reflect cell lineage and maturation, many investigators have attempted to correlate morpho
logy and immunophenotype (98,99, 105-1 07). In Figure 4 we have tried to indicate the 
expression of relevant immunological markers for each myeloid differentiation stage as well 
as the location of the various types of myeloid malignancies. In general, the degree of 
correlation between immunophenotype and FAB classification is not convincing (98,99, 105-
107). Nevertheless, associations between FAB type and immunophenotype have been 

observed. For example, the expression of monoey1ic antigen CD14 is highly correlated with 
AML-M4 or M5 (97,98,100,107-112). However, CD14 expression is not completely specific 

for the monocy1ic variants of AML and other types of AML may be CD14 + 
(98,99,107,109,111). Furthermore, CD14 expression is often variable in AML classified as 
FAB-M5a (98,109,110). For CD14- AML-M4 and AML-M5 cases CD11c and/or CD36 may 
be informative to confirm monocy1ic differentiation (113). One striking correlation is that of 
FAB-M3 with HLA-DR negativity (97,98,107,109,112,114-116). Interestingly, the less 

differentiated hypogranular variant of AML-M3 is frequently HLA-DR + (114). In addition to 
expression of myeloid markers CD13 and CD33 AML-M3 is positive for CDS (115,116). 
Despite evidence for granulocy1ic differentiation AML-M3 is frequently negative for CD15 
(117,118). 

CD34 is a marker of myeloid and lymphoid precursor cells (119-121). Expression of 
CD34 has been observed in all AML types except AML-M3 (97,111,122-124). Especially, 
AML-M1 and M2 are usually strongly positive lor CD34, indicating the prevalence of a large 

amount of immature cells. In the other subtypes of AML the proportion of CD34 + cells is 
often variable and low percentages (<20%) of CD34+ cells can be found in the majority of 
"CD34- AML" (124). These observations illustrate that interpretation of immunological 
marker analysis in heterogeneous disorders, such as AML, often depends on the percenta

ge which is taken as threshold to differentiate between marker postivity or negativity. In nor-
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TABLE 4. Characteristics of immunological markers which can be used in the diagnosis of myeloid 
disorders. 

com,b Antibodlesb Antigen recognized Molecular Gene References<: 
code Mass {kOa) localization 

1. MYELOID MARKERS 

Pan-myeloid markers 

CD13 My~. MCS2" pan-myeloid antigen, aminopeptidase N gp150 15q25-q26 13-15 

CD33 My9d, Leu-MS1 pan-myeloid antigen gp67 19q13.3 16-18 

COw6S VIM-211·h fucoganglioslde; ceramidedodecasaccharide 40 glycolipid 11q12-qter 19 
MP0-71 myeloperoxidaso (MPO} gp60/12 17q12-q24 2().22 

Monocyte macrophage markers 

C014 My4d, Leu-M31 monocytic antigen: PI-linked protein gp55 Sq23-q31 23 

Cll64 32.2" high affinity Fe receptor for lgG (Fc7RQ gp75 1q21-p22 24,25 

C068 Ki-M69, Ki-M~ macrophage antigM gp110 

Monocytc-2/61 031 monocytic antigen gp75 
RF09m macrophage antigen gp25 

Myeloid granuloeytie marker:s 

COtS VIM-Osll·h, Leu-M1f X-hapten; fucosyi-N-acetyl-lactosamine (FAL) variable 11q12-qter 19,26 

C066 CLB-granj10n granulocytic antigen (phosphoprotein) gp1S0-200 ZT 
C067 B13,9n granulocytic antigen; PI-linked protein p100 

Erythroid marker$ 

CLB-eryHn H antigen; backbone of ABO proteins variable 9q34.1-q34.2 28 

VIE-G4a,h, CLB-ery/1n glycophorin A {GpA) gp41 4q28-q31 29 

Megakaryocytic platelets markers 

C041 J151, CLB-thromboj7n GPIIb-GPIIIa complex {Gianzmann antigen) gp14S/115 17q21.32° 30-32 
C042a FMczsd platelet GPIX l receptor for von gp20 3 33 

C042b AN51 1 platelet GPib Willebrand factor gp170 17p12-pter 34 

C061 CLB-thrombo/1n integrin {:J3 chain (GPII!a; VNR-P chain) gp115 17q21.32° 31,35,36 

2- LYMPHOID MARKERS WITH CROSS UNEAGE EXPRESSION ON MYELOID CELLS 

C01 Leu-6f, OKTSP common thymocyte antigen (TS): gp43j4Sj49 1q22:-q23 37,38 

MHC like protein 

C02 T11d, OKTt1P T11 antigen: SRBC receptOr, LFA-2 gpSO 1p13 39-44 

CD4 leu-3a1, OKT4P T4 antigen; HIV receptor gp60 12pter-p12 4547 

CD7 Leu-sf, 3A1~ Tp41 antigen; Fe receptor for lgM (Fc~tA) gp41 17q25.2-q25.3 47-51 

COtO VIL·A1a.h, Jst CALLA; neutral endopeptidase gp100 3q21-q27 52.53 

C019 84d, Leu-121 pan-S cell antigen gp90 54 

C056 Leu-19 (My31)1 NCAM; PI-linked and transmembrane-forms gp135-22:0 11q23 55.56 
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coo.b Antibodiesb Antigen recognized Mo!ocular Gene References" 
oode Mass (kOa) localization 

3. MARKERS WHICH ARE NOT RESTRICTED TO ONE DIFFERENTIATION LINEAGE 

CD9 BA·.2' p.24 antigen: role In platelet aggregation p24 1.2p13 57-£0 

CD11a CL8-LFA-1/2n LFA-1 antigen (aL chain) gp180 16p13.1-p11 61,62 

C011b Mo1d, 0KM1P MAC-1 antigen (aM chain): C3bl receptor {CR3) gp155 16p13.1-p11 62,63 

C011c Leu-M5/SHCL3f p150.95 antigen (aX chain): gp150 16p13.1-p11 62 

CD16 Leu-11b1 Fc7RIII: PI-linked protein gpS0-65 1q23 64-66 

CD18 CLBjlFA-1/1n integrin {32. chain gp9S 21q22.3 61,67,68 

CD23 Leu-2d low affinity Fe receptor for lgE (FecRIQ gp45 19q13.1-pter 69 

CD.24 BA-1' granulocytic (PI-linked) and B cell antigen gp42 70,71 

CDw32 rv~' intermOOiate affinity Fe receptor for lgG (Fc7RII) gp40 1q23-q24 6S,72-74 

CD34 HPCA-21, BI-3CS" precursor antigen gp110 1q32 75-79 

CD36 OKMSP, ESIVC7n thrombospondin receptor (platelet GPIV) gp90 80 

CD38 Leu-1i, 0Kr10P T10 antigen gp45 4 57 

CD54 Leu-541• BBL-4t intracellular adhesion molecule-1 (ICAM-1) gp90 19p13.3-p13.2 81 

cess BRIC110u decay accelerating factor (OAF): PI-linked gp70 1q32 82-85 

CD58 Gz&l. TS2/9v LFA-3: PI-linked and transmembrane forms gp40-05 1p13 43,86-88 

CD59 YTH53-1w Ly-6 anf1gen: PI-linked protein gp1a-20 11p14-p13 6S,90 

CD71 T9d, QKf9P T9 antigen; transferrin receptor gp190 3q.26.2-qter 91-93 

L2431, OKiaP HLA-DR, non-polymorphic antigen gp29/34 6p21.3 94 

anti-TdTx terminal deoxynucleotidyl transferase (TdT) pSS 10q23-q24 9S,96 

k. Medarex Inc., West Lebanon, NH, USA. a. CD = cluster of differentiation, as defined during the 
Leukocyte Typing ConierMces (Paris, France, 1982: Bos

ton, MA. USA, 1984; Oxford, UK, 1986: VIenna, Austria, 
1989). 

Bethesda Research laboratories, Gaithersburg. MD, USA. 

b. In this table we only included McAb, which are routinely 
used in the ·lmmunodiagnostie laboratory of the Depart
ment of Immunology, University Hospital Dijkzigt, Rotter· 
dam, The Netherlands. 

c. For references on the monoclonal antibodies sec Table 1 of 
Chapter 2.1. In this Table only references on additional 
characterization of the antigens and especially on the 
chromosome localization of the encoding genes are given. 

d. Coulter Clone, Hialeah, FL USA. 
e. Nichirei Co .• Tokyo, Japan. 
f. Becton Dickinson, San Jose, CA, USA. 
g. Behring, Marburg, Germany. 
h. Or. W. Knapp and Dr. 0. Majdic, V1enna, Austria 

DAKOPATTS, Glostrup, Denmark. 

m. Royal Free Hospital, London, UK 
n. Central Laboratory of the Blood Transfusion SeNice, P-m

sterdam. The Netherlands; in other countries: Janssen 
Blochimlca, 8Mr'Se, Belgium. 

o. Both GPIIb and GP!!Ja genes have been mapped on chro-
mosome 17q21.32. 

p. Ortho Diagnostic Systems, Raritan, NJ, USA. 
q. P-merican Type Culture Collection, Rockville, MD, USA. 
r. Hybritech, San Diego, CA, USA. 
s. Seralab, Crawley Down, UK. 
t. British Biotechnology, Oxford. UK 
u. Or. D. Anstee, Bristol, UK 
v. Dr. T. Springer, Boston, MA, USA. 
w. Dr. H. Waldmann. Cambridge, UK. 
x. Supertechs, Bethesda, MD, USA. 

mal BM < 1%-4% CD34 + cells can be found indicating that a cut off value of 10% or even 
lower may be justified (6,119-121). In two AML-M3 cases tested we could identify 6"/o and 

17% of CD34 + cells (see also Chapter 4.2). 
For the diagnosis of AML-M6 markers, such as CD36, H antigen, and glycophorin A 

have proved to be useful (101,125-127). However, both CD36 and H antigen are not 
erythroid lineage specific and glycophorin A is only expressed in a part of AML-M6 patients. 
More specific for AML-M6 is a CD36+, HlA-DR- phenotype (125). Results of immunological 

marker analysis of AML-M6 cases confirmed the presence of erythroid and myeloid 
subpopulations, which is in line with multilineage involvement in this type of AML (124,125). 



Jm~~~,~.MQ~~ :m:r.JII~~IIl 

0 ~ 0-------~ 

~
onoblast promonocyte monocyte macrophage 

, "' HLA·DR HLA·DR HLA·DR HLAOR 
C013 CD13 C013 ICD13) 
CD33 CD33 CD33 CD33) '0 ~ CDw65 CDw65 CDw65 COlle 
CD11c CD11c CD11c ICD14) 

f 
-gg;: gg;: gg;: ~~i',ll 

myelo- MPO MPO MPO CD68 
monocyt1c RFD9 

~ 
progenl\orce'l ..mpm ~ 

"~::" 0-0-~a-··-------~ 
CD33 ~ ~ lco (gg·~~;) myeloblast prom~elocyte m;~io~~te gran-~i~~~te 

I
CD141 (HLA-DR) CD13 CD13 CD13 

~
015 CD13 C033 C033 CDw65 

C033 CD1',65 CD/<65 CD15 
myeloid ~ CDw65 {C0\5) CD15 MPO 

progenitOr CDt5 MPO MPO CD67 
cell MPO CD67 CD16 

HLADR 
CD34 

lfgJli ~ 0 0------------- ~@ 
(CD7) 

proery1hroblast erythroblast 

CD36 
H antigen 

GpA 

0~-immature 0 
megakaryoblast @-------

HLA-DR 
CD34 
CD33 

(CD36) 
(CD41/CD61) 

(CD42) 

megakaryoblast 

CD36 
C04t/CD6t 

CD42 
(CD9) 

megakaryocyle 

CD36 
CD41fCD61 

CD42 
CD9 

erythrocytes 

H ao'~ilen 

.:~•., 
llo~ 
platelets 

CD36 
CD411CD61 

CD42 
CD9 

Figure 4. Hypothetical scheme of myeloid differentiation. The expression of relevant Immunological markers Is Indicated for each differentiation stage; 
markers In parentheses are not always expressed. The bars represent the various types of leukemias and non-Hodgkin lymphomas and Indicate where 
these malignancies can be located according to their maturation-arrest. It should be emphasized that most acute leukemias of the myeloid lineage have a 
heterogeneous phenotype, I.e. are composed of cells In multiple Immature myeloid differentiation stages. To underline this phenotypic heterogeneity, 
several bars fade Into each other. Abbreviation used: CML = chronic myeloid leukemia. For other abbreviations see text. 

(!) 
(J) 

0 

~ 
iil 
:0 

~ 



Flow cytometric techniques in AML 97 

As has been mentioned in Chapter 1 expression of platelet markers (i.e. CD41, CD42a, 

CD42b, CD61, or antibodies against factor VIII related antigen) has been incorporated in the 
FAB criteria for the diagnosis AML-M7 (128,129). In the majority of AML-M7 cases published 
the blast cells expressed several of these platelet markers (130-132). 

Due to the fact that expression of some pan-myeloid markers (e.g. C013 or CD33) is 
required for the diagnosis AML-MO, it is logical that there is an excellent correlation between 

AML-MO and the expression of these myeloid markers (133-136). It has been suggested 
that, similar to cy1oplasmic expression of the lymphoid antigens CD3 and CD22 in precursor 

T and B cells, respectively, CD13 is expressed in the cy1oplasm of immature myeloblast 
(137). Therefore, cy1oplasmic CD13 staining may contribute to the characterization of 
immature types of acute leukemia (137). Besides expression of CD13 andjor CD33, 
leukemias classified as AML-MO should be negative for lymphoid markers (133). The 

presence of myeloperoxidase (MPO) can be demonstrated by electron microscopy (EM) 
andjor immunocy1ochemistry. McAb directed against MPO have proved to be valuable 
reageQts for AML diagnosis (138, 139), although it has been claimed that conventional 
enzym cy1ochemistry methods are equally sensitive (140). According to a recent study anti
MPO McAb are positive in the majority of AML-MO patients, indicating that, by analogy with 
AML-M7 diagnosis, AML-MO can be diagnosed in most cases by use of immunological 
markers and EM studies are only necessary in a minority of cases (141). Despite the 
application of myeloid markers in the diagnosis of immature types of acute leukemia, a 

small subgroup of cases (<1% of acute leukemia) remain unclassifiable (141-145). 
According to Goasguen and Bennett, only those patients should be diagnosed as having 
acute undifferentiated leukemia (AUL) (142). Alternatively, for those cases, which might 

express CD?, CD34, HLA-DR, andjor TdT, the term "stem cell" leukemia has been 
proposed (143). It has been suggested that detection of MPO mRNA or induction of MPO 

by in in vitro culture might be useful for the distinction between immature variants of AML 
and ALL (146,147). Probably due to the low number of patients, the prognosis of leukemias 

with a stem cell phenotype is not clear. 
It is now generally accepted that FAB typing and immunophenotyping provide comple

mentary information and that the best method for typing acute leukemias is the combined 
use of cy1omorphology, cy1ochemistry, and immunological marker analysis. 

Cross-lineage marker expression in AML 

Numerous reports of AML cases expressing lymphoid markers have been published. In 

particular, these concern the B cell marker CD19 and the T cell markers C02, CD4, and 

CO? (fable 4) (103,148-159). On the other hand, cross-lineage expression of myeloid 
markers in ALL has been described (reviewed in 160). Such observations have been 
interpreted as lineage infidelity and also terms, like hybrid acute leukemia and mixed lineage 

leukemia, have been used to describe these acute leukemias (161-164). Furthermore, the 
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terms biphenotypic acute leukemia and biclonal acute leukemia are used, referring to co

expression of lymphoid and myeloid markers on one cell population or to the expression of 
these two markers on different cell populations, respectively (162). It has been proposed 
that cases of mixed lineage acute leukemia reflect genetic misprogramming because of 
aberrant gene expression in these leukemias (161, 164). However, according to Greaves et 
al., these merely reflect the existence of normal immature cells expressing lymphoid and 
myeloid genes (165). The findings of CD4 and CD? expression on immature cell types in 
normal BM and the expression of CD4 on subpopulations of monocytes are in support for 

the hypothesis of Greaves et al. (166-168). Expression of CD? especially occurs in 
immature types of AML, whereas C02 and CD4 expression have been demonstrated in 

both immature and monocytic types of AML (103,150,154,156,169-172). Multidimensional 
flow cytometric analysis could demonstrate that in most AML patients with cross-lineage 

marker expression non-myeloid antigens were homogeneously expressed by the leukemic 
cells (103). In Chapter 3.3 we present evidence that AML-M4 with BM eosinophilia (M4Eo) 
exhibits a specific C02 + immunophenotype. 

Clinical significance of the expression of specific markers in AML 

The expression of certain immunological markers on AML cells may have prognostic 
significance. The myeloid markers CD13 and CD14 have been found to predict for a low 
rate of complete remission (CR) upon standard chemotherapy (109,112,173-177). Other 

reports demonstrated lower CR rates and a worse prognosis for patients having a CD34 + 
AML Q.e. >10% or >20% of CD34 + cells) (111,122-124,176-179). However, these AML 
patients more frequently displayed chromosomal abnormalities involving chromosomes 5 

and/or 7, which are also known as factors with a bad prognosis (122,123). The reported 
lower CR rates for H antigen+ or platelet marker+ AML corresponds with the observations 
that AML-M6 and AML-M7 have a worse prognosis (173,174). Expression of CD33 in AML 
was found to be of no clinical relevance (112). Nevertheless, results of recent observations 
suggest that therapy outcome might be related to the intensity of CD33 expression of the 
leukemic cells (175, 179). In five studies expression of CD15 in AML was associated with 
longer survival (111,112,174,176,180). 

In general, expression of CD? in AML is associated with a poor prognosis (169,171). 
Reports on the prognostic value of the expression of other lymphoid markers in AML are 

contradictious (149,177,181). In a recently published study on the expression of CD2, CD4, 
and CD19 in childhood AML no prognostic significance was found (172). Interestingly, some 
distinct biological features, such as lymphadenopathy and skin infltration, occur in higher 

frequencies in T cell marker+ AML (152,156). 

With regard to the prognostic significance of immunological marker analysis in AML, it 

can be concluded that immature phenotypes (CD?+, CD34 +), monocytic phenotypes 
(CD14 +), and erythroid and megakaryocytic phenotypes may be related to a worse 
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prognosis, whereas granulocytic differentia~on (CD15+) of AML is probably related to a 

better prognosis. However, studies of larger populations will be needed to determine the 

precise prognostic value of specific immunophenotypes. 

Characterization of subpopulations in AML 

Immunological marker analysis is useful to determine the immunophenotype of the 
various subpopulations which are present in heterogeneous AML Especially double IF 
staining can be helpful to discriminate var·lous immature and more mature subpopulations 

(see Chapters 2.1 and 3.3 for examples). In addition, morphological parameters, such as 

phase contrast microscopy or FSC and sse, can be used to recognize different subpopula
tions. Figure 5 demonstrates the value of using SSC to discriminate between immature, 

partly CD34+ cells and more mature CD15+ cells in the BM of an AML patient. In Chapter 
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Figure 5. Comparison of one parameter (histogram) analysis and two parameter (dot plot) analysis of C015 
and CD34 labelings of an AML-M2 (patient Y.C.;37,F) at diagnosis. left: analysis of CD34 stained cells. Right: 
analysis of CD15 stained cells. Both markers are analyzed by use of histogram analysis (above) and dot plot 
analysis against SSC (below). It is clear that dot plot analysis gives additional information. Cells with a low SSC 
signal (e.g. blast cells) are partly CD34 +whereas the CD1s+ cells exhibit a high SSG signal. 
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4 the relevance of the detection of AML subpopulations which express the nuclear enzyme 
tenminal deoxynucleoftdyl transferase (TdT) will be discussed extensively. 

Finally, in AML, immunological marker analysis can be used for the detection of low 

numbers of leukemic cells (183). In Chapter 4 we will demonstrate that double IF staining 

for TdT and myeloid markers using fiuorescence microscopy represents a powerful tool for 
the detection of residual AML cells. For the detection of low numbers of AML cells by use of 

fiow cytometry double and triple IF stainings have been proposed for combinations of 
surface membrane markers which are expressed on AML blasts but which seems to be 
absent or extremely rare in normal BM (184,185). In experiments using mixtures of AML 

cells and normal BM, it was claimed that 0.01%-1% of AML cells could be detected 

(184,185). However, data from follow-up of AML patients using these types of double and 
triple IF stainings in fiow cytometry are still lacking. In our opinion it is difficult to use flow 
cytometry for proper analysis of low percentages of cells (<0,1%-1%) in heterooeneous cell 
populations such as BM or PB, especially in regenerating BM after termination of cytostatic 

therapy. Furthermore, since immunological markers are not leukemia specific, the applicati
on of specific marker combinations for the detection of residual disease requires experi

ments on the occurrence of these markers in normal samples, at different ages as well as 

samples from patients during and after cytostatic treatment. 

IMMUNOLOGICAL MARKER ANALYSIS IN NON-MALIGNANT MYELOID DISORDERS 

The possibilities to use immunological marker analysis in non-malignant myeloid 

disorders are summarized in Table 3. Leukocyte adhesion deficiency is a rare autosomal 
recessive disorder with impaired chemotaxis and phagocytosis. This is caused by a 

deficient surface membrane expression of CD11 /CD18 molecules due to defects in the 
common CD18 subunit of these heterodimers (186). In patients with Glanzmann's throm

basthenia the expression of the CD41 antigen by platelets is reduced or absent, whereas in 
patients with the Bernard-Soulier syndrome the expression of CD42 is deficient (187-189). 
Immunological marker analysis is useful in the analysis of these two platelet markers. Flow 

cytometric analysis also allow the identification of heterozygote carriers of Glanzmann's 

disorder (189). 
Paroxysmal nocturnal hemoglobinuria (PNH) is an acquired clonal disorder characteri

zed by recurrent hemolysis, resulting in anemia, hemoglobinuria, thrombosis, infections, and 

a tendency toward BM aplasia (190). The common defect is a deficiency of glycosyl 

phosphatidylinositol (PI) anchored surface membrane molecules (190-193). These include 
CD14 on monocytes, CD16, CD24, and CD67 on granulocytes, and CD48, CD55, and 

CD59 on erythrocytes (Table 4). Interestingly, deficiency of PI linked antigens have recently 

been demonstrated in a few patiens having aplastic anemia (AA) {194). Flow cytometry, 
using double IF staining is a powerful tool to determine the expression of PI linked 
molecules on various cell types (191-193). An example of such analyses, performed on PB 
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normal patient 1 

patient 2 patient 3 

CD14 FITC CD14 FITC 

Figures. Dot plot analysis of CD14 (My4 FITC), CD33 (My9 PE) double IF staining ofF'S MNC cells from one 
healthy volunteer and three patients with PNH. The analyses are performed within a gated cell population 
including lymphocytes and monocytes, but excluding debris and granulocytes; In the healthy volunteer virtua!ly 
all CD33 + cells are CD14 +. In the three PNH patients virtually all C033 + cells (patient 1) or the majority of the 
CD33+ cells lack the PI-linked CD14 antigen, indicating monocyte subpopulations with CD14 deficiency. 

cells from a PNH patient, is given in Figure 6. 
Reports on the use of immunological marker analysis in the diagnosis of myelodys

plastic syndromes (MDS) are scarce (195). It proved to be useful to detect immature 

CD34 + cells in MDS types with an excess of blast cells. High expression of CD34 was 
found to be related to MDS with bad prognosis. Moreover, immunophenotyping have been 

used in advanced microscopic methods to perform karyotypic analysis or DNA in situ 
hybridization in immunologically defined cell types (196). Flow cytometry might be useful in 

the analysis of disorders of megakaryopoiesis or erythropoiesis, but reports on these 
applications are scarce (7,197). Finally, due to the fact that flow cytometry enables 
quantiiication of fluorescence signals, some platelet functions can be analyzed. It has been 

found that activation of platelets will result in an upregulation of the expression of various 

platelet markers (198). 
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TABLE s. Comparison of flow cytometry and IF microscopy for immunological marker analysis. 

Flow cytometry 

Favorable 

- rapid analysis of large numbers of cells 
- quantification of fluorescence intensity 
- multiparameter analysis of cell populations 
-automatic data handling (calculation, printed re-

port of results, data storage) 

Unfavorable 

- "morphological" (scatter) information is restricted 
to cell populations (analysis at the single cell level 
is not possible) 

- no information about expression patterns at the 
single cell level (this particularly concerns staining 
patterns of intracellular antigens) 

- restricted possibilities to determine the precise 
proportion of rare events 

- proper analysis of cell samples with low cell 
count ( < 1000 cells) is not possible 

Costs (per flow cytometer) 

- initial expenses 
- expenses for maintenance 
- total costs per year 

90,000 ECU 
6,000 ECU 

24,000 ECU 

LIMITATIONS OF FLOW CYTOMETRY 

IF microscopy 

Favorable 

- integrated information of (phase contrast) mor
phology and fluorescence staining patterns per 
cell 

- simple analysis of intracellular markers (cytoplas
mic andjor nuclear) 

- detection of low frequencies of cells {down to 
0.01% or even 0.001%) 

- analysis of cell samples with low cell count 
( < 1000 cells) by use of cytocentrifuge preparati
ons 

Unfavorable 

-laborious 
- analysis of large numbers of cells is only possible 

by screening for positivity 
- quantification of fluorescence intensity is not 

possible 
· no automatic data handling 
- experience in recognition of specific fluorescence 

staining patterns is a prerequisite 

Costs (per fluorescence microscope) 

- initial expenses 
- expenses for maintenance 
· total costs per year 

16,000 ECU 
2,000 ECU 
3.000 ECU 

The various possibilities of fiow cytometry have been outlined above and are summari

zed in Table 5. In this table the possibilities and limitations of flow cytometry and IF 

microscopy are compared. Flow cytometry enables a rapid acquisition of a large number of 

cells, quantification of fluorescence signals, and automatic data processing and storage. 

Multiparameter analysis can be performed, which has proved to be useful in analysis of 

heterogeneous cell populations. Although it has been claimed that fiow cytometry is an 

objective method for cell analysis, it should be remarked that "gate setting" and "marker 

setting" is often performed manually. This needs experience and knowledge concerning the 

characteristics of normal and abnormal cell populations. Especially in case of heterogene

ous cell populations gate setting is difficult and relevant subpopulations may be missed. 

Therefore, we recommend to analyse in a "total cell" gate first (only excluding debris), 
before analysis of specific "gated" subpopulations is performed. A limitation of fiow 

cytometry is that the analyses are restricted to cells in suspension. Furthermore, the 

analysis of intracellular antigens is difficult (Table 5). Some recently published protocols for 
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intracellular staining have proved to be useful (199-201). However, high background 

staining and cell destruction hamper 1he precise determination of positivity. Moreover, it has 

to be tested whether the various normal and malignant cell types are equally sensitive for 

these fixation protocols. 

The major advantage of IF microscopy is the possibility to analyze fluorescence staining 

and phase contrast at the single cell level, which is particularly important for detection of 

low frequencies of tumor cells (Table 5). If fiow cytometry is used for immunophenotyping of 

hematopoietic malignancies, a fluorescent microscope is highly recommended for specific 

applications, such as intracellular staining, detection of rare events, and 1he recognition of 

specific fluorescence patterns. 
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SUMMARY 

iiS 

lnterlineage human-mouse hybrids were constructed by fusion of human acute myeloid 
leukemia (AML) cells, classified as AML-MO, with the mouse thymoma cell line BW5i47. Some 
of the hybrids expressed the human differentiation antigens CD4, CD?, CD33, and CD71 
(transferrin receptor). Chromosome analysis revealed that the expression of the myeloid 
antig-en CD33 is dependent on the presence of human chromosome 19, which is in agreement 

with the location of CD33 coding sequences on chromosome 19, as recently reported by 
Peiper et aL (1). Furthermore, these hybrids allowed us to confirm the assignment of the CD4 

antigen, the CD? antigen, and the CD71 antigen to human chromosomes 12, 17, and 3, 
respectively. 

INTRODUCTION 

The myeloid antigens CD13(gp150) and CD33(gp67), which can be recognized by the 
monoclonal antibodies (McAb) My? and My9, respectively, are expressed by human 

monocytes, promyelocytes, and myeloid blasts (2). Also some of the acute undifferentiated 
leukemias and acute lymphoblastic leukemias (ALL) appear to express these myeloid antigens 
(3,4). Using a tertiary mouse cell transformant containing amplified gp150 coding sequences, 
Look et aL (5) cloned the CD13 coding gene and assigned this gene to human chromosome 

15. The CD33 gene was isolated by Peiper et aL (6) who could assign this gene to 
chromosome 19 in a Southern blot experiment Recently, they sublocalized the CD33 gene to 

Published in: Ann Hum Genet 1990;54:115-119. The acute leukemia was originalfy classified as acute 
undifferentiated leukemia, but reclassified as AML-MO. 
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the q13.3 region of chromosome 19 by in situ hybridization on metaphase chromosomes from 

peripheral blood (PB) lymphocytes (6). Whether expression of the CD33 antigen depends on 

the presence of chromosome 19 could not be tested in these experiments. We have 

constructed human-mouse hybrids to study the expression of the CD33 antigen. 

MATERIAlS AND METHODS 

Cells and fusion 

Human leukemic cells were obtained from patient S.E., a 19~year-old man suffering from an AML-MO. 

Mononuclear cells (MNC) were isolated from PB by Ficoll Paque (density: 1.on gjcm3: Pharmacia, Uppsala, 

Sweden) centrifugation. 

As rodent partner for fusion we used the hypoxanthine phosphoribosyl transferase deficient (HPRJ) AKR 

thymoma cell line, BW5147. Cell fusion was performed as described (7) using polyethylene glycol as fusogen and 

a medium containing hypoxanthine (10-4 Mol), aminopterin (10-7 Mol), and thymidine (10-s Mol) to select hybrid 

cells. The hybrid clones were grown in suspension RPM! 1640 culture medium supplemented with 15% foetal calf 

serum, glutamine, and antibiotics. One hybrid cell line was subcloned by limiting dilution in microtitre plates. 

The same populations of cells were used for karyotyping and immunological marker analysis. 

Immunological marker analysis of the AML cells and the hybrid clones 

PB MNC from patient S.E. as well as 32 hybrids were incubated with optimally titrated relevant McAb as 

described (8). Detailed information about the McAb used is summarized in Table 1. As a second step reagent we 

used a fluorescein isothiocyanate conjugated goat anti·mouse immunoglobulin antiserum (Central laboratory of 

the Blood Transfusion Service, Amsterdam, The Netherlands). The AML cells were also tested for the expression 

of terminal deoxynucleotidyl transferase (fdT) as described (8). The immunofluorescence labelings were analyzed 

on Zeiss microscopes (Car1 Zeiss, Oberkochen, Germany), equipped with phase contrast facilities. A hybrid clone 

was scored as positive for an immunological marker If more than 1 0% of the cells expressed this marker. 

Chromosome analysis 

Air dried chromosome spreads were R·banded with acridine orange after heat denaturation. At least 16 

metaphases of each hybrid cell line were analyzed. A hybrid clone was scored positive if more than two 

metaphases out of 16 contained the particular human chromosome. 

RESULTS 

The results of the immunological marker analysis of the AML-MO cells are given in Table 

1. The cells were positive for CD4, CD?, CD33, CD71, and HLA-DR; the expression of both 

CD4 and CD33 was weak. About 7% of the AML cells expressed TdT. 

Fusion of the AML cells with the AKR thymoma cell line BW5147 resulted in 140 primary 

and 18 secondary clones. Thirty-two of these hybrid clones were studied by both immunologi-
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TABLE 1. Immunological marker analysis of the human AML-MO cells. 

coa (antibodies) 

CD2 (T11)' 
CD3 (Leu-4)' 
CD4 (Leu-3)' 
CDS (leu-1)' 
CD7 (3A1)' 
CDS (Leu-2)' 
CD13 (My7)' 
CD14 (My4)' 
CD15 (VIM-DS)' 
CD19 (134)' 
CD33 (My9)' 
CD71 (661G10)1 

anti-TdTg 
anti HLA-DRc 

Antigen recognized 

T11 antigen 
T3 antigen 
T4 antigen 
T1 antigen 
Tp41 antigen 
TS antigen 
pan-myeloid antigen 
monocytic antigen 
myeloid antigen 
B eel! antigen 
pan-myeloid antigen 
transferrin receptor (T9 antigen) 
terminal deoxynucleotidyl transferase 
HLA-DR, non-polymorphic antigen 

117 

Positive PB cells (%) 

1 
1 
34h 
2 
55 
0.5 
0 
0 
1 
3 
soh 
94 
7 
81 

a. Cluster oi differentiation as proposed by the Workshops on Human Leukocyte Differentiation Antigens (Paris, France, 1982: Boston, MA, 
USA, 1984: Oxford, UK, 1986: Vienna, Austria, 1989). 

b. Coulter Clone, Hialeah, FL, USA 
c. Becton Dickinson, San Jose, CA, USA 
d. American Type Culture Collection, Rockville. MD, USA. 
e. Or. W. Knapp, Vienna, Austria. 
f. Dr. J.M. van de Rljn, Amsterdam, The Netherlands. 
g. Supertechs, Bethesda, MD, USA 
h. Weak antigen expression. 

cal marker analysis and cytogenetics. Together these 32 hybrids contained all human 
chromosomes except for chromosome 9. 

Fourteen clones out of the 32 hybrids tested expressed the C033 anf1gen. We found a high 
concordancy rate (97%) between the absence and the presence of the CD33 antigen and 
chromosome 19 (Table 2). Rfteen clones expressed the CD7 antigen and 24 clones expressed 
the CD71 antigen. We also found a high concordancy (97%) between the presence and 

absence of the CD7 antigen and chromosome 17 and a complete concordancy (100%) 
between the presence and absence of the CD71 antigen and chromosome 3 (Table 3). CD4 
was expressed by 20 clones which all contained human chromosome 12. On the other hand, 
only 77% of the chromosome 12 containing hybrids were CD4 + (Table 3). In three out of the 
six chromosome 12+, C04- hybrids <1% CD4+ cells were seen. 

DISCUSSION 

The CD33 antigen was expressed by 15 of the 32 hybrids. Cytogenetic analysis of these 
hybrids allowed us to confirm the assignment of the CD33 encoding genes to human 

chromosome 19 (1,6). The concordancy rate between the absence and presence of CD33 
expression and chromosome 19 was 97% (Tables 2 and 3). In their mapping experiments 
Peiper et al. (1) used a panel of somatic cell hybrids, obtained from fusion of human and 
hamster fibroblasts. These hybrids were tested for the presence of the gp67 coding gene by 
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TABLE 2. Relationship between the presence of human chromosomes and expression of CD33 in 32 hybrid 
clones. 

Human 
ChromosomejCD33 (no. of clones) 

Discordancy 
chromosome +/+ +/- -!+ -!- (%) 

1 11 12 3 6 47 
2 11 11 3 7 44 
3 12 12 2 6 44 
4 6 11 8 7 59 
5 7 8 7 10 47 
6 11 12 3 6 47 
7 9 12 5 6 53 
8 8 12 6 6 56 
9 0 0 14 18 44 

10 10 14 4 4 56 
11 9 11 5 7 50 
12 11 11 3 7 44 
13 6 11 8 7 59 
14 11 13 3 5 50 
15 9 12 5 6 53 
16 10 11 4 7 47 
17 9 7 5 11 38 
18 1 4 13 14 53 
19 14' 1' 0 17 3 
20 7 10 7 8 53 
21 9 11 5 7 50 
22 10 11 4 7 47 
X 13 18 1 0 59 
y 0 0 14 18 44 

a. One of these C033 positive hybrids only contained human chromosomes 19 and X. 
b. This hybrid clone contained chromosome 19 in 13 out of 28 examined metaphases while no CD33 positivity was found. This may be 

due to an undet&Cted chromosomal rearrangement. 

use of Sou1hern blotting with a CD33 probe, bu1 it was not reported whether the hybrids 

expressed CD33 on their cell surface. Probably these fibroblast hybrids do not express human 

myeloid antigens, because expression of differentiation linked or specialized gene products 

depends on the differentiation lineage of the parental rodent and human cells (9-12). In this 

respect, it is remarkable that the pan-myeloid antigen CD33 is expressed by hybrids derived 

from fusion of AML-MO cells with a mouse T cell line. However, the finding of CD33 positive 

ALL suggests that CD33 is not entirely myeloid specific and may be expressed on lymphoid 

cells as well (3). Using immunoselection of transfected COS cells, another CD33 encoding 
eDNA was isolated recently by Simmons & Seed (13). However, they did not use this probe 

to assign the CD33 gene. 
Our hybrids also expressed the human transferrin receptor CD71 as well as the T cell 

antigens CD4 and CD?. We could confirm the assignment of the CD? antigen to chromosome 

17 and the CD71 antigen to chromosome 3 (fable 3) (7,14,15). The T cell antigen CD4, which 

had already been localized on chromosome 12 (7) was found on 77% of the chromosome 12 

containing hybrids (fable 3). However, in three out of the six chromosome 12+, CD4- hybrids 

<1% CD4 + cells were seen. Interestingly, only 35% of the AML cells were positive for this 
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TABLE 3. Number of hybrid clones that show concordancy and discordancy between the presence and 
absence of human chromosomes and antigen expression. 

Human chromosome/ 
Human membrane 

antigen 

+/+ +/
-/+ -j-

Chromosome 12/ 
CD4 antigen 

20 
0 

6" 
6 

Chromosome 17/ 
C07 antigen 

15 1 
0 16 

a. In 3 of the 6 chromosome 12+, CD4~ hybrids <1% C04+ cells were seen. 

Chromosome 19/ 
CD33 antigen 

14 1 
0 17 

Chromosome 3/ 
C071 antigen 

24 
0 

0 
8 

T cell antigen. It may be possible that the variable expression of CD4 by the hybrids is related 

to variable expression of CD4 by the parental leukemic cells. 

Our combined results suggest that expression of human differentiation antigens by human

mouse hybrids is not only influenced by the differentiation lineage or differentiation stage of the 

rodent fusion partner but also by the differentiation stage and antigenic make-up of the human 

fusion partner. 
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CHAPTER 3.1 

CHROMOSOME ABNORMALITIES IN AML 

INTRODUCTION 

Non-random elena! chromosome abnormalities are found in 55% to 85% of patients with 
de novo acute myeloid leukemia (AML) and in 70% to 90% of patients with secondary AML 
(1-8). Karyotypic abnormalities may be numerical, meaning loss, or gain of entire chromoso
mes (e.g. -7 or +8), or they may be structural (1,9,10). Common structural changes are 

translocations (t), deletions (del), and inversions Qnv). Table 1 summarizes the most 
common recurring abnormalities in AMLin order of decreasing frequency (1-11). 

Since the resolution of cytogenetic techniques is not more than a single chromosome 
band, breaks which are assigned to the same band do not necessarily occur at the same 
site in molecular terms (1 ,9). Therefore, aberrations which involve relocation or loss of upto 

-3000 kilo bases (kb) of DNA ( -100 genes) may occur without being detectable by 
classical cytogenetics. This implies that the finding of a normal karyotype in about one third 
of AML patients does not exclude the occurrence of somatic mutations, "small" deletions, or 

other submicroscopical aberrations in these cases. 

During the last decade researchers have focused on DNA regions involved in recurrent 
chromosome changes in malignancies, such as AML Several oncogenes and other genes 
involved in growth and differentiation have been associated with these aberrations, since 
they map in or near the breakpoint areas at the cytogenetic level of resolution (1, 12). 

However, at the molecular level many of these genes are located at a significant distance 
from the breakpoints and they were not found to be rearranged or abnormally expressed in 
AML patients with specific chromosome abnormalities (1, 12). Table 2 summarizes the genes 

which have proven to be involved in specific chromosome aberrations. Cytogenetic variants 
(i.e. the same type of leukemia with chromosome aberrations in which at least one of the 

breakpoints is comparable) have been helpful to indicate which of the two standard 
breakpoints is of critical biological significance (fable 1). 

As has been discussed in Chapter 1, the association between particular recurrent 

chromosome abnormalities and specific AML subtypes has substantiated the importance of 
karyotypic changes in the biology of AML Specific abnormalities are not only associated 
with specific morphological and immunological phenotypes, but also with clinical features, 
responses to treatment, and survival (fables 1 and 3) (1-11,13-16). Extensive reviews on 
chromosome aberrations in AML have been published by others (1 ,9, 10). This chapter 

summarizes information about specific features associated with AML with t(8;21), t(15;17), 
11q23 abnormalities, and -5/de1(5q) or -7/del(?q). In particular, data on associations 
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TABLE 1. Common cytogenetic abnormalities associated with AML11
• 

Chromosome abnormalrtyh 

1(8;21)(q22;q22) 
+8 

1(15;17) (q22;q12-21) 
1(1 ;17) (p36;q12-21) 

de1(7) (q22-q36) f-7 
dei(S)(q11-q35) /-5 
inv(16)(p13q22) 

del(16)(q22) 
1(16;16) (p13;q22) 

11 q23 rearrangements 

del(11)(q23) 
1(9;11 )(p21-22;q23) 

1(6;11)(q27;q23) 
t(1 0;11 )(p15;q23) 
t(11 ;17)(q23;q25) 

!(11 ;19)(q23;p13) 
t(9;22)(q34;q11) 
tjdel(12)(p11-p13) 

dei(20)(q11) 

del(13)(q12-q32) 
inv(3) (q21 q26) 

ins(3;3) (q26;q2126) 

!(3:3) (q21 ;q26) 
t(6;9)(p23;q34) 

t(3;5)(q25;34) 
t(1 ;7)(p11 ;p11) 
t(8;16)(p11 ;p13) 

a Adapted tram references 1-10,14. 

Frequencyc 

5-8 

4-8 
4-7 
<1 

2-6 
2-6 
2-7 
<1 

<1 
2-4 

1-2 
1-2 

<1 
<1 
<1 

<1 

1-3 
0.5-2 
-1 

0.5-1 
0.3-1 

<1 
<1 

-0,5 

0.1..0.5 
-0.1 
-0.1 

Common features 

AML-M2. Auer rods 
AML-M1, M4, MS. MDS, secondary AML 

AML-M3, M3 variant, DIC 

AML, MOS, secondary AML 
AML-M1, M2, MDS, secondary AML 
AML-M4Eo, CNS leukemia 

AML-MSa. MSb, M4, secondary AML, high WBC count 

AML-M1 

AML-M2, basophilia. MDS 
AML-M6, MDS 

AML MDS 

AML, thrombocytosis, abnormal megakaryocytes, MDS 

AML-M1, M2, M4, basophilia 
AML, MDS 
secondary AML, MDS 
AML-MSb, erythrophagocytosis 

b. Various numerical aberrations may occur in AML as primary or secondary abnormalities. Besides +8, -5, and -7 these include +4, 
+6, +11, +21, +2:2, and-Y. 

c. Frequency of different chromosome abnormalities is age dependent. In children t{8;21), t(15;17), inv16, and 11q23 rearrangements 
are more common, whereas in adults, above 50 years of age, trisomy 8 and abnormalities of chromosomes s or 7 more frequently 
occur. 

Abbreviations used: ins " insertion, CNS "' central nervous system. For other abbreviations see text. 

between karyotypic aberrations and immunophenotypes of AML will be summarized. In the 
next two chapters our data on the occurrence of specific immunophenotypes in AML with 

t(6;9)(p23;q34) and AML with inv16(p13q22) will be discussed. 

FEATURES OF AML WITH A SPECIFIC CHROMOSOME ABERRATION 

1(8;21) ( q22;q22) 

The t(8;21)(q22;q22) was the first rearrangement identified in AML (17). This abnormality 
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is associated with French American 
British (FA8)-M2, although occasional 
cases have been referred to other FAB 
groups , especially AML-M1 (4,6,7, 11, 
16,18,19). Within the heterogeneous 
group of AML-M2 patients, about 20% 
of cases appeared to have t(8;21) (3, 
11). Most patients are relatively young 
with a male predominance (10,11,18, 
19). Additional chromosomal abnormali-

TABLE 2. Genes involved in specific chromosome 
abnormalities in AML. 

Chromosome abnormality 

1(8;21)(q22;q22) 

1(15;17) (q22;q12-21) 
11 q23 abnormalities 
1(9;22)(q34;q11) 
1(6;9)(p23;q34) 

Genes rearranged 

8q22:?;21q:AML1 
15q: PML; 17q: RAR-ct 
11q23: MLL/ALL-1 
9q: abl; 22q: bcr 
6p: dek; 9q: can 

ties occur frequently, especially loss of a sex chromosome, trisomy 8, and del(9)(q12q22) 
(2,7,13,18,19), 

The complete remission (CR) rate is uniformly high (-90%) (1,2,5,6,8,13,16,18,19). 
Although patients having AML with t(8;21) are generally regarded as having a favorable 

prognosis, this was not found in all studies (18,19). One study reported a significant 
association between elevated absolute granulocy1e count or white blood cell (WBC) count 
and poor survival (19). Multivariate analysis revealed that the relatively high survival rates of 

AML patients with t(8;21) can not be explained by the fact that these patients tend to be 
younger than other AML patients (5,8). 

Typically, the leukemic cells contain a large number of Auer rods and often there is a 
prominent maturation of cells into the neutrophil lineage {11 ). Bone marrow eosinophilia is 

TABLE 3. Prognostic value of specific chromosome abnormalities in AML~. 

Favorable prognosis 

inv(16)(p13q22) 
1(8;21)(q22;q22) 
1(15;17) (q22;q12-21) 

Intermediate prognosis 

normal karyotype 
11 q23 abnorma!itiesb 

Unfavourable prognosis 

1(9;22)(q34;q11) 
de1(5)(q11-q35)/-5 
de1(7) (q22-q36) /-7 
+8 
complex abnormalities 

a. Adapted from references 1,3,5,6,8,10,12,13,16. 

high response rate and long CR duration 
high response rate and intermediate CR duration 
intermediate response rate and long CR duration 

intermediate response rate and intermediate CR duration 
high response rate and short CR duration 

low response rate and intermediate survival time 
low response rate and short survival time 
low response rate and short survival time 
high response rate and short survival time 

b. AML having 11q23 abnormalities form a heterogeneous group with respect to prognosis. In general, AML patients with t(g;11) do 
have a relatively good prognosis, whereas patients with other 11q23 aberrations fare poorly (16). 
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common (1,11). lmmunophenotypic studies in AML patients with t(8;21) demonstrated a 
heterogeneous immature "granulocytic" phenotype, expressing CD11b, CD13, CD15, CD33, 

CD34, and HLA-DR (20-24). There is a higher prevalence of terminal deoxynucleotidyl 
transferase (fd1) positivity in these types of AML (25). Interestingly, in a few reports as well 

as in our AML series, leukemias with t(8;21) were found to coexpress the CD19 antigen (21-
24). In our series seven out of eight AML with t(8;21) were CD19+ (unpublished results). 

CD19 expression as well as the expression of CD13 and CD33 are relatively weak (Figure 
1). By use of double immunofluorescence staining we could demonstrate coexpression of 
TdT and CD19 at the single cell level in AML patients with t(8;21) (patients N.L, M.L., and 
F.W. in Chapter 4.2). These results indicate that coexpression of CD19 and TdT is not 
restricted to precursor 8 cell differentiation. Whereas 20o/~25% of AML-M1 and M2 express 
the CD7 antigen (26,27), this has not been found in AML with t(8;21) (27). 

The proto oncogenes c-mos on chromosome 8 and c-ets-2 on chromosome 21 have 

been localized near the breakpoints of t(8;21), but these genes are not structurally affected 
in these AML and probably they are not involved in leukemogenesis (12,28-32). Recently, a 
470 kb yeast artificial chromosome spanning the t(8;21) breakpoint has been isolated (33). 

N.A. F.W. s.v. Y.C. 

Figure 1. Dot plot analysis of three double IF stainings on PB cells from four different AML patients at 
diagnosis having AML-M2 wtth t(8;21)(q22;q22). Upper: CD34 (CD34 FITC), CD19 (84 PE); Middle: CD34 
(CD34 FITC), CD13 (My? PE); Lower. C034 (CD34 FITC), C014 (My4 PE). In addition to a few CD19+, CD34-
B cells it is shown that a part of the CD34 + AML cells is weakly positive for CD19. These CD34 + cells are also 
weakly CD13+ but CD14-. The C034 FITC monoclonal antibody was kindly given by Dr. R. Kurrle. Marburg, 
Germany. 
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Others have cloned a gene, named AML 1, in chromosome 21 which was found to be 
rearranged and transcribed in AML with t(8;21) (34). In the majority of patients investigated 
the breakpoints are clustered within a limited region of the AML 1 gene (34). At present it is 
not known whether rearrangement of the AML 1 gene results in transcriptional deregulation 

of the normal gene or in a new fusion gene, which codes for an oncogenic fusion protein. 

t(15;17)(q22;q12-21) 

Patients with t(15;17)(q22;q12-21) have a typical clinical picture, characterized by young 
age, low WBC count, decreased platelets, and hemorrhages and( or disseminated intravas
cular coagulation (DIG) (1 ,9,35,36). The translocation is highly specific for AML-M3 

(4,6,7, 11 ,35,36). Although not detected cytogenetically in 10%-20% of AML-M3 patients, 
t(15;17) is probably present in all cases with AML-M3. On the other hand, every patient with 

a t(15;17) probably has AML-M3 or AML-M3 variant (Table 1) (11,35,36). The latter type of 
AML is characterized by smaller cytoplasmic granules and fewer Auer rods (11 ,35). 

Due to complications at diagnosis, especially hemorrhages, there is a relatively high 
incidence of early death in patients with AML and t(15;17) (5,16,35). Patients who achieved 
CR tend to remain in remission for longer periods than average (Table 3) (5,6,15,16,35,36). 
It is not clear, whether the survival times of AML-M3 cases and AML-M3 variant cases are 
different. 

At the cytogenetic level of resolution, many genes, which are involved in myeloid cells, 

have been mapped near the breakpoints of t(15;17)(q22;q12-21) (12). These include o-fes 
and the CD13 antigen to chromosome 15q (37), and c-erbA1, granulocyte colony stimu

lating factor (G-CSF), c-erbB2, retinoic acid receptor (RAR)-a, and myeloperoxidase (MPO) 
to chromosome 17q (38-42). The MPO gene is translocated from chromosome 17 to 

chromosome 15 in AML-M3 patients, but in most cases it was not rearranged (41,43,44). 
Recent studies could demonstrate that the RAR-a gene is rearranged, whereas the other 
genes assigned to chromosome 17q11-q22 are not disrupted in t(15;17) (45-50). The 
translocation breakpoints occur within a 20 kb region in the second intron of the RAR-a: 

gene on chromosome 17q21 and a new transcription unit, called PML ("promyelocytes"; 
initially the term my/ was used) on chromosome 15q22 (51-54). As a consequence of the 

translocation, two hybrid fusion genes (PML/RAR-a on 17q- and RAR-a(PML on the 15q+ 

derivative) are generated (47,49,51-54). In all AML with t(15;17) tested solar PML/RAR-a 

was found to be actively transcribed, whereas RAR-a/PML transcripts were found in the 
majority, bu1 not all, AML-M3 cases (51-54). The resulting chimeric proteins and their role in 
AML-M3 are currently under investigation (51-53). The PML/RAR-a transcript may encode 

an abnormal receptor molecule, which is involved in the pathogenesis of the disease (52). 
Regardless of their pathogenetic significance, PML(RAR-a: rearrangements have proved 

to be of value as clonal markers of AML-M3 (54-58). According to recent reports rearrange
ments of the RAR-a: locus can be demonstrated in 100% of AML-M3 cases, including cases 
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with apparently normal karyotypes (55,58,5S). Furthermore, these rearrangements enable 
monitoring of disease status during and after therapy by use of the polymerase chain 

reaction (PCR) (54,55,57,58,60). 
AML with t(15;17) not only exhibits a specific morphology, but also a consistent 

immunophenotype: positivity for CDS, CD13, and CD33, but negativity for CD15 and HLA
DR (35,61-66). The finding that AML-M3 variant cases are often HLA-DR+ (62), could not 

be confirmed by others (64-66). Immature markers of AML, such as CD?, CD34, and TdT 
are usually negative. However, small subpopulations of myeloid marker+, TdT+ cells may 
be present (67). In one patient such a small TdT+ immature subpopulation was found to be 
expanded at relapse (67,68). It has been proposed that the Cos+, CD13+, CD33+, CD?+, 
HLA-DR- phenotype is specific for all AML-M3 types and might therefore be used for 
diagnosis of those AML in which cytomorphology is not conclusive (64). However, recently 
a few AML exhibiting this immunophenotype were reported in which the RAR-a gene was 
not rearranged (66). 

11 q23 abnormalities 

Rearrangements involving chromosome 11 q23 are fairly common in patients with 
monocytic types of AML, in particular of the immature FAB-M5a subtype. About one half of 
the patients with AML-M5a have an 11q23 abnormality (4,7,11,6S). The 11q23 aberrations 
represent a heterogeneous group of translocations and deletions (Table 1) (1,10,11). The 
other chromosome involved in 11 q23 translocations is variable, but most common is 
t(S;11)(p21-22;q23), followed by t(11:1S)(q23;p13), t(10;11)(p11-p15;q23), and t(11;17) 
(q23;q21-25) (Table 1). Deletions of 11q23 have been found in about one third of AML 
patients with 11q23 aberrations (11). Abnormalities of chromosome 11q23 are frequently 

observed in congenital and infant AML (70, 71) as well as in patients with secondary AML 
(72-75). Patients with 11 q23 abnormalities often have high WBC counts (11). 

In general, prognosis for AML patients with an 11 q23 abnormality is poor, although 

d'rfferencas in outcome have been reported (Table 3) (3,5,13,16). In one study, t(S;11) in de 

novo AML was found to be associated with a superior clinical outcome, while secondary 

AML with t(9;11) had a poor clinical outcome (76). 

Since a wide variety of 11q23 abnormalities, result in monocytic types of AML, it might 
be hypothesized that a locus on 11 q is pathogenetically important. On the other hand 

11q23 aberrations occur also in some acute lymphoblastic leukemias (ALL), e.g. 
t(4;11)(q21 ;q23) in null-ALL and t(11 ;1S)(q23;p13) in some types of T-ALL [77-?S). Initially, 
rearrangement and amplification of ets-1 was found in one case of AML with an 11 q23 
aberration (80). In two patients with t(11 ;1S) ets-1 was shown to move from chromosome 
11 to chromosome 1S, but the chromosome break did not disrupt the ets-1 gene (81). 
Although it was suggested that the interferon gene cluster on chromosome S is rearranged 
in AML with t(S;11) (82), recent observations suggest that this translocation does not spltt 
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this gene cluster (83). Several other genes have been mapped on or near chromosome 
11 q23, including the CD3, CD56, and THY1 genes (12,83,84). Recently it was demonstrated 

that these genes are not disrupted in 11 q23 abnormalities and that all breakpoints occur in 
a 320 kb DNA fragment (83). This locus has been named MLL ("myeloid/lymphoid" or 

"mixed-lineage" leukemia) and two related transcripts could be demonstrated in all normal 
hematopoietic cells (85). In a cell line with t{4;11) both transcripts were more highly 
expressed {85). Others have cloned probably an identical gene on chromosome 11 q23, 
named ALL-1, in which all AML and ALL breakpoints are clustered (86). The function of the 

MLL/ALL-1 region is unknown. 
There are no reports in the literature of an unique immunophenotype of AML with 11 q23 

changes, which is probably due to the heterogeneous composition of this group of AML In 
general, these AML are positive for CD13, CD14, CD33, and HLA-DR, confirming the 
monocytic phenotype (87-89). However, in a number of cases no expression of the CDi4 
antigen was found (88). Comparable with some other monocytic types of AML, the CD19 

antigen might be expressed (87-90). Moreover, expression of CD? and CDiO has been 
demonstrated in AML with q23 abnormalities (90). TdT expression has been found in a few 

AML cases with an i iq23 aberration (87,89,90). However, in our series all four AML with an 
i1q23 abnormality [t(9;11) 2x, t(ii;19), t(6;11)] were TdT (unpublished results), while in 

other types of AML the majority of cases had a TdT+ leukemic subpopulation (see also 
Chapter 4.2). In the study of Gucalp et al., all three patients with del(11)(q23) had a TdT
AML (91). The observation that the CD56 antigen (gene assigned to chromosome i1q23), 

is expressed in most monocytic types of AML, but not in AML with an 11q23 abnormality, 
needs further investigation (92). 

Monosomy 5 or 7 and deletion of Sq or 7q 

Deletions of chromosomes 5 or 7 or deletions of the long arms of these chromosomes 

have been found in de novo AML, secondary AML, and various types of myelodysplastic 
syndromes (MDS) or myeloproliferative disorders (1,3,4,11,93-95). In particular, in patients 

who develop MDS or AML after exposure to radiotherapy and/or cytotoxic chemotherapy 
abnormalities of chromosomes 5 or 7 are regularly present (93). In contrast to the chromo
some abnormalities mentioned above, abnormalities such as -5/dei(Sq) or -7 /del(?q) occur 

in patients with a median age of over 50 (3,6,93). In childhood, monosomy 7 occurs in a 
group of patients presenting with a diversity of disorders of myelopoiesis, which all have a 

poor prognosis (94-96). Consequential, AML with abnormalities of chromosomes 5 and 7 
are related to a low response rateto chemotherapy and a short survival. (3,4,5,16,93). 

Characteristic features of AML with aberrations of chromosomes 5 or 7 are abnormal 
megakaryopoiesis, depressed erythropoiesis, and granulocytic abnormalities, including an 

excess of myeloblasts (11 ,93). Secondary AML are often difficult to classify, according to 
the FAB classification, partly because multiple cell lines are involved (11). An association 
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between CD? positivity and chromosome 5 aberrations has been described (97). Since 

aberrations of chromosomes 5 and 7 are relatively common in AML-M6 and AML-M7, 
erythroid markers and megakaryocy1ic markers might be positive (98-1 00). In these types of 

AML erythroid, megakaryocy1ic, and myeloid markers are often coexpressed, which is in 
line with involvement of a mu~ipotent precursor cell (99). AML with monosomy 7 exhibit 

various (immuno)phenotypes (101,102). In a recent study the only consistent finding was 
expression of HLA-DR and TdT (1 02). Using a technique that simultaneously identifies 
karyotype and immunophenotype, Keinanen et al. could demonstrate multilineage involve
ment in four patients with monosomy 7 (103). In eight patients with MDS associated with 
monosomy 7 the karyotypic aberration was not found in lymphoid cells, indicating that it is 
restricted to committed progenttor cells with the capacity to differentiate into mature myeloid 

cells (104). 
Deletions of the long arm of chromosome 5 are particularly interesting because the 

deleted region contains a number of genes related to hematopoiesis (see also Table 1 of 
Chapter 1) (12,88,105-109). These include granulocyte macrophage colony stimulating 
factor (GM-CSF), interleukin (IL)-3, IL-4, IL-5, e-lms [=receptor for macrophage-CSF (M

CSF)], and CD14. These genes have been shown to be deleted in the 5q- syndrome (105-
109). In addition, genes encoding the glucocorticoid receptor, platelet derived growth factor 

receptor, endothelial cell growth factor, and fi2-adrenergic receptor have been mapped to 
the long arm of chromosome 5 (1 09). Initially M-CSF was also mapped to chromosome 5q 
(110), but recently this gene was reassigned to chromosome 1p13-p21 (111,112). Although 
the breakpoints and the extent of the deletion of the 5q arm are variable, a region consis
ting of the 5q31 band is deleted in all patients examined (105,106,108,109). At present, it is 
not known how the altered growth of hematopoietic cells is caused by deletion ol a single 
allele. An MDS/AML gene has been postulated on chromosome 5q, which functions as 

tumor suppressor gene, similar to that proposed for retinoblastoma or Wilms' tumor 

(109,113). The same mechanism might be involved in AML with deletions of chromosome 7 
(114). Genes which have been mapped to the 7q21-q31 crttical region include the multidrug 
resistance (MDR) genes (MDR1 and 3), erythropoietin, and plasminogen activator inhibitor 

type 1 (12, 115). However, these genes are not rearranged in myeloid disorders with 
chromosome 7 abnormalities (12,96, 114). 

CONCLUSION 

Cytogenetic analysis of AML have demonstrated a number of non-random chromosome 
aberrations. These abnormalities are associated to the biolog·1cal behaviour of the leukemia, 
manifested by specific morphological, immunological, and clinical features such as t(15;17), 
t(8;21), and inv(16). Cytogenetic results in AML have a high prognostic value for prediction 
of obtaining CR and long term survival. Molecular analysis of breakpoint regions have 
identified genes which are directly involved in some of the chromosome aberrations, 
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especially in t(15;17)(q22;q12-21). Most probably other genes involved in AML will be 
identified in the near Mure. In AML patients with a well-defined chromosome aberration the 
PCR technique can be applied to detect minimal disease and thereby to monitor effective

ness of the applied treatment. 
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SUMMARY 
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Two patients with acute myeloid leukemia (AML) (French American British (FAB)-M4) and 

t(6;9)(p23;q34) are described. Immunological marker analysis revealed a phenotype of HLA

DR +, partly terminal deoxynucleotidyl transferase (TdT) +, CD13 + in both cases and CD33 

positivity in one. The expression of CD13 and CD33 by TdT positive cells was demonstrated 

by double immunofiuorescence (IF) staining. Although it has been postulated that TdT plays 

a role in gene rearrangement, Southern blot analysis performed in one leukemia revealed that 

both the T cell receptor (TcR) p chain genes and the immunoglobulin heavy (lgH) chain genes 

were in germline configuration. Since we could not detect CD13 +, TdT+ cells and CD33 +, 

TdT+ cells in control bone marrow (BM) samples, double marker analysis was used to detect 

low numbers of residual leukemic cells during follow-up of one patient. A gradually increasing 

percentage of CD33 +, TdT+ cells was detected in the BM in a period of 6 months before 

hematological relapse. Although the t(6;9) may not be correlated to a specific FAB subtype, 

it may be associated with TdT positive AML Since TdT positive AML seems to have a poor 

outcome, detection of TdT expression in AML patients is particularly important for diagnostic 

purposes. In addition, our results indicate that double immunological marker analysis for a 

myeloid marker and TdT allows detection of residual disease during follow-up. 

Published in: Leukemia 1988;2:136-140. 
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INTRODUCTION 

Spec"rfic chromosomal changes, particularly translocations, are associated with specific 

subtypes of acute leukemia and constitute an independent prognostic factor (1). In myeloid 

leukemia, there is a good correlation between cytogenetic aberration and morphological 

subtypes of leukemia as defined by the FAB (2). Such a correlation has only partly been found 

between immunological phenotypes and FAB morphology (3-5). 

In 1976, Rowley and Potter (6) described two patients having AML with t(6;9)(p23;q34). 
Subsequently, 19 adcfrtional cases with the same cytogenetic defect were reported (reviewed 

in refs. 7 and 8). The morphological diagnoses of these 21 cases were heterogeneous: most 

were classified as FAB-M2, some as FAB-M4, and a few as FAB-M1, and in at least one-fourth 

of the cases, a myelodysplastic syndrome (MDS) preceded the onset of the acute leukemia. 

The immunological phenotypes of these leukemias were not described. We here report on the 

morphology, immunological phenotype, and cytogenetics of two new AML cases with t(6;9). 

In addition, in one case the organization of the lgH genes and TcR-fi genes was analyzed. The 

specific immunological phenotype of the leukemic cells of patient 1 was exploited for follow-up 

studies to detect residual leukemic cells. 

CASE REPORTS 

Patient 1 

A 13·year-old female was admitted in June 1984 with a 6-week history of malaise persisting after an influenza

like illness, together with progressive fatigue, paleness, and loss of weight. Her menses were heavy and persisted 

for 10 days preceding admission. Physical examination of this pale adolescent girl showed a few petechiae and 

a just palpable spleen. laboratory investigations: hemoglobin (Hb) 2.8 mmoljliter. thrombocytes 14 x109 jliter, 

white blood cells (WBC) 29.4 x1 o9 /liter with 58% blasts, 2% bands, 32% neutrophils, and SOlo lymphocytes. Serum 

lactate dehydrogenase was 337 U /liter (slightly elevated). BM aspiration showed high normal cellularity with some 

dysmyelopoietic features. Differential count revealed 5~.-6 myeloblasts and 17% smaller not clearly classifiable 

blasts, 5% promyelocytes, 11% more differentiated neutrophils, 9% normoblasts, and 2% lymphocytes. Neither Auer 

rods nor an increased number of basophils were seen. Cytochemical stainings showed that 53% of the blast cells 

were positive with Sudan black, 64% positive with chloroacetate esterase, and 36% positive with et:~naphtylacetate 

esterase but negative after NaF inhibition. An AML FAB type M4 was diagnosed. Complete remission (CR) was 

obtained with high doses of cytarabine according to the AML-82 protocol of the Dutch Childhood Leukemia Study 

Group and maintained with the VAPA~ 10 maintenance treatment (9). In December 1985 the treatment was electively 

stopped; in July 1986 she relapsed in the SM. A second remission was obtained with two courses of high doses 

of cytarabine and asparaginase (1 0) that was followed by autologous BM transplantation. After another 6 months 

a second BM relapse occurred, and the patient died. 

Patient 2 

A 17~year·old female was referred with high fever and extensive candidiasis of the oral cavity. Laboratory 

investigations: Hb 3.6 mmoljliter, thrombocytes 29 x1 o9 /liter, WBC 21.2 x1 09 /liter with 18% blasts. A BM aspirate 
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was hypercellular with 59% blasts. 7% promyelocytes, 12% more differentiated neutrophils, 10% monocytes, 4% 

normoblasts, and 8% lymphocytes. In the more mature myeloid cells myelodysplastic features were seen. There 

were no Auer rods or basophils present. Cytochemical stainings showed that 29% of the blast cells were positive 

with Sudan black and 23% were positive with a-naphty!acetate esterase but negative after NaF inhibition. An AML. 

type M4, according to the FAB criteria. was diagnosed. There was no evidence for leukemia infiltration in the 

gingivae. No pathological lymph nodes were found. Uver and spleen were not palpable and not enlarged on 9~c 
scan. She was treated with broad spectrum antibiotics and antimycotic therapy, but no favorable reaction was seen 

on the temperature or clinical status. Twenty-two days after admission, before cytoreductive treatment was given, 

she died of gastrointestinal hemorrhage. 

MATERIALS AND METHODS 

Cytogenetic studies 

Cytogenetic studies of BM cells were performed according to our standard procedures including methotrexate 
treatment of cultures {11). At least 30 cells were analyzed in each instance; the karyotypes were established 

according to the ISCN {1985) {12). 

Immunological marker analysis 

Mononuclear cells {MNC) were isolated by Ficoll Paque {density 1.077 gjcm3 ; Pharmacia, Uppsala, Sweden) 

density centrifugation. MNC were incubated with monoclonal antibodies (McAb), directed against B cell antigens. 

T cell antigens, and myeloid monocytic antigens. Detailed information about the panel of McAb used is summarized 

in Table 1. As a second step reagent we used a fluorescein isothiocyanate {FlTC) conjugated goat anti-mouse 

immunoglobulin (lg) antiserum (Central Laboratory of the Blood Transfusion Service, Amsterdam, The Netherlands). 

The expression ofT ciT was detected by use of a rabbit anti-TdT antiserum and a FITC-conjugated goat anti-rabbit 

lg antiserum {Supertechs, Bethesda, MD, USA). Double IF stainings for TdT and several surface membrane 

antigens. i.e., HLA-DR, CD7 (3A1), CD10 (VIL-A1), CD11b (OKMt), CD13 (My7), CD14 (My4), CD15 (VIM-05), and 

CD33 (My9), were performed as described {13). 

Southern blot analysis 

DNA was prepared from BM cells of patient 1 and from control cell samples {14). DNA {15 p.g) was digested 

with the restriction enzymes EcoRI or Bg/11 or by use of a double digestion with BamHI and Hindlll. The digested 

DNA was size fractionated by electrophoresis on a 0.7% agarose gel and subsequently blotted to nitrocellulose 

filters. For detection of lgH gene rearrangements the filters with the Bg/11 and BamHI-Hindlll digested DNA were 

hybridized to a JH probe (15). For detection of TcR-.8 chain gene rearrangements, the filters with the EcoRI 

digested DNA were hybridized to a C{J probe or a J.82 probe {16). Hybridization and washing procedures were 

performed according to described methods (14). 
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TABLE 1. Immunological marker analysis of the BM cells from the two patients at diagnosis. 

Percentage of positive cells 

CD3 (Antibodies) Antigen recognized Patient 1 Patient 2 

Per MNC Per TdT+ cell~ Per MNC Per TdT+ cellsb 

anti-Td,-c TdT 12.5 25.5 
anti-HLA-DRd HLA-DR non-polymorphic antigen 74 26 85 97 
CD10 (VIL-A1)' common ALL antigen {CALLA) 0 0 0 0 
CD20 (81)' 8 cell antigen 1 5 
CD7 (3A1)0 Tp41 antigen 4 0 2 3 
C02 (OKT11)h T~1 antigen 4 
CD3 (Leu-4)-" T3 antigen 1 5 
CD13 (My7)' pan-myeloid antigen 82 89 72 85 
CD33 (My9)' pan-myeloid antigen 92 95 0 0 
CD11b (OKM1)h C3bi receptor 13 25 3 1 
CD15 (VIM-05)' myeloid antigen 15 0 7 
CD14 (My4)' _ monocytic antigen 3 0 1 
CD71 (661G10)' transferrin receptor (T9 antigen) 75 85 

a. Cluster of differentiation as proposed by the Workshops on Human Leukocyte Differentiation Antigens (Paris, France, 1982; Boston, MA. 
USA. 1984; Oxford, UK, 1986; Vienna, Austr'1a, 1989). 

b. Percentages positivity for surface membrane marker per TdT positive cells as determined by double IF staining. 
c. $upertechs, Bethesda, MD, USA. 
d. Becton Dickinson, San Jose, CA. USA 
e. Dr. W. Knapp, Vienna, Austria. 
f. Coulter aone, Hialeah, FL. USA 
g. American Type Culture Collection, Rockville, MD, USA. 
h. Ortho Diagnostic Systems, Raritan, NJ, USA 
i. Dr. J.D. Griffin, Boston, MA. USA 
j. Dr. J.M. van de Rijn, Amsterdam, The Netherlands. 

RESULTS 

Cytogenetic studies 

Patient 1. 

At diagnosis, 26 of 30 BM metaphases analyzed showed a 46,XX,t(6;9)(p23;q34) karyotype 

and a 46,XX normal karyotype in four cells (Figure 1 )- One month later, after induction therapy, 

the t(6;9) was still present in 2 of 32 metaphases analyzed. Results of subsequent follow-up 

studies are given in Table 2. At relapse, 25 months after diagnosis, the karyotype showed 

further clonal evolution, with a main karyotype of49,XX,+4,6p-, +8,i(9p), + 13, in which the 6p
corresponds to the der(6) of the t(6;9), while the der(9) is lost and replaced by an i(9p). 

Patient 2. 
At diagnosis, 31 of 32 BM metaphases showed the t(6;9)(p23;q34) (Figure 1). All 

metaphases showed also a constitutional change of chromosome 7, which was paternally 

inherited. 
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Figure 1. Partial karyotype from BM cells of 
patient 1 (A) and patient 2 (B) showing t(6;9) 
(p23;q34). Arrowheads indicate breakpoints. 
Reverse bands with acridine orange. 

Immunological marker analysis 
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The results of the immunological marker analysis of the BM samples at diagnosis are 
summarized in Table 1. Most MNC of the BM in both patients were positive for HlA-DR, the 
transferrin receptor, and the pan-myeloid marker CD13(My7), and in patient 1 also for 

CD33(My9). TdT was expressed in 12.5% and 25.5% of the MNC of patient 1 and patient 2, 
respectively. Double IF stainings revealed that in patient 1 most TdT positive cells also expres
sed CD13(My7) and CD33(My9), and about 25% also expressed HlA-DR and CD11 b(OKM1), 
while the majority of TdT positive cells of patient 2 co-expressed HlA-DR and CD13(My7) 
(Table 1). Follow-up studies of patient 1 using a double IF staining for CD33(My9) and TdT are 
given in Table 2. About 0.05% CD33+, TdT+ cells were found already 4 weeks after 

maintenance therapy had been electively stopped. The percentage of CD33 +, TdT+ cells 
increased 10-fold during the next 6 weeks. After another 7 weeks, 17% of the MNC in the BM 

showed the leukemic phenotype, and 36% of the metaphases showed the t(6;9) with karyotypic 

evolution. However, morphologically the BM was still in remission. At relapse, which occurred 
7 months after discontinuation of therapy, 48.5% of the cells were CD33+, TdT+ and 90% of 

the metaphases were abnormal (Table 2). 



144 CHAPTER3.2 

TABLE 2. Follow-up of patient 1 throughout the course of the disease: cytomorphology, immunological 
marker analysis, and cytogenetics of the various BM samples. 

Date 

OS Jun 84 

10 Jul 84 

OS Oct 84 

17 Dec 85 

13 Jan 86 

24 Feb 86 

14 Apr 86 

10 Jul 86 

Clinical 
phase 

Diagnosis 

CR' 

CR 

Off treatment 

CR 

CR 

CR 

Relapse 

a. N, 46.XX. normal karyotype. 
b. CR. complete remission. 
c. ND, not done. 
d. 6p-, der(6)t(6;9). 

Southern blot analysis 

% of blast cells % of CD33 +, TdT+ cells 

73 11.7 

4 ND0 

0 

ND ND 

0 0.05 

0 0.46 

3 17.0 

90 48.5 

Karyotype 

N(13%)' /46XX.t(6;9) (p23;q34) (f!l%) 

N(94%)/46,XX,t(6;9)(6%) 

N 

ND 

N 

ND 

N(64%)/47 XX.Sp-', +8,i(9p)(9%)/ 
48.XX. +4,6p-, +8J(9p) (27%) 

N(9%)/48XX.+4,6p-,+8i(9p)(t6%)/ 
49,:XX, +4,6p-. +8,i(9p), + 13(75%) 

Southern blot analysis of DNA from BM cells of patient 1 revealed that both the TcR-fi chain 
genes and the lgH genes were in germline configuration. 

DISCUSSION 

The two patients described presented with an AML FA8-M4, t(6;9)(p23;q34) in BM 
metaphases, absence of BM basophilia, and a survival of 25 months and 22 days, respectively. 
Including these two cases the total number of reported patients having an AML w~h 

t(6;9)(p23;q34) is 23: 11 females and 12 males with a median age of 27.5 years (range 5-51) 
(7,8). As already reviewed by others, AML with t(6;9) is characterized by a poor outcome 
(11 /21 patients showed no or only partial response; 10/21 reached CR of whom at least seven 

relapsed) and by a heterogenous FAB type association (M2 in 11/22 cases, M4 in 8/22 cases 
including the two patients reported here, M1 and Ph 1 negative chronic myelocytic leukemia 

have been reported in two and one cases, respectively) (1,7,8). Other morphological 
characteristics were proposed, i.e., the absence of Auer rods in FAB-M2 (17) and the presence 

of BM basophilia, which was found in eight of nine patients by Pearson et al. (18). However, 

as far as the descriptions are available, in four other cases as well as in our two cases no 
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increased BM basophilia was seen (7,8). Interestingly, in six of seven cases without basophilia 

a FAB-M4 diagnosis was made. The presence of MDS features andjor an MDS preceding the 

onset of acute leukemia is another frequent finding in AML with t(6;9) and was also seen in our 

two cases (7, 18). 

As far as we know, this is the first report on the immunological marker analysis of AML with 

t(6;9). Both leukemias expressed the immunological phenotype HLA-DR+, CD13+, partly 

TdT+. In addition, the cells of one leukemia were also positive for CD33. Based on positivity 

for HLA-DR and CD13 and negativity for CD11b and CD14, these two leukemias belong to 

phenotype group I Q.e., CFU-C) as proposed by Griffin et a!. (19). In their study they did not 

evaluate TdT expression, although several reports indicate that TdT is expressed in 5%-20% 

of the AML cases (3,4,20-22). Since TdT positive AML as well as AML with t(6;9) are reported 

to have a poor prognosis, it may be important to evaluate whether TdT positivity is restricted 

to AML subgroups with a poor response to therapy (18,20,21). 

It is notable that in several of the reported TdT positive AML, including our two cases, the 

percentage of cells positive for TdT is considerably lower than the percentage of leukemic 

blasts (20,21). In fact, according to our recent observations, TdT positivity may be found in 

most AML, but often the percentage of these TdT positive cells is low (<10% of MNC) (see 

Chapter 4.2). This may reflect the presence of leukemic cells in various differentiation stages, 

a heterogeneity that is often seen in AML (3,4,22-25). Whenever a discrepancy is found 

between the percentage ofTdT positive cells and the percentage of cells positive for a myeloid 
marker, double marker analysis has to be performed to determine which markers are 

expressed by the TdT positive cells. Such analyses are described for TdT and myeloperoxidase 

as well as for TdT and the myeloid antigen CD15 (26,27). In our patients the TdT positive cells 

did not represent normal early lymphoid cells since they co-expressed myeloid markers like 

CD13, CD33, and CD11b (Table 1). These TdT positive cells may represent the immature 

clonogenic sub population within the leukemia, which differentiates to more mature TdT negative 

cells (3,21 ,22,24,28-30). Most probably the morphological diagnosis is based on the 

characteristics of the more mature cells, while the so-called immature or not classifiable blasts 

may represent the TdT positive cells. This phenotypic heterogeneity may explain the absence 

of a correlation between t(6;9) and a specific FAB subtype. In fact, immature phenotype, poor 

response rate, and MDS features seem to indicate a stem cell involvement in AML with t(6;9). 

Since TdT is postulated to be involved in the insertion of nucleotides during rearrangement 

of lgH genes and TcR-p genes (31 ,32), we investigated the configuration of the lgH genes and 

TcR-P genes in patient 1: both genes appeared to be germline. An abnormal activation of TdT 

encoding genes due to a chromosomal aberration is not likely since the TdT gene is located 

on chromosome 10 (33), which showed no visible alteration in both leukemias. 

Whether the myeloid marker+, TdT+ phenotype represents a rare myeloid progenitor cell 

is unknown. Using double IF staining, we investigated the BM cells of 15 patients after 
withdrawal of maintenance therapy and could not detect any CD13+, TdT+ or CD33+, TdT+ 

cells (unpublished observations). The data suggested that minimal residual disease could be 

detected using double IF staining for this specific phenotype. In T cell acute lymphoblastic 
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leukemia the detection limit of such a double IF staining technique, using aT cell marker and 

TdT, has proved to be at least 0.01% and allows detection of a relapse 3-5 months before 

clinical relapse (34). In the case of patient 1, 0.05% of CD33+, TdT+ cells were found in the 

BM 4 weeks after stopping the maintenance therapy (Table 2), suggesting the presence of a 

residual leukemic population. Subsequently, the percentage of CD33 +, TdT+ cells increased 

gradually. Four months after stopping the therapy, BM was still in remission as defined by 

morphology (3% blasts) but in relapse by both immunological marker analysis (17% CD33+, 

TdT+ cells) and cytogenetic analysis (36"/o of metaphases with t(6;9) and additional karyotypic 

changes). Six months after the first detection of CD33 +, TdT+ BM cells and 2 months after the 

reappearance of the specific karyotypic abnormality, this patient got a morphologically proven 

BM relapse (Table 2). This illustrates the usefulness of double IF staining for detection of 

residual disease and for prediction of a relapse in leukemia with a specific phenotype, and it 

emphasizes the need to perform immunological marker analysis in AML 

In summary, the myeloid marker+, TdT+ phenotype may be a characteristic feature of AML 

with t(6;9). Therefore, immunological marker analysis, using double IF stainings, should be 
performed in other AML with this specific translocation. Furthermore, our data indicate that the 
myeloid marker, TdT double IF staining is a powerful tool for detection of residuel disease and 

early relapse. This is important in TdT+ AML since these leukemias generally have a poor 

outcome. 
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SUMMARY 

149 

Extensive immunological marker analysis was performed to characterize the various 

leukemic cell populations in eight patients with inv(16)(p13q22) in association with acute 

myeloid leukemia with abnormal bone marrow eosinophilia (AML-M4Eo). Although each AML 

consisted of heterogeneous cell populations, the immunophenotype of the subpopulations in 

the eight AML cases was strikingly similar. Virtually all AML-M4Eo cells were positive for the 

pan-myeloid marker CD13. In addition, the AML were partly positive for CD2, CD11b, CD11c, 

CD14, CD33, CD34, CD36, CDw65, TdT, and HLA-DR. Double immunofluorescence (IF) 

stainings demonstrated coexpression of the C02 antigen and myeloid markers and allowed the 

recognition of multiple AML subpopulations. The C02 antigen was expressed by immature AML 

cells (CD34 +, CD14-) and more mature monocyticAMlcells (CD34-, CD14 +), whereasTdT 

expression was exclusively found in the CD34 +, CD14- cell population. 

The eight AML-M4Eo not only expressed the C02 antigen, but also its ligand CD58 (LFA 

(leucocyte function antigen)-3). Culturing of AML-M4Eo cell samples showed a high 

spontaneous proliferation in all three patients tested. Addition of a mixture of C02 antibodies 

against the T11.1, T11.2, and T11.3 epitopes, diminished cell proliferation in two patients with 

high C02 expression, but no inhibitory effects were found in the third patient with low frequency 

and low density of C02 expression. These results suggest that high expression of the C02 

• Submitted for publication. 
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molecule in AML-M4Eo stimulates proliferation of the leukemic cells, which might explain the 

high white blood cell (WBC) count often found in this type of AML. 

INTRODUCTION 

AML is a phenotypically heterogeneous disorder with a marked patient-to-patient variation 

and intraclonal variation in most patients (1). The French American British (FAB) group has 

specified different cytomorphological categories, such as AML-M4 with AML-M4Eo (2,3). This 

FAB category is highly correlated with abnormalities of chromosome 16q22, e.g. del(16)(q22), 

inv(16)(p13q22), and t(16;16)(p13;q22) (3-8). The 16q22 abnormalities are found in 6% of all 
AML (5,8-13). Larson et al. suggested that the juxtaposition of DNA regions from 16p13 and 

16q22, as occurs in inv(16) and t(16;16), is probably required for the M4Eo phenotype (9). Only 

a few patients with inv(16) or t(16;16) presented with an other type of AML or with myelodys

plastic syndrome (13-15). Initially it was described that the metallothionein gene cluster was 
split by the chromosome 16 aberration in AML-M4Eo (16). However, recently this gene 

complex has been remapped to chromosome 16q13 and it was not found to be disrupted in 

AML-M4Eo (17). 

In comparison to other types of AML, patients with AML-M4Eo have a young median age 

(12, 13), they often present with high peripheral WBC count and organomegaly (4,8-1 0, 13), and 

generally they have a high response rate to induction chemotherapy (4,5,8-12,15). In most 

studies AML-M4Eo patients have a favorable prognosis (4,5,8-1 0, 12, 18), although some reports 

do not support this (13,15). Relapses in the central nervous system (CNS) occur relatively 
frequently, generally manifesting as leptomeningeal disease and intracerebral myeloblastomas 

(8,11,13,15,19). 

By use of cytomorphology three different cell types can be recognized within each 

AML-M4Eo, i.e. blast cells, monocytic cells, and eosinophils (5, 13,20). The eosinophils are often 

dysplastic having abnormal eosinophilic granules, which are admixed with varying numbers of 

basophilic staining granules (4,5,8,9, 11,13,21 ). They display aberrant positivity for chloroacetate 

esterase and they often contain PAS positive granules (20). Whether the eosinophilic cells and 

the monocytic cells in AML-M4Eo represent different lineages is not clear. Morphologically 

hybrid cells have been described with nuclear folding and chromatin pattern characteristics of 

monocytes or promonocytes and granules identical to those present in eosinophils (20). 

Immunological marker analysis, especially double IF staining, is a powerful tool to characterize 

subpopulations within phenotypically heterogeneous malignancies. Studies on marker 

expression in AML-M4Eo are scarce and only limited numbers of markers have been tested 

(21-26). 

In this study we performed extensive immunological marker analysis to characterize the 
various subpopulations in eight cases of AML-M4Eo with inv(16)(p13q22). Various immature 

and more mature subpopulations were detected in all cases. Although the proportion of each 

subpopulation varied from patient-to-patient, the composition of all AML-M4Eo was strikingly 
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similar. A special finding in these eight AML was the expression of the T cell marker CD2 on 

a part of the leukemic cells. 

MATERIALS AND METHODS 

Patients and cytomorphology 

Four children ( <16 years of age) and four adults were diagnosed as having AML-M4Eo (Table 1). In all cases 

>50% of blast cells were found. The diagnosis of AML-M4Eo was based on cytomorphology of peripheral blood 

(PB) and bone marrow (BM) smears stained for May GrUnwald Giemsa and cytochemistry (Sudan black B, 

myeloperoxidase, and ll'-naphlylacetate esterase), according to the revised criteria of the FAB group (3). 

Cytogenetic studies 

Cytogenetic studies of BM cells were performed according to our standard procedures including methotrexate 

treatment of cultures (27). At least 30 cells were analyzed on each instance; the karyotypes were established 

according to the ISCN (1985) (28). 

Cell samples for immunophenotyping 

PB samples (patients E.K, N.S., A.K, J.M., D.W.) or BM samples (patients E.E., M.S., M.V.) were obtained 

from the eight AML patients at initial diagnosis. Mononuclear cells (MNC) were isolated by Ficoll Paque (density: 

1.077 gjcm3; Pharmacia. Uppsala, Sweden) density centrifugation. These MNC samples were frozen and stored 

in liquid nitrogen. 

Immunological marker analysis 

MNC were incubated as described with optimally titrated McAb (29). Several McAb were conjugated with 

fluorescein isothiocyanate (FITC) or phycoerythrin (PE), which enabled us to perform double marker analysis. We 

used the B cell markers CD10 (VIL-A1, Dr.W.Knapp, Vienna, Austria), CD19 (Leu-12, Becton Dickinson, San Jose, 

FL. USA), and CD20 (81, Coulter Clone, Hialeah, FL, USA); the T cell markers C02 (T11 and T11 FITC, Coulter 

Clone; 6G4 (T11. 1), 482 (T11.2), and HIK27 (T1 1 .3), Dr.R.AW. van Uer, Amsterdam, The Netherlands), CD3 (Leu-4, 

leu-4 F!TC, and Leu-4 PE, Becton Dickinson), CD4 (Leu-.3 PE, Becton Dickinson), CD7 (3A1, American Type 

Culture Collection, Rockville, MD, USA), and CDS (Leu-2 PE, Becton Dickinson); the myeloid monocytic markers 

CD13 (My7 and My7 PE, Coulter Clone), CD14 (My4, My4 FITC. and My4 PE, Coulter Clone), CD15 (VIM-DS, 

Dr.W.Knapp; leu-M1 FITC, Becton Dickinson), CD33 (My9, My9 FlTC, and My9 PE. Coulter Clone), and CDw65 

(VIM·2, Dr.W.Knapp; BMA-0210 FITC, Prof.Dr.W.Ax, Behring Diagnostica, Marburg, Germany); the erythroid marker 

glycophorin A (VIE-G4, Dr.W.Knapp); the platelet markers CD42a (FMC25, Dr.H.Zola, Bedford Park, Australia) and 

CD61 (C17, Central Laboratory of the Blood Transfusion Service, Amsterdam. The Netherlands); the non-lineage 

specific markers CD11a (TB133, Dr.R.AW. van Lier; CLB LFA1/2, Central Laboratory of the Blood Transfusion 

Service), CD11b (CLB mongran/1, Central Laboratory of the Blood Transfusion Service; Leu-15 PE, Becton 

Dickinson), CD11C (Leu-M5, Becton Dickinson), CD18 (CLB54, Dr.R.AW. van Uer; CLB LFA1/1, Central Laboratory 

of the Blood Transfusion Service), CD34 (6!..SC5, Seralab, Crawley Down, UK; HPCA-2 FlTC and HCPA·2 PE, 

Becton Dickinson; CD34 FlTC, Dr.R.Kurrle, Behring Diagnostica), CD36 (OKMS, Ortho Diagnostic Systems, Raritan, 
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NJ, USA), CD54 (BBL-4, British Biotechnology, Oxford, UK), CD58 (T$2/9, Dr.T.Schumacher, Netherlands Cancer 

Institute, Amsterdam, the Netherlands), and HLA-DR (l243, l243 FITC, and L243 PE, Becton Dickinson). In case 

of unconjugated McAb we used an FJTC-conjugated goat anti-mouse immunoglobulin (Jg) antiserum (Central 

Laboratory of the Blood Transfusion Service) as second-step reagent. lsotype identical unrelevant McAb, either 

unconjugated or conjugated with FITC or PE, were used as negative controls. The surface membrane labelings 

wer-e measured arK! analyzed by use of a FACScan flow cytometer and FACScan-research software (Becton 

Dickinson). 
The expression of terminal deoxynucleotidyl transferase (TdT) was detected as described by use of a rabbit 

anti-TdT antiserum and a FITC.conjugated goat anti-rabbit lg antiserum (Supertechs, Bethesda, MD, USA) (29). 

Double IF staining forTdT and several surface membrane antigens, i.e. C02 (T1 1 ), CD7 (3A 1), C01a (VII-A1), C013 

(My7), CD14 (My4), CD15 (VIM-05), CD19 (Leu-12), CD33 (My9), CD34 (BI-3CS), CDw65 (VIM-2), and HLA-DR 

(l243) were performed as described previously (29,3a). The binding of the McAb on the surface membrane was 

demonstrated by use of a tetramethylrhodamine isothiocyanate (TRlTC) conjugated goat anti-mouse lg antiserum 

(Central Laboratory of the Blood Transfusion SeNice). The TdT IF labelings were analyzed on Zeiss fluorescence 

microscopes (Zeiss, Oberkochen, Germany), equipped with phase contrast facilities (29). 

Culture systems 

MNC from three of the eight AML (M.S., AK, J.M.) were cultured. Before culturing T cell depletion was 

performed by use of CD3 (OKT3; Ortho Diagnostic Systems) and magnetic cell separation (MACS system, Miltenyi 

Biotec, Bergisch~Giadbach, Germany) as described (31). For all cell culture experiments MNC were adjusted to 

a final concentration of 5 x 1 a5 cells per mi. Cells were cultured in a serum-free medium as described (32). McAb 

added in optimal concentrations were: C02 [a mixture of 6G4 (T11.1), 462 (T11.2), and HIK27 (T11.3)], C018 

(CLB54), andjor CD58 (TS2/9). Control cultures did not contain McAb. For measurement of [3H]-thymidine 

incorporation, MNCwere cultured in 96-well flat-bottom tissue culture plates (1 a5 cells per well; Costar, Cambridge, 

MA, USA). Incubation was performed for three days at 37°C, 1aa% relative humidity, and pC02 of 5%. 

eH]-thymidine incorporation 

MNC were cultured for three days. [3H]-thymidine (specific activity 6.7 Cijmmol; Amersham International, 

Amersham, UK) pulsing was for 6h using a.5 p.Ci per welL After the 6-h pulse the cells were har.rested using an 

automatic cell haNester (Skatron, Uer, Norway). [3 HJ-thymidine incorporation was measured with a Betaplate 

Liquid Scintillation Counter (LKB Wallac, Turku, Finland). Each determination was performed in triplicate. 

RESULTS 

Cytomorphology and cytogenetics 

The eight leukemias were classified as AML-M4Eo. Cytogenetics at initial diagnosis showed 

an inv(16)(p13q22) in 60% to 100% of the metaphases in the eight cases studied. In patient 

M.V., a trisomy 22 was seen in 18% of the metaphases in addition to inv(16). 
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Immunological marker analysis 

The results of the immunological marker analysis are summarized in Tables 1, 2, and 3 and 

in Figures 1, 2, and 3. With the exception of patient E.K, the MNC samples contained > 80% 

of leukemic blasts. The PB MNC sample of patient E.K enclosed about 10% of CD3+ T cells, 

about 25% of CD19+ B cells, and about 65% of leukemic blasts. The MNC sample of patient 

TABLE 1. Immunological marker analysis of the eight AML-M4Eo~. 

Immunological Patients 
markers 

E.K E. E. M.S. N.S. AK J.M. M.V. D.W. 
Age;sex (1:M) (14;M) (1 O:F) (38;F) (26;M) (63:F) (13:F) (37;M) 
Cell sample PB BM BM PB PB PB BM PB 

Single IF stainings 

CD2 (r11) 50 50 33 34 15 52 51 9 
-T11.1 (6G4) 48 42 29 30 17 51 48 10 
-T11.2 (462) 52 32 24 26 14 49 46 8 
-T11.3 (HiK27) 38 17 21 17 5 47 40 5 
CD3 (Leu-4) 9 2 3 2 2 3 10 <1 
CD4 (Leu-3) 26 23 40 33 
CD7 (3A1) 3 2 3 2 8 12 
CDS (Leu-2) 1 2 1 
CD10 (VJL-A1) <1 <1 1 <1 <1 <1 1 
CD11 a (rB133) 96 98 96 97 99 96 97 99 
CD11b (Leu-15) 32 14 18 15 11 30 34 18 
CD11 c (Leu-M5) 17 19 18 26 43 23 
CD13 (My7) 64 95 89 90 96 81 83 97 
CD14 (My4) 32 22 20 8 23 34 29 19 
CD15 (VJM-D5) 13 20 25 19 11 21 6 9 
CD18 (CLB54) 49 71 60 50 80 63 91 79 
CD19 (Leu-12) 25 3 1 2 2 2 3 1 
CD20 (61) 3 1 2 3 2 2 
CD33 (My9) 40 57 45 60 70 71 67 64 
CD34 (BJ-3CS) 29 82 65 81 71 41 53 n 
CD36 (0KM5) 36 17 23 51 26 
CD54 (BBL-4) 49 91 70 90 96 94 83 97 
CDSS (rS2/9) 68 95 97 94 93 95 90 87 
CDw65 (VJM-2) 22 35 57 36 55 45 56 18 
TdT 0.1 40 4 21 0.6 4 7 0.2 
HLA-DR (L243) 57 55 35 44 48 60 51 47 

Double IF stainings 

CD13+, CD14+ 32 22 19 8 23 34 29 18 
CD13+, CD34+ 27 81 78 41 76 
CD14 +, CD34 + 1 15 12 <1 5 1 8 2 

CD33+, CD14+ 31 22 18 8 22 34 28 18 
CD33+, CD34+ 10 45 50 11 41 

HLA-DR +. CD14 + 17 7 18 34 15 
HLA-DR +, CD34 + 9 48 32 25 11 30 

a. Percentage positivity per MNC. 
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TABLE 2. immunological marker analysis ofthe CD2+ cellsa. 

Immunological Patients 
markers 

E.K E. E. M.S. N.S. AK J.M. M.V. D.W. 

CD3 (Leu-4) 18 8 12 7 13 6 20 4 
CD13 (My7) 78 94 84 93 83 92 74 95 
CD14 (My4) 52 25 32 18 20 58 57 56 
CD33 (My9) 62 64 35 94 95 
CD34 (HPCA-2) 4 83 68 43 78 13 29 33 
HLA-DR (l243) 62 78 92 89 

a Percentages positivity for the various markers per CD2+ cells as determined by double IF staining. 

M.V. contained about 10% of CD3 + T cells, whereas the other six AML samples contained 

<5% of CD3+ T cells (Table 1). 

Virtually all AML cells were positive for the pan-myeloid marker CD13. Double IF staining 

allowed the recognition of immature myeloid cells (CD13 +, CD34 +) and more mature 

monocytic cells (CD13+, CD14 +)within the CD13+ cell population (Figure 1A and Table 1). 

In addition, small subpopulations of CD14 +, CD34 + and probably also CD14-, CD34- cells 

were present (Figure 2C). Only in patient E. E. and M.S. more than 10% CD14 +, CD34 + cells 

were detected (Table 1). In general, the CD14 + cells had the strongest CD13 fluorescence 
intensity (Figure 1A). In each AML the CD33 + cell population was less prominent than the 

CD13+ cell population (Table 1). The difference between these two pan-myeloid markers was 

due to the fact that within the immature CD34 + subpopulation CD33 expression was lower than 

CD13 expression (Figure 3 and Table 1), whereas the percentages CD13+, CD14 + cells and 

TABLE 3. Immunological marker analysis of the TdT+ cells3
• 

Immunological Patients 
markers 

E.K E. E. M.S. N.S. AK J.M. M.V. D.W. 

CD2 (T11) 31 78 21 58 27 36 31 48 
CD7 (3A1) 1 1 3 0 5 3 0 
CD10 (VIL-A1) 0 0 6 0 0 0 0 
CD13 (My7) 92 92 66 92 62 65 69 89 
CD14 (My4) 0 0 0 2 0 0 0 0 
CD15 (VIM-D5) 31 9 61 1 0 
CD19 (Leu-12) 0 0 1 1 
CD33 (My9) 86 81 1 91 20 36 45 56 
CD34 (BI-3C5) 100 99 67 97 97 84 81 86 
CDWSS (VIM-2) 82 98 80 45 84 
HLA-DR (l243) 94 18 96 12 16 23 

a. Percentages positivity for surface membrane marker expression per TdT+ cells as determined by double IF staining. 
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A 

B 

c 

Figure 1. Dot plot analysis of three double IF labelings in all eight AML-M4Eo patients. Green (FITC) fluorescence 
is shown on the X-asis. Red (PE) fluorescence is shown on theY-axis. A: C014 (My4 FITC), CD13 (My7 PE); B: 
CD2 (f11 FITC). CD13 (My7 PE); C: CD2 (f11 FITC), CD3 (Leu-4 PE). 
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Figure 2. Dot plot analysis of four double IF labelings in patients J.M. and M.V. Green (FITC) fluorescence is 
shown on the X-asis. Red (PE) fluorescence is shown on theY-axis. A: C02 (T11 FITC), CD34 (HPCA-2 PE): B: 
CD2 (T11 FITC), CD14 (My4 PE): C: CD14 (MY4 FITC), CD34 (HPCA-2 PE); D: CD14 (My4 FITC), CD33 (MY9 PE). 

CD33 +, CD14 + were comparable (Figures 1A, 2D, and Table 1). Although a considerable part 

of the leukemic cells was HlA-DR+, a relatively large fraction of the CD34 + cells was HlA-DR

(Table 1 ). Other myeloid markers which were positive on especially the more mature leukemic 

cells, were CD11 b, CD11 c, CD15, CD36, and CDw65. 

In all eight MNC samples the percentages of CD2 + cells exceeded the CD3 and CD? 

percentages (Tables 1 and 2). In Table 2 the results of double IF stainings for CD2 and several 

other differentiation markers are summarized. In addition to a small CD3 +, CD2 + T cell 

population the majority of the CD2+ cells expressed CD13, CD33, and HlA-DR (Table 2, 

Figure 1). Despite some patient-to-patient variation, CD2 expression was found in both 

immature (CD34 +) and more mature monocytic (CD14 +) leukemic subpopulations (Table 2, 

Figures 2A, 28). 

Four AML were tested for CD4 and CDS expression, which revealed weak CD4 reactivity 

on a part of the leukemic cells. The leukemic cells were positive for the LFA CD11ajCD18 

(LFA-1) and its ligand CD54 (ICAM-1) as well as CD58 (LFA--3) (Table 1). 

TdT+ cells were detected in all eight MNC samples. The percentages of TdT+ cells varied 

from 0.1% (patient E.K) to 40% (patient E.E.) (Table 1). The immunophenotype of the TdT+ 

cells was determined by use of double IF stainings for TdT and several membrane bound 

differentiation markers (Table 3). The precursor 8 cell markers CD10 and CD19 were detected 

on only a few TdT+ cells. The TdT+ cells were positive for HlA-DR and the myeloid markers 

CD13, CD33, and CDw65 and to a lesser extend for the CD15 antigen. The majority of the 

TdT+ cells were CD34 +, while only a few CD14 +, TdT+ cells could be detected, indicating 

that TdT was particularly expressed by the immature AML cells (Table 3). 
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Culture ol AML cells 

MNC from three of the eight AML were cultured 

with or without McAb against LFA (C02, CD18, and 

CD58). Due to shortage of cells the culture experi

ments were performed only once, but each culture 

was performed in triplicate. Prior to culture the AML 

samples were depleted of T cells with CD3 McAb 

using magnetic cell separation. AfterT cell depletion 
the percentage of CD3 + T cells in these samples 

was <1%. The results of the culture experiments 

are given in Figure 4. High spontaneous proliferati

on was observed in all three AML Addition of C02 

McAb to the culture medium inhibited the proliferati
ve response in patients M.B. and J.M., but in 

JM. JM 

Figure 3. Dot plot analysis of two double IF 
labelings in patient J.M., showing a lower 
density CD33 expression on the CD34 + cells 
as compared to the CD13 expression on 
these immature cells. Green {FITC) fluores
cence is shown on the X-asis. Red (PE) 
fluorescence is shown on the Y-axis. Left: 
C034 (HPCA-2 FITC). CD13 (MY7 PE); Right: 
CD34 (HPCA-2 FITC). CD33 (MY9 PE). 

patient A.K the CD2 McAb did not influence the proliferation, which was probably due to the 

relatively low frequency and low density of C02 expression in this patient (Figure 1 B and Table 

1). Addition of CD18 or CD58 McAb did not result in significantly higher proliferative responses 

in patients M.B. and J.M. However, in patient A.K addition of CD18 and CD58 McAb or a 

No McAb 
CD2 

CD18 

CD58 
CD2,CD18,CD58 

No McAb 
CD2 

CD18 
CD58 

CD2,CD18,CD58 
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Figure 4. Influence of the addition of CD2. CD18, andjor CDSB McAb upon the in vitro poliferation in three 
AML-M4Eo patients. Each determination was performed in trip!ate. Results are expressed as mean :t SEM. 
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mixture of CD2, CD18, and CD58 McAb resulted in an increased proliferative response, 

probably related to stimulation by the CD18 and CD58 McAb and absence of inhibition by the 

CD2 McAb (Rgure 4). 

DISCUSSION 

In this study we could demonstrate that AML-M4Eo with inv(16)(p13q22) is associated with 

a specific CD2 + immunophenotype. Although the eight leukemias consisted of heterogeneous 

cell populations in which various subpopulations could be identified, the immunophenotype of 

these subpopulations was strikingly similar. Not only the presence or absence of various 

immunological markers was comparable, but also the fluorescence intensity of most markers 

was similar. Whereas a close association between a specific chromosome aberration and a 
particular Qmmuno)phenotype is well known in acute lymphoblastic leukemia, this has not 
frequently been observed in AML, except for the typical phenotype of AML-M3 with 

t(15;17)(q22;q21), CD19 expression in AML with t(8;21)(q22;q22), and a few associations in 

other AML types (33-39). This may be explained by the heterogeneous composition of most 

AML, which can only be characterized properly, if multi parameter analysis is performed (40,41 ). 

In addition, small leukemic subpopulations may be missed, if rigid cut-off values of 15% to 25% 
positivity are used, which is often the case in routine immunological marker analysis. 

Virtually all AML-M4Eo cells were positive for the pan-myeloid marker CD13. In addition, 

the AML were partly positive for CD2, CD11 b, CD11c, CD14, CD33, CD34, CD36, CDw65, TdT, 

and i-ILA-DR. By use of several double IF stainings we could demonstrate the coexpression 
of the CD2 antigen and myeloid markers and we could recognize multiple AML subpopulations 

(Rgures 1,2, and 3). Within the CD13+ cell population, immature cells (CD34 +, CD14-) and 

more mature monocytic cells (CD34-, CD14 +) could be identified. The CD2 antigen was 

expressed by immature cells as well as more mature monocytic cells, whereas TdT expression 

was exclusively found in the CD34 +, CD14- subpopulation. Based on the double IF staining 

results obtained in our AML-M4Eo cases (Tables 1 ,2, and 3) a hypothetical diagram of the 

subpopulations in this type of AML is given in Figure 5. 
Reports on immunological marker analysis of AML-M4Eo with a chromosome 16 aberration 

are scarce and only a minimal number of markers have been used (21-26). If tested, CD13 was 

found to be positive (21 ,23). In addition, expression of CD14, CD33, and HLA-DR has been 

reported, confirming the monocytic phenotype (21,23,25). Paietta et al. described one patient 

having an AML-M4Eo with inv(16), in whom the cells were CDwss+ and TdT+ but CD14-

(22). It is not clear whether this leukemia indeed differs from our eight cases or whether the 

difference can be explained by the presence of a relatively small (<20%) C014+ monocytic 

subpopulation, comparable to patient N.S. in our study. Hogge et al. found 20o/o-25% TdT 

positivity in two out of six patients with either an inv(16) or a t(16;16) (42). It was not reported 

whether the other four AML contained <20% of TdT+ cells (42), as occurs in the majority of 

TdT+ AML (30). 
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TdT ----------
immature cells monocytic cells 

Figure 5. Hypothetical diagram of immunological marker expression by the various leukemic cell populations in 
AML~M4Eo samples. Virtually all AML~M4Eo cells express CD13. Most cells are positive for either CD34 (immature 
subpopulation) or CD14 (more mature monocytic subpopulation), whereas CD14+, CD34+ cells and CD14-, 
CD34- cells are scarce. CD33, HlA~DR, and CD2 are expressed on a part of the cells in both subpopulations. TdT 
expression is restricted to the CD34 + subpopulation. This diagram is based on the results of double IF staining 
experiments, given in Tables 1, 2, and 3. 

The consistent expression of the C02 antigen in our eight AML was detectable by McAb 

against the three C02 (T11.1, T11.2, and T11.3) epitopes. In one AML (D.W.) the expression 

of the T11.1 epitope was confirmed by the abili1y to form rosettes with sheep red blood cells 

(data not shown) (43). These results are in line with the report by Ball et al. (26), who 

demonstrated C02 mRNA in a case of AML-M4Eo. The negativity lor other T cell markers, such 

as CD3 and CD?, as well as the coexpression of C02 and myeloid markers argues against T 

cell lineage commitment (44). According to the literature, C02 expression can be found in 

6"/o-21% of AML cases (26,45-48). An association between C02 expression and a specific type 

of AML has not been reported so far. Schwonzen et al. found that T cell marker positive AML 

Q.e. C02, CD4, and/or CD?) often show extramedullary manifestations, especially skin 

infiltrations (49). The prognostic value of C02 expression in AML is controversial, since C02 

expression has been associated with both favorable and poor prognosis (26,46). In a recent 
study in childhood AML expression of the CD2 antigen was not prognostically sifnificant (48). 

This controversy may be explained by the fact that C02+ AML form a mixture of AML with a 

relatively good prognosis (e.g. AML-M4Eo) and AML with poor prognosis, such as immature 

types of AML and acute undifferentiated leukemias (50). 

The C02 antigen interacts with its ligand the CD58 (LFA-3) molecule, a cell surface 

glycoprotein with broad tissue distribution including expression on erythrocytes, epithelial cells, 
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endothelial cells, fibroblasts, and most cells of hematopoietic origin (51 ,52). Studies in T cells 

have demonstrated that C02-C058 interactions can induce activation in both C02 + cells and 

CD58 + cells, leading to proliferation and expansion of the activated T cells (53-55). The 

AML-M4Eo in our study were not only positive for the C02 (LFA-2) antigen, but they also 

expressed the C058 (LFA-3) antigen. We cultured three AML-M4Eo enabling cell-to-cell contact 

and observed a high spontaneous proliferation in all three samples. This may explain the 

reported high success rate of the detection of chromosome 16 aberrations, if cytogenetic 

analysis is performed on cultured AML-M4Eo cells instead of freshly obtained cells (56). In our 

cu~ure experiments addition of C02 McAb inhibited cell proliferation in two patients, suggesting 

that indeed C02 (LFA-2)-C058 (LFA-3) interaction supports the high spontaneous proliferation 

of the AML-M4Eo cells. However, in the third patient addition of C02 McAb did not have 

inhibitory effects on cell proliferation, which might be explained by the low frequency and low 

density expression of the C02 antigen in this patient. McAb against LFA molecules, such as 

C02, C018, and C058, may not only abrogate cell-cell interactions, but they can also function 

as agonist lor signalling through these molecules (43,54,55,57-59). Our data indicate that in at 

least one patient (A.K.) CD18 and CD58 McAb might indeed induce some additional cell 

proliferation (Figure 4). In such cases, it is not known whether binding of C018 and C058 

McAb directly induces cell proliferation or whether this is indirectly caused by the production 

of cytokines such as interleukin 1 (55). 

Finally, it is intriguing to speculate about some unique clinical and biological characteristics 

of AML-M4Eo, which might be related to the expression of the C02 and C058 antigens. The 

proliferation-inducing effect of the CD2-CD58 mediated cell-cell contact may contribute to the 

high WBC count in AML-M4Eo (60,61). In addtion, based on the distinct expression of the 

CD58 antigen on endothelial cells, Plunkett et al. (62) speculated that CD2-C058 interaction 

may support extravasation of activated T lymphocytes at sites of immune reaction. Therefore, 

it is intriguing that patients with AML-M4Eo frequently have enlarged lymph nodes, hepatome

galy, andjor splenomegaly (4,9,10,13). Furthermore, in AML-M4Eo a relatively high incidence 

of CNS leukemia has been observed, manifesting as leptomeningeal disease and intracerebral 

myeloblastomas (8, 11, 13, 15, 19). Whether expression ofthe C02 and CD58 antigens facilitates 

dissemination of leukemic cells to lymphoid tissues and CNS needs further investigation. 

ACKNOWLEDGEMENTS. We gratefully acknowledge Prof. Dr. R. Benner and Dr. H. Hooijkaas for their continuous 
support; Drs. K. HS.h/en, A.C.J.M Holdrinet, and P. Sonneveld for sending patient material; Drs W. A>; W. Knapp, 

R. Kurrle, R.A.W. van Lier, and T. Schumacher for kindly providing McAb; P.W.C. Adriaansen-Soeting, J.G. te 
Marvelde, and A. F. Wierenga-Wolf for excellent technical assistance; T. W. van Os for the preparation of the figures; 

and AD. Korpershoek for secretarial support. 

REFERENCES 

1. McCulloch EA, Kelleher CA, Miyauchi J, Wang C. Cheng GYN, Minden MD, Curtis JE. Heterogeneity in acute 

myeloblastic leukemia. Leukemia 1988;2:38S-49S. 



AML-M4Eo with inv(16) exhibits a specific C02+ immunophenotype 161 

2. Bennett JM, Catovsky D, Daniel M-T, Flandrin G, Galton DAG, Gralnick HR, Sultan C. Proposals for the 

classification of the acute leukaemias. French-American-British (FAB) co-operative group. Br J Haematol 

1976;33;451-458. 

3. Bennett JM, Catovsky D, Daniel MT, Flandrin G. Galton DAG, Gralnick HR, Sultan C. Proposed revised criteria 

for the classification of acute myeloid leukemia. A report of the French-American-British cooperative group. 

Ann lnt Med 1985;103:626-629. 

4. Arthur DC, Bloomfield CD. Partial deletion of the !ong arm of chromosome 16 and bone marrow eosinophilia 

in acute nonlymphocytic leukemia: a new association. Blood 1983;61 :994-998. 

5. Le Beau MM, Larson RA. Bitter MA, Vardiman JW, Golomb HM, Rowley JD. Association of an inversion of 

chromosome 16 with abnormal marrow eosinophils in acute myelomonocytic leukemia. A unique 

cytogenetic-clinicopathological association. N Eng! J Med 1983;309:630-636. 

6. De Ia Chapel!e A. Lahtinen R. Chromosome 16 and bone-marrow eosinophilia. N Engl J Med 1983;309:1394. 

7. Testa JR, Hogge DE, Misawa S, Zandparsa N. Chromosome 16 rearrangements in acute myelomonocytic 

leukemia with abnormal eosinophils. N Engl J Med 1984;310:468. 

8. Holmes R, Keating MJ, Cork A, Broach Y, Trujillo J, Dalton 'NT, McCredie KB, Freireich EJ. A unique pattern 

of central ner.rous system leukemia in acute myelomonocytic leukemia associated with inv(16) (p13q22). Blood 

1985;65:1071-1 078. 

9. Larson RA, Wi[]iams SF, Le Beau MM, Bitter MA, Vardiman JW, Rowley JD. Acute mye!omonocytic leukemia 

with abnormal eosinophils and inv(16) or t(16;16) has a favorable prognosis. Blood 1986;68:1242-1249. 

10. Bloomfield CO, De Ia Chapel!e A. Chromosome abnormalities in acute nonlymphocytic leukemia: clinical and 

biologic significance. Sem Oneal 1987;14:372-383. 

11. Second MIC cooperative study group. Morphologic, immunologic and cytogenetic (MIC) working classification 

of the acute myeloid leukaemias. Br J Haematol 1988;68:487-494. 

12. Schiffer CA, Lee EJ, Tomiyasu T, Wiernik PH, Testa JR. Prognostic impact of cytogenetic abnormalities in 

patients with de novo acute nonlymphocytic leukemia Blood 1989;73:263·270. 

13. Bernard P, Oachary 0, Reiffers J, Marit G, Wen Z, Jonveaux P, David B, Lacombe F. Broustet A. Acute 

nonlymphocytic leukemia with marrow eosinophllia and chromosome 16 abnormality: a report of 18 cases. 

Leukemia 1989;3:740-745. 

14. Raimondi SC, Kalwinsky OK. Hayashi Y. Behm FG, Mirra J, Williams DL Cytogenetics of childhood acute 

nonlymphocytic leukemia. Cancer Genet Cytogenet 1989;40:13. 

15. Kalwinsky OK, Raimondi SC, Schell MJ, Mirra J, Santana VM, Behm F, Dahl GV, Williams D. Prognostic 

importance of cytogenetic subgroups in de novo pediatric acute nonlymphocytic leukemia. J Clin Oncol 

1990;8:75-83. 

16. Le Beau MM, Diaz MO, Karin M, Rowley JD. Metallothionein gene cluster is split by chromosome 16 

rearrangements in myelomonocytic leukaemia. Nature 1985;313:709-711. 

17. Sutherland GR, Baker E, Gallen OF, Garson OM, West AK The human metaUothionein gene cluster is not 

disrupted in myelomonocytic leukemia. Genomics 1990;6:144-148. 

18. Arthur DC, Berger R, Golomb HM, Swansburry GJ, Reeves BR. Alimena G, Van den Berghe H, Bloomfield CD, 

De Ia Chapelle A, Dewald GW, Garson OM, Hagemeijer A, Kaneko Y, Mitelman F, Pierre RV, Ruutu T, Sakurai 

M, Lawler SO, Rowley JD. The clinical significance of karyotype in acute myelogenous leukemia Cancer Genet 

Cytogenet 1989;40:203-216. 

19. Ohyashiki K, Ohyashiki JH, lwabuchi A. Ito H, Toyama K Centra! ner.rous system involvement in acute 

nonlymphocytic leukemia with inv('l6)(p13q22). Leukemia 1988~:398-399. 

20. Bitter MA, Le Beau MM, Larson RA, Rosner MC, Golomb HM. Rowley JD, Vardiman JW. A morphologic and 

cytochemical study of acute myelomonocytic leukemia with abnormal marrow eosinophils associated with 

inv(16)(p13q22). Am J Clin Pathol 1984;81:733-741. 

21. Tantravahi R, Schwenn M, Henkle C, Nell M, Leavitt PR, Griffin JD, Weinstein HJ. A pericentric inversion of 

chromosome 16 is associated with dysplastic marrow eosinophils in acute myelomonocytic leukemia Blood 



162 CHAPTER 3.3 

1984;63:800-802. 

22. Paietta E, Papenhausen P, Az.ar C, Wlernik PH, Spielvogel A lnv(16) occurring in a case of acute biphenotypic 

leukemia Jacking monocytic markers: multiple but short remissions. Cancer Genet Cytogenet 1987;25:367-368. 

23. Maseki N, Kaneko Y, Sakurai M. Nonrandom additional chromosome changes in acute nonlymphocytlc 

leukemia with inv(16)(p13q22). Cancer Genet Cytogenet 1987;26:309-315. 

24. Borowitz MJ, Gockerman JP, Moore JO. Civin Cl, Page SO, Robertson J, Signer SH. Clinicopathologic and 

cytogenic features of CD34 (MY10)-positive acute nonlymphocytlc leukemia. Am J Clin Patho! 1989;91:265-

270. 
25. Geller RB, Zahurak M, Hurwitz CA. Burke PJ, Karp JE, Piantadosi S, Civin CL Prognostic importance of 

lmmunophenotyping in adults with acute myelocytic leukaemia: the significance of the stem-cell glycoprotein 

CD34 (My10). Br J Haematol 1990;76:340-347. 

26. Ball ED, Davis RB, Griffin JD, Mayer RJ, Davey FR, Arthur DC, Wurster-Hill D. Noll W. Elghetany MT, Allen SL 

Rai K, lee EJ, Schiffer CA. Bloomfield CD. Prognostic value of lymphocyte surface markers in acute myeloid 

leukemia. Blood 1991;77:2242-2250. 

27. Hagemeijer A, Smit EME, Bootsma D. Improved identification of chromosomes of leukemic cells in 

methotrexate-treated cultures. Cytogenet Cell Genet 1979;23:208-212. 

28. Harnden DG, Klinger HP, eds. lSCN (1985). An international system for human cytogenetic nomenclature. 

Published in collaboration with Cytogenet Cell Genet, Basel: Karger, 1985. 

29. Van Dongen JJM, Adriaansen HJ, Hooijkaas H. Immunological marker analysis of cells in the various 

hematopoietic differentiation stages and their malignant counterparts. In: Ruiter OJ, Fleuren GJ, Wamaar SO, 

eds. Application of monoclonal antibodies in tumour pathology. Dordrecht: Martinus Nijhoff Publishers, 

1987:87-116. 

30. Adriaansen HJ, Van Dongen JJM, Kappers-Kiunne MC, Hahlen K, Van 't Veer MB, Wijdenes-<ie Bresser JHFM, 

Holdrinet ACJM, Harthoorn-Lasthuizen EJ, Abels J, Hooijkaas H. Terminal deoxynucleotidyl transferase 

positive subpopulations occur in the majority of ANLL: implications for the detection of minimal disease. 

Leukemia 1990;4:404-410. 

31. Mlltenyi S, MQIIerW, Weichel W, Radbruch A. High gradient magnetic cell separation with MACS. Cytometry 

1990;11 :231-238. 

32. Salem M, Delwel R. Touw I, Mahmoud L LOwenberg B. Human AML colony growth in serum-free culture. Leuk 

Res 1988;12:157-165. 

33. Adriaansen HJ, Van Dongen JJM, Hooijkaas H. Hahlen K, Van 't Veer MB, LOwenberg 8, Hagemeijer A 

Translocation (6;9) may be associated with a specific TdT-positive immunological phenotype in ANLL 

Leukemia 1988:2:136-140. 

34. De Rossi G, Awisati G, Coluzzi S, Fenu S. Lo Coco F, Lopez M, Nanni M, Pasqualetti D. Mandelli F. 

Immunological definition of acute promyelocytic leukemia (FAB M3): A study of 39 cases. Eur J Haematol 

1990;45:168-171. 

35. Sun G, Sparkes AS, Wormsley S, Naeim F, Champlin R. Gale RP. Are some cases of acute leukemia with 

t(8;21) hybrid leukemias? Cancer Genet Cytogenet 1990;49:177-184. 

36. Touw I, Donath J, Pauwels K, Van Buitenen C, Schipper P. Santini V, Hagemeijer A. LOwenberg B, Delwel R. 

Acute myeloid leukemias with chromosomal abnormalities involving the 21 q22 region identified by their in vitro 

responsiveness to interleukin-5. leukemia 1991;5:687-692. 

37. LoCoco F, Awisati G, Diverio D, Biondi A, Pandolfi PP, Alcalay M, De Rossi G, Petti MC, CantU-Rajnoldi A. 

Pasqualetti D. Nanni M, Fenu S, Frontani M, Mandelll F. Rearrangements of the RAR-a: gene ln acute 

promyelocytic leukaemia: correlations with morphology and immunophenotype. Br J Haemato! 1991;78:494-

499. 

38. Cuneo A, Michaux J-L Ferrant A. Van Hove L, Soslu A. Stu! M, Dal Cin P, Vandenberghe E, Cassiman J-J, 
Negrini M, ?Iva N, Castaldi G, Van den Berghe H. Correlation of cytogenetic petterns and clinicobiological 

features in adult acute myeloid leukemia expressing lymphoid markers. Blood 1992;79:720-727. 



AML·M4Eo with inv(16) exhibits a specific CD2+ immunophenotype 163 

39. Kita K, Nakase K, Miwa H, Masuya M, Nishii K, Morita N, Takakura N, Otsuji A, Shirakawa S, Ueda T, Nasu 

K, Kyo T, Dohy H, Kamada N. Phenotypical characteristics of acute myelocytic leukemia associated with the 

t(8;21) (q22;q22) chromosomal abnormality: frequent expression of immature B·cell antigen CD1 9 together with 

stem eel! antigen CD34. Blood 1992;80:470-477. 

40. Terstappen LWMM, KOnemann S, Safford M, Loken MR. Zur1utter K, BUchner Th, Hiddemann W, WOrmann 

8. Flow cytometric characterization of acute myeloid leukemia. Part 1. Significance of light scattering 

properties. Leukemia 1991;5:315--321. 

41. Terstappen LWMM, Safford M, KOnemann S, Loken MR, Zur1utter K, SOchnerT, Hiddemann W, WOrmann B. 

Flow cytometric characterization of acute myeloid leukemia Part II. Phenotypic heterogeneity at diagnosis. 

Leukemia 1991;5:757·767. 

42. Hogge DE, Misawa S, Parsa NZ. Pollak A, Testa JR. Abnormalities of chromosome 16 in association with 

acute myelomonocytic leukemia and dysplastic bone marrow eosinophils. J Clin Oneal 1984;2:550·557. 

43. Meuer SC, Hussey RE, Fabbi M, Fox D. Acuto 0, Fitzgerald KA, Hodgdon JC, Protentis JP, Schlossman SF, 

Reinherz ELAn alternative pathway of T·cell activation: a functional role for the 50 kd T11 sheep erythrocyte 

receptor protein. Cell 1984;36:897-906. 

44. Van Dongen JJM, Hooijkaas H, Comans-Bitter M, H3hlen H, De Klein A, Van Zanen GE, Van 't Veer MB, Abels 

J, Benner R. Human bone marrow cells positive for terminal deoxynucleotidyl transferase (TdT), HLA·DR, and 

aT eel! marker may represent prothymocytes. J lmmunol 1985;135:3144--3150. 

45. Mirra J, Antoun GR, Zipf TF, Melvin S, Stass S. The E rosette-associated antigen ofT cells can be identified 

on blasts from patients with acute myeloblastic leukemia. Blood 1985;65:363--367. 

46. Cross AH, Goorha RM, Nuss R, Sehm FG, Murphy SB, Kalwinsky OK, Raimondi S, Kitchingman GR, Mirra J. 

Acute myeloid leukemia with T-lymphoid features: a distinct biologic and clinical entity. Blood 1988;72:579-587. 

47. Del Vecchio L Schiavone EM, Ferrara F, Pace E, Lo Pardo C, Pacetti M, Russo M, Ciril!o D, Vacca C. 

lmmunodiagnosis of acute leukemia displaying ectopic antigens: proposal for a classification of promiscuous 

phenotypes. Am J Hematol1989;31:173-180. 

48. Smith FO, Lampkin BC, Versteeg C, Flowers DA, Dinndorf PA, Buckley JD, Woods WG, Hammond GD, 

Bernstein I D. Expression of lymphoid·associated cell surface antigens by childhood acute myeloid leukemia 

cell lacks prognostic significance. Blood 1992;79:2415-2422. 

49. Schwonzen M, Kuehn N, Vetten 8, Diehl V, Pfreundschuh M. Phenotyping of acute myelomonocytic (AMMOL) 

and monocytic leukemia (AMOL): association of T-een-related antigens and skin-infiltration in AMOL Leuk Res 

1989;13:893-898. 

50. Pui C-H, Behm FG, Kalwinsky K, Murphy SB, Butler DL Dahl GV, Mirra J. Clinical significance of low levels 

of myeloperoxidase positivity in childhood acute nonlymphoblastic leukemia Blood 1987;70:51-54. 

51. Dustin ML, Sanders ME, Shaw S, Springer T A Purified lymphocyte function-associated antigen 3 binds to CD2 

and mediates T lymphocyte adhesion. J Exp Med 1987;165:677-692. 

52. Wallner BP, Frey PZ., Tizard R, Mattaliano RJ, Hession C, Sanders ME, Dustin ML Springer TA. Primary 

structure of lymphocyte function-associated antigen 3 (LFA--3). The ligand of the T lymphocyte CD2 

glycoprotein. J Exp Med 1987;166:923-932. 

53. Vollger LW, Tuck DT. SpringerTA, Haynes BF, Singer KH. Thymocyte binding to human thymic epithelial cells 

is inhibited by monoclonal antibodies to CD-2 and LFA--3 antigens. J lmmuno! 1987;138:358-363. 

54. Shaw S, Ginther Luce GE, Quinones R, Gress RE, Springer TA, Sanders ME. Two antigen-independent 

adhesion pathways used by human cytotoxic T-cell clones. Nature 1986;323:262·264. 

55. Le P, Denning S, Springer T, Haynes B, Singer K Anti-LFA--3 monoclonal antibody induces inter1eukln 1 (IL 

1) release by thymic epithelial (TE) cells and monocytes. Fedn Proc 1987;46:447. 

56. Harth H, Pees H, Zankl H. Acute myelomonocytic leukemia (M4) with eosinophilia: problems concerning 

chromosome 16 abnormality. Cancer Genet Cytogenet 1986;23:127-133. 

57. Dustin ML, Springer TA Role of lymphocyte adhesion receptors in transient interactions and cell locomotion. 

Ann Rev lmmunol 1991;9:27-66. 



164 CHAPT£R3.3 

58. HGnig T, Tiefenthaler G, Meyer zum BOschenfelde K-H, Meuer SC. Alternative pathway activation ofT cells 

by binding of C02 to its cell-surface ligand. Nature 1987;326:29&-301. 

59. Van Noesel C, Miedema F, Brouwer M, De Rie MA, Aarden LA, Van Uer RAW. Regulatory properties of LFA-1 

alpha and beta chains in human T-lymphocyte activation. Nature 1988;333:850-852. 

60. Nara N, McCulloch EA. Membranes replace irradiated blast cells as growth requirement for leukemic blast 

progenitors in suspension culture. J Exp Med 1985;162:1435-1443. 

61. Reilly lAG, Kozlowski R, Russell NH. The role of cell contact and autostimulatory soluble factors in the 

proliferation of blast cells in acute myeloblastic leukemia Leukemia 1989;3:145-150. 

62. Plunkett ML Sanders ME. Selvaraj P. Dustin ML Springer TA. Resetting of activated human T lymphocytes 

with autologous erythrocytes. Definition of the receptor and ligand moleci.des as C02 and lymphocyte 

function-associated antigen 3 (LFA-3). J Exp Med 1987;165:664-676. 



CHAPTER 4 

EXPRESSION OF TERMINAL DEOXYNUCLEOTIDYL TRANSFERASE 

IN AML: IMPLICATIONS FOR THE DETECTION OF 
MINIMAL RESIDUAL DISEASE 

4.1 Double marker analysis for terminal deoxynucleotidyl transferase and 

165 

myeloid antigens in acute myeloid leukemia patients and healthy subjects 167 

4.2 Terminal deoxynucleotidyl transferase positive subpopulations occur 
in the majority of AML: Implications for the detection of minimal disease 177 

4.3 Detection of residual disease in AML patients by use of double 
immunological marker analysis for terminal deoxynucleotidyl transferase 
and myeloid markers 

4.4 Immunoglobulin and T cell receptor gene rearrangements in acute myeloid 
leukemias. Analysis of 54 cases and a review of the literature 

191 

207 





167 

CHAPTER 4.1 

DOUBLE MARKER ANALYSIS FOR TERMINAL DEOXYNUCLEOTIDYL 

TRANSFERASE AND MYELOID ANTIGENS IN ACUTE MYELOID 

LEUKEMIA PATIENTS AND HEALTHY SUBJECTS. 

H.J. Adriaansen 1 , H. Hooijkaas 1 , M.C. Kappers-Klunne2, K. Hahlen3, 

M.B. van 't Veer4 and J.J.M. van Dong en 1 

1. Department of Immunology; 

2. Department of Hematology; 

3. Department of Pediatrics, Subdivision Pediatric Hematology*Oncology, 
University Hospital/Erasmus University, Rotterdam; 

4. Department of Hematology, Dr. Daniel den Hoed Cancer Center, Rotterdam, The Netherlands. 

INTRODUCTION 

The enzyme terminal deoxynucleotidyl transferase (TdT) is expressed on the nuclear 

membrane of normal precursor BandT cells as well as their malignant counterparts, i.e., acute 

lymphoblastic leukemias (ALL) and some lymphoblastic lymphomas (1 ,2). TdT expression has 
also been found in 5%-46"/o of acute myeloid leukemias (AML) (3-9). In AML there is a large 

variability in the percentage of TdT+ cells, and also the intensity of TdT expression varies per 

cell. In most studies a limit of at least 10% of TdT+ cells was adopted for the diagnosis of a 

TdT+ AML. However, it is likely that in some AML smaller TdT+ leukemic subpopulations are 

present. 
We have analyzed 60 AML lor the presence of a TdT+ subpopulation using double marker 

analyses lor TdT and differentiation markers, such as myeloid markers (CDi3 and CD33), B 

cell markers, and T cell markers. In addition, we applied double marker analyses to monitor 

the TdT+ leukemic subpopulation in two AML patients during and after chemotherapy. In 

control studies, it was investigated whether CD13+, TdT+ cells and CD33+, TdT+ cells are 

present in normal bone marrow (BM) and peripheral blood (PB). 

Published in: Haematol Blood Transtus 1990;33:41-49. In the original article eight leukemias were classified 
as acute undifferentiated leukemia. According to the recently redefined criteria (see Chapter 1) seven out of these 
eight leukemias were reclassified as AML-MO. 
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TABLE 1. Twelve typical examples out of the 60 AML. 
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A.S. 71 M 0.9 M1 BM88 17 33 (0) 26 23 (0) 0 (0) 0 (0) 36 (99) ;; (0) 1 (0) 14 (54) 39 (99) 3 (0) 

PA 53 M 47 M3 BM 95 20 ;; (0) 2 ;; (0) 0 44 (2) 1 0 98 (97) 17 (48) ;; (2) 

S.M. 76 F 11 MO BM 95 65 21 (0) 7 13 (ll) 0 (0) 21 (0) 48 (50) 9 (0) 39 (16) 80 (90) 87 (99) 87 (94) 

a. Percentages of positivity lor a surfaC(I membrane marker per TdT+ calfs as determined by double IF staining. 
b. Coulter Clone, Hialeah, FL, USA. 
c. Becton Dickinson, San Jose, CA, USA. 
d. American Type Culture Co11ect!on, Rockville, MD, USA. 
e, Or. W. Knapp, Vienna, Austria. 
f. Seralab, Crawley, UK 
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MATERIALS AND METHODS 

BM andjor PB samples from 60 patients having an AML were classified according to the revised criteria of 

the French American British (FAB) group. Immunological marker analyses using fluorescence microscopy were 

performed on mononuclear cells (MNC) isolated by Ficoll (density, 1.077 gjcm3) density centrifugation (10). We 

determined the expression of a series of immunological markers, including TdT, the B cell markers C010 and 

CD19, the T cell markers C02, CD3, and CD7, the myeloid markers C013, CD14, CD15, and CD33, the HLA-DR 

antigen, and the precursor antigen CD34. Information about the monoclonal antibodies (McAb) used is given in 

Table 1. The TdT immunofluorescence (IF) assay was performed by use of a rabbit anti-TdT and a fluorescein 

isothiocyanate (FITC) conjugated goat anti-rabbit immunoglobulin (lg) antiserum (Supertechs, Bethesda, MD, USA). 

Only the characteristic nuclear staining was considered positive. For double marker analysis cells were 

successively labeled with one of the McAb mentioned above and a tetramethylrhodamine isothiocyanate (TRlTC) 

conjugated goat anti-mouse lg antiserum. Subsequently the TdT IF assay was performed. If possible, at least 200 

TdT+ cells were analyzed; when MNC samples contained less than 1% of TdT+ cells two cytocentrifuge 

preparations (total -50,000 MNC) were screened. 

BM andjor PB samples from two patients were monitored for the presence of CD33 +, TdT+ cells (patient 

B. B.) or CD13 +, rcrr+ cells (patient A.K) during and after chemotherapy. 

Sixty-six BM samples obtained from healthy volunteers (n = 7), from ALL patients under therapy (n"" 1 4), from 

ALL patients off therapy (n=45), as well as 25 PB samples from healthy volunteers (n= 16) and from ALL patients 

(n=9) were analyzed for the presence of CD13+, TdT+ cells and CD33 +, TdT+ cells. 

RESULTS 

TdT+ subpopulations in AML at diagnosis 

The FAB classification of the 60 AML is summarized in Table 2. Detailed information about 
hematological characteristics and results of immunological marker analysis of 12 representative 
AML are given in Table 1. The results of all 60 leukemias will be published elsewhere (11, 

Chapter 4.2). A marked heterogeneity of marker expression was found between the different 
leukemias as well as within each leukemia. In 75% (n~45) of the 60 AML a myeloid marker+, 

TdT+, CD10- subpopulation was present; this subpopulation varied from 0.1% up to 90% of 

MNC (Figure 1). In Table 3 the 60 AML are listed according to the size of the TdT+ 
subpopulation. In most TdT+ 
AML the TciT+ subpopulation TABLE 2. Presence of myeloid marker+. TdT+ cells in 60 AML 

accounted for <50% and often 
even < 10% of MNC. No obvi-

Leukemia type, Total number of Number of AML 
according to the AML per FAB with myeloid mar-

ous relationship between the FAB group group ker+' rcrr+ cells 

presence or absence of mye-
laid marker+, TdT+ cells, and M1 7 6 

M2 22 16 
the FAB subtypes could be M3 3 3 

found (Table 2). W~hin each 
M4 10 8 
MS 8 3 

leukemia the intensity of the M6 2 2 
MO/AUL 8 7 

T dT expression was variable. 
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Figure 1. Double IF staining for CD33 and TdT on PB cells from patient P.B. at diagnosis. A: Phase contrast 
morphology; B: TdT positive cells (FITC labeled); C: CD33 (My9) positive cells (TRITC labeled). The majority of 
the cells are positive for CD33. 

Generally, the TdT expression in AML was weaker than in ALL. In all but one of the 45 AML 

with a TdT+ subpopulation the TdT+ cells were positive for CD13 and/or CD33. 

Follow-up ol AML patients by use ol double marker analysis 

Follow-up studies were performed in patients B. B. and A.K. The immunological phenotype 

of these two AML at diagnosis is given in Table 1, while the follow-up data are summarized in 

Figure 2. 

After stopping the maintenance therapy in patient B.S., a gradual increase in the 

percentage of CD33 +, TdT+ cells was found during the 6-month period before relapse. After 

reinduction treatment she obtained complete remission (CR). At this point BM was taken for 

autologous bone marrow transplantation (ABMT), which was performed 4 weeks later. A se

cond BM relapse occurred 16 weeks after ABMT and the patient died. Although this patient 

seemed to be in second CR for a period of 20 weeks, in all BM samples tested CD33 +, TdT+ 

cells were detected (Figure 2). 

In patient A.K. both BM and PB samples were monitored. This patient achieved remission 

after 5 weeks of treatment and obtained CRafter 12 weeks. Although at diagnosis only about 

1% of the MNC were CD13+, TdT+, during follow-up low percentages of CD13+, TdT+ cells 

were detected in all BM and PB samples tested. The percentages of CD13 +, TdT+ cells 

gradually decreased, but these double positive cells were still present at week 28 of follow-up. 

Subsequently the percentages of double positive cells gradually increased to about 5% in the 
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Figure 2. Follow·up of two AML pa· 
tients by use of double IF staining for 
TdT and a myeloid marker {CD13 (My7) 
or CD33 (My9)]. Solid line represents 
BM and dashed line represents PB. 
Clinical phase is based on both clinical 
observation and cytomorphology of BM 
and PB samples; D, diagnostic phase; 
CR. complete remission; PR, partial 
remission; Re, relapse. Arrows indicate: 
Rx, start chemotherapy; Stop Ax, end of 
chemotherapy; ABMT, autologous bone 
marrow transplantation. 

BM and 3% in the PB at week 45 of follow-up when a BM relapse occurred, as was proven by 

cytomorphology (Figure 2). 

Control studies 

low percentages of myeloid marker+, TdT+ cells (0.001o/~0.03%) were detected in 6 out 

of 7 normal BM samples, in 5 out of 14 BM samples from All patients under therapy, and in 

4 out of 45 BM samples from ALL patients off therapy (Table 4). 

Taken together, in 15 out of 66 (23%) BM samples from healthy volunteers and ALL 

patients in CR low percentages of CD13+, TdT+ andjor CD33+, TdT+ cells were detected. 

In 3 of these 15 BM samples both CD13 +, TdT+ cells and CD33+, TdT+ cells were present, 

while in the other 12 BM samples only CD13+, TdT+ cells (n=6) or CD33+, TdT+ cells (n=6) 

were detected. In general, the nuclear TdT expression as well as the expression of the myeloid 
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TABlE 3. Percentage of myeloid marker+, TdT+ cells in 60 AML 

Myeloid marker+, TdT+, 
CD1 o- cells (%) 

0 
0.1-10 
10-50 
>50 

marker was weak. 

Number of AML 

15 (~25%) 
24 (=40%) 
16 (~27%) 
5 (~ 8%) 

Examples {see Table 2) 

KA., J.J., M.S. 
S.M., A.K. P.B., J.R. 
M.M., B.S .. AS., P.A 
B.M. 

Myeloid marker+, TdT+ cells were not found in the P8 samples (n =25) tested (Table 4). 

DISCUSSION 

Using double marker analysis for TdT and several differentiation markers, we detected TdT 

expression in 75% (n=45) of AMLIn all cases the TdT+ cells only represented a subpopulati

on of the AML Proportionally this subpopulation varied from 0.1% to 83% of MNC. In most 

cases (n=24) the percentage ofTdT+ cells was even <10% (Table 3). The inclusion of such 

low percentages explains the higher incidence of TdT+ AMLin our study as compared with 

the data reported in the literature (3-9). Nevertheless, our data are comparable with those in 

other reports. For example, Erber et al. found TdT+ cells in frequencies from 10% to 90% of 

MNC in 37% of AML cases (8), while we detected such percentages of TdT+ cells in 35% of 
AML If a small TdT+ subpopulation (<10%) is present, it has to be demonstrated that these 

TdT+ cells do not represent normal TdT+ precursor B cells (12). Double marker analysis may 

allow discrimination between TdT+ precursor 8 cells and TdT+, myeloid marker+ AML cells 

(Table 1). Using this approach, it was proven that in the TdT+ AML of our series the TdT+ 

cells expressed the same pan-myeloid markers as the Tdl cells (Figure 1 ). 

Since a TdT+ subpopulation occurs in the majority of AML, it is interesting to study whether 

normal counterparts of such AML cells, i.e., myeloid marker+, TdT+ cells occur in normal 8M 

and P8. Using double marker analysis we found low percentages of CD13+, TdT+ andjor 

CD33 +, TdT+ cells in 23% of the BM samples from healthy volunteers and ALL patients in CR 

(Table 4). As indicated in Table 4 myeloid marker+, TdT+ cells were detected in the majority 

of the 8M samples from healthy adults, while these cells were found in only 9% of the 8M 

samples from children with an ALL off therapy in continuous CR. The latter finding may be 
explained by the abundance of CD10+, TdT+ cells, which probably represent regenerating 

precursor 8 cells (unpublished observations). 8radstock et al. found about 0.01% of CD13+, 
TdT+ cells in 5 out of 11 non-leukemia 8M samples (13). Interestingly, they detected these 

double positive cells in 8M samples from adults, while these cells were absent in 8M samples 
from young children. Together with our findings these data suggest an age related occurrence 

of myeloid marker+, TdT+ cells. In addition, 8radstock et al. reported a weak CD13 expression 
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TABLE 4. Analysis of BM and PB samples from healthy volunteers and non-AML patients for the presence 
of myeloid marker+, TdT+ cells. 

CD13+, TdT+ CD33+, TdT+ 

Fraction CD13+, Fraction CD33+, Fraction of samples 
of posi- TdT+ cells of posi- TdT+ cells with CD13 +, TdT+ 
tive sam- (%) tive sam- (%) cells and/or CD33 +, 

Cell samples pies pies TdT+ cells 

BM samples from 3/7 0.001-0.03 3(7 0.002-{).02 6(7 
healthy volunteers aged 
18-54 years (n=7) 

BM samples from 4/14 0.002-{).007 
patients (aged 5-21 years) 

4/14 0.004-0.02 5/14 

with an All under main-
tenance therapy in CR 
(n~14) 

BM samples from 2/45 0.02 2/45 0.004 4/45 
patients (aged 5-18 years) 
with an All off therapy 
in continuous CR (n=45) 

PB samples from 0/25 0 
healthy volunteers 

0/25 0 0/25 

{n=16) and patients with 
an ALL in CR (n=9) 

on these cells, which corresponds with our observations for both CD13 and CD33 expression 

by TdT+ cells in normal BM. In PB samples we did not find myeloid marker+, TdT+ cells. So 

far, it is unclear whether myeloid marker+, TdT+ cells in normal BM represent precursor 

myeloid cells or whether the myeloid marker is weakly expressed by precursor lymphoid cells. 

In this respect, the recent finding of expression of CD13 and CD33 by ALL cells is interesting 
(14). 

The role ofTdT in AML cells and in normal precursor myeloid cells is unclear. In precursor 

lymphoid cells TdT is probably involved in the insertion of nucleotides during rearrangement 
of lg genes or T cell receptor (feR) genes (15,16). In myeloid marker+, TdT+ cells the TdT 

expression may be related to rearrangement of lg or TcR genes or to rearrangement of a still 

unknown myeloid specific gene. On the other hand, aberrant expression of TdT in immature 

precursor myeloid cells cannot be excluded. 

liT dT is expressed by a subpopulation within an AM L, double marker analysis can be used 

to monitor this subpopulation in AML patients during and after chemotherapy. In analogy to our 

T-ALL studies, we have recently started a follow-up study using double marker analysis for TdT 

and a myeloid marker in AML patients to detect minimal residual disease (17). Although 

myeloid marker+, TdT+ cells can be present in low frequencies in BM samples, our preliminary 
results indicate that detection of minimal residual disease is possible indeed. As illustrated in 

Figure 2, myeloid marker+, TdT+ cells were detected in two patients, who were in CR on 

clinical grounds and by cytomorphological examinations of BM and PB samples. Although in 



174 CHAPTER 4.1 

both cases at diagnosis only a subpopulation of the cells were TdT+, it was possible to 

monitor this subpopulation during follow-up. In one patient a gradual increase of double 
positive cells resulted in a hematological relapse after 6 months. In addition, it was also 
possible to detect myeloid marker+, TdT+ cells in the autologous BM graft of this patient The 
latter suggests that it might be rewarding to search for TdT+ AML cells in autologous BM 
grafts of AM L patients before transplantation. 

In conclusion, TdT+ cells, from 0.1% up to 83% of MNC, can be detected in the majority 
of AML Using double marker analysis it can be demonstrated that these TdT+ cells belong 
to the AML cell population. This offers possibilities for the detection of minimal residual disease, 
and early detection of relapse. 
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CHAPTER 4.2 

TERMINAL DEOXYNUCLEOTIDYL TRANSFERASE POSITIVE 

SUBPOPULATIONS OCCUR IN THE MAJORITY OF AML: IMPLICATIONS 

FOR THE DETECTION OF MINIMAL DISEASE• 

H.J. Adriaansen 1, J.J.M. van Dongen 1, M.C. Kappers-Klunne2, K. Hahlen3, 

M.S. van 't Veer4
, J.H.F.M. Wijdenes-de Bresser 1 , A.C.J.M. Holdrinet5 , 

E.J. Harthoorn-Lasthuizen6, J. Abels2 and H. Hooijkaas 1 

1. Department of Immunology; 
2. Department of Hematology; 

3. Department of Pediatrics. University Hospital/Erasmus University, Rotterdam: 

4. Department of Hematology, Dr. Daniel den Hoed Cancer Center, Rotterdam; 

5. Department of Internal Medicine, St. Ignatius Hospital, Breda; 

6. Department of Internal Medicine, Groot Ziekengasthuis, 's·Hertogenbosch, The Netherlands. 

SUMMARY 

A series of 60 acute myeloid leukemias (AML) was analyzed for the expression of terminal 
deoxynucleotidyl transferase (Tdl). The detected TdT+ cells were studied in detail by use of 
double marker analyses for TdT and differentiation markers, such as myeloid markers (CD13 

and CD33), B cell markers, T cell markers, and the precursor antigen CD34. In 15 (25%) of 

these leukemic cell samples, we found no TdT+ cells or low percentages of CD1 0 +, TdT+ 
cells; the latter probably represent precursor B cells. In the other 45 (75%) AML myeloid 
marker+, TdT+, CD10- cells were detected, ranging from 0.1%-10% (n=24) or over 10% 

(n=21) of mononuclear cells (MNC). Interestingly, a higher frequency of CD34 positivity was 
found on the TdT+ cells as compared to the Tdr cells, suggesting that the TdT+ cells 
represent an immature leukemic subpopulation. Therefore, it may be speculated that the TdT+ 
subpopulation contains the clonogenic AML cells. In two patients, in whom immunological 
marker analysis was performed at initial diagnosis as well as at relapse, an expansion of the 
TdT+ subpopulation was documented at relapse, which may reflect a reduced differentiation 

capacity of the leukemic cells. Previous studies on a series of non-leukemic bone marrow (BM) 
and peripheral blood (PB) samples revealed that normal counterparts of myeloid marker+, 

TdT+ cells are rare in BM ( < 0.03%, if they occur at all) and that such cells are not detectable 

Published in: Leukemia 7990;4:404-410. In the original article eight leukemias were classified as acute 
undifferentiated leukemia. According to the recently redefined criteria (see Chapter 1) seven out of these eight 
leukemias were reclassified as AML-MO. 
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in PB. Therefore myeloid marker, TdT double stainings may be useful to monitor the TdT+ 

leukemic subpopulation in patients with a TdT+ AML during and after chemotherapy. Our 

preliminary results on the follow-up of two such patients support this hypothesis. 

INTRODUCTION 

TdT is an enzyme which is probably involved in the insertion of nucleotides during 

rearrangement of immunoglobulin heavy chain (lgH) genes and T cell receptor p chain (TcR-P) 

genes (1-3). It is found on the nuclear membrane of normal precursor BandT cells as well as 

their malignant counterparts, i.e., acute lymphoblastic leukemias (ALL) and some lymphoblastic 
lymphomas (4,5). The expression ofTdT by almost all All and the majority of the lymphoblas

tic lymphomas makes TdT very suitable as a marker for these malignancies at diagnosis as well 

as during follow-up (4-6). 

TdT positivity is also found in some AML (7-16). In contrast to All, a great variability in the 

number of TdT positive cells is observed and the intensity of TdT expression per cell is usually 

lower (9,11-13,15). Initially about 10% of AML was thought to be TdT+ (7,8), but in some 

recent reports percentages between 20% and 46% are mentioned (9,12-14). These differences 

may be explained by the sensitivity of the immunocytochemical procedure used and the types 

of AML under study as well as the percentage of TdT+ cells which is accepted as the lower 

limit for the diagnosis of a TdT+ AML (9, 11, 13-15). In most recent studies this lower limit was 

10% (10, 11, 13-15), but it is likely that in some AML a smaller TdT+ subpopulation is present. 

We have analyzed 60 AML for the presence of a TdT+ subpopulation using double marker 

analyses for TdT and differentiation markers, such as myeloid markers, 8 cell markers, and T 

cell markers. It was found that in the majority of AML a TdT+ leukemic subpopulation can be 

detected. In addition, we applied double marker analysis to monitor the TdT+ leukemic 

subpopulation in two AML patients during and after chemotherapy. 

MATERIALS AND METHODS 

Patients 

PB andjor BM cens from 60 consecutive AML patients were investigated; 17 patients were children(< 18 

years). Patients with a myeloid blast crisis of a chronic myelocytic leukemia or patients who were known with a 
preceding mye!odysplastic syndrome were not included. In six patients the analyses were performed at first relapse 

(n = 5) or at second relapse (n = 1 ). The diagnosis of AML was based on cytomorphology of PS and, when available, 

BM smears stained for May GrUnwald Giemsa and cytochemistry (Sudan black 8, myeloperoxidase and o:
naphtylacetate esterase). The cases were classified according to the revised criteria of the French American British 
(FAB) gmup (17). 
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Immunological marker analysis 

MNC were isolated from BM or PB by Ficoll Paque (density: 1.077 gjcm3: Pharmacia, Uppsala, Sweden) 

density centrifugation. MNC were incubated with monoclonal antibodies (McAb) as described (18). Several McAb 

were used, including the B eel! markers: CD19 (84; Coulter Clone, Hialeah, FL USA) and CD10 (V!L-A1; Dr. W. 

Knapp, Vienna, Austria); the T cell markers: C02 (T11; Coulter Clone), CD3 (Leu-4; Becton Dickinson, San Jose, 

CA, USA), and CD7 (3A1; American Type Culture Collection, Rockville, MD, USA); the myeloid monocytic markers: 

C013 (My?; Coulter Clone), CD14 (My4; Coulter Clone), CD15 (VIM-OS; Dr. W. Knapp), and C033 (My9; Coulter 

Clone); the non-lineage specific markers: C034 (81-3CS; Seralab, Crawley Down, UK) and HLA-DR (L243; Becton 

Dickinson). In addition, a few leukemias were tested with the myeloid marker CDw65 (V!M-2; Dr. W. Knapp). As 

a second step reagent we used a fluorescein isothiocyanate (FITC) conjugated goat anti-mouse immunoglobuHn 

Qg) antiserum (Central Laboratory of the Blood Transfusion Service, Amsterdam, The Netherlands). Aleukemia was 

regarded to be positive for an immunological marker if more than 20% of MNC expressed the marker. However, 

in the C02 and CD? expression, we decided that the percentages positivity had to exceed the CD3 expression 

more than 20% because CD3 + T lymphocytes also express C02 and CD?. The expression of TdT was detected 

by use of a rabbit anti-TdT antiserum and a FITC-conjugated goat anti-rabbit lg antiserum (Supertechs, Bethesda, 

MD, USA). Only the characteristic nuclearTdT staining was taken as positive. Double marker analyses forT efT and 

several surface membrane antigens, such as C02, CD7, CD10, CD13, CD14, CD15, C019, CD33, CD34, CDw65, 

and HLA-DR were performed as described (18). In short: MNC were labeled with a McAb and a tetramethyl

rhodamine (TRJTC) conjugated goat anti-mouse lg antiserum (Central Laboratory of the Blood Transfusion Service). 

The labeled cells were spun onto slides by use of a cytocentrifuge (Nordic Immunological Laboratories, Tilburg, 

The Netherlands) and subjected to the TdT staining. No cross-reactivity between the goat anti-rabbit !g antiserum 

and the applicated McAb was observed. If possible, at least 200 TdT+ cells were analyzed; when MNC samples 

contained less than 1% ofTdT+ cells, two cytocentrifuge preparations (total - 50,000 MNC) were screened. The 

immunofluoresence (!F) labelings were analyzed on Zeiss fluorescence microscopes (Carl Zeiss, Oberkochen, 

Germany), equipped with phase contrast facilities (18). 

Follow-up of two AML patients 

BM samples from two AML patients (M.M. and B.S.) were monitored for the presence of CD33+, TdT+ cells 

during and after chemotherapy. 

RESULTS 

Fifty-nine leukemias were classified as acute myeloblastic leukemia (AML), and one leu

kemia was minimally differentiated, lacked myeloid marker expression and therefore classified 

as acute undifferentiated leukemia (AUL). In Table 1 the leukemias are listed according to their 

FAB diagnosis. Age, sex, white blood cell (WBC) count, percentage of blast cells in BM and 

PB, hemoglobin (Hb) level, platelet count of each patient, as well as FAB diagnosis of each 

leukemia are shown in Tables 2, 3, and 4. 
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TdT expression 

TdT+ cells were demonstrated in the majority {47 of 60) of the cell samples. The per
centage of TdT+ cells varied from 0.1%-83%. The intensity of the TdT expression on the 
nuclear membrane of the blast cells varied from leukemia to leukemia. In general, the TdT 
staining was weaker than the TdT staining in ALL Myeloid marker+, TdT+ cells could be 

demonstrated in 75% of the AML These double positive cells had a myeloid appearance in 
phase contrast morphology and were negative for the lymphoid marker CD10. No obvious 
relationship between the presence or absence of myeloid marker+, TdT+ cells and the FAB 
subtypes could be found, except for FAB-M5 in which subgroup only a minority of the 
leukemias (3 of 8) contained such double positive cells (Table 1). In Tables 2, 3, and 4, the 
leukemias are listed according to the frequency of myeloid marker+, TdT+ cells. In Table 2, 
151eukemias are grouped in which no myeloid marker+, TdT+ cells were found; two AML BM 
samples contained 2.1% (patient M.S.) and 0.15% (patient J.W.) TdT+ precursor B cells. The 

TABLE 1. Presence of myeloid marker+, TdT+ cells in so AML 

Leukemia type Total number Number of AML 
according to of AML per with myeloid mar-
the FAB group FAB group ker+, TdT+ cells 

M1 7 6 
M2 22 16 
M3 3 3 
M4 10 8 
MS 8 3 
M6 2 2 
MO/AUL 8 7 

Single immunological marker analysis 

latter was demonstrated by 
use of double marker analysis, 
which revealed that the TdT+ 

cells in the BM samples from 

patient M.S. and patient J.W. 
were CD10+ and myeloid mar
ker-. Data about leukemias 
with a myeloid marker+, TdT+ 

subpopulation are summarized 
in Table 3 (0.1o/~10% TdT+ 

cells) and Table 4 (>10% 
TdT+ cells). 

The results of the immunological marker analysis of the leukemias are summarized in 
Tables 2, 3, and 4. With the exception of one leukemia (patient H.B.), positivity for CD13 

and/or CD33 was found in all leukemias. The majority of the leukemias was positive for HLA· 
DR, while in some leukemias no or only low percentages of HLA-DR positive cells were 
demonstrated. The HLA·DR- leukemias mainly belonged to the FAB subgroups M1, M2, and 
M3. Expression of CD14 seems to be restricted to AML-M4 and AML-M5, although CD14 
positivity was also found in two AML-M2 (patients N.L and M.W.). CD15 expression was found 

in some AML-M4 and AML-M5, but this antigen was also expressed by some other leukemias 
(e.g., the AUL from patient H.B., the AML-MO from patient B.M., and the two AML-M6 from 
patients S.M. and M.M.). CD? expression was found on 11 "more immature" leukemias Q.e., 
AML-MO, M1, M2, and M4). CD34 was expressed by most leukemias tested; the percentages 



TABLE 2. Fifteen AML without myeloid marker+, TdT+ cells. 
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Immunological marker analysis per MNC (per TdT + cells)8 
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a. PerC(lnlages positivity for surfaC(l membrane marker per TdT positive cells as determined by double IF staining. 
b. Analyses performed at first relapse. 
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TABLE 3. Twenlywfour AML with 0,1%-10% of myeloid marker+, TdT+ cells. 
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TdT C02 CD3 CD? CD10 CD19 CD13 CD14 CD15 CD33 CD34 HLA·DR 

C.T. 70 M 20 ND' 56 5.0 61 MO PB 0.1 3(2) 3 77(5) 0(0) 11(0) 83(92) 10(0) 5(0) 62(0) 86(63) 83(68) 
S.M. 16 F 3.5 55° 3 5.8 34 M6 BM 0.1 6(1) 6 10(21) <1(11) 3(0) 4(45) 8(0) 21 (1) 79(87) 10(93) 19(73) 
N.L 52 M 83 56 52 7.2 25 M2 PB 0.2 6 5(0) 0(0) 21(90) 20(64) 44 25(0) 51(8) 48(88) 
H.R. 79 F 3.5 83 74 5.8 44 M1 BM 0.3 7(0) 5 6(3) < 1(11) 2(1) 79(70) 2(0) 11(0) 64(11) 56(69) 47(54) 
MK 58 F 180 66 96 4.7 22 M2 PB 0.3 3(0) 3 2(0) 0(0) 3(0) 2(0) 6(0) 1(0) 89(74) 0(0) 10(3) 
AH 67 M 2.6 50 16 4.3 110 M5a BM 0.5 (0) 8 9(0) 11(25) 0(0) 75(70) 15(0) 10(6) 67(70) 33(99) 52(14) 
AK 26 M 62 90 75 6.2 36 M4 PB 0.6 8(27) 4 2(0) 0(0) 3(0) 95(62) 20(0) 11 (1) 60(20) 67(97) 46(12) 

0 
LH. 77 M 1.3 75 0 3.9 16 M1 BM 1.4 0(0) 5 5(0) 1(6) 3(0) 76(65) 2(0) 5(0) 0(0) 30 11(11) 

~ A. G. 71 F 49 68 80 4.0 41 M4 PB 3 13(0) 9 11 (21) 0(0) 2(0) 77(61) 6(0) 0(0) 17(13) 61(86) 88(81) 
R.P. 6 F 40 86 79 1.6 11 M3 BM 3 8 4 4(11) 0 51(3) 0 2 29(94) 6(69) 17(2) ;;j , 
w.v. 25 M 39 56 78 4.4 43 M2 BM 3 2(11) 2 1(11) 0(0) 53(55J 1(0) 1(0) 92(99J 66(23) 4(0) !>. 
M.L 7 F 10 64 62 6.8 54 M2' BM 4 6(0) 4 7(11) < 1(1) 56(86) 38(5) 2(0) 17(16) 56(2) 57(92) 48(65) "' 
D.N. 9 F 1.3 78 1 6.0 12 M3 BM 4 0 10(9) 11 45(91) 13 
M.B. 10 F 77 79 90 6.7 6 M4 BM 4 8(21) 4 2(1) 0(0) 1(0) 75(66) 26(0) 27(9) 45(1) 57(67) 35(18) 
P.B. 40 F 13 70 56 7.3 16 M2' PB 4 4(0) 2 36(94) 0(0) 3(11) 74(99) 5(0) 2(0) 89(99) 22(88) 78(99) 
M.G. 18 F 104 66 59 5.4 74 M2 BM 5 0(0) 0 18(11) 0(0) 2(0) 70(30) 19(0) 11(0) 73(4) 14(4) 53(7) 
J.L 64 F 27 95 89 3.8 25 M2 PB 5 2(1) 1 lh{lh) 0(0) 11(1) 0(0) 0(0) 1(0) 66(99) 0(0) lh(O) 
B.W. 46 M 1.6 ND 92 5.6 137 Mo BM 6 11(0) 11 90(99) 0(0) 6(1) 1(0) 0(0) 1(0) 42(11) 77(80) 61(70) 
E. C. 72 F 92 95 69 5.0 83 MO BM 6 4 4 4(1) 0(0) 2 93(81) 2 2 < 1(1) 30 63(25) 
CK 68 F 5.3 66 57 4.2 39 M2 BM 6 15 12 10 0 33(83) 6(0) 6(0) 70(6) 62(96) 
J.R. 75 M 47 ND 71 3.9 12 M1 PB 6 9(2) 8 91 (95) < 1 (II) 2(0) 64(56) lh(O) lh(O) 13(14) 49(44) 67(89) 
M.V. 13 F 6.5 57 31 7.4 158 M4 BM 7 46(31) 6 17(3) 0(0) 3(1) 61(29) 36(0) 6(0) 76(45) 55(81) 60{16) 
R.S. 16 M 150 97 95 4.2 61 MO PB 7 1 (!h) 1 77(54) 0 3 0(0) 0 1 96(28) 0(0) 63(60) 
LD. 20 M 105 89 77 6.9 103 M4' PB 9 4(1) II 29(15) 0(0) 0 21 1(0) 4(0) 65(9) 25(96) 99(96) 

a. Percentages positivity for surface membrane marker per TdT positive «~lis as determined by double IF staining. 
b, ND: not determined. 
o. Including eryttoblasts, 
d. CDN65 was found to be positive: 49% per MNC and 84% per TdT+ cells. 
e. Analyses performed at first relapse. 



TdT+ subpopulations in AML 183 

of CD34 positivity varied from 0.5%-93%. C02 and CDi9 were only expressed by two and three 

AML, respectively. CDiO was negative on all cases, with the exception of low percentages 

CDi 0 + cells in some cell samples; these cells probably represent precursor B cells. 

Immunological marker analysis of T<IT+ cells 

The results of the double marker analysis, i.e., the percentages of TdT+ cells which 

express a certain differentiation marker, are shown in Tables 2, 3, and 4. Some differences 

were observed between marker expression by the TdT+ cells as compared with the expression 

of those markers by the total population of MNC. 

With the exception ofthe AUL mentioned above (patient H. B.), expression for CDi3 and/or 

CD33 was found on the TdT+ cells (Figure i). However, in five leukemias these pan-myeloid 

markers were only expressed by < 20% of the TdT+ cells. Additional testing for CDw65 in two 

of these five cases (patients M.L and F.W.) revealed that a majority of the TdT+ cells 

expressed CDw65. In one BM sample (patient A. H.) with 0.5% TdT+ cells, it was found that 

25% of the TdT+ cells were CD10+ and 70% of the TdT+ cells were CD33+. The CD10+, 

TdT+ cells were usually smaller and did express TdT stronger than the CD33+, TdT+ cells. 

The former probably represented a small population of precursor B cells, while the latter were 

assumed to be a part of the leukemia in this patient. In all other leukemic cell samples listed 

in Tables 3 and 4, no significant percentages of CD10+, TdT+ cells were demonstrated. In 

most TdT+ AML, the CD34 antigen was expressed in stronger Q.e., a higher antigen density) 

as well as in higher percentages by TdT+ cells than by Tc:IT""" cells. In most leukemias expres-

Figure 1. Double IF staining for CD33 and TdT on PB cells from patient P.6. at diagnosis. A: phase contrast 
morphology; B: TdT positive cell (FITC labeled); C: CD33 (My9) positive cel!s (TRITC labeled). The majority of the 
cells, including the TdT+ cell, are positive for CD33. 
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TdT CD2 CD3 CD? CD10 CD19 CD13 CD14 CD15 CD33 CD34 HIADR 

M.M. 17 M 1.7 71b 0 7.2 38 M6 BM 11 9(11) 10 10(5) < 1 (II) 8(0) 2(39) 2(0) 38(0) 57(97) 5(26) 32(26) 
NA 46 M 18 81 68 6.8 38 M2 PB 11 15(0) 13 13(0) < 1 (1) 9(0) 5(1) 2(0) 1(6) 55(20) 10(87) 79(67) 
B. B. 13 F 29 73 58 2.8 14 M4 BM 12 3 II 2(0) 0(0) 82(89) 3(0) 15(0) 92(95) 74(26) 
F. H. 34 M 31 90 76 7.6 108 M5a PB 12 43(0) 23 23(0) 0(0) 8(0) 25(68) 69(13) 0(0) 56(12) 36(88) 74(98) 
A.V. 29 M 5.9 99 72 5.9 21 M2 BM 14 3(0) II 20(8) 2(2) 3(1) 83(56) 0(0) 0(0) 87(65) 92(99) 91 (70) 
LB. 60 M 110 70 34 6.3 35 M4 PB 15 29(0) 30 24(0) 0(0) 16(0) 14(1) 27(0) 3(17) 20(0) 31(88) 41(89) 0 
AS. 71 M 0.9 88 16 8.9 50 M1 BM 17 33(0) 26 23(0) 0(0) 0(0) 36(99) \1(0) 1(0) 14(54) 39(99) 3(0) ~ c.o. 86 F 8.0 87 81 5.9 15 M2 PB 17 10(0) 7 10(0) 0(0) 1(0) 65(98) 5(0) 0(0) 86(81) 65(93) 90(96) ii1 PA 53 M 47 95 88 7.4 81 M3 BM 20 11(0) 2 11(0) 0 44(2) 1 0 98(97) 17(48) 11(2) , 
M.W. 70 F 3.2 80 29 5.5 115 M2 PB 22 23(11) 27 25(0) < 1 (II) 5(0) 70(83) 28(0) 3(0) 35(71) 45(94) 6(2) ;. 
v.v. 76 M 3.7 71 12 5.4 50 M5b BM 24 11 7 9 0 2 67(71) 50(16) 18(6) 29(0) 81 (99) "' 
P.K 16 F 21 39 18 3.6 29 M4 BM 25 5 2(3) 0(0) 72(65) 1 7 0(0) 65(97) 
w.w. 45 M 3.6 50 1 9.0 153 M2' BM 29 8 10 20(27) 1 (1) 9(0) 3(0) 11(0) 55(99) 6 
J.Z. 12 F 20 80 47 5.9 31 M2 BM 32 6(0) 5 7(0) 0(0) 2(0) 60(57) 2(0) 32(0) 89(99) 37(16) 11(17) 
F.B. 53 F 56 95 82 4.6 17 M1 PB 45 20(0) 4 17(0) 0(0) 11 (0) 89(85) 9 4 80(65J 83(99) 85(98) 
F.W. 10 M 33 67 80 5.7 38 M2d BM 47 3(0) 2 2(0) 0(0) 46(25) 45(11)d 3(0) 6(0) 55(6) 43(97) 76(82) 
C. A. 38 F 42 75 97 5.4 11 M1' PB 61 11(0) II 90(79) 0(0) ~(0) 92(87) 0(0) 0(0) 74(39) 78(63) 81(87) 
S.M. 76 F 11 95 57 4.3 39 MO BM 65 21(0) 7 13(11) 0(0) 21(0) 48(50) 9(0) 39(16) 80(90) 87(99) 87(94) 
P.G. 63 F 30 83 95 5.4 261 MO BM 69 11(0) 6 15(4) 0 11(0) 78(98) 6 2 16(1) 17(8) 
H.B. 67 F 27 91 54 5.5 67 AUL PB 78 22(0) 13 6(0) 0 3(0) 11(0) 0(0) 30(14) 11(0) 78(96) 83(90) 
A.W. 44 F 26 96 89 4.4 38 M2 PB 83 8(0) 7 9(0) 0(0) 1(0) 39 1(0) \1(0) 97(99) 0(0) 3(0) 

a. Percentages posltivity for surface membrane marker per TdT positive cells as determined by double IF staining, 
b. Including erytroblasts. 
c. Analyses performed at fils! relapse. 
d. CDw65was found to be positive: 43% per MNC and 45% per Tdt+ cells. 
e. Analyses performed at second relapse, In first relapse 1.5% CDt3+, TdT+ cells were detected. 



Figure 2. Follow~up of BM samples 
from two AML patients by use of dou~ 
ble IF staining forTdT and the myeloid 
marker CD33(My9). Clinical phase is 
based on both clinical observation and 
cytomorphology of BM and PB sam
ples. D, diagnostic phase; CR, com
plete remission: Re, relapse; Rx. start 
chemotherapy; Stop Rx, end of che
motherapy. 
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sian of HLA-DR by TdT+ cells was comparable to the HLA-DR expression by the total 

population of MNC. However, especially in some leukemias classified as AML-M4 or AML-M5, 

the Tdl cells expressed HLA-DR stronger and in higher frequencies than the TdT+ cells. 

CD15 expression by TdT+ cells was found in low percentages (< 20%) in 10 leukemias. 

Interestingly, two ofthese leukemias (patients S.M. and H.S.) were AML·MO or AUL without any 

maturation into granulocytic cells according to morphologic criteria. CD14 +, TdT+ cells were 

only demonstrated in two leukemias diagnosed as AML-M5a (patient F.H.) and AML-M5b 

(patient V.V.). CD19 expression by TdT+ cells was found in three leukemias classified as AML

M2 (patients N.L, M.L, and F.W.). CD2+, TdT+ cells were demonstrated in three AML-M4 (pa

tients A.K., M.S., and M.V.), while CD? expression by > 20% of the TdT+ cells was found in 

eight AM L cases. 

Follow-up of two AML patients 

Follow-up studies were performed in patients B.S. and M.M. Hematologic data as well as 
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the immunological phenotypes of these two AML at diagnosis are given in Table 4. The results 

of the follow-up studies are summarized in Figure 2. 

In both patients about 10% of the leukemic BM cells at diagnosis expressed both TdT and 
CD33. In patient B. B. 0.05% of CD33+, TdT+ cells were found in the BM 4 weeks after 

stopping therapy. Subsequently, the percentage of double positive cells gradually increased. 

Seven months after stopping therapy and 6 months after the first detection of CD33 +, TdT+ 

cells a BM relapse occurred, as proven by cytomorphology. Patient M.M. achieved complete 

cytomorphologic remission 10 weeks after diagnosis. However, in a BM sample taken 6 weeks 

later, 0.14% CD33 +, TdT+ cells were still present. Another 14 weeks later this pa!1ent relapsed. 

DISCUSSION 

According to the literature TdT expression can be found in 5%-46% of AML (7-16). The 

differences in incidence ofTdT+ AML can be explained by the types of AML examined as well 

as the sensitivity of the method used to detectTdT (9,11,13-15). In most publications an AML 

was regarded to be TdT+ when at least 10% of MNC expressed TdT (10,11,13-15). In our 

study 35% (21 of 60) of the AML met this criterium (Table 4), a percentage which corresponds 

with some literature data (9, 11-13). However, in eight out of these 21 leukemias, the percentage 

of TdT+ cells was between 10% and 20%, and in only five leukemias did the majority {> 50%) 

of the AML cells express TdT. These results are in line with the observation that in most TdT+ 

AML only a subpopulation of the AML cells is TdT+ (7,9, 12-14). This reflects the heterogeneity 

that is often seen in AML (19,20). Based on these observations we anticipated that also small 

TdT+ subpopulations {<10% of MNC) may occur. Using double marker analysis for TdT and 

surface membrane markers, it was indeed found that in 40% of the AMLin this study such a 

small TdT+ subpopulation was present (Table 3). These TdT+ cells generally expressed TdT 

weakly, had a myeloid appearance in phase contrast microscopy, expressed the same myeloid 

markers as the Tdlleukemic cells, and were CD10-. Therefore, it was concluded that these 

TdT+ cells belonged to the leukemia. All together, in about 75% of AML a TdT+ sub population 

taking up 0.1% to 83% of MNC was detected. 

The occurrence of TdT+ cells within an AML appears to be independent of the FAB 

diagnosis. Only within the "more mature" AML-M5 subgroup, TdT+ cells were found in a 

minority of the leukemias (Table 1). This is in contrast with a report, which describes a higher 

incidence of TdT+ AML among the monocytic variants (21). On the other hand, several 

[nvestigators have associated TdT expression with-- immature myeloid leukemias 
(12, 14, 15,22,23). In this respect, the finding of a stronger (higher density) CD34 expression by 

TdT+ cells as compared with Tdl cells in most AML is interesting. CD34 is expressed by 

progenitor cells in normal BM as well as immature acute leukemias {24). Therefore, it is likely 

that the CD34 +, TdT+ cells represent the immature subpopulation within an AML. Such an 

immature CD34 +, TdT+ subpopulation was detected in the majority of AML but appeared to 

vary in size (Tables 3 and 4). The presence of a relationship between TdT expression and 
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immaturity is also suggested by a higher frequency of TdT+ cells at relapse as compared to 

the frequency at diagnosis. This is illustrated by the data on the two patients in Figure 2 which 

document an expansion of the TdT+ leukemic subpopulation from i 0% at diagnosis to 48% 

(patient B. B.) or to 25% (patient M.M.) at relapse. Such an increase ofthe TdT+ subpopulation 

was also observed in patient C.A. (fable 4), who had 6i% TdT+ cells at second relapse but 

only i .5% COi3 +, TdT+ cells at first relapse. The expansion of the TdT+ subpopulation within 

an AML at relapse may reftect the reduced differentiation capacity of the leukemic cells (25). 
These combined data lead us to speculate that the TdT+ leukemic subpopulation contains the 

AML cells with clonogenic properties. 

We not only found a variation between the AMLin the percentage of TdT+ cells, but there 

was also a marked heterogeneity with respect to the surface membrane markers expressed 
by the TdT+ cells (fables 3 and 4). It is interesting to correlate the immunological phenotype 

of all MNC and especially of the TdT+ cells with other features of the AML, such as cytomor

phology and cytogenetics. We recently postulated a correlation between translocation (6;9) and 

the immunological phenotype HLA-OR+, CD13+, partly TdT+ (26). However, such compa

risons are often hampered by the morphologic and immunophenotypic heterogeneity present 

in most AML. This partly explains the poor correlation between immunophenotype and 

cytomorphologic diagnosis as reported in the literature (19,21,27-29) and as found in this 

study. These discrepancies can further be explained by the fact that Ficoll density separation 

for immunological marker analysis of MNC may enrich for more immature cells, while on the 

other hand the morphologic diagnosis is based on the presence of maturation characteristics, 

even when it concerns a minor leukemic subpopulation (e.g., 3% peroxidase or Sudan black 

positive cells for the diagnosis AML-M1) (17). 
In our series of AML we did not find "mixed" acute leukemias, such as mixtures of relatively 

large populations of CD10+, TdT+ lymphoblasts and CD13+, CD33+ myeloblasts (30,31). 

However, in several AML a part of the leukemic cells expressed "lymphoid" markers such as 

C02, CD7, or CD19. Whether this represents aberrant leukemia associated expression or 

whether normal counterparts of such cells occur can only be studied by careful double marker 

analysis of normal BM samples. 

If TdT is expressed by the immature cells within the leukemia, it is interesting to monitor this 

immature subpopulation in AML patients during and after chemotherapy. This follow-up can be 

periormed by use of double marker analysis for a particular myeloid marker and TdT. The 

choice of the myeloid markers should depend on immunophenotype of the leukemia at 

diagnosis. For the interpretation of the results of these double marker analyses, it is important 

to know whether each myeloid marker+, TdT+ cell can be regarded as malignant or whether 
such cells also occur in normal cell samples. Previous studies revealed that CD13+, TdT+ cells 
and/or C033+, TdT+ cells are present in low frequencies (0.001%- 0.03%) in the majority of 

the BM samples from healthy volunteers and non-leukemia patients, while these cells are 

absent in most BM samples taken during and after chemotherapy from patients with an ALL 

in continuous complete remission (CR) (32,33). In PB samples from healthy volunteers and 

from patients with an ALL in continuous CR, such double positive cells are not detectable (32). 
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Therefore, a single finding of a low percentage of myeloid marker+, TdT+ cells ( <0.03%) in 

BM should be interpreted with caution. When higher percentages (>0.03%) of myeloid mar

ker+, TdT+ cells are detected, residual AML can be suspected, especially when the number 

of these cells increase during follow-up or when double positive cells are detected in PB. We 

recenW started a follow-up study using double marker analysis for a myeloid marker and TdT 

in TdT+ AML patients to detect minimal residual disease. Myeloid marker+, TdT+ cells could 

be demonstrated in BM samples from two patients in cytomorphologic CR who relapsed later 

on. As illustrated in Figure 2, a gradual increase of CD33 +, TdT+ cells was observed in patient 

B.B. during the 6-months period before relapse occurred. Patient M.M., who was in CR for 20 

weeks, never obtained remission based on the results of immunological marker analysis. 

Therefore, double marker analysis for a myeloid marker and TdT may be useful for the 
detection of minimal disease during follow-up of AML patients. Furthermore, such follow-up can 

provide information about responses upon different chemotherapeutical drugs as well as about 

growth kinetics of the tumor cells. 

In conclusion, in the majority of AML, a TdT+ subpopulation can be detected. These TdT+ 

cells probably represent the immature leukemic subpopulation which may contain the 

clonogenic AML cells. Furthermore, our results indicate that double marker analysis for TdT 

and a myeloid marker may represent a powerful tool for detection of minimal residual disease 

as well as the detection of early relapse. 
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CHAPTER 4.3 

DETECTION OF RESIDUAL DISEASE IN AML PATIENTS BY USE OF 

DOUBLE IMMUNOLOGICAL MARKER ANALYSIS FOR TERMINAL 

DEOXYNUCLEOTIDYL TRANSFERASE AND MYELOID MARKERS. 
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SUMMARY 

1. Department of Immunology: 

2. Department of Hematology; 

3. Department of Pediatrics, Subdivision Pediatric Hematology~Oncology, 

University Hospital/Erasmus University, Rotterdam; 

In the majority of patients with acute myeloid leukemia (AML) immature leukemic 
subpopulations expressing myeloid markers and terminal deoxynucleotidyl transferase (TdT) 

are present. The normal counterparts of these double positive cells are rare in bone marrow 

(BM) (<0.03%; if they occur at all) and are not detectable in peripheral blood (PB). In i4 

patients with TdT+ AML at diagnosis we have performed a prospective follow-up study to 
monitor the myeloid marker+, TdT+ cells during and after chemotherapy. 

One patient did not obtain complete remission (CR), a second patient relapsed under 
therapy, whereas the other 12 patients were in cytomorphological CR at the end of 

chemotherapy. During subsequent follow-up seven of these i2 patients developed one or two 
relapses (total of ten relapses). Nine of these ten relapses were preceded by a gradual 
increase of myeloid marker+, TdT+ cells in BM and PB samples over a period of (14-38 

weeks). In one patient the relapse was not preceded by a gradual increase of double positive 
cells. This false negative result was caused by a phenotypic shift, since at relapse the AML 
cells did not express TdT. 

In the five AML patients who still are in continuous cytomorphological CR for 32-46 months 
we repeatedly detected relatively high percentages of myeloid marker+, TdT+ cells in BM (up 

to 0.1 %) and PB (up to 0.02%). Although we could not prove the leukemic origin of these 
double positive cells, they might represent residual dysplastic AML cells which survived 
chemotherapy but which are not capable of causing leukemia regrowth as yet. This would be 

in line with recent polymerase chain reaction (PCR) studies, which could demonstrate the 

" Leukemia, in press. 



192 CHAPTER4.3 

persistence of leukemic clones in the majority of AML patients in continuous CR. 

It is concluded that double immunofiuorescence (IF) labeling for myeloid markers and TdT 

is a powerful tool to detect residual disease in TdT+ AML patients. A gradual increase of 

double positive cells is highly suggestive for leukemic cell regrowth and can be used to predict 

relapse. 

INTRODUCTION 

During the last decades progress has been made in the treatment of AML Intensive 

chemotherapy results in a remission rates of 60%-80%, but without bone marrow transplantati

on (BMT) the majority of patients relapse (1-3). Depending on their age, only 15% to 40% of 

AML patients are curred, i.e. achieve 5-year disease for survival (1-3). Cure rates of 40%-50% 

have been reported after allogeneic BMT (4,5) or after a combination of high dose chemothera

py and autologous BMT (ABMT) (6). Apparently, low numbers of leukemic cells persist, in most 
AML patients although they are undetectable by conventional cytomorphological techniques. 

These methods have a detection limit of 1% to 5% (1 to 5 leukemic cells between 100 normal 

cells), which implies that over 1010 AML cells might remain undetectable (7-9). Therefore, more 

sensitive techniques are needed to evaluate the effectiveness of the applied treatment, i.e. the 
reduction of tumor mass. Such information is essential for adaptation of treatment protocols. 

Sensitive techniques can also be helpful to recognize the development of relapse in an early 

phase and they can be used to determine the optimal time point for harvesting BM grafts for 

ABMT and to screen the obtained autologous grafts for the presence of residual leukemic cells. 

Several methods for the detection of minimal residual disease (MRD) in AML have been 

evaluated, including morphology, cytogenetics (10-14), cell culture systems (15, 16), cell kinetic 

analysis (17), immunological marker analysis (8, 18, 19), molecular biological techniques (20-28), 

cancer procoagulant assay (29), and magnetic resonance imaging (30-32). The application of 

cytogenetics or molecular biological techniques requires the presence of a clonal chromosome 

aberration, a gene rearrangement, or a mutation. If the aberration is known precisely, the PCR 

technique can theoretically detect tumor specific sequences with a detection limit down to 10-5 

(1 leukemic cell between 105 normal cells) (9,25,26). At present, most methods for MRD 

detection are only applicable in a minority of AML patients. The PCR technique can be applied 

in AML patients with a specific well-defined chromosome aberration, such as t(9;22), t(15;17), 

or t(6;9), or with cross-lineage rearrangements of immunoglobulin (lg) andjor T cell receptor 

(feR) genes (9,24-28,33-36). Cytogenetics and cell culture systems are only useful in AML 

which proliferate in vitro. An additional problem in the application of most methods is that 

quanflfication of the tumor burden is difficult or impossible. 

The use of immunological marker analysis for detection of MRD is hampered by the fact 

that the immunophenotype of AML cells is comparable to that of normal immature hematopoe

tic cells (37,38). This implies that the presence of these normal cells limits the immunological 

delectability of the leukemic cells. For most markers this results in detection limits, which are 
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not lower than 1% to 10% (10-2 to 10-1
) (8,18). Using double IF staining for TdT and the 

pan-myeloid markers CD13, CD33, or CDw85, we could demonstrate expression of TdT in 
-75% of AML (39). In contrast to acute lymphoblastic leukemias (ALL), in AML the TdT 
expression is often restricted to a subpopulation of the AML cells, which is illustrated by the 
finding that in half of the TdT+ AML the frequency of myeloid marker+, TdT+ cells is less than 

10%. Interestingly, the precursor antigen CD34 is expressed in much higher frequencies on the 
TdT+ leukemic cells than on the TdT- leukemic cells, suggesting that the TdT+ cell fracton 
represents an immature subpopulation, which might contain the clonogenic AML cells (39). 
Extensive control studies have revealed that normal counterparts of the myeloid marker+, 

TdT+ cells are rare in BM ( <0.03%, if they occur at all) and that such cells are not detectable 
in PB (40,41). Using fluorescence microscopy, TdT+ cells are reliably detectable on 
cy1ocentrifuge preparations with a detection limit of 0.01% to 0.001% (1 o-4 to 1 o-5), depending 

on the number of cells scanned (42,43). 
To investigate whether double IF staining for a myeloid marker and TdT can be used to 

detect MRD in AML patients we performed a prospective follow-up study to monitor myeloid 
marker+, TdT+ cells in patients with a TdT+ AML during and after therapy. Fluorescence 

microscopy was used to identify the myeloid marker+, TdT+ cells. Although double IF staining 
for TdT and surface membrane markers can be performed by use of flow cy1ometry, the 
detection limit of this method is not as low as the microscopic method (44-46). Furthermore, 
microscopy enables the identification of the typical nuclear expression pattern of TdT as well 
as some morphological aspects at the single cell level, whereas flow Cy1ometry can not identify 
subcellular staining patterns and only allows reliable analysis of cell populations instead of 

individual cells. 

MATERIALS AND METHODS 

Patients 

Fourteen patients (aged 3-73 years) were diagnosed to have AML The diagnosis was based on the 

cytomorphology of PB and BM smears stained for May GrUnwald Giemsa and cytochemistry (Sudan black B. 

myeloperoxidase, periodic acid-schiff, and a-naphtylacetate esterase). The patients were classified according _to 

the revised French American British (FAB) criteria (47). Treatment was instituted according to the ANLL-87 protocol 
of the D~ch Childhood Leukemia Study Group (DCLSG) in case of chndren (<16 years). Adults were treated 
according to the AML-4 protocol (16-60 years of age) of Stichting Hemato-Oncologie voor Volwassenen Nederland 

(HOVON) or AML-11 protocol (>60 years of age) of the EORTC leukemia group and HOVON. All three 
chemotherapy regimens are outlined in Table 1. According to the treatment protocols patients were examined 

frequently. At regular intervals PB and BM samples were evaluated for cellularity and cytomorphology. CR was 

defined by less than 5% blasts in a normocellu!ar BM with normal PB ceH counts including more than 1 x 109 j1 

granulocytes and more than 100 x 109 jl platelets and the absence of extramedullary leukemic manifestations. 
Partial remission (PR) was defined as a BM showing more than 5% but fewer than 25% b!asts and PB showing 

more than 0.5 x 1 o9 Jl granulocytes and more than 25 x 109/1 platelets. 
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TABLE 1. Treatment protocols. 

DCLSG-ANU.-87 protocol 

Induction treatment 

CHAPTER4.3 

Ara-C 
DNR 
Etoposide 

100 mgjm2 

30 mg/m2 

150 mgjm2 

14X 
6x 
3x 

Consolidation treatment consisting of Prednison, 6 Thioguanine, Vincristine, Adriamycin, Ara-C, and Cyclophospha
mide 

Intensification treatment 
(2 courses) 

HOVON-AML-4 protocol 

Course I 

Course II 

Course HI 

Courses at 4 weeks intervals 

EORTC-HOVON-AML-11 protocol 

HD-Ara-C 
Etoposide 

Mitoxantrone 
Etoposide 

3000 mgjm2 

125 mgjm2 

200 mgjm2 

45 mgjm2 

2000 mgjm2 

120 mgjm2 

10 mgjm2 

100 mgjm2 

6x 
4X 

7x 
3x 

6x 
3x 

Sx 
Sx 

Randomization to either standard therapy or standard therapy plus GM-CSF (5 p.gjkg 28x or until granulocytes 
reach o.Sx1 o9 jl) 

Induction treatment Ara-C 
DNR 

In case of CR one course, in case of PR two identical courses 

Consolidation treatment 

200 mgjm2 

30 mgjm2 

200 mgjm2 

30 mgjm2 

7x 
3x 

7x 
1X 

Complete responders are randomized to no further treatment or maintenance treatment of Ara~C {20 mgjm2 ax) 

Abbreviations used: Ara-C = cytosine arabinoside, ONR = daunorubicin, m-AMSA = amsacrine. 

Immunological marker analysis 

Cell samples. 

Mononuclear cells (MNC) were isolated from SM and PB samples by Ficoli Paque (density 1.on gjcm3; 

Pharmacia, Uppsala, Sweden) density centrifugation. Immunological marker analysis was performed on freshly 

isolated MNC. 

At diagnosis. 

The MNC from BM andjor PB were incubated with monoclonal antibodies (McAb) as described (48). Several 

McAb were used, including the B cell markers CD19 (64; Coulter Clone, Hialeah, FL, USA) and CD10 (VIL~A1; Dr. 

W. Knapp, Vienna. Austria); the T cell markers C02 {T11; Coulter Clone). CD3 (Leu-4; Becton Dickinson. San Jose. 

CA. USA), and CD7 (3A1; American Type Culture Collection, Rockville. MD. USA); the myeloid monocytic markers 
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CD13 (My7; Coulter Clone), CD14 (My4; Coulter Clone), CD15 (VlM-05; Dr. W. Knapp), CD33 (My9; Coulter Clone), 

and CDw65 (VlM-2; Dr. W. Knapp); the erythroid marker glycophorin (Gp) A (VIE-G4; Dr. W. Knapp); the platelet 

markers CD42a {FMC25; Seralab, Crawley Down, UK) and CD61 (C17; Central Laboratory of the Blood Transfusion 

Service, Amsterdam, The Netherlands) and the non-lineage specific markers CD34 (BI-3CS; Seralab) and HLA-DR 

(L243; Becton Dickinson). Surface membrane markers were visualized by use of a fluorescein isothiocyanate (FIT C) 

conjugated goat anti-mouse lg antiserum (Central Laboratory of the Blood Transfusion Service) and evaluated with 

a FACScan flow cytometer (Becton Dickinson). A leukemia was regarded to be positive for a surface membrane 

marker if more than 20% of the MNC expressed the marker. The expression of TdT was detected as described by 

use of a rabbit anti-TdT antiserum and a F!TC-conjugated goat anti-rabbit lg antiserum (Supertechs,. Bethesda, MD, 

USA) (48). Double IF staining forTdT and several surface membrane antigens, i.e. C02, CD7, CD10, CD13, CD14. 

CD15, CD19, CD33, CD34, CDw65, and a mixture of CD13 and CD33 were performed as described previously 

(39,42,48). The binding of the McAb on the surface membrane was demonstrated by use of a tetramethylrhodamine 

isothiocyanate (TRITC) conjugated goat anti-mouse lg antiserum (Central Laboratory of the Blood Transfusion 

Service). The TdT IF labelings were analyzed on Zeiss fluorescence microscopes (Carl Zeiss, Oberkochen, 

Germany), equipped with phase contrast facilities (48). The percentages of TdT+ cells were determined by 

analyzing at least 1000 MNC. In case of double IF staining at least 200 TdT+ cells were analyzed if present; when 

MNC samples contained less than 1% ofTdT+ cells, two cytocentrifuge preparations (total -50,000 MNC) were 

scanned per double IF staining. In the latter cases the total number of MNC was calculated from the number of 

MNC found in three different microscopic fields, which were representative for the whole cytocentrifuge slide. 

During Follow-up. 

If myeloid marker+, TdT+ cells were detected at diagnosis, the patient was included in the foHow-up study. 

BM and PB samples, regularly taken for cytomorphological evaluation, were investigated for the presence of 
myeloid marker+, TdT+ cells. For detection of myeloid marker epression we used a mixture of CD13 and CD33 

McAb. In one case (patient P.Z.), we also analyzed the BM and PB samples for the presence of CDw65 +, TdT+ 

cells. Labeling as well as analysis were performed as described above, which implies that at least either 200 TdT+ 

cells or all TdT+ cells in two cytocentrifuge preparations were analyzed. The results of this immunological follow-up 

were not used to adapt the treatment modality. 

RESULTS 

Patients 

Age, sex, white blood cell (WBC) count, percentage of blast cells in BM and PB, and FAB 

diagnosis of the 14 AML patients are given in Table 2. The five patients who were < 16 years 

of age were treated according to the DCLSG-ANLL-87 protocol, seven adult patients were 

treated according to HOVON-AML-4, and two adult patients according to EORTC-HOVON AML-

11 (Tables 1 and 2). Follow-up data concerning the clinical phase and the treatment of each 

individual patient are given in Figures 1-4. 

Thirteen patients obtained CR within 3-41 weeks after start of treatment. One patient 0J.V.) 

did not obtain remission and died 18 weeks after AML diagnosis (Figure 1 ). Patient J.V. 

relapsed under chemotherapy 24 weeks after diagnosis (Figure 1). Seven patients, who were 

in CR at the end of chemotherapy, developed one or two relapses (total of ten relapses) 7-27 

months alter diagnosis (Figures 2 and 3). The other fiVe patients are in first CR for 32-46 
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TABLE 2. Characterization of the 14 AML at diagnosis. 
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TdT CD3 CD10 CD13 CD14 CD15 CD33 CD34 CD\11;5 HLADR Treatment protocol 

v.v. 43 F 33 70 65 M1 BM 1.2 9 3(12) 70(54) 14 4 77(81) 45(98) 41(35) 67 HOVON-AML-4 

J.V. 66 F 28 79 81 M2 BM 41 5 <1(0) 83(46) 1 6 92(98) 4(3) 28(0) 17 HOVON-AML-11 () 

A.K 26 M 82 90 75 M4 BM 1.8 3 2(0) 95(75) 29 4 76(25) 93(99) 69(91) 67 HOVON-AML-4 ~ 
M.V. 13 F 6.5 57 31 M4 BM 7 8 0(0) 81(69) 38 0 76(45) 55(81) 56(45) 60 DCLSG-ANLL-87 iil 

)j 

J.Z. 12 F 20 80 47 M2 BM 32 5 0(0) 60(57) 2 32 89(99) 37(22) 56(11) 11 DCLSG-ANLL-87 !'-

"' P.Z. 3 M 9.5 73 36 M2 BM 25 9 0(0) 82(9) 10 72 73(50) 24(80) 82(79) DCLSG-ANLL-87 

R.G. 24 M 4.2 80 65 M2 BM 20 13 <1 38(21) 1 8 59(87) 66(90) 15 70 HOVON-AML-4 

R.R. 3 M 21 98 85 M1 BM 0.1 <1 <1(25) 68(3) 0 21 96(69) <1(39) 68 1 DCLSG-ANLL-87 

B.S. 73 F 43 99 86 M1 BM 1.7 <1 1(3) <1(0) <1 <1 88(99) < 1 (\\) 2(2) 2 HOVON-AML-11 

M.K. 58 F 180 86 96 M2 PB 0.3 3 0(0) 2(0) 8 <1 89(74) <1(0) 15(82) 10 HOVON-AML-4 

N.A. 46 M 18 81 68 M2 PB 11 13 <1(1) 45(20) 2 37 55(20) 70(87) 25(14) 79 HOVON-AML-4 

K.B.b 9 F 9.5 65 59 M1 BM 4 2 0 5 16 58 5 21 71 DCLSG-ANLL-87 

J.B. 45 M 11 92 3 M5b PB 0.03 5 < 1(0) 32(77) 87 8 95(72) 86(0) 87(0) 90 HOVON-AML-4 

C.K. 34 F 70 96 80 M2 P8 0.03 4 0 59 1 8 91 (67) 3(99) 21 42 HOVON-AML-4 

a. Peroontage positivity lor surface membrane marker per TdT positive cells as deltllmlned by double IF staining. 
b. In this patient analysis for TdT as well as double IF labellngs for myeloid markers and TdT were performed 4 weeks after start of treatment (see teJ<t). 
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Figure 1. Follow-up of two AML patients, who did not obtain CR (patient V.V.) or relapsed under chemotherapy 
(patient J.V.), by use of double IF staining for TdT and a myeloid marker [CD13 (My7) or CD33 (My9)]. Clinical 
phase is based on both clinical observations and cytomorphology of BM and PB samples. Symbols: ...._., PB 
samples: 0--0, BM samples. Abbreviations: D, diagnosis; CR. complete remission; Re, relapse; /, induction 
treatment; C, consolidation treatment; MNC, mononuclear cells. 

months (Figure 4). 

To perform ABMT, BM from five patients was harvested 1-19 weeks after obtaining CR. 

They received an ABMT 8-29 weeks after CR. Two patients (A.K. and R.G.) subsequently 

relapsed (Figure 2), while the other three patients (M.K., J.B., and C.K.) are in first CR (Figure 

4). 

Immunological marker analysis 

At diagnosis. 

Table 2 the results of the analyses for TdT, CD3, CD10. CD13, CD14, CDl5, CD33, CD34, 

CDw85, and HlA-DR as well as the expression of the various differentiation markers on the 
TdT+ cells are given. In patient K.B. analysis for TdT expression as well as double IF stainings 

for myeloid markers and TdT were not performed at diagnosis, but 4 weeks after start of 

treatment. 

In all cases the AML cells were CD33+ and in 11 patients also CD13+. Positivity for the 

pan-myeloid marker CDw65 was also found in 11 AML (Table 2). The three AML classified as 

either AML-M4 or AML-M5b were CD14 +.Three AML-M2 and one AML-M1 expressed CD15. 

All but five AML were HlA-DR+. The AML were Gp A- and CD42a-. In one AML (R.G.), 44% 

of CD61 + cells were detected while other platelet markers (e.g. CD42a and CD62) were 

negative. In all other AML platelet markers were found to be negative. Expression of lymphoid 

differentiation markers was demonstrated in six AML. This concerned weak positivity of CD19 

in patients P.Z. and N.A., positivity for CD2 in patients A.K. and M.V., positivity for CD? in 

patient J.B., and expression of both CD2 and CD? in patients V.V. and R.G. Eight AML were 

CD34 +,three additional AML contained 3%-10% CD34 + cells, and in the other three AML < 1% 

CD34 + were detected (Table 2). 
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Figure 2. Follow.up of six AML patients, who relapsed after termination of chemotherapy, by use of double IF 
staining for TdT and a myeloid marker [CD13 (My7) or CD33 (My9)]. Clinical phase is based on both clinical 
observations and cytomorphology of BM and PB samples. Symbols: ._., PS samples; o....o, BM samples. 
Abbreviations: D, diagnosis; CR, complete remission; Re, relapse; /, induction treatment; C, consolidation 
treatment: Jnt, intensification treatment; P, palliative treatment; BMH. bone marrow harvest; ABMT, autologous bone 
marrow transplantation; MNC, mononuclear cells. 

In the 13 patients investigated at diagnosis the percentage ofTdT+ cells varied from 0.03% 

to 32% (Table 2). By use of double IF stain·>ng we could demonstrate that in 12 AML the 

majority of TdT+ cells expressed the myeloid markers CD13, CD33, and/or CDw65 (Table 2). 
In patient N.A. only 20% of the TdT+ cells was myeloid marker+. The TdT+ cells were CD34 + 

in nine AML while in the other four AML <5% of the TdT+ cells expressed CD34 (Table 2). In 

each AML sample the percentage of CD10+. TdT+ cells was <1% (Table 2). The TdT+ cells 
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were negative for CD14 and CD15. Expression 
of CD2 was found on the TdT+ cells in two 
patients (A.K., M.V.), CD? in two other patients 
ry.v., R.G.), and CD19 in patients P.Z. and N.A. 

In patient K.B. analysis for TdT expression 
was performed 4 weeks after start of chemothe

rapy. At that time BM and PB contained 1.1% 
and 0.11% of TdT+ cells, respectively. Double 
IF staining revealed that 22% of the TdT+ cells 
in BM and 4% of the TdT+ cells in PB expres

sed CD33. 

During Follow-up. 

We monitored the percentage of (CD13 
and/or CD33) +, TdT+ cells in all 14 patients 
during and after treatment. The results of this 
follow-up study are given in Rgures 1-4. 

PB from patient V.V., who did not obtain 

Figure 3. Follow~up of patient BS, by use of 
double IF staining for TdT and a myeloid marker 
[CD13 (My7) or CD33 (My9)]. Clinical phase is 
based on both clinical observations and cytomorp~ 
hology of BM and PB samples. Symbols: 11-0, PB 
samples; 0-0, BM samples. Abbreviations: D, dia~ 
gnosis; PA, partial remission; CA, complete remis
sion; Ae, relapse; /, induction treatment; MNC, 
mononuclear cells. 

remission, was monitored weekly. The percentage of myeloid marker+, TdT+ cells only sligh~y 

decreased during and after the first chemotherapy course. Immediately after the second 
chemotherapy course the percentage of myeloid marker+, TdT+ cells declined, followed by 
a rapid increase to pre-treatment levels within 2 weeks. The third chemotherapy course seemed 

not to effect the myeloid marker+, TdT+ cell population (Figure 1). In patient J.V., who 

relapsed under chemotherapy, the number of myeloid marker+, TdT+ cells declined under 
chemotherapy but double positive cells remained detectable. At cy1omorphological relapse the 

percentages of myeloid marker+, TdT+ cells were comparable with the percentages found at 

diagnosis (Figure 1). 
Figures 2 and 3 give the follow-up results of the seven patients who relapsed after 

termination of chemotherapy. Three patients (A.K., M.V., P.Z.) developed two relapses. During 
treatment the percentages of myeloid marker+, TdT+ cells decreased, but low frequencies of 
double positive cells remained detectable after cy1omorphological CR was obtained. In the four 
children of this group, who were treated according to the DCLSG-ANLL-87 protocol, the 
percentages of myeloid marker+, TdT+ cells decreased upon induction treatment, but 

increased during subsequent consolidation treatment. Eventually the percentages of myeloid 
marker+, TdT+ cells decreased sharply after two intensification courses with high doses Ara-C 
(Figure 2). 

In six of the seven relapse patients we observed a gradual increase of myeloid marker+, 

TdT+ cells over a period of 14-38 weeks before cy1omorphological relapse(s) (total of nine 
relapses) (Rgure 2). In six of the eight relapses analyzed, the percentage of myeloid marker+, 
TdT+ was higher than the percentages found at initial diagnosis or at previous relapse. In 
patient P.Z. the percentages of CDw65 +, TdT+ cells paralleled the percentages of (CD13 
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Figure 4. Follow~up of frve AML patients, who are in first continuous CR, by use of double IF staining for TdT and 
a myeloid marker ICD13 (My7) or CD33 (My9)]. Clinical phase is based on both clinical observations and 
cytomorphology of BM and PB samples. Symbols: 0---G, PB samples; 0-0, BM samples. Abbreviations; D, 
diagnosis; CR, complete remission; PR, partial remission;/, induction treatment; C, consolidation treatment; BMH, 
bone marrow harvest: ABMT, autologous bone marrow transplantation; MNC, mononuclear cells. 

andjor CD33) +, TdT+ cells. Two patients (R.G. and A.K.) received an ABMT during first 

cytomorphological CR (R.G.) or second cytomorphological CR (A.K.). The autologous BM 
transplant of patient A.K, which was taken during first CR, was found to contain 0.1% of 
myeloid marker+, TdT+ cells. 

In patient B.S. a decrement of the myeloid marker+, TdT+ subpopulation was obseNed 

after the third chemotherapy course when the patient obtained CR (Figure 3). At relapse the 
AML cells were TdT-. This explains the lack of double positive cells during the period before 
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relapse occurred. 
In Figure 4 the follow-up results of the five patients in continuing first CR are given. After 

termination of chemotherapy low frequencies of myeloid marker+, TdT+ cells were repeatedly 

detected in BM ( <0.001%-0.1%) and/or PB ( <O.Ooio/~0.02%). Three patients (M.K, J.B., C.K) 
received an ABMT. The transplant of patient J.B. was analyzed and was found to contain 0.1% 
of myeloid marker+, TdT+ cells. , 

DISCUSSION 

We prospectively investigated the value of double IF stainings for myeloid markers and TdT 

for detection of MRD in 14 patients with TdT+ AML at diagnosis. During follow-up, one patient 

did not obtain remission and a second patient relapsed under chemotherapy, while the other 

12 patients were still in cytomorphological CR at the end of chemotherapy. During subsequent 

follow-up a total often relapses occurred in seven patients. Nine out ofthese ten relapses were 
preceded by a gradual increase of myeloid marker+, TdT+ cells over a period of 14-38 weeks 

(median 31 weeks), which strongly suggests that it is possible to monitor leukemic cell growth 

and to predict a cytomorphological relapse (Figure 2).1nterestingly, the percentages of myeloid 
marker+, TdT+ cells in PB paralleled those in BM, indicating that AML patients can probably 
be monitored by frequent analysis oftheir PB only. A comparable phenomenon has been found 

during follow-up of T-ALL patients using double IF stainings for aT cell marker and TdT (9,42). 

The relapse in one patient (B.S.) was not detected earlier than by use of conventional 

cytomorphology, because the leukemic cells of this patient at relapse were TdT- (Figure 3). 

Although loss of antigen expression or lineage switching has not been reported frequently in 

AML (8,49,50), this case demonstrates that such a phenomenon might be responsible for false 

negative results in the detection of MRD. Comparable to previous results, in almost all relapsed 

patients we found a relative increase of the myeloid marker+, TdT+ subpopulation at relapse 

when compared to the relative size of this population at diagnosis (39). The expansion of the 

TdT+ AML subpopulation and their CD34 positivity in most patients supports the hypothesis 

that TdT+ leukemic cells represent an immature leukemic subpopulation and provides 

additional proof that it is relevant to monitor this subpopulation for the detection of MRD 

(39,51). 

Myeloid marker+, TdT+ cells were not only demonstrated in the patients who eventually 

relapsed, but low frequencies of double positive cells were also detected in BM (up to 0.1%) 

and PB (up to 0.02%) of the frve patients who still are in first continuous cytomorphological CR 

for 32-46 months (Figure 4). The myeloid marker+, TdT+ phenotype is not leukemia-specific, 

since such cells have been found in BM samples of healthy volunteers and non-leukemia 

patients (40,41). However, myeloid marker+, TdT+ cells in normal BM are rare ( <0.03%, if they 

occur at all) and such double positive cells are not detectable in normal PB. Myeloid marker+, 

TdT+ cells seem to occur more frequently in BM at older ages (40,41) and we have 

demonstrated a relatively high proportion of myeloid marker+, Tcrr+ cells in the BM and PB 
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of patients with myelodysplastic syndromes (unpublished results). Given the relatively large 

myeloid marker+, TdT+ cell population in several of the AMl patients in CR, it could be argued 

that the cytostatic treatment induced expansion of the normal myeloid+ jTdT+ cells. However, 
in most All patients in CR during and after chemotherapy no myeloid marker+, TdT+ cells 

were found (41). Therefore, we assume that the increased frequency of myeloid marker+, 

TdT+ cells in AMl patients during first continuing CR is caused by residual dysplastic AMl 

cells, which survived chemotherapy but which are not capable of causing leukemia regrowth 

as yet. This assumption is supported by data from the literature: A, Studies in AMl patients 

with polymorphic X-chromosome-linked enzymes demonstrated so-called clonal remission in 

-30% of cases (52,53). B, In vitro culture in combination with immunological marker analysis 

demonstrated the persistence of leukemic clones in the majority of AMl patients in CR (15,54). 

C, Preliminary PCR studies on AMl-M3 patients with t(15;17) show that leukemia-specific 

PMl/RAR-a transcripts can be identified in the majority of patients during the first year of CR 

(26-28). D, late relapses can occur more than 5 years after diagnosis in AMl patients (55-57). 

To determine whether the residual myeloid marker+, TdT+ cells in AMl patients during first 

continuing CR are indeed leukemic, the PCR technique and the double IF staining technique 

have to be used next to each other. However in our group of 14 patients the PCR technique 

could not be used for MRD detection, since no suitable chromosome aberration was present, 
nor could we demonstrate clonal lg or TcR gene rearrangements (34). Therefore, long-term 

follow-up of our patients should reveal whether our assumption is correct. 

The sensitive double IF staining method for the detection of low numbers of AMl cells is 

not only useful for the early detection of a relapse, but it can also give more insight in the 

biology of AMl under treatment. The method can be applied to determine the sensitivity for the 

TdT+ AMl cells to the different courses of cytostatics and the results might be used for 

adaptation or stratification of treatment protocols. After start of treatment we observed a decline 

of the myeloid marker+, TdT+ cell population in most patients. In patient V.V., who did not 

obtain remission, the results suggested that the TdT+ AMl cells were only sensitive for a 

combination of Ara-C and m-AMSA, but not for the other chemotherapy courses (Figure 1). In 

the children who were treated according to the DClSG-ANlL-87 protocol, an increase of the 
myeloid marker+, TdT+ cell population was seen during consolidation treatment, followed by 

a rapid decrease during intensification treatment (Figures 2 and 4). This observation suggests 
that the TdT+ leukemic cells are not sensitive for the cytostatic regimen during consolidation 

treatment. 

Although not the aim of this study, our data suggest that frequent analysis performed at 

regular intervals may be used to determine the growth rate of AMl cells during relapse (58). 

The first relapse of patient P.Z. was preceded by a gradual increase of myeloid marker+, TdT+ 

cells in the PB with a 3-fold increase every 4 weeks (Figure 2). During this period both WBC 

count and WBC differentiation stayed relatively constant. Therefore, the doubling time of the 

AML population during relapse in this patient was estimated to be 17 days. This is essentially 

slower than the doubling time of 6.5 days, which was found in a T-ALL patient during relapse 

(58). In a recently published case of inadvertent transmission of AML from an affected donor 
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to a chronic myeloid leukemia patient in CR, the recipient developed AML 6 months after she 

received 1.2 x 108 myeloid blast cells per kilogram body weight (59). Assuming that this AML 

grew exponentially, a doubling time of -15 days can be deduced, which is in line with our 
results. 

In conclusion, our results demonstrate that double IF staining for myeloid markers and TdT 
represents a powerful tool for the detection of MRD in patients with TdT+ AML Low 

frequencies of myeloid marker+, TdT+ cells (<0.1% in BM and <0.02% in PB) should be 
interpreted with caution, while a gradual increase of double positive cells is highly predictive 
for an imminent relapse. 
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CHAPTER 4.4 

IMMUNOGLOBULIN AND T CELL RECEPTOR GENE REARRANGEMENTS 

IN ACUTE MYELOID LEUKEMIAS 

Analysis of 54 cases and a review of the literature· 

Henk J. Adriaansen, Petra W.C. Soeting, 
Ingrid LM. Wolvers-Tettero and Jacques J.M. van Dongen 

Department of Immunology, University Hospital/Erasmus University, Rotterdam, The Netherlands. 

SUMMARY 

Fifty-four unselected acute myeloid leukemias (AML) were analyzed for their immunophe
notype, especially the expression of terminal deoxynucleotidyl transferase (TdT), as well as for 
rearrangements andjor deletions in the immunoglobulin (lg) heavy (lgH), lg<, lg)., T cell 
receptor (TcR)-~, TcR--y, and TcR-oja genes. In 15% (8/54) of the AML patients one or more 
genes were rearranged. This especially concerned lgH gene rearrangements (seven cases) 

and to a lesser extent rearrangements of lg< genes (one case), TcR-~ genes (three cases), 

TcR--y genes (two cases), and TcR-o genes (two cases). Combined results from this study and 
from literature data on 378 unselected AML revealed that lgH gene rearrangements occurred 
in 14% of AML and lg< gene rearrangements in 2% of AML patients. Rearrangements of !g). 

genes have never been reported. Rearrangements of TcR-~ genes, TcR--y genes, and TcR-o 
genes have been found in 7%, 5%, and 9% of AML, respectively. In this study it was not 

possible to demonstrate an association between the presence of a TdT+ leukemic 
subpopulation and the occurrence of cross-lineage lg or TcR gene rearrangements in AML 
These rearrangements were detected in 13% (5/38) of AML with a TdT+ leukemic subpopulati
on and in 19% (3/16) of TdT- AML Review of these data and over 400 published AML cases 
in which at least two different lg andjor TcR genes had been investigated revealed that 
cross-lineage rearrangements of these genes concurfrequently.lgK gene rearrangements were 
only found in AML with rearranged lgH genes, whereas TcR-~ genes and TcR--y genes were 
only rearranged in combination with rearranged TcR-o genes andjor lgH genes. Based on 

these data, an ordered pattern of cross-lineage lg and TcR gene rearrangements in AML can 
be postulated, in which rearrangements of lgH genes orTcR-o genes precede the other cross-

.. Published in: Leukemia 1991;5:744-751. In the original article eight leukemias were classified as acute 
undifferentiated leukemia. According to the recently redefined criteria (see Chapter 1) seven out of these eight 
leukemias were reclassified as AML-MO. 
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lineage rearrangements. 

INTRODUCTION 

The expression of lg and TcR molecules by lymphocytes is preceded by a series of 

hiererchically ordered somatic rearrangements of the variable M, diversity (D), and joining (J) 

gene segments which code for these molecules (1 ,2). From studies on acute lymphoblastic 

leukemias (ALL), which can be regarded as malignant counterparts of immature lymphoid cells, 

it is known that during B cell development lgH gene rearrangement precedes rearrangement 

of lgK and lg>- genes and that in the early stages ofT cell differentiation rearrangement ofTcR-o 

genes is followed by rearrangement of TcR-r genes and TcR-P genes (3-7). Although lg and 

TcR molecules are only expressed by B and T lymphocytes, respectively, rearrangements of 

lg and TcR genes appear not to be lineage restricted. Cross-lineage rearrangements of lgH 

genes have been observed in 10%-15% of T-ALL, while TcR-P, TcR-r, and TcR-o gene 

rearrangements andjor deletions have been found in about 33%, 55%, and 80% of precursor 
B-All, respectively (7-11). The occurrence of these cross-lineage rearrangements has been 

explained by the assumption that B and T cells use a common recombinase for gene 

rearrangement (12). TdT probably plays an important role during lg and TcR gene rearrange

ments by adding nudeotides at the junction sites ofV-(D-)J gene segments, thereby increasing 

the diversity of lg and TcR molecules (2,13-15). 

AML can be regarded as malignant counterparts of either cells arrested at undifferentiated 

stages or cells arrested at early stages of the myeloid differentiation. Rearrangement of lg 

andjor TcR genes have been reported to occur in 0%-76% of AML (16-34). The precise 

frequency of the cross-lineage gene rearrangements in AML is difficult to calculate from data 

reported previously, because several studies have selected for particular subtypes of AML and 

in most studies only a restricted number of lg and TcR genes have been investigated. Studies 

in which alllg and TcR gene complexes (i.e. lgH, lgK, lg>-, TcR-P, TcR-r, and TcR-6/a) were 

investigated are still lacking. Initially, an association between lg andjor TcR gene rearrange

ments and the expression of the TdT in AML has been postulated (19,22,24,28), but this could 

not be confirmed in some recent studies (25,26,30-32). In all these studies an AML was 

considered to be TdT+ if the percentage ofTdT+ cells was ~ 10%, or even ~25%. Recently, we 

demonstrated that TdT+ leukemic subpopulations occur in about 75% of the AML, but that the 

percentage of these leukemic TdT+ cells is ~10% in 40% of AML (35). 

The aim of our study was to determine the frequency of lg andjor TcR rearrangements in 

AML and whether these cross-lineage gene rearrangements correlate with the expression of 

TdT. Frfty-four unselected AML patients were analyzed for the presence of a TdT+ sub populati

on using double marker analysis for TdT and myeloid markers (35), as well as for rearrange

ments andjor deletions in the lgH, lgK, lg>-, TcR-P, TcR-r, and TcR-6/a genes. To determine 

whether Jg and TcR gene rearrangements in AML occur in an ordered fashion as found in ALL, 

the results of these 54 AML and over 400 cases published previously were evaluated. 
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MATERIALS AND METHODS 

Patients and cell samples 

Peripheral blood (PB) or bone marrow (BM) samples from 54 unselected AML patients were investigated. 

Thirteen patients were children ( < 18 years). Patients with a myeloid blast crisis of a chronic myelocytic leukemia 

were not included. In 50 patients the analyses were performed at diagnosis, in three patients at first relapse and 

in one patient at second relapse. The diagnosis of AML was based on cytomorphology of PB and BM smears 

stained for May GrUnwald Giemsa and cytochemistry (Sudan black B. myeloperoxidase and cr:-naphtylacetate 

esterase). The patients were classified according to the revised French American British (FAB) criteria (36). AML 

which were minimally differentiated were classified as either AML-MO or acute undifferentiated leukemia (AUL). 

Mononuclear cells (MNC) were isolated from BM and PB samples by Ficoll Paque (density: 1.0n gjcm3 ; 

Pharmacia, Uppsala, Sweden) density centrifugation. Immunological marker analysis was performed on freshly 

isolated MNC. whereas the MNC samples for DNA analyses were frozen and stored in liquid nitrogen. 

Immunological marker analysis 

The results of immunological marker analysis of 38 AML samples were published previously (35). Sixteen 

additional AML samples were analyzed for the same markers. including the nuclear expression of TdT, the 

expression of the 8 ceH markers CD19 (84) and C010 (VIL-A1). the T cell markers C02 (T11), CD3 {Leu-4), and 

CD7 (3A1), the myeloid monocytic markers CD13 (My7), CD14 (My4), CD15 (VIM-OS), CD33 (My9), and CDw65 

(VIM-2), the erythroid marker g!ycophorin A (GpA;VIE-G4). the platelet marker CD61 (C17), and the non-lineage 

specific markers CD34 (BI-3CS) and HLA.~DR (L243). The rabbit anti-TdT antiserum was obtained from Supertechs 

(Bethesda, MD, USA); the monoclonal antibodies (McAb) 64, T11, My?, My4, and My9 were obtained from Coulter 

Clone (Hialeah, FL. USA); Leu-4 and L243 were obtained from Becton Dickinson (San Jose, CA, USA); Vll-A1, 

VIM-OS, VIM-2, and VIE-G4 were gifts from Dr. W. Knapp (Vienna, Austria); the 3A 1 hybridoma was obtained from 

the American Type Culture CoUection (Rockville, MD, USA); the McAb C17 and 81-3C5 were obtained from Central 

Laboratory of the Blood Transfusion Service (Amsterdam, The Netherlands) and Seralab (Crawley Down, UK), 

respectively. Immunological marker analysis was performed as described previously (37). Surface membrane 

markers were visualized by use of a fluorescein isothlocyanate (FITC) conjugated goat anti~mouse lg antiserum 

(Central Laboratory of the Blood Transfusion SeNice) and evaluated with either Zeiss fluorescence microscopes 

(Carl Zeiss. Oberkochen, Germany) or with a FACScan flowcytometer (Becton Dickinson). A leukemia was 

regarded to be positive for an immunological marker if more than 20% of MNC expressed the marker. Binding of 

the anti-TciT antiserum was visualized by use of an FITC-conjugated goat anti-rabbit lg antiserum (Supertechs). 

The surface membrane phenotype of TdT + cells was determined as described using double marker analysis for 

TdT and membrane markers such as CD10, CD13, CD19, CD33, and CDw65 (35.37). The TdT immunofluorescence 

(IF) labelings as well as the double marker analyses were analyzed with Zeiss fluorescence microscopes. 

Southern blot analysis 

DNA was isolated from MNC as described previously (38,39). DNA (15 ji.g) was digested with the appropriate 

restriction enzymes, obtained from Boehringer Mannheim (Mannhelm, Germany) or Pharmacia. The restriction 

fragments were size fractionated in 0.7% agarose gels and transferred to Nytran~ 13N nylon membranes (Schleicher 

and Schuell, Dassel, Germany) {39). The probes were 32P random oligonucleotide labeled. 

The configuration of lgH genes was analyzed using a JH probe in Bg/11 and in Hindlll digests (39). lgK 

rearrangements were detected with a JK; probe in Hindlll digests and a CK probe in BamHI digests (39). The 



TABLE 1. Summary of the results of Immunological marker analysis of 54 AML patients. 

myeloid marker+ ,TdT+a CD2 CD3 CD? CD10 CD13 CD14 

Total group of AML 38/54b 5/52 0/54 8/54 0/54 40/54 17/54 

AML with lg andjor TcR 
gene rearrangements 

patient FAB diagnosis 

P.M. AML-MO 0% - - - - -
A.M. AML-M2 0% + - - - + + 
M.Z. AML-M7° 0% - - - - + -
R.S. AML-MO 7% - - + - - -
J.C. AML-M4 8% + - - - + + 
A.V. AML-M2 14% - - - - + -
B.M. AML-MO 65% - - - - + -
H.B. AUL 78% - - - - - -

Symbols used: +-,at feas\20% of the MNC eJ<pressed the marker: -, <20% of the MNC expressed the marker; NT, not tested. 
a. Cells expressing both TdT and a myeloid marker (CD\3, CD33 andjor CD;v$5). 
b. At least 0.1% of the MNC was myeloid marker+, TdT +. 
o. The majority of tho blast cells were COOl +-. 

CD15 CD19 CD33 

17/54 2/52 48/53 

- - + 
+ - + 
- - + 
- - + 
+ - + 
- - + 
+ - + 
+ - -

CD34 

29/47 

-
-
-
-
+ 
+ 
+ 
+ 

CDW65 HLA-DR 

18/21 45/53 

+ + 
NT + 
+ -

NT + 
NT 
NT + 
NT + 
+ + 

1\) 
~ 

0 

0 

~ 
;;j , .. .. 
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configuration of the lg.A genes were analyzed using a CA probe in EcoRijHindlll double digests (39). 

The cp and J{J2 probes in £coR I digests were used to detect T cR·/3 rearrangements, which were confirmed 

using the C.8 probe in Bam HI digests (39). Rearrangements of TcR·'f genes were detected with a J-y1.3 probe in 

EcoRI and Kpnl digests, which allows detection of all rearrangements in both J-y1 and J-y2 regions (39). The 

configuration of the TcR·O genes was analyzed using the J01 probe, J02 probe, and CO probe. The J01 probe 

was used in Kpnl, Bg/11, Hindlll, and BamHI digests, the J02 probe was used in £caRl and BamHI digests, and 

the CO probe was used in Bam HI digests. These analyses allow the detection of all rearrangements and deletions 

in the DO-JO·CO gene region of the TcR·O ;a locus (39). 

RESULTS 

Cytomorphology 

One leukemia was classified as AUL and 53 leukemias were classified as AML. According 

to the FAB criteria these AML were classified as MO (n=7), M1 (n=6), M2 (n=19), M4 (n=12), 

M5 (n=7), M6 (n=1), and M7 (n=1). 

Immunological marker analysis 

The results of the immunological marker analysis ofthe 54 AML are summarized in Table 1. 

Thirty-five AML were positive for both CD13 and CD33, whereas single expression of CD13 or 

CD33 was found in five and 13 AML samples, respectively. The AUL (patient H.B.) was 
negative for these two pan-myeloid markers but positive for the myeloid marker CDw65. All 

AML samples were negative for CD10 and GpA. About 10% of GpA + cells were found in the 

AML classified as M6. The expression of CD61 was found on most cells of the AML-M7 (patient 

M.Z.). About 10% of CD61 + cells were detected in two AML patients classified as M1 and M4. 

Thirty-eight AML samples contained myeloid marker+, TdT+, CD1 o- cells in percentages from 

0.1% to 83% of the MNC. In the AUL sample from patient H.B. the TdT+ cells (78% of MNC) 

expressed CD15, CD34, CDw65, and HLA-DR. 

Southern blot analysis 

The results of the Southern blot analysis of the 54 AML are summarized in Table 2. The 

AML are grouped based on the presence of myeloid marker+, TdT+ cells. Representative 

examples of lgH gene and TcR-o gene rearrangements are given in Figure 1. In eight AML 

patients rearrangement of one or more lg and/or TcR genes was seen. In seven patients the 

lgH genes were involved. In two of these seven cases lgK andjor TcR gene rearrangements 

also occurred (Table 2). In one AML patient (R.S.) lgH genes were in germline configuration, 
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TABLE 2. Summary of lg gene and TcR gene rearrangements In 54 AML patients. 

Rearranged genes 

Types of AML lgH lg< lgA TcR·P TcR·r TcR-o 

I. no TdT+ cells present 3/16 1/16 0/16 2/16 1/16 1/16 
(n=16) 

II. 0.1%·10% of myeloid marker+, 
TdT+ cells8 (n=24) 

1/24 0/24 0/24 1/24 1/24 1/24 

Ill. >10% of myeloid marker+, 3/14 0/14 0/14 0/14 0/14 0/14 2 TdT+ cells8 (n= 14) ~ 
;;j 

"' AML wHh lg and/or TcR gene rearrangementsb {: 

P.M. TdT= 0% R/R/R" G G R/G R/R DjR 
A.M. TdT= 0% R/G G G G G G 
M.Z. TdT= 0% R/R/G' R/R/G' G R/R/G' G G 
R.S. TdT= 7% G G G R/G R/R R/R 
J.C. TdT= 8% R/G G G G G G 
A.V. TdT = 14% Rw/Rw/Rw/Rw/Rw/G G G G G G 
B.M. TdT=65% R/G G G G G G 
H.B. TdT=78% R/R/Rw /Rw /Rw jG G G G G G 

a. Cells e~presslng both TdT and a myeloid marker (CD13, CD33, andjor CDw65). 
b. G, germline band: A, rearranged band; Aw, weak rear1anged band; D, deletion of the Involved gene (segment). 
c. Only 25% of AML cells were present In the MNC samples of patient M.Z., which explains the presence of the germ\ine band In addition to the rearranged bands (Figure 1). 
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Figure 1. Southern blot analysis of the lgH and TcR-6 genes in someAML Control DNA and DNA from AML were 
digested with Hind!ll (A) and Bglll (B), size separated and blotted onto nylon membrane filters, which were 
hybridized with the 32P labeled JH probe (A) and with the 32P labeled J61 probe (B). The sizes (in kb) of the 
germline bands (G), several molecular weight markers (A) and rearranged bands (B) are indicated. The patients 
are indicated with their initials. A: The lgH genes were rearranged in 6 of the 11 AML presented. Rearrangement 
of the JH gene locus on one allele was found in three patients (J.C., R.M., and S.M.) and on both alleles in one 
patient (M.Z.). The strong germline band in the lane of patient M.Z. is due to the presence of 75% non-leukemic 
cells. In patient AV. more than two rearranged lgH gene bands of different density were visible. In patient P.M. 
three rearranged bands of different density were detected in Bglll digests, whereas in the presented Hindlll digest 
only two rearranged bands of different density were visible. This is probably due to co-migration. B: In two AML 
patients TcR-0 gene rearrangements were detected: patient R.S. had both alleles rearranged and patient P.M. had 
one allele rearranged and the other deleted (see Table 2 for details). 

whereas the TcR-P, TcR-1, and TcR-o genes had been rearranged. Monoallelic lgH gene 

rearrangements were found in three AML and biallelic in one AML patient. In the other three 

AML samples with lgH gene rearrangements either three non-germline bands (patient P.M.) or 

five non-germline bands (patients A.V. and H.B.) were observed, suggesting the formation of 

at least two and three subclones, respectively (Figure 1). 

The results of the immunological marker analysis of the eight AML patients wrth 

cross-lineage gene rearrangements are given in Table 1. Five patients were CD13 + and seven 

CD33 +. Positivity for CD34 was found in four AML patients. Interestingly, the three AML 

patients with one or more TcR gene rearrangements were CD34-. 
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TABLE 3. lg and TcR gene rearrangements in AML 

Reference0 lgH lg< I g). TcR-P TcR-r TcR-o 
genes genes genes genes genes genes 

Rovigatti et a!. (16) 2/14 
Ha et al. (17) 1/19 0/19 0/19 
Cheng et al. (18) 1/24 0/24 3/24 
Foa et al. (19) 10/52 3/46 0/26 1/47 4/51 
Boehm et al. (20) 3/17 0/17 0/17 3/17 (12/17)' 
Chen et al. (21) 0/9 0/9 
Serementis et al. (22) 9/42 10/42 
Goorha et al. (23) 2/12 0/12 0/12 
Lee et al. (24) 1/7 0/7 2/7 
Wainscoat et al. (27) 0/17 0/17 0/17 
Oster et al. (28) 10/69 1/69 3/69 
Papadopoulos et al. (29) 2/39 0/39 0/39 
Fontenay et al. (31) 10/57 4/57 3/57 8/57 

This study 7/54 1/54 0/54 3/54 2/54 2/54 

TOTAL (percentage) 58/423 (14) 5/268 (2) 0/116 (0) 27/394 (7) 11/207 (5) 
23/224 (10)' 

10/111 (9) 

a. Only reports which describe at least seven AML cases wore used for this table. AML were diagnosed according to the FAB criteria 
and the investigators did not mention selection criteria for inclusion in the study. 

b. When the data from Boehm et al. are excluded (see text), TcR--7 gene rearrangements appear to occur in 5% (11/201} of AML ca

"'~ 

DISCUSSION 

This is the first AML study in which all lg and TcR gene complexes were investigated. In 

15% (8/54) of the AML patients one or more genes were rearranged. This especially 

concerned lgH gene rearrangements (seven cases). Rearrangement of TcR-P, TcR-o, TcR-r, 

and lg< genes were found less frequently. whereas rearrangement of lg>. genes could not be 

demonstrated (Table 2). Since the first description of cross-lineage lgH gene rearrangement 

in a case of AML (16), the configuration of lgH genes and for TcR-P genes of more than 400 

AML patients have been reported (17-34). The other gene complexes have been investigated 

less frequently (17-21,23-29,31-33) and TcR-s gene rearrangements were investigated in only 

one study (31). To determine the frequency of rearrangements of the various lg and TcR genes 

we reviewed studies in which at least seven AML patients were investigated (16-24,27-29,31, 
and this study) (Table 3). Studies on a selected group of AML (e.g. TdT+ AML, CD?+ AML 

or AML with specific FAB morphology) were excluded (25,26.30,32-34). It was found that lgH 
gene rearrangements occur in 14% of AML and that lgJC gene rearrangements can be found 
in 2% of AML cases (Table 3). As in our study, the rearrangement of lg>. genes have never 
been reported (17,19,20). In 7% of AML patients rearrangement of TcR-ft genes was found 

(Table 3). The frequency of TcR-r gene rearrangements was 10% (19-21.23.24,27,31). 

However, most of the rearranged samples were published by Boehm et al., who found 

rearrangement of TcR-r genes in 70% (12/17) of their AML patients (20). In all other studies 
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together the frequency of TcR-')' gene rearrangement was only 5% (11/207) (Table 3). This 

discrepancy may be explained by the limited combinatorial repertoire of the TcR-')' genes, which 

results in a restricted number of rearranged bands when polyclonal T cells are present (39-41). 

Although Boehm et al. (20) remark that contaminating T cells were probably not responsible 

for the detected rearranged bands, they could not exclude this possibility. Rearrangement 

andjor deletion for TcR-8 genes, which are located within the TcR-a gene complex (42,43), 

were demonstrated in eight patients by Fontenay et al. (31) and in two patients in this study, 

which together form 9% of the AML patients tested. Analysis of a larger group of AML patients 

is needed to determine the precise frequency of TcR-8 gene rearrangement in AML 

We could not find a correlation between a specific immunophenotype of AML and the 

occurrence of cross-lineage gene rearrangements. The only remarkable finding was the lack 

of CD34 expression in AML with one or more rearranged TcR genes. According to Fontenay 

et al. (31) TcR-8 gene rearrangements in AML occur predominantly in immature myeloid 

leukemias exhibiting immunophenotypic "lineage promiscuity", of which the most striking feature 

was the frequent expression of CD10. Our two AML patients with TcR-8 gene rearrangements 

were both classified as AML-MO, but CD10 expression was not found. 
Controversy exists about the relationship between the expression of TdT in AML and the 

occurrence of cross-lineage lg and TcR gene rearrangements. Four initial reports claimed such 

an association, as 82% (33/40) of the TdT+ AML had rearranged lg andjor TcR genes, 

whereas such rearrangements were found in only 3% (4/130) of the TdT- AML patients 

(19,22,24,28). When the results from seven additional studies are combined this association 

cannot be confirmed (16,25,26,29,30,32,33). In these seven studies lg andjor TcR gene 

rearrangements, were found in 18% (11/61) ofthe TctT+ cases and in 13% (9/69) ofthe TdT

cases. The number of genes studied and the criteria to consider an AML to be TdT+ were 

roughly identical. In a study on AML patients, using double marker analysis for both a myeloid 

marker and TdT, we could identify a TdT+ leukemic subpopulation in about 75% of the AML, 

but we found that the percentage of TdT+ AML cells was low (~10%) in 40% of patients (35). 
In this study we investigated the occurrence of cross-lineage gene rearrangements in 16 TdT -
AML patients and in 38 AML patients with a TdT+ leukemic subpopulation (ranging from 0.1% 

to 83% of MNC). The incidence of cross-lineage gene rearrangements were comparable in 

both groups: 19% (3/16) in TdT- AML and 13% (5/38) in AML with a TdT+ subpopulation. 

If a 10% cut-off percentage for TdT positivity was used, 21% (3/14) of the TdT+ AML were 

found to contain an lgH gene rearrangement (Table 2). This percentage is in line with the 
results of the seven studies mentioned earlier (16,25,26,29,30,32,33). 

TdT plays an important role during lymphoid differentiation by inserting nucleotides at the 

junction sites of rearranging lg and TcR genes, but this enzyme is not essential for gene 

rearrangement (12-15). This may explain why not all AML with rearranged lg andjorTcR genes 

express TdT. Sequence analysis of the junctional regions in rearranged genes of TdT - AML 

may demonstrate whether thes3 cells indeed lacked any TdT activity during gene rearrange

ment. On the other hand, the finding of germline genes in most TdT+ AML patients raises the 

question of whether extra nucleotide insertion may occur outside lg and TcR genes. An 

intriguing speculation is that TdT may add extra nucleotides at DNA breakpoints such as 



TABLE 4. Coincidence of lg andfor TcR gene rearrangements In AML. 

Groups of AML The Indicated groups of AML also have rearranged andjor deleted lg and TcR genes In the following frequencles8
: 

lgH genes lgK genes fg). genes TcR-,8 genes TcR-'Y genes 

AML with lgH rearrangement 18 (6/33) 0 (0/10) 29 (20/68) 25 (9/36) 
AML with germllne lgH genes 0 (0/225) 0 (0/92) 3 (13/395) 2 (4/206) 

AML with lgtt rearrangement 100 (6/6) 0 (0/3) 50 (2/4) 0 (0/4) 
AML with germlfne lgK genes 11 (27 /252) 0 (0/97) 3 (8/229) 5 (5/96) 

AML with germllne lg.\ genes 10 (10/102) 3 (3/100) 4 (3/81) 2 (2/80) 

AML with TcR-P rearrangement 61 (20/33) 20 (2/10) 0 (0/3) 54 (6/11) 
AML with germllne TcR-,8 genes 11 (48/430) 1 (2/223) 0 (0/78) 2 (6/236) 

AML with TcR-'Y rearrangement 69 (9/13) 0 (0/5) 0 (0/2) 50 (6/12) 
AML with germlfne TcR-"( genes 12 (27 /229) 4 (4/95) 0 (0/78) 2 (5/235) 

AML with TcR-0 rearrangement 70 (7/10) 0 (0/2) 0 (0/2) 60 (6/10) 50 (5/10) 
AML with germllne TcR-6 genes 10 (10/101) 2 (1/52) 0 (0/52) 1 (1/101) 0 (0/101) 

The data are derived from references 17-19, 21·34, and from this study (fable 2). Data from the study of Boehm et al. (20) were not Included (see toxt). 
a, Values glvon as percentage {numberjtotat). 
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chromosome transiocations, inversions and deletions. Such a tumor associated expression of 
TdT would explain the rare occurrence of myeloid+, TdT+ cells in normal BM samples (44,45). 

In three of the seven lgH gene rearrangements in our AML group this rearrangement 
involved only one allele. Combined data reported previously are comparable with our results 
and revealed a frequency of 44% (19/43) of monoallelic lgH gene rearrangements in AML 
(1 6-20,25,26,29-32,34). Interestingly, in T-ALL with lgH gene rearrangements this frequency is 

much higher (-85%) (7,9), whereas monoallelic lgH rearrangements occur in only 15%-20% 

of the precursor B-ALL (4,7). In three other AML patients we detected more than two 
rearranged bands, which suggests the formation of subclones (46). 

A remarkable finding in our group of patients was the concurrence of lg gene andjor TcR 
gene rearrangements in three AML. lgH gene rearrangement was the only rearrangement 

which occurred in an isolated manner. To investigate whether concurrence of cross-lineage 
gene rearrangements occurs frequently in AML and whether these rearrangements occur in 
an ordered fashion, we reviewed AML patients in which the configuration of at least two 

rearranging genes had been investigated (17-19,21-34, and this study). The results of this 
comparison are summarized in Table 4. Rearrangements of TcR genes occurred more often 
in AML with rearranged lgH genes than in AML with germline lgH genes. Furthermore, 
rearrangements of the different TcR genes concurred frequently. These data support the 

hypothesis for the existence of a common recombinase for lg and TcR genes (12). However, 
as in ALL, the rearrangements seem to occur in a non-random ordered fashion (3-7). lg< gene 
rearrangements were only demonstrated in AML with rearranged lgH genes. It was remarkable 

to find that in two out of four AML with a rearranged lg< gene the TcR-ft genes were also 
rearranged (28 and this study). Within the group of AML which contained germline TcR-o, 

genes only one leukemia had a rearrangement for another TcR gene, i.e. TcR-ft gene. This 
AML patient (M.Z. of this study) had rearranged lgH genes and lg< genes. Based on these 

results, an ordered pattern of cross-lineage lg and TcR gene rearrangements in AML can be 

postulated, in which rearrangements of lgH or TcR-o genes precede the other cross-lineage 
rearrangements. 

Finally, it is intriguing to consider the possibility of using the polymerase chain reaction me
diated amplification of the junctional regions of rearranged lg and TcR genes for the detection 
of minimal residual disease in AML patients with cross-lineage gene rearrangements (47-49). 

However, it should be emphasized that oligoclonality at diagnosis, which we could demonstrate 
in three out of the seven patients with lgH gene rearrangements, will hamper the application 
of this technique and may lead to false negative results (46,50). 
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CHAPTER 5 

GENERAL DISCUSSION 

Acute myeloid leukemia (AML) is a heterogeneous disorder with a marked patient to 
patient variation in clinical presentation, cytomorphology, cytogenetics, response to therapy, 
and prognosis. In contrast to most acute lymphoblastic leukemias (ALL), also a marked 
immunophenotypic heterogeneity is found in the majority of AML patients. We performed 
extensive immunological marker studies to determine the extent of the immunophenotypic 

heterogeneity in AML The main objective of this study was to recognize specific subgroups 
of AML patients and to characterize immature subpopulations of AML cells which might be 
useful for monitoring the disease during follow-up. 

5.1 ASSOCIATIONS BETWEEN IMMUIIIOPHEIIIOTYPE AIIIIJ KARYOTYPE 

As has been described in Chapter 1, alterations in critical genes play a central role in 
the multistep process of leukemogenesis. The observation that most of the non-random 

chromosome abnormalities are associated with specific clinical and phenotypical features 

has given additional evidence for the biological importance of cytogenetic abnormalities in 

AML. So far, most data on associations between genotype and phenotype of AML concer
ned combinations of specific karyotypic aberrations and morphological subtypes of AML 
according to the French American British (FAB) classification (see also Chapter 3.1 ). 

However, it is conceivable that, like in All, cytogenetic aberrations in AML are associated 

with specific immunophenotypes as well. Literature data on such associations are scarce 
and most cases reported concern associations between absence or presence of a specific 

marker and a karyotypic aberration, such as CD19 expression in AML with t(8;21)(q22;q22) 

(1-3) (see also Chapter 3.1). Another well-defined association between a karyotypic 
aberration and immunophenotype concerns the expression of the cog+, CIJ13+, CD15-, 
CD33+, HLA-DR- phenotype in AML-M3 or M3 variants with t(15;17)(q22;q21) (4,5). In 

contrast to most other types of AML, the majority of AML cases with t(15;17) consist of 

homogeneous leukemic cell populations. This homogeneity is in line with the assumption 

that these leukemias are probably derived from a more mature myeloid progenitor cell than 
other types of AML and that the maturation arrest seems to be complete (6). However, 

addition of retinoic acid (RA) results in further maturation, which indicates that the arrest in 

AML with t(15;17) can be overruled (7-9). This is illustrated by the observation that RA 
induces maturation of the CD15- AML cells into CD15+ cells (9). It has been proposed 
that AML with t(15;17) should be considered as a leukemia with unique clinical and 
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biological characteristics, which differ from all other AML types (10,11). 
The lack of associations between genotype and immunophenotype in other types of 

AML is probably related to the intraclonal heterogeneity. Most laboratories do not use 
double immunofluorescence (IF) staining but perform single color immunological marker 

analysis for immunophenotyping of AML Single color stainings are sufficient for immuno

phenotyping of homogeneous cell populations, but have limited value in case of heteroge
neous cell populations, especially if rigid cut off values of 15% to 25% positivity are used. 
Therefore detailed immunophenotyping of the various subpopulations within heterogeneous 
cell populations needs multiparameter analysis with double IF stainings. Our results 
presented in Chapter 3.3 clearly demonstrate that double IF staining allows the identification 
of various subpopulations in AML-M4Eo with inv(16)(p13q23). Although the proportion of 
these subpopulations differed, each of the eight AML-M4Eo tested contained identical 

immature and mature subpopulations. Interestingly, not only the presence or absence of 
certain markers but also the fluorescence intensity of most markers was comparable, 

indicating that antigen density might be used as an additional parameter. In addition, 
heterogeneity in "morphological" parameters, such as phase contrast microscopy or light 
scatter profiles, can be included in multiparameter analysis of AML (12, 13). 

As indicated above, multiparameter analysis of AML with t(8;21) revealed a unique 

CD19+ immunophenotype (3). In addition to the weak CD19 expression, we have also 
found weak expression of the pan-myeloid markers CD13 and CD33 but strong expression 
of CDw65. Furthermore AML with t(8;21) contain immature CD34+, HLA-DR+, partly 
terminal deoxynucleotidyl transferase (TdT) + cells and strong positivity for the CD15 

antigen (ref.13; Adriaansen et al., unpublished results). It has been suggested that 
expression of the CD19 antigen in AML with t(8;21) reflects transformation of a multipotent 

stem cell and that such leukemias should be regarded as hybrid leukemias (2). However, 

no evidence of B cell commitment was found in these types of AML (1-3). 

Future studies should clarify whether AML with other karyotypic abnormalities also have 
a consistent immunophenotype. As indicated in Chapter 3.2, AML with t(6;9) may be 
associated with a CD13+, HLA-DR+, TdT+ phenotype. However, one of our two cases 

tested expressed CD33 while the other AML case was CD33-. Based on the finding that 
t(6;9) can occur in different FAB types of AML and even in some myelodysplastic syndro
mes, it has been suggested that the translocation event occurs in an uncommitted stem cell 
(14, 15). It is conceivable that maturation is more variable in AML with t(6;9) as well as in 

other types of AML, in which the oncogenic event is assumed to occur in an uncommitted 
multipotential myeloid stem cell, such as in AML with chromosome 5 or 7 abnormalities, or 
AML with 11 q23 aberrations (16). Finally, it should be noticed that heterogeneity between 

AML with (apparently identical) chromosome aberrations may be determined by differences 
in the precise location of the breakpoints, such as recently described for 5q- aberrations 

(17). 
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5.2 DETECTION OF IMMATURE SUBPOPULATIONS IN AMl 

By use of multiparameter analysis, in particular double IF stainings, we could recognize 
several immature and mature subpopulations in most AMl (see Chapter 4.2). Markers 

which were expressed by immature cells include CD?, CD34, and TdT as well as pan
myeloid markers CD13, CD33, and often CDw65. Our results are in line with other studies, 
in which CD?, CD34, and/or TdT have been associated with either immature types of AML 
or immature subpopulations within AMl (see Chapter 2.2). Additional markers for immature 
leukemic cells might be useful to further differentiate within the immature AMl cell populati
ons. 

Recently, the monoclonal antibody (McAb) YB5.B8 was found to recognize the human 
c-kit protein (18-20). In the last year two other groups reported a McAb (17F11 and SR-1) 
against this antigen (21-23). The c-kit proto-oncogene, which is localized on chromosome 

4q11-q12, encodes a 145-160 kDa transmembrane tyrosine kinase (24-26). The protein was 
found to function as receptor for the stem cell factor (SCF) (see also Chapter 1 ). Both 
YB5.B8 and SR-1 McAb can inhibit binding of SCF to blast cells, although the two McAb 
were found to identify distinct epitopes of the c-kit protein (20,22). Expression of the c-kit 
antigen was found on 1%-5% of the mononuclear cells in normal bone marrow (BM) 
samples (20-22). These c-kit positive cells have a blastic morphology. Double IF staining 
revealed that in normal BM 40o/~60% of the c-kit+ cells expressed CD34, whereas 50%-

75% of the CD34 + cells were c-kit+ (21 ,23). Colony assays demonstrated that CD34 +, c
kit+, HLA-DR- cell populations contain more primitive progenitor cells than CD34 +, c-kit+, 

HLA-DR+ cell populations (23). 
Initially, about 30% of the AMl cases were reported to be positive for YB5.B8 (18,19). 

Especially those AMl patients with poor prognosis were found to be positive for this McAb 

(18,19). However, an increased level of c-kit mRNA could be identified in the majority of 

AMl cases (20). Furthermore, 87% of the AMl tested were positive for the McAb 17F11, 
but more than half of the positive samples contained only a minor c-kit+ subpopulation ( < 
10%) (21). The results of the mRNA study suggested that AMl-M3 and AMl-M5b are c-kit 
negative (20). However, it should be tested at the single cell level whether low levels of 
mRNA are caused by a low c-kit expression in all AMl cells or a low number of c-kit+ cells. 
The All cases tested so far were negative for the c-kit antibodies (21). 

By use of double IF staining Buhring et al. showed that the majority of c-kit+ AMl 
blasts coexpressed CD34 (21 ). In addition, CD34 +, c-kiC cell populations were demonstra

ted in all AML, whereas CD34-, c-kit+ cells were only found in 3 out of 26 samples tested. 
At present it is not known whether CD34 +, c-kit- cells or CD34-, c-kit+ cells represent the 

most immature AMl subpopulation. We recently obtained the 17F11 McAb and performed 

double IF stainings for c-kit and several other antigens in six AML. The results are summari
zed in Table 1 and Rgures 1 and 2. In five out of the six AMl, we could identify a c-kit+ cell 

population. The only c-kit negative AMl concerned an AMl-MO (patient R.S.). By use of 
double IF stainings we could confirm the observations that the far majority of c-kit+ AMl 
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TABLE 1. Analysis of c-kit expression in PB of six AML patients at diagnosisa. 

Patients M.S. A.K. T.B. N.A B.M. R.S. 
Age;sex (10:F) (26:M) (59;M) (46;M) {76:F) {18;M) 
FAB type M4Eo M4Eo M2 M2 MO MO 
Karyotype inv(16) inv(16) !(8;21) !{8;21) 5q-,-?" t(9;9) 

TdT 0.1 (88)' 0.6(79) 10(15) 11 (66) 37(35) 7(0) 
c-ktt(17F11) 37 42 9 42 13 <14 

lmmunophenotype of c-kit + cells 

CD2 [T11) 61 30 <1 <1 <1 
CD3 (leu-4) <1 <1 <1 <1 <1 
CD7 (CLB-CD7) <1 <1 <1 <1 
CD13 (My7) 98 99 96 68 80 
CD14 (My4) <1 <1 <1 <1 <1 
CD15 (leu-M1) 36 <1 <1 40 
CD19 (84) <1 69 66 <1 
CD33 (My9) 42 74 44 53 81 
CD34 (HCPA-2) 89 98 87 96 87 
HLA-DR (L243) 71 82 84 99.5 98 

' a. Figures represent percentages positivity per MNC On ease of TdT and e-kit) or percentages positivity per e-kit+ cells. 
b. Complex tetraploid karyotype with among othefs Sq- and -7. 
c. Between brackets are Indicated percentages of e-k'1t+ per TdT+ cells as determined by double IF staining. 
d. Dua to the virtual absence of e-kit expression in patient R.S., no reliable analysis of the c-kit+ ~liS could be performed. 

cells expressed C034. These cells were also C013+, C033+, and HLA-OR+. Interestingly, 
in two C02+ AML-M4Eo with inv(16) and in two C019+ AML-M2 with t(8;21), the c-kit+ 
cells were positive for C02 and C019, respectively. This implies that the characteristic C02 

and C019 expression in these two AML types are also present in the immature AML cell 

fractions. Furthermore, coexpression of c-kit and TdT could be determined in all five c-kit+ 
AML, which further supports our hypothesis, that TdT+ subpopulations represent immature 

AML cells (Chapter 4.2). These data illustrate that c-kit antibodies are valuable for phenoty
ping of immature subpopulations within AML. 

5.3 WHY IS TdT EXPRESSED IN AML? 

In our studies we could demonstrate myeloid marker+, TdT+ subpopulations in -75% 
of AML cases (Chapter 4.2). In contrast to the homogeneous expression of TdT in most 
All, TdT expression in AML is often restricted to immature subpopulations of the leukemia. 
Myeloid marker+, TdT+ cells are rare in normal BM and not detectable in normal peripheral 

blood (PS) (Chapter 4.1). It might be hypothesized that TdT+ AML cells represent a 
malignant expansion of the rare myeloid marker+, TdT+ cell population in SM. On the 

other hand, it is possible that expression of the TdT gene is dysregulated in these AML. 
The TdT gene is located on chromosome 10q23-q24 (27,28), a locus which is probably 

not involved in acute leukemia. High levels of TdT expression are found in normal precursor 
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Figure 1. Dot ptot analysis of four double IF staining experiments on PB cells from two different AML patients 
at diagnosis to determine the phenotype of c-kit+ AML cells. Left: patient A.K having an AML-M4Eo with 
inv16(p13q23), c-kfi (17F11 + goat anti-mouse immunoglobulin (GoMig) FITC), CD34 (HPCA-2 PE) (above) 
and c-kit {17F11 + Ga:Mig FITC), CD13 (My? PE) (below). Right: patient NA having an AML-M2 with 
t(8;21)(q22;q22), c-kfi (17F11 + GoMig FITC), CD19 (Leu-12 PE) (above) and c-kit (t7Ftt + GoMig FITC), 
CD3 (Leu-4 PE) (below). See also Table 1. 

lymphoid cells and their malignant counterparts. TdT is a template independent DNA 
polymerase (29), which adds extra nucleotides at the junctional regions of lg and TcR 

genes during the rearrangement processes (30-32). 
It is not precisely known, how transcription of the TdT gene is regulated. The TdT gene 

lacks TATA boxes, but an initiator (lnr) motif has been identified which probably functions 
as a transcription control element (33). It has been postulated that the lnr motif is unique lor 
the transcription of genes which require strict activation and inactivation during cellular 

differentiation (33). The expression of the TdT gene in precursor lymphoid cell lines can be 
influenced by use of phorbol esters, such as phorbol 12-myristate 13-acetate (PMA) (34-36). 

Addition of PMA results in a rapid but reversible decline in TdT transcription and TdT 
enzyme activity (34-36). This PMA-mediated reduction can be blocked by pretreatment of 

the cells with protein kinase C (PKC) inhibitors, such as H7 and H1004, implying that PKC is 



228 CHAPTER 5 

Figure 2. Double IF staining fat c-kit and TdT on PB cells from patient N.A. at diagnosis. A: phase contrast 
morphology; 8: c-kit (17F11) positive cells (TRITC labeled); C: TdT positive cells (FITC labeled). Two of the 
three TdT+ cells are c-kit+. 

probably involved in down regulation of TdT expression in lymphoid cells (34). We added 
the PKC inhibitors H7 and H1004 to the culture medium of the HL-T cell line, which is 
derived from the promyelocytic cell line HL-60 and contains a myeloid marker+, TdT+ 

subpopulation (37). Subsequently we observed both a higher expression of TdT per cell 
and a slight increase of the proportion of myeloid marker+, TdT+ cells (unpublished 

observations). These data suggest that also in myeloid cells PKC is involved in the 
regulation of TdT expression. 

We investigated whether the expression of TdT in AML was related to the incidence of 
so-called cross-lineage lg or TcR rearrangements. In our AML group as well as in a review 

of literature data we could not demonstrate such an association (Chapter 4.4). TdT activity 
in ALL not only mediates random nucleotide insertion in the junctional region of lg and TcR 

genes, but also in fusion regions of chromosome breakpoints, especially in case of 
chromosome aberrations involving lg and TcR genes (38-40). This implies that TdT is active 
during the development of the chromosome aberration and that nucleotide insertion is not 
restricted to junctional regions of lg or TcR genes. Although it may be hypothesized that 
TdT activity during the translocation event in TdT+ AML could result in addition of extra 

nucleotides at fusion regions of the chromosome breakpoints, such an effect has not been 
demonstrated so far. In close collaboration with Von Lindern and collagues, it was 
investigated whether nucleotide insertion could be found at the dek-can fusion regions in 

two AML with t(6;9) and at the set-can fusion region in an AML-MO case with t(9;9) (41,42). 

One AML with t(6;9) and the AML-MO case were investigated for the presence of myeloid 
marker+, TdT+ subpopulations and were both found to be positive (patient 2 Chapter 3.2 
and patient R.S. Chapter 4.2). In the translocation breakpoints investigated we could not 
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demonstrate any random nucleotide insertions (42). These results suggest that TdT was not 

active during the translocation event in these patients or that TdT was not capable of 
adding nucleotides in this type of breakpoint fusion region. 

5.4 DETECTION OF MINIMAL RESIDUAL DISEASE 

The results of our study demonstrate that immunological marker analysis is not only 
useful to obtain insight in the immunophenotypic heterogeneity of AML at diagnosis, but 
that it is also a powerful tool to detect minimal (residual) disease during follow-up (see 
Chapter 4.3). Although 60% to 80% of AML patients achieve complete remission (CR), the 
majority of patients develop relapse and die of their disease (Chapter 1). Apparently, low 
numbers of leukemic cells persist, although they are undetectable by conventional cyto
morphological techniques, due to their detection limit of 10·1 to 10·2 (10 to 1 cells between 

100 normal cells). 
Development of methods to detect residual disease has become an important goal in 

leukemia research. Such methods may not only be used to predict a relapse but also to 
monitor the effectiveness of treatment. The latter is important because new treatment 

strategies are currently developed to improve survival rates of AML patients. Several 
approaches to detect minimal residual disease (MRD) in AML have been proposed (see 
also Chapter 4.3). Table 2 summarizes the methods which seem to be most promising. 

Immunological marker analysis 

The double IF staining technique used in Chapter 4.3 allows detection of one myeloid 
marker+, TdT+ cell among 10,000 or even 100,000 normal cells (detection limit: 10·4 to 
10"5) (Table 2). This technique is applicable for the detection of residual disease in the 

majority of AML cases, because myeloid marker+, TdT+ subpopulations occur in -75% of 
cases (Table 2). Our results show that a relapse of a TdT+ AML is preceded by a gradual 

increase of myeloid marker+, TdT+ cells during a period of 14-38 weeks. Based on the 
data about c-kit expression on normal BM cells and AML cells, it might be interesting to use 
the c-kit antigen in MRD detection. However, normal values for coexpression of c-kit and 
other antigens (such as TdT) should be obtained first. 

In addition to our double IF staining method, multiparameter fiow cytometric analysis 

has been suggested for MRD detection (12,13,43). It was found that in the majority of AML 
patients the leukemic cells exhibit a unique phenotypic profile based on "aberrant" antigen 
expression and typical light scatter profiles (Table 2) (12, 13,43). This might enable discrimi

nation of leukemic cells from their normal counterparts. Despite promising results in mixing 

experiments (43), the application of multiparameter flow cytometry for the detection of MRD 

in clinical practice is limited. First of all, for each "aberrant" phenotype one should determine 
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TABLE 2. Techniques which enable detection of minimal residual disease in F'B and BM of AML patients. 

Techniques 

Immunological marker analysis 

~ myeloid marker, TdT double 
lF staining 

- multiparameter flow cytometry 
(scatter pattern and double or triple 
labeling of membrane markers) 

- immunological marker analysis 
of in vitro cultured cells 

Cytogenetics 

Fluorescent in situ 
hybridization (FISH) 

PCR techniques 

-junctional regions of rearranged 
lg and TcR genes (DNA level) 

- chromosome aberrations at mRNA level 
[e.g. t(9;221. 1(15;171. and t(6;9IJ 

Detection limits 

10·3 (BMI to W 4 (PBI 

10·2 to 10·3 

unknown 

10·1 to 10·2 

(dependent on in vitro 
growth of AML cells) 

10·1 to 10·2 

(dependent on type of 
chromosome aberration) 

10·3 to 10·6 

10"4 to 10·5 

Applicability 

-75% of AML 

30%~70% of AML 

someAML 

all AML with a microscopically 
detectable numerical or structural 
chromosome aberration 

AML with we!J~known numerical or 
structural chromosome aberration, 
for which DNA probes are available 
(e.g. -5. -7, +81 

10%~15% of AML 

5%-10% of AML 

the occurrence of such cells in normal BM and PB. Comparable to our study on the 
occurrence of myeloid marker+, TdT+ cells in normal samples (Chapter 4.1), these should 

include cell samples from healthy volunteers as well as non-AML patients under treatment 
Secondly, flow cytometry excellently enables the analysis of phenotypic markers of cell 
populations but this technique is not able to perform analysis at the single cell level. These 
combined limitations will result in detection limits (10-2 to 10-3), which are not as low as the 
detection limit of the myeloid marker, TdT double IF staining technique with microscopic 

analysis. 
AML cells can be cultured in vitro and clonogenic cells can subsequently be analyzed. It 

is obvious that for the detection of MRD this method is highly dependent on the in vitro 

growth properties of the residual AML cells and the growth of normal BM cells. It has been 

found that cu~ured AML cells can be distinguished from normal cultured cells by use of 
immunological marker analysis (Table 2) (44). A major problem for the application of this 
method is that an extensive study on the immunophenotype of non-leukemic cultured BM 
cells as well as the clonogenic AML cells is required in each individual patient. 
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Detection of clonal chromosome aberrations or rearrangements 

Several other techniques for MRD detection use clonal cytogenetic aberrations or 
chromosome rearrangements to distinguish AML cells from normal cells. These tumor 
specific markers can be studied at karyotypic, DNA, mRNA, or protein level (Table 2). 

According to a recent study karyotypic analysis of BM cells during CR can be used to 
monitor some AML patients (45). Despite the occurrence of a high false negative rate, i.e. 
the detection of only normal diploid metaphases in patients who subsequently relapsed, it 
was found that detection of the leukemic karyotype during CR was highly predictive for an 
imminent relapse. Especially in patients with a "favourable" cytogenetic aberration, such as 
inv(16) and t(8;21), karyotypic analysis proved to be useful for the detection of MRD (45). 
Depending on the karyotypic aberration, residual AML cells were demonstrated 10-50 

weeks before cytomorphological relapse (45). 
In AML numerical chromosome aberrations occur relatively frequently (see Chapter 3.1). 

The technique of fluorescent in situ hybridization (FISH) permits enumeration of specific 
chromosomes per cell and it can be used to detect scme specific structural aberrations (46-
49). The technique can be applied on both interphase and metaphase cells. For the 
detection of MRD in AML with trisomies or monosomies the FISH technique could be useful, 

although data about the occurrence of "aberrant" cells in normal BM are lacking. At present, 
the precise detection limit of the FISH method is not known, but has estimated to be 10-1 

to 1 o-2 (Table 2). Most probably the detection limit of the FISH technique depends on the 
type of aberration, e.g. in case of trisomy the FISH technique is more sensitive than in case 

of monosomy. 
Molecular biological techniques have enabled the study of gene rearrangements at DNA 

and mRNA level. The detection limit by Southern and Nothern blotting techniques is usually 
not much lower than 5% (SO). However the polymerase chain reaction (PCR) technique has 

proven to be a highly sensitive method to detect low frequencies of specific DNA or mRNA 
sequences, with detection limits of 10-4 to 10-5 (50,51). At present in AML two types of 
clonal specific DNA or mRNA sequences may be used as target for PCR-mediated MRD 

detection, i.e. cross-lineage rearrangements of lg or TcR genes and genes involved in 

specific chromosome translocations (Table 2) (51). 
As has been discussed in Chapter 4.4 cross-lineage rearrangements of lg or TcR genes 

occur in about 15% of AML This especially concerns lgH gene rearrangements. Therefore, 
in principle the junctional regions of rearranged lgH genes can be used as PCR targets for 
MRD detection. However, as has been emphasized in Chapter 4.4, the application of the 
PCR technique may be hampered by the relatively high frequency of oligoclonal lgH gene 
rearrangements in AM L patients. 

So far, three translocations in AML have been cloned and the breakpoints have been 
identified, i.e. t(9;22)(q34;q11), t(15;17)(q22;q21), and t(6;9)(p23;q34) (see also Chapter 3.1) 

(41 ,52-58}. In all three translocations the breakpoints are spread over relatively large areas, 
which hampers PCR analysis at the DNA level (41 ,54,59,60). However, tumor-specific hybrid 
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transcripts are produced by the fusion genes in these AML, which can be used as target for 
the PCR analysis after reverse transcriptase into eDNA (Table 2) (41 ,54,56,57,59,61-64). In 
t(15;17) two chimeric mRNAs are generated as consequence of the reciprocal translocation, 
i.e. PML(RAR-a and RAR-a/PML (see also Chapter 3.1) (56,57,64,65). The former transcript 

is expressed in all AML-M3 cases, whereas the other transcript is found in -75% of the 
cases (64,65). Most data on follow-up of leukemia patients by use of PCR analysis have 

been obtained from studies in patients with chronic myeloid leukemia and 1(9;22) (reviewed 
in 66,67). Much have been learned from these studies about technical aspects of the PCR 
technique, especially about preventing false positive results due to contamination with 
minute amounts of tumor specific mRNA and/or PCR products. The value of the PCR 
technique for the detection of residual disease in AML is under study. The first reports on a 
small number of patients indicate that it is possible to detect low numbers of AML cells 
(62,64,68). In one AML-M3 patient it was possible to detect a relapse 3 months before 
clinical appearance (64). 

Hybrid· genes might encode for a tumor specific fusion protein. In principle, antibodies 
can be produced against the tumor specific epitopes, e.g. such as in case of the bcr-abl 

protein in AML with t(9;22) and the dek-can protein in AML with t(6;9) (41,69-71). Such 
antibodies might be useful for the detection of low numbers of AML cells, but reports on 

this type of application are still lacking. 
All together these data illustrate the promising results of using tumor specific chromo

some breakpoints or their products as targets for the detection of MRD. However, the three 
well-defined translocations mentioned above occur in less than 10% of AML. It might be 
expected that the precise breakpoints of other chromosome aberraf1ons will be identified in 
the near future. Nevertheless, it can be anticipated that the PCR technique can be applied 
in only a part of AML cases (Table 2), since reciprocal translocations, inversions and 
deletions resulting in tumor specific fusion genes occur in only -25% of AML (Chapter 3.1). 

Comparison of methods for detection of MRD 

Several methods to detect MRD in AML have been proposed (Table 2). However, it 
should be remarked that at present for most methods large prospective follow-up studies to 

evaluate the value of the approaches have not yet been performed. Data published so far 
as well as the results of our study indicate that MRD detection in AML is possible and that a 

relapse can be predicted several months before cytomorphological(clinical appearance. At 
the moment, there is not a single method which can be applied in all AML patients. 

Therefore, it is likely that a combination of techniques will be needed to monitor AML 
patients (Table 2). 

In general, immunophenotypic methods for the detection of MRD in AML can be applied 
in the majority of cases and allow quantification of the tumor burden. However, in AML 
these methods are not completely tumor specific. PCR methods which use specific 
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chromosome rearrangements or their products as target for MRD detection can only be 

applied in a small subgroup of AML Quantification of PCR-mediated MRD detection at the 
mRNAjcDNA level might be possible by use of recently published methods with internal 

standard mRNA (72,73). However, it should be remarked that the amount of PCR product is 
also dependent on the extent of transcription per cell, the quality of the isolated mRNA and 
the efficiency of the reverse transcriptase step. 

In our study we consistently detected a relatively high number of myeloid marker+, 
TdT+ cells during CR in those AML patients who are in first continuing CR according to 
cytomorphological criteria. We speculated that these cells represent residual dysplastic AML 
cells. The leukemic origin of these cells might be proven in a part of the cases by the 

combined use of the PCR technique and the double IF staining technique. Alternatively, 
techniques which enable in situ detection of a leukemia-specific clonal marker, such as 

chromosome aberrations or lg and/or TcR gene rearrangements might be useful (74,75). 
However, it is not clear whether these methods as well as some recently developed 
protocols for in situ detection of PCR products can be combined with detection of TdT (76). 

5.5 CONCLUSION 

It is concluded that immunological marker analysis, especially multiparameter analysis, 

is a powerful tool to phenotype the various subpopulations in heterogeneous disorders like 
AML Such studies give insight in the differential maturation arrest of the various AML types. 
The recognition and characterization of immature subpopulations within each AML clone is 

important for the development of immunophenotypic methods for MRD detection. Applicati
on of methods for MRD detection in AML patients during follow-up might be used to adjust 

remission and relapse criteria, to monitor the effectiveness of the applied cytostatic 
regimens, and eventually to adapt treatment protocols in patients with MRD. Sensitive MRD 
techniques might also be useful to determine the optimal time point for harvesting BM grafts 

for autologous BM transplantation and to screen the obtained autologous grafts for the 
presence of residual leukemic cells. Whether adaptation of treatment protocols according to 

MRD data results in lower relapse rates and higher survival rates, should be investigated in 
prospective multicenter studies. 
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SUMMARY 

Acute myeloid leukemia (AML) is a malignancy characterized by an uncontrolled 
proliferation of immature myeloid cells in the bone marrow (BM). In AML there is a marked 
genotypic and phenotypic heterogeneity, which is reflected in a marked patient to patient 
variation in clinical presentation, response to therapy, and prognosis. In contrast to most 
patients with acute lymphoblastic leukemia (ALL), in the majority of AML patients also a marked 
intraclonal variation is present. To increase insight in this heterogeneity of AML, we applied 
extensive immunological marker analyses to characterize the various leukemic subpopulations 

which can be found in most AML patients. The results were correlated with other phenotypic, 

genotypic, and clinical features observed in these patients. The main objective of this study was 
to recognize specific subgroups of AML patients and to characterize immature subpopulations 
of AML cells which might be useful for monitoring the disease during follow-up. 

Chapter 1 summarizes the present knowledge of the processes involved in normal 
hematopoiesis and leukemogenesis of AML. Especially literature data on epidemiology, biology, 
diagnosis, and treatment of this type of leukemia are summarized. AML is a clonal disorder, 
which occurs at all ages with an overall incidence in the Netherlands of 2.4 per 100,000 
inhabitants per year. In most cases the etiology is unknown, although occupational and 
environmental exposures, such as radiation, benzene, and alkylating drugs are probably 

important in some AML cases. Most probably, alterations in the structure of critical genes, such 

as oncogenes, growth factor genes, and growth factor receptor genes are important in 
leukemogenesis. The occurrence of non-random chromosome aberrations related to specific 
biological and clinical characteristics supports the important pathogenetic role of genetic 

alterations. 

Traditionally, AML is diagnosed and classified according to the French American British 
(FAB) classification system, which is based on cytomorphology and cytochemistry. Despite 
some correlations with biological features of AML, the prognostic value of the FAB classification 

is limited. Application of more advanced techniques, such as immunological marker analysis, 
cytogenetic analysis, and molecular analysis has enabled a further characterization of AML and 
recognition of various AML subtypes. Chemotherapy is the primary treatment option for AML 
patients. In addition, BM transplantation and more recently growth factors, differentiation 

factors, and immunotherapy are applied in some AML patients. Although most AML patients 
obtain complete remission (CR) (i.e. no tumor cells detectable by use of cytomorphology), the 
majority of patients will subsequently relapse and die of their disease. This indicates that 

leukemic cells persist despite cytomorphological CR, which emphasizes the importance of 
methods to detect low frequencies of leukemic cells to determine the effectiveness of the 

applied treatment. 
Chapter 2 describes the various immunological markers and techniques for marker 

analysis. Most immunological markers represent differentiation antigens, which are well 
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characterized. Data concerning chromosome localization of the encoding genes, molecular 

mass and function of the antigens as well as (monoclonal) antibodies which recognize the 

antigens are summarized. One of the most characteristic markers of AML is CD33, a pan

myeloid differentiation antigen. In ·,ntenineage human-mouse hybrids, which were constructed 

by fusion of leukemic cells from an AML-MO patient with a murine cell line we could 

demonstrate that expression of the pan-myeloid antigen CD33 depends on the presence of 

human chromosome 19 (Chapter 2.3). 

Immunofluorescence (IF) methods are extremely useful for immunological marker analysis 

of hematopoietic cells, because they allow the simultaneous evaluation of two or three markers 

together with "morphological" parameters. Several aspects of IF microscopy and fiow cytometry 

as well as the possibilities and limitations of both techniques are described in Chapters 2.1 and 

2.2. It is obvious that for the interpretation of immunological marker analysis in AML one should 

have insight into the expression of these markers during normal and abnormal hematopoiesis. 

Information concerning the expression patterns of the various markers is summarized in the 
Chapters 2.1 and 2.2. Markers which have proven to be of value in AML diagnosis are 

discussed in more detail in Chapter 2.2. 

One of the aims of our study was to recognize subgroups of AML which exhibit a specific 

phenotype. Since non-random chromosome aberrations are highly correlated with certain 

biological features of AML, we investigated whether karyotypic abnormalities are associated 
with a specific immunophenotype. In Chapter 3.1 common recurring chromosome abnormali

ties and their associations with specific AML features are summarized. Except for the unique 

CD9 +, CD13 +, CD15-, CD33 +, HLA-DR- immunophenotype in AML-M3 with t(15;17)(q22;q21) 

and the CD19+ immunophenotype in AML w'1th t(8;21)(q22;q22), such associations are rare. 
In two patients having AML-M4 with t(6;9)(p23;q34) we could demonstrate that the leukemic 

cells were HLA-DR+, CD13+, partly terminal deoxynucleotidyl transferase (fdT)+ (Chapter 

3.2). The CD33 antigen was expressed in one patient but negative in the other patient. In the 

former patient we analysed BM samples during follow-up for the presence of CD33+, TdT+ 

cells. We observed a gradual increase of CD33 +, TdT+ cells in a period of 6 months before 

hematological relapse, which indicated that double IF staining lor a myeloid marker and TdT 

might be useful for detection of minimal disease. 
Chapter 3.3 describes our extensive immunophenotyping studies with double IF stainings 

to characterize the various subpopulations in eight patients having AML-M4Eo with 

inv(16)(p13q22). Despite heterogeneity within each patient, the immunophenotype of the 

subpopulations was strikingly similar. Virtually all AML-M4Eo cells were CD13 +, whereas 

several other markers, including C02, C011 b, CD11 c, C014, CD33, CD34, CD36, CDw65, TdT, 

and HLA-DR were expressed by a part of the leukemic cells. Expression of the CD2 antigen 

was found within the immature (CD34 +) AML sub populations as well as within the more mature 

(CD14 +) AML sub populations, whereas TdT expression was exclusively found in the CD34 +, 

CD14- subpopulations. Because in T cells the C02 antigen is known to function as an 

activation molecule, we cultured three AML-M4Eo samples. A high spontaneous proliferation 

was seen in all three patients. Addition of CD2 antibodies diminished cell proliferation in two 

patients with high CD2 expression, but no inhibitory effect was found in the third patient with 
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low frequency and low density of CD2 expression. These results suggest that expression of the 
CD2 molecule is involved in the proliferation of CD2+ AML-M4Eo cells. 

The finding of myeloid marker+, TdT+ cells in AML patients with t(6;9) led us to investigate 
whether these double positive cells could be used as a clue for the detection of minimal 
residual disease (MRD) (Chapter 4). First, it was determined whether CD13 +, TdT+ and 

CD33 +, TdT+ cells occurred in normal BM and peripheral blood (PB) samples as well as in 
cell samples taken from ALL patients in CR during and after chemotherapy (Chapter 4.1). The 
latter group of controls was included to investigate the effects of cytostatic treatment and BM 
regeneration on the occurrence of myeloid marker+, TdT+ cells. The results demonstrated that 
normal myeloid marker+, TdT+ cells are rare in BM ( <0.03%, if they occur at all) and that 
such cells are not detectable in PB (Chapter 4.1 ). 

In the study of Chapter 4.2 the occurrence of myeloid marker+, TdT+ cells in various 

subtypes of AML was investigated. In a series of 60 non-selected AML patients we found 
myeloid marker+, TdT+ cells in 45 patients (=75%). In contrast to TdT expression in ALL 

patients, TdT positivity in AML was often restricted to a sub population of the leukemic cells, 
which in most cases constituted less than 10% of the AML cells. Based on the relatively high 

expression of the CD34 antigen by the TdT+ subpopulation as well as the proportional 
increase of myeloid marker+, TdT+ cells in relapsed patients, it was suggested that the TdT+ 

cells represent an immature AML subpopulation, which might contain clonogenic AML cells. 
Our first results on the use of myeloid marker, TdT double IF staining for detection of MRD in 
AML patients are given in Chapters 4.1 and 4.2. In these patients a gradual increase of myeloid 
marker+, TdT+ cells was seen during a 3-6 months period before morphological relapse. 

Chapter 4.3 summarizes the results of a prospective follow-up study in 14 additional 
patients with a TdT+ AML. Twelve patients had obtained CR at the end of the chemotherapy 
courses. During subsequent follow-up seven out of these 12 patients developed one or two 

relapses (total of ten relapses). Nine out of these ten relapses were preceded by a gradual 
increase of myeloid marker+, TdT+ cells in BM and PB over a period of 14-38 weeks, 
indicating that the double IF staining method is a powerful tool to detect MRD in TdT+ AML 
patients. The false negative result in one patient was caused by a phenotypic shift of the AML 
cells towards TdT negativity. In the five AML patients who were in continuous CR relatively high 

percentages of myeloid marker+, TdT+ cells were repeatedly detected in BM (up to 0.1%) and 

PB (up to 0.02%). Although the leukemic origin of these double positive cells could not be 
proven, we speculate that these cells represent residual dysplastic AML cells which survived 

chemotherapy but which were not yet capable of causing leukemic regrowth. 
In precursor lymphoid cells TdT is expressed and functionally active during rearrangements 

of immunoglobulin (lg) and T cell receptor (TcR) genes resulting in extra nucleotide insertion 
at the junctional regions of these rearranging genes. In the study of Chapter 4.4 we 
investigated whether the expression of TdT in AML was related to the occurrence of cross

lineage lg andjor TcR gene rearrangements. In contrast to other reports, we investigated all 
lg and TcR gene complexes, i.e. lgH, lg~, lg>., TcR-P, TcR-r, and TcR-o. In 15% (8/54) of the 
AML one or more genes were clonally rearranged. This especially concerned lgH genes. No 
relationship between the occurrence of cross-lineage rearrangements and TdT positivity was 
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found. Analysis of our results and those of over 400 cases published in the literature 
demonstrated a high concurrence of cross-lineage rearrangements in AML. This finding 

supports the hypothesis of a common recombinase for lg and TcR genes. In addition, the 
results suggested that cross-lineage rearrangements probably occur in a non-randomly ordered 

fashion, in which rearrangements of lgH and TcR-6 genes precede the other gene rearrange

ments. 
In Chapter 5 the results of our AML studies are discussed in more detail. Furthermore, 

some recently obtained data are presented and discussed in the context of the latest data from 
the literature. Preliminary results of recently performed experiments using a monoclonal 

antibody against the c-kit antigen revealed that this antigen is expressed on a part of the 
immature CD34 + AML cells. In addition, we could demonstrate coexpression of c-kit and TdT 
in TdT+ AML, which supports our hypothesis that TdT+ subpopulations represent immature 
AML cells. Furthermore, these results suggest that c-kit might be an useful marker to apply in 
double IF stainings for the detection of MRD. 

The detection of MRD is a major problem in AML patients. In Chapter 5 several methods 
for MRD detection are described and compared. From this comparison it can be concluded 

that multiparameter analysis, especially myeloid marker, TdT double IF stainings and PCR 

techniques give the best results. 

We conclude that multiparameter immunological marker analysis is a powerful tool to 
phenotype the various sub populations in heterogeneous disorders like AML. These studies give 
insight into the differential maturation arrest of the various types of AML. The recognition and 

characterization of immature subpopulations within each AML clone is crucial for the 
development of methods for MRD detection. Application of methods for MRD detection in AML 
patients during follow-up can be used to adjust remission and relapse criteria, to monitor the 
effectiveness of the applied cytostatic regimens, and finally to adapt treatment protocols in 
patients with MRD. Whether adaptation of treatment protocols according to MRD data results 

in lower relapse rates and higher survival rates should be investigated in prospective 

multicenter studies. 
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SAMENVATTING 

Acute myeloYde leukemie (AML) is een vorm van bloedkanker die wordt gekarakteriseerd 

door een ongecontroleerde proliferatie van onrijpe myeloTde cellen in het beenmerg. Tussen 

de patienten met AML bestaat een duidelijke genotypische en fenotypische heterogeniteit, die 
zich ondermeer uit in een grate variatie in klinische presentatie, therapierespons en prognose. 
In tegenstelling tot de meeste patienten met acute lymfatische leukemie (ALL), word! bij vrijwel 

aile patienten met een AML !evens een duidelijke intraklonale heterogenitett gezien. Om het 

inzicht in de heterogentteit van AML te vergroten en om de verschillende subpopulaties te 

karakteriseren die aanwezig zijn bij de meeste AML pati§nten, hebben wij uitgebreide 
immunologische markeranalyses uttgevoerd. De resultaten werden gecorreleerd met andere 

fenotypische, genotypische en klinische bevindingen bij deze patienten. He! primaire doel van 
deze studie was om specifieke subgroepen van AML patienten te herkennen en om onrijpe 

leukemische subpopulaties te karakteriseren, die gebruikt kunnen worden om het verloop van 

de ziekte en de effektiviteit van de behandeling te evalueren. 

Hoofdstuk 1 vat informatie samen over de processen die een rol spelen bij de normale 

hematopoiese en bij het ontstaan van AML In het bijzonder worden de epidemiologie, biologie, 

diagnose en behandeling van deze vorm van leukemie besproken. AML is een klonale 

aandoening met in Nederland een incidentie van 2,4 nieuwe patienten per 100.000 inwoners 

per jaar. In de meeste gevallen is de etiologie onbekend, maar blootstelling aan straling, 

benzeen en alkylerende chemotiherapeutica speelt waarschijnlijk een rol bij een aantal 

patienten. Veranderingen in bepaalde genen, zeals oncogenen, groeifaktor genen en 

groeifaktorreceptor genen, zijn waarschijnlijk van groat belang voor het ontstaan van AML Het 

pathogenetisch belang van genetische veranderingen word! onderstreept door de associatie 

tussen "non-random" chromosoom veranderingen en specifieke biologische en k!inische 

kenmerken van AML 

AML wordttraditioneel gediagnostiseerd en geklassificeerd volgens het Frans-Amerikaans

Britse (FAB) klassificatiesysteem, dat gebaseerd is op cytomorfologische en cytochemische 

kenmerken van de leukemiecellen. Ondanks enkele correlaties met biologische kenmerken van 

AML, is de prognostische waarde van de FAB klassificatie beperkt. Door toepassing van meer 

geavanceerde technieken, zeals immunologische markeranalyse, cytogenetische analyse en 

moleculaire analyse, is nadere karakterisering van AML mogelijk en kunnen verschillende AML 

subtypen worden onderscheiden. Patienten met AML worden in het algemeen behandeld door 
middel van chemotherapie. Daarnaast bestaat er voor bepaalde patienten de mogelijkheid tot 

beenmerg transplantatie en, sinds kart, de toepassing van groei- enjof differentiatiefaktoren 

en immunotherapie. Ondanks hetfeit dat de meeste patienten metAML een complete remissie 

(CR) bereiken (er kunnen dan cytomorfologisch geen leukemiecellen meer worden 

aangetoond), krijgen veel patienten uiteindelijk een recidief en sterven zij aan de leukemie. Dit 

betekent dat, ondanks de behandeling en de schijnbare CR, tech AML cell en aanwezig blijven, 
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hetgeen het grote belang benadrukt van het ontwikkelen van methoden om kleine aantallen 

leukemiecellen te detecteren. Dergelijke methoden zouden kunnen worden gebruikt om 

nauwkeurig de effektiviteit van de ingestelde therapie te bepalen. 
In hoofdstuk 2 word! gedetailleerde informatie gegeven over de verschillende immunologi

sche markers en de technieken die gebruikt kunnen worden voor immunologische markerana
lyse. De meeste immunologische markers zijn differentiatie antigenen en inmiddels geed 
gekarakteriseerd. Kennis betreffende de chromosoomlokalisatie van de coderende genen, het 
molekuulgewicht en de funktie van deze antigenen, en van de (monoklonale) antistoffen die 
deze antigenen specifiek herkennen, is samengevat in de hoofdstukken 2.1 en 2.2. Een van 
de meest kenmerkende markers voor AML is CD33, een myeloid differentiatie antigeen. In 

mens-muis hybride cellen, die gemaakt werden door fusie van leukemiecellen van een patient 
met AML-MO met een muizecellijn, konden wij aantonen dat de expressie van CD33 afhankelijk 

is van de aanwezigheid van het menselijke chromosoom 19 (hoofdstuk 2.3). 

lmmunofluorescentie (IF)' methoden zijn uitermate geschikt voor het uitvoeren van 
immunologische markeranalyse, omdat zij gelijktijdige analyse van twee of drie markers 
tezamen met "morfologische" parameters mogelijk maken. Verschillende aspecten van IF 
microscopie en flowcytometrie worden respectievelijk besproken in hoofdstukken 2.1 en 2.2. 
In deze hoofdstukken vergelijken wij de mogelijkheden en beperkingen van beide technieken. 

Voor een juiste interpretatie van immunologische markeranalyse van AML is kennis van de 
expressiepatronen van de verschillende antigen en tijdens normale en abnormale hematopo"iese 
belangrijk. In hoofdstuk 2.2 wordt het diagnostisch belang van verschillende markers bij 

patienten met AML besproken. 
Een van de doelen van ons onderzoek was om subgroepen van AML patienten te kunnen 

onderscheiden op basis van een specifiek immunofenotype. Gezien de sterke associatie tussen 
bepaalde "non-random" chromosoomafwijkingen en biologische kenmerken van AML, 

onderzochten wij of bij AML associaties bestaan tussen chromosoom afwijkingen en specifieke 

immunofenotypen. In hoofdstuk 3.1 zijn de meest frequente chromosoomafwijkingen 
samengevat die worden gevonden bij AML patienten alsmede hun associaties met bepaalde 
kenmerken van de leukemie. Met uitzondering van het unieke CDS+, CD13 +, CD15-, CD33 +, 

HLA-DR- immunofenotype bij AML-M3 mett(15;17)(q22;q21) en het CDi9+ immunofenotype 

bij AML met t(8;2i)(q22;q22), zijn geen duidelijke associaties bekend. 
Bij twee patienten met een AML-M4 met t(6;9)(p23;q34) bleken de leukemiecellen positief 

te zijn voor HLA-DR en CDi3 en gedeeltelijk positief voor terminaal deoxynucleotidyl 
transferase (TdT) (hoofdstuk 3.2). Het CD33 antigeen was aantoonbaar bij een van de twee 
patienten. Tijdens de follow-up van deze patient werden beenmerg monsters onderzocht op 
de aanwezigheid van CD33 +, TdT+ cellen. Gedurende een periode van 6 maanden voordat 

de patient een morfologisch bewezen recidief kreeg, werd een geleidelijke toename van het 
percentage CD33 +, TdT+ cellen aangetoond. Deze bevinding toont aan dat de dubbel IF 
kleuring voor een myelolde marker en TdT nuttig kan zijn voor het opsporen van kleine 

aantallen AML cellen. 
Hoofdstuk 3.3 beschrijft de resultaten van uitgebreide immunologische markeranalyses met 

dubbeiiF kleuringen om de verschillende subpopulaties te karakteriseren bij acht patienten met 
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een AMl-M4Eo met inv(16)(p13q22). Ondanks de heterogeniteit bij elke patient bleek het 
immunofenotype van de verschillende subpopulaties bij deze acht patienten sterk overeen te 
komen. Vrijwel aile AMl-M4Eo cellen waren CD13+, terwijl andere immunologische markers, 
zeals C02, CD11b, CD1ic, CD14, CD33, CD34, CD36, CDw65, TdT en HLA-DR, door een deel 
van leukemiecellen tot expressie werden gebracht. Expressie van het C02 antigeen kon 
worden aangetoond binnen zowel de onrijpe (CD34 +) AMl subpopulaties als de rijpere 

(CD14 +) AMl subpopulaties, terwijl de expressie van TdT beperkt bleef tot de CD34 +, CD14-
subpopulaties. Omdat het C02 antigeen bij T-cellen functioneert als een aktivatiemolekuul, 

hebben we drie AMl-M4Eo celmonsters in kweek gebracht. In de celkweken van deze drie 
patienten werd een hoge spontane proliferatie gemeten. Toediening van C02 antistoffen 
resulteerde in een duidelijke vermindering van de proliferatie bij twee van de drie patienten. Bij 
de derde patient werd geen inhibitie van de proliferatie aangetoond, hetgeen waarschijnlijk 
samenhing met het lage percentage C02 + cell en en de geringe mate van C02 expressie per 
eel. Deze resultaten suggereren dat expressie van het C02 molekuul een rol speelt bij de 
proliferatie van de C02+ AMl-M4Eo cellen. 

De aanwezigheid van myeloTde marker+, TdT+ cellen tijdens en na behandeling van de 
leukemie, in AMl patienten met een t(6;9) stimuleerde ons om te onderzoeken of op basis van 

deze markers kleine aantallen AMl cellen konden worden aangetoond (hoofdstuk 4). Eerst 
werd bepaald of CD13+, TdT+ cellen en CD33+, TdT+ voorkomen in normale beenmerg- en 
bloedcelmonsters en in celmonsters van patienten met een All in CR tijdens en na het 

stoppen van de chemotherapie (hoofdstuk 4.1). De All patientengroep werd onderzocht om 
te bepalen of cy1ostatische behandeling en beenmerg regeneratie van invloed zijn op het 

voorkomen van myeloTde marker+, TdT+ cell en. De resultaten toonden aan dat myelo"ide 
marker+, TdT+ cell en soms in lage percentages in beenmerg aanwezig zijn ( <0,03%) en dat 
zulke cellen normaliter niet in het bloed detecteerbaar zijn (hoofdstuk 4.1 ). 

In hoofdstuk 4.2 wordt het voorkomen van myeloTde marker+, TdT+ cell en in verschillende 
subtypen van AMl beschreven. In een groep van 60 ongeselecteerde AMl patienten werden 
:>ij 45 patienten (=75%) myelo"ide marker+, TdT+ cellen aangetoond. In tegenstelling tot de 
expressie van TdT in patienten met een All, bleek de TdT positiviteit bij patienten met een 
AMl meestal beperkt te zijn tot een leukemische subpopulatie, die bij het merendeel van de 
patienten < 10% van de AMl cellen bleek te beslaan. Omdat binnen de TdT+ subpopulatie een 
relatief hoge expressie van het CD34 antigeen werd gevonden, en er bij het recidief een 

toename van de myelo"ide marker+, TdT+ celpopulatie werd gezien, hebben wij gepostuleerd 
dat de TdT+ AMl cellen een onrijpe, mogelijk klonogene, leukemische celpopulatie 

vertegenwoordigen. De eerste resultaten van het gebruik van myelo"ide marker, TdT 
dubbelkleuringen voor het opsporen van kleine aantallen tumorcellen bij patienten onder en na 

AMl behandeling zijn beschreven in de hoofdstukken 4.1 en 4.2. In de onderzochte patienten 

kon een geleidelijke toename van myeloTde marker+, TdT+ cellen worden aangetoond 3 tot 
6 maanden v66r het ontstaan van een cytomorfologisch recidief. 

In hoofdstuk 4.3 worden de resultaten beschreven van een prospectief vetvolgonderzoek 
van 14 patienten met een TdT+ AML Twaalf patienten bleken na hun laatste chemotherapie
kuur in CR te zijn. Vervo!gens kregen zeven van deze 12 patienten een of twee recidieven 
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(totaal tien recidieven). Negen van deze tien recidieven werden voorafgegaan door een 

geleidelijketoename van myelo"ide marker+, TdT+ cell en in beenmerg en bleed gedurende een 

periode van 14 tot 38 weken. Deze resultaten tonen aan dat de dubbel IF kleuring een 

geschikte methode is voor het opsporen van kleine aantallen leukemiecellen bij patienten met 

een TdT+ AML Het va!s¥negatieve resultaat bij een patient werd veroorzaakt door verlies van 
TdT expressie door de AML cellen bij het recidief. Bij de vijf patienten, die in eerste continue 
CR waren, werden regelmatig relatief hoge percentages myelo"ide marker+, TdT+ cellen 

aangetoond in het beenmerg (<0,1%) en in het bleed (<0,02%). Hoewel niet kon worden 

bewezen dat deze dubbelpositieve cellen leukemisch waren, is het zeer geed mogelijk dat deze 

cellen resterende dysplastische AML cellen zijn die de chemotherapie overleefden, maar die 

(nag) niet in staat waren om een recidief van de leukemia te veroorzaken. 

In voorloper lymfatische cellen speelt het enzym TdT een belangrijke rol tijdens de 

herschikkingen van de immunoglobuline (lg) en T-cel receptor (TcR) genen, doordat het extra 

nucleotiden invoegt op de verbindingsplaatsen van de herschikkende genen. In hoofdstuk 4.4 

werd onderzocht of TdT expressie in AML samenhangt met het plaatsvinden van zogenaamde 

"cross-lineage" herschikkingen van lg enjofTcR genen. In tegenstelling tot eerdere studies van 

andere onderzoekers, onderzochten wij de genconfiguratie van aile bekende lg en TcR 

gencomplexen, te weten lgH, lgK, lg>., TcR-fi, TcR-r en TcR-o. In 15% (8/54) van de AML 

patienten bleek dat een of meerdere genen klonaal herschikt waren. Dit betrof voornamelijk lgH 
genherschikkingen. Er was geen correlatie aantoonbaar tussen de aanwezigheid van deze 

"cross-lineage" herschikkingen en de expressie van TdT. Analyse van onze resultaten en de 

gepubliceerde resultaten van meer dan 400 andere patienten liet zien dat "cross-lineage" 

herschikkingen van verschillende genen vaak samen voorkomen. Deze bevinding steunt de 
hypothese dat er een "recombinase" enzymsysteem bestaat voor zowel lg- als TcR 

genherschikkingen. Daarnaast bleek dat de herschikkingen van de verschillende genen 

waarschijnlijk in een vaste volgorde verlopen, waarbij herschikkingen van de lgH en TcR-o 

genen aan de andere genherschikkingen voorafgaan. 

In Hoofdstuk 5 worden de resultaten van het AML onderzoek nader bediscussieerd. Tevens 

worden resultaten van enkele recente experimenten besproken. Zo werd met een anti-c-kit 

antistof aangetoond dat c-kit tot expressie komt op een deel van de onrijpe CD34 + AML cellen. 

Daarnaast konden wij coexpressie van c-kit en TdT aantonen bij patienten met een TdT+ AML, 

hetgeen onze hypothese steunt dat de TdT+ subpopulatie inderdaad onrijpe AML cell en bevat. 

Verder suggereren deze resuitaten dat c-kit mogelijk een nuttige marker kan zijn bij dubbel IF 

kleuringen voor de detectie van kleine aantallen AML cellen. 

De detectie van kleine aantallen leukemiecellen is een belangrijk probleem bij de 

behandeling van patienten met een AML. In hoofdstuk 5 worden verschillende methoden voor 

het opsporen van kleine aantallen AML cellen besproken en vergeleken. De beste resultaten 

worden thans verkregen met multiparameter analyse Qn het bijzonder de myeloide marker, TdT 

dubbelkleuring) en PCR technieken. 

Wij concluderen dat multiparameter immunologische markeranalyse een geschiktetechniek 

is voor het immunofenotyperen van de verschillende subpopulaties bij heterogene aandoenin

gen zeals AML. Zulke analyses geven inzicht in de mate van maturatie-arrest van de 
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verschillende AML typen. Het herkennen en karakteriseren van onrijpe AML subpopulaties is 

noodzakelijk voor het ontwikkelen van methoden om kleine aantallen leukemiecellen op te 

sporen. Toepassing van dergelijke methoden bij het vervolgen van patienten met AML tijdens 

en na behandeling zou kunnen leiden tot het aanpassen van de criteria voor remissie en 
recidief, tot het verkrijgen van meer inzicht in de effektiviteit van de verschillende cytostaticaku
ren en eventueel tot het aanpassen van het behandelingsschema van patienten met residuele 

AML cellen. Om te bepalen of het aanpassen van behandelingsschema's op geleide van 

genoemde technieken uiteindelijk zal leiden tot een lager aantal recidieven en een betere 

overleving, dienen prospectieve "multicenter'' studies te worden verricht. 





AA 
ABMT 
AET 
AIDS 
ALL 
AML 
ANLL 
AO 
AP 
Ara-C 
AUL 
B-ALL 

B-CLL 
B-PLL 
BAL 
BC 
BFU-E 
BM 
BMT 
BSA 
CALLA 
CD 
COw 
CFU 
CLL 
CML 
CNS 
CR 
CSF 
CyCD3 
Cylg 
Cy)l. 
D 
DIC 
DNA 
EM 
Epo 
F 
FAB 

Fc-yR 
FCS 
FITC 
FISH 

FSC 
G-CSF 
GM-CSF 
GP or gp 

GpA 
GVH 
Hb 
HCL 

ABBREVIATIONS 

: aplastic anemia 

: autologous bone marrow transplantation 
: 2-amino-ethylisothiouronium bromide 
: acquired immunodeficiency syndrome 
: acute lymphoblastic leukemia 
: acute myeloid leukemia 
: acute non-lymphoblastic leukemia 
: acridine orange 
:alkaline phosphatase 

: cytosine arabinoside 
: acute undifferentiated leukemia 
: B cell acute lymphoblastic leukemia 

: B cell chronic lymphocytic leukemia 
: B cell prolymphocytic leukemia 

: bronchoalveolar lavage 
: blast crisis 
: erythrocyte burst forming unit 

: bone marrow 
: bone marrow transplantation 
: bovine serum albumin 
: common acute lymphoblastic leukemia antigen 

: cluster of differentiation/cluster of designation 
: CD "workshop· (preliminary clustering) 

: colony fanning unit 
: chronic lymphocytic leukemia 
: chronic myeloid leukemia 

: central nervous system 
:complete remission 
: cerebrospinal fluid; colony stimulating factor 
: cytoplasmic expression of CD3 antigen 

: cytoplasmic immunoglobulin 

: cytoplasmic p. heavy chain 

: diversity 

: disseminated intravascular coagulation 

: deoxyribonucleic acid 
: electron microscopy 

: erythropoietin 
:female 
: French American British cytomorphological classification of acute leukemias 

: Fe receptor for lgG 
: fetal calf serum 
: fluorescein isothlocyanate 
: fluorescent in situ hybridization 

: forward scatter 
: granulocyte colony stimulating factor 

: granulocyte macrophage colony stimulating factor 

: glycoprotein 
: glycophorin A 

: graft versus host 

: hemoglobin 
: hairy cell leukemia 

249 



250 

HPRT 
IF 
lg 
lgH 
IL 
lnr 
J 
kb 
kDa 
LFA 
M 
McAb 

M-CSF 
MDR 
MDS 
M4Eo 
MIC 
MNC 
MPO 
MRBC 
MAD 
NCAM 
ND 
NHL 

NKcell 
NMS 
NT 

PB 
PBS 
PCR 
PE 
PI 
PKC 
PLL 
PMA 
PNH 
PO 
PR 
RA 
RAR 
RT 
SCF 
Smlg 
SRBC 
sse 
T-ALL 
T-NHL 
TcR 
TdT 

TGF 

TNF 
TRITC 
v 
WBC 

Abbreviations 

: hypoxanthine phosphoribosyl transferase 
:immunofluorescence 
: immunoglobulin 
: immunoglobulin heavy chain 
: interleukin 
: initiator 
:joining 
: knobase 
: kilo Dalton 
: leukocyte function antigen 
:male 
: monoclonal antibody 

: macrophage colony stimulating factor 
: multidrug resistance 
: myeloid dysplastic syndrome 

: AML-M4 with bone marrow eosinophilia 
: morphologic, immunologic, and cytogenetic classification 
: mononuclear cells 
: myeloperoxidase 
: mouse red blood cells 
: minimal residual disease 
: neural cell adhesion molecule 
: not done 
: non-Hodgkin lymphoma 

: natural kLiler cell 
: normal mouse serum 
: not tested 
: peripheral blood 

: phosphate buffered saline 
: polymerase chain reaction 
: phycoerythrin 

: phosphatidylinositol glycan 
: protein kinase C 
: prolymphocytic leukemia 
: phorbol 12-myristate 13-acetate 

: paroxysmal nocturnal hemoglobinuria 
: peroxidase 
: partial remission 

: retinoic acid 
: retinoic acid receptor 

: room temperature 
: stem cell factor 

: surface membrane immunoglobulin 
: sheep red blood cells 
: sideward scatter 

: T eel! acute lymphoblastic leukemia 
: T eel non-Hodgkin lymphoma 

: T cell receptor 

: terminal deoxynucleotidyl transferase 

: transforming growth factor 
: tumor necrosis factor 

: tetramethylrhodamine isothiocyanate 
:variable 
: white blood cells 



251 

DANKWOORD 

Een onderzoek als beschreven in dit proefschrift is niet uit te voeren zonder steun van 
velen. lk ben iedere betrokkene daarvoor bijzonder dankbaar. Een aantal van hen wil ik hier 

met name noemen. 
Allereerst bedank ik mijn ouders voor de mogelijkheden die ze mij hebben geboden. Beste 

Pa en Ma, jullie hebben mij in vol vertrouwen de vrijheid gegeven om bepaalde keuzes te 

maken. lk wist me altijd door jullie gesteund en gestimuleerd. Het onderzoek genoot 

voortdurend jullie voile belangstelling. 

Een bijzonder woord van dank wil ik mijn beide promotoren Prof. Dr. J.J.M. van Dongen 

en Prof. Dr. R. Benner doen toekomen. Beste Jacques, als student mocht ik een aantal weken 

bij jou in de keuken kijken toen je nog een beginnend onderzoeker was. Wat direct indruk op 

mij maakte was je enorme precisie, zelfkritiek en bovenal je werklust. De jaren dat ik met jou 

als collega in de immunodiagnostiek werkzaam ben geweest zullen voor mij altijd een bijzonder 

goede herinnering blijven. Van jouw didaktische kwaliteiten heb ik veel geleerd. lk bedank je 

hartelijk voor de enthousiaste en kritische begeleiding van mijn onderzoek. lk waardeer het dat 

ik de eerste mag zijn die bij jou promoveert. 
Beste Rob, jou wil ik hartelijk danken voor de mogelijkheden die je mij hebt geboden om 

op jouw afdeling werkzaam te mogen zijn, alsmede voor het vertrouwen dat je in mij hebt 

gesteld. lk heb veel geleerd van de manier waarop jij een grate organisatie als onze afdeling 

beheert en beschermt. lk hoop dat ik in de toekomst deze ervaring in mijn eigen werksituatie 

kan gebruiken. Rob, wat betreft mijn onderzoek wist ik mij voortdurend door jou gesteund. 

De overige leden van de promotiecommissie Prof. Dr. B. Lowenberg en Dr. Ph. M. Kluin 

bedank ik voor hun inzet om de grotere hoeveelheid tekst dan aanvankelijk gepland in een 

korte tijd te beoordelen. Beste Bob en Philip, ik dank jullie voor de waardevolle suggesties en 

kritische kanttekeningen bij het manuscript. 

Naast Jacques wil ik zeker ook Herbert Hooijkaas bedanken voor de uitstekende 
samenwerking op het immunodiagnostisch laboratorium. Herbert, jouw altijd positieve installing 

en jouw brede kennis van zaken maken je tot een niet meer weg te denken persoon binnen 

de afdeling lmmunologie alsmede binnen "lmmunodiagnostisch Nederland".lk benje dankbaar 

voor je inzet voor en kritische beoordeling van mijn onderzoek, alsmede voor je adviezen bij 

het schrijven van de in Ieiding van drt proefschrift. Herbert, ik verheug mij erop om jou in allerlei 

verbanden binnen de klinische diagnostiek te blijven ontmoeten. 

Het onderzoek is verricht op celmateriaal verkregen van patienten en er was een 

voortdurende wisselwerking met de immunodiagnostiek. Uiteraard stand bij de diagnostiek het 

patienten belang voorop. Door de nauwgezette wijze waarop deze diagnostiek werd uitgevoerd 

waren de resultaten ook bruikbaar voor wetenschappelijk onderzoek. Een dergelijke combinatie 

is uniek en ik ben velen, binnen en buiten de afdeling lmmunologie, hiervoor dank verschul

digd. 



252 Dankwoord 

In het bijzonder wil ik de analisten noemen met wie ik gedurende zeven jaar heb 

samengewerkt: PetraAdriaansen-soeting, Rene van den Beemd, Carla Borg, Marieke Comans

Bitter, Ellen Cristen, Sinka 't Hooft-Benne, Jose Jansen, Carin Kappetijn-van Tilborg, Manfred 

van Kerckhoven, Rianne van der linde-Preesman, Jeroen te Marvelde, Nastasja van der Rhee, 

Felix Rodriguez, Yvonne Wiegers, An net Wierenga-Wolf, Anita Wijdenes-de Bresser, Annemarie 
Wijkhuijs, Henk Wind en Ingrid Wolvers-Tettero. lk heb veel respect voor jullie vakkennis en 

plichtbesef om de kwaliteit van het onderzoek zo hoog mogelijk te houden. lk kijk met plezier 

terug op onze samenwerking en realiseer mij dat deze prima ervaring mede van invloed is 

geweest voor mijn keuze om in de laboratoriumdiagnostiek werkzaam te blijven. Hoewel de 

bijdrage van een ieder belangrijk was wil ik een paar ana!isten in het bijzonder noemen. Anita, 

jouw inzet in het begin van het onderzoek vormde een belangrijke basis voor het uiteindelijke 

resultaat. Annet, Petra en Rene, jullie ruime ervaring en grate inzet zijn van essentieel belang 

geweest voor het welslagen van het onderzoek. 

Een belangrijk fundament van het onderzoek was de nauwe samenwerking met de 

medewerkers van de afdelingen HematologiejOncologie van het Sophia Kinderziekenhuis en 

Hematologie van het Dijkzigtziekenhuis. lk wil hiervoor in het bijzonder bedanken: Ina Dekker, 

Karel Hahlen, Frederique Hakvoort-Cammel, Willem Hofhuis, lnge Risseeuw-Appel, Taos 

Tromp, George van Zanen, Johan Abels, Mies Kappers-Kiunne, Kirsten van Lom, Bob 

Lowenberg, Rien van Marwijk Kooij, Jan Michiels en Pieter Sonneveld. Jullie waren meer dan 

leveranciers van celmateriaal. Het heeft mij geleerd dat intensieve contacten tussen kliniek en 
laboratorium van groat belang zijn voor een juiste interpretatie van de diagnostiek. lk ben jullie 
zeer erkentelijk voor de belangstelling voor en medewerking aan het onderzoek. 

Niet aileen binnen het Academisch Ziekenhuis maar oak daarbuiten kan ik terugkijken op 

zeer goede samenwerkingsverbanden. Zander anderen te kart te willen doen, wil ik noemen: 

Els Harthoorn-Lasthuizen, Kees van der Heul, Ton Holdrinet, Hans Lequin, Ellen van der 

School en Mars van 't Veer. Verder wil ik aile SIHON deelnemers bedanken voor de fijne 

samenwerking. 
Een belangrijke bijdrage aan het onderzoek is geleverd door Prof. Dr. A. Hagemeijer en 

haar medewerkers van de afdeling Cytogenetica. Beste Anne, jou wil ik danken voor de 

prettige samenwerking en je kritische opmerkingen bij verschillende onderdelen van het 

proefschrift. Jouw helder inzicht en je uitzonderlijke kwaliteit om een manuscript om te zetten 

zijn uniek. Ellen van Drunen-schoenmaker, Marianne Moret en Bep Smit wil ik bedanken voor 

hun geduld om mij in het begin van mijn onderzoeksperiode enkele praktische vaardigheden 

van de cytogenetica bij te brengen. Van de afdeling Genetica wil ik verder nag bedanken Ad 
Geurts van Kessel voor zijn inzet om samen met Ellen de karyotypes van de hybride cellijnen 

te ontrafelen. Marieke von lindern, jou bedank ik voor je stimulerende inzet om mij een illusie 

over de rol van TdT te ontnemen. 

Zeven jaar heb ik met plezier samengewerkt met veel collega's binnen de afdeling 

Celbiologie, lmmunologie en Genetica en later de afdeling lmmunologie. lk dank een iedervoor 
de fijne en leerzame samenwerking, kritische discussies tijdens allerlei soorten werkoverleg, en 

de gezelligheid op en buiten de werkvloer. 
Met Marjan Versnel en Peter van Hal heb ik jarenlang een kamer gedeeld. lk wil jullie 



Dankwoord 253 

beiden bedanken voor de goede werksfeer (en voor het opnemen van mijn telefoon). Marjan, 

oak ik vond het prettig om de nodige ups en downs te delen. 

Met Andre Knulst heb ik jarenlang uitstekend samengewerkt om de diagnostiek voor de 
patienten van de afdeling Hematologie/Oncologie van het Sophia Kinderziekenhuis te 

verzorgen. Andre, jouw ongecompliceerde visie op velerlei zaken waardeer ik zeer. lk ben blij 

dat je vier weken voor je eigen promotie mij als paranimf wilt bijstaan. 

Auke Beishuizen en Bart Jacobs wil ik danken voor het feit dat ze mij ontlastten van 

verschillende werkzaamheden gedurende de laatste maanden van mijn aanstelling. Tevens wil 

ik jullie dan ken voor het verzorgen van verschillende hand en span diensten voor het verkrijgen 

en uitwerken van bepaalde onderzoeksresultaten. Auke, jou dank ik in het bijzonder voor je 
nauwgezette hulp bij de "lay-out" van het proefschrift. Onze jarenlange vriendschap word! 

verder bezegeld door het leit dat jij mij ter zijde wilt staan als paranimf. 

Cynthia Adamse, Kees van Arkel, Dimitri Breems, Peter te Boekhorst en Cynthia Osman 

hebben onder mijn begeleiding hun onderzoeksstage als student Geneeskunde uitgevoerd. lk 

dank jullie allen hartelijk voor de plezierige en stimulerende samenwerking; het heeft mij jeugdig 
gehouden. 

Het uitstekende onderzoeksklimaat op de afdeling lmmunologie werd mede verzorgd door 

de medewerkers van de "ondersteunende diensten". Tom Vermetten en Rein Smit, jullie dank 
ik voor het verzorgen van de beste!!ingen. Tom jouw brede ervaring en jouw bereidheid om je 
volledig in te zetten voor een ieder maken je bijkans onvervangbaar. Jacqueline de Goey-van 
Oooren, Dani811e Korpershoek en Geertje de Korte wil ik danken voor het minitieus uitvoeren 
van het typewerk. Danielle, jou bedank ik voor je inzet om het boekje drukklaar te maken. Tar 

van Os, jouw toewijding bij het ontwerpen van de figuren en het afdrukken van de Iota's is 

ongekend. lk dank je hartelijk voor jouw inzet en adviezen bij de afronding van het proefschrift. 

Jopie en Joke Bolman en Elly Hofman bedank ik voor hun goede zorgen, onmerkbaar was 

altijd alles aanwezig. Piet Hartwijk wil ik bedanken voor de nodige reparatie werkzaamheden. 

Tijdens de afrondingsfase van mijn proefschrift heb ik veel steun gekregen van mijn 
collega's in het Drechtsteden Ziekenhuis. Rob Dinkelaar, Frits Fernhout, Ad Lanser, Henk 

Oldenziel en Cees Prank, jullie dank ik dan oak hartelijk voor de mij geboden ruimte om het 

boekje te voltooien. Rob, jou dank ik tevens voor het kritisch doorlezen van twee hoofdstukken. 

Gedurende mijn onderzoeksperiode heb ik veel belangstelling en gelukkig oak afleiding 

ondervonden van familie en vrienden. Bedankt hiervoor! Jolanda Soeting wil ik apart bedanken 

voor haar inzet om een groot aantal referenties foutloos te verwerken. 
Ueve Petra, jouw bijdrage aan het geheel kan ik feitelijk niet in woorden vatten. Je niet 

aflatende inzet bij de lay-out, je meedenk arbeid, en bovenal je mentale steun en liefde waren 

en zijn van essentieel belang. Het boekje is met recht een co-produktie geworden. 





255 

CURRICULUM VITAE 

Hendril< Johannes (Henk) Adriaansen 

2 februari 1958 : Geboren te Rotterdam 

juni 1976 : Diploma Atheneum B, Scholengemeenschap Hugo de Groot, Rotterdam 

september 1976 : Aanvang opleiding Verpleegkunde A, Bergwegziekenhuis, Rotterdam 

september 1977 : Aanvang studie Geneeskunde, Erasmus Universiteit Rotterdam 

juni 1980 : Kandidaatsexamen; keuzevak wetenschappelijk onderzoek: veranderingvan 

de schildklierfunctie in samenhang met het optreden van schildklier 

carcinoom na halsbestraling, o.l.v. J. Alexieva-Figush, internist, Dr. Daniel 

den Hoed Kliniek, Rotterdam 

oktober 1982 : Doctoraalexamen 

april 1984 : Artsexamen 

april 1984- : Werkzaam op de afdeling lmmunologie van de Erasmus Universiteit en het 

augustus 1991 Academisch Ziekenhuis Rotterdam (afdelingshoofd: Prof. Dr. R. Benner), 

met als taken: 

- promotie-onderzoek onder Ieiding van Prof. Dr. J.J.M. van Dongen 

- arts-consulent t.b.v. de immunodiagnostiek 

- hoofd van de sectie immunocytologie van het immunodiagnostisch 

laboratorium (laboratoriumhoofd: Dr. H. Hooijkaas) 

- onderwijs aan studenten geneeskunde 

september 1991 : Aanvang opleiding tot laboratorium-arts Klinische Chemie, Drechtsteden 

Ziekenhuis, Dordrecht (opleider: Dr. R.B. Dinkelaar). 



256 

PUBLiCATIONS (Original Articles and Book Chapters) 

1. Adriaansen HJ, Smit EME. Hagemeijer AM. Gecombineerde immunologische en cytogenetische 

karakterisering van hematologische maligniteiten. lKR Bulletin 1985;9-2:8-11. 

2. Hagemeljer A. Adriaansen HJ, Bartram CR. New possibilities for cytogenetic analysis of leukemic cells. In: 

Hagenbeek A LOwenberg B. eds. Minimal Residual Disease in Acute Leukemia 1986. Dordrecht: Martinus 

Nijhoff Publishers, 1986:1-11. 

3. Van Dongen JJM, Hooijkaas H, Adriaansen HJ, H'ihlen K. Van Zanen GE. Detection of minimal residual acute 

lymphoblastic leukemia by immunological marker analysis: Possibilities and limitations. Jn: Hagenbeek A, 

LOwenberg B. eds. Minimal residual disease in acute leukemia 1986. Dordrecht: Martinus Nijhoff Publishers, 

1986:113·133. 

4. Van Dongen JJM, Hooijkaas H, Adriaansen HJ, Hahlen K, Van Zanen GE, DePauw BE, Van der Valk P, 

Meijer CJLM. lmmunologisch karakteriseren van leukemieen en non·Hodgkin lymfomen. Tijdschr 

Kindergeneeskd 1986;56:29-41. 

5. Van Dongen JJM, Hooijkaas H, Adriaansen HJ, Hahlen K, Van Zanen GE. Opsporen van !age aantallen 

maligne celfen bij patienten met een leukemie of non·Hodgkin lymfoom: Gebruik van immunologische 

markers. Tijdschr Kindergeneeskd 1986;54:41-45. 

6. Hooijkaas H, Adriaansen HJ, Hahlen K, Van Zanen GE, Van Dongen JJM. Terminaal deoxynucleotidyl 

transferase (TdT) positieve cellen in de liquor cerebrospinalis van kinderen met een leukemie of non·Hodgkin 

lymfoom: lmplicaties voor de diagnose centraal zenuwstelsel leukemie. Tijdschr Kindergeneeskd 

1986;54:46·50. 

7. Van Dongen JJM, Quertermous T, Bartram CR, Gold DP, Wolvers·Tenero ILM, Comans·Bitter WM, Hooijkaas 

H, Adriaansen HJ, De Klein A, Raghavachar A, Ganser A, Duby AD, Seidman JG, Van den Elsen P, Terhorst 

C. The T cell receptor - CD3 complex during early T cell differentiation: Analysis of immature T celt acute 

lymphoblastic leukemias (T·All) at DNA, RNA and cell membrane lever. J fmmunol 1987;138:1260-1269. 

8. Van Dongen JJM, Adriaansen HJ, Hooijkaas H. Immunological marker analysis of cells in the various 

hematopoietic differentiation stages and their malignant counterparts. In: Ruiter DJ, Fleuren GJ, Wamaar SO, 

eds. Application of monoclonal antibodies in tumor pathology. Dordrecht: Martinus Nijhoff Publishers, 

1987:87-116. 

9. Hooijkaas H, Adriaansen HJ, Hahlen K, Dekker I, Van Zanen GE, Van Dongen JJM. The presence or absence 

of terminal deoxynucleotidyl transferase (TdT) positive cells in the cerebrospinal fluid (CSF) has implications 

for the diagnosis of meningeal involvement in patients with acute lymphoblastic leukemia. In: Pruzanski W. 

Seligmann M, eds. Clinical Immunology. Amsterdam: Elsevier Science Publishers, 1987:431-434. 

10. Van Oongen JJM, Ouertermous T, Bartram CR. Wolvers·Tettero ILM. Comans~Bitter WM, Hooijkaas H, 

Adriaansen HJ. Terhorst C. The T -cell receptor·CD3 complex during early T·cell differentiation. In: McMichael 

AJ, ed. leucocyte Typing Ill: White Cell Differentiation Antigens. Oxford: Oxford University Press, 

1987:198-199. 



257 

11. Slingerland R, Hoogsteden HC, Adriaansen HJ, Vander KwastThW, Hilvering C. Gold-induced pneumonitis. 

Respiration 1987;52:232-236. 

12. Van Dongen JJM, Adriaansen HJ, Hooijkaas H. De betekenis van immunologische marker analyse voor 

hemato-oncologische ziekten bij kinderen. IKR Bulletin 1987;11-4:12-17. 

13. Bienfait MF, Hoogsteden HC, Baarsma GS, Adriaansen HJ, Verheijen-Breemhaar L Diagnostic value of 

bronchoa!veo!ar lavage in ocular sarcoidosis. Acta Ophthalmologica 1987;65:745-748. 

14. Hooijkaas H, Adriaansen HJ, Van Dongen JJM. Detection of central nervous system (CNS) involvement in 

patients with leukemia or non-Hodgkin lymphoma by immunological marker analysis of cerebrospinal fluid 

(CSF) cells. In: Bennett JM, Foon IV\, eds. Immunologic approaches to the classification and management 

of lymphomas and leukemias. Boston: Martinus Nijhoff Publishers, 1988:149-171. 

15. Adriaansen HJ, Van Dongen JJM, Hooijkaas H, H§.hlen K, Van 't Veer MB, LOwenberg 8, Hagemeijer A 

Translocation (6;9) may be associated with a specific TdT positive immunological phenotype in ANLL 

Leukemia 1988;2:136-140. 

16. Van OongenJJM, Krissansen GW, Wolvers--Tettero lLM, Comans-BitterWM, Adriaansen HJ, HooijkaasH, Van 

Wering ER, Terhorst C. Cytoplasmic expression of the C03 antigen as diagnostic marker for immature T cell 

malignancies. Blood 1988;71:603-612. 

17. Michiels JJ, Adriaansen HJ, Hagemeijer A, Hooijkaas H, Van Dongen JJM. Abels J. TdT positive B cell acute 

lymphoblastic leukemia with Burkitt characteristics. Br J Haemato! 1988;68:423426. 

18. Van Dongen JJM, Adriaansen HJ, Hooijkaas H. !mmunophenotyping of leukemias and non-Hodgkin 

lymphomas: immunological markers and their CD codes. Neth J Med 1988;33:198-314. 

19. Bierings MB, Adriaansen HJ, Van Dijk JP. The appearance of transferrin receptors on cultured human 

cytotrophoblast and in vitro-formed syncytiotrophoblast Placenta 1988;9:387-396. 

20. Van Dongen JJM, Adriaansen HJ, Hooijkaas H. lmmunoglobutine-genen en T -cel-receptor-genen en de 

expressievan immunotogische markers. ll.lmmunologlsche diagnostiekvan maligne lymfatische ziekten. Ned 

Tijdschr Geneeskd 1988;132:862-868. 

21. Hoogsteden HC, Van Dongen JJM, Adriaansen HJ, Hooijkaas H, Delahaye M, Hop W, Hilvering C. 

Bronchoalveolar lavage in patients presenting with extrapu!monary sarcoidosis. Chest 1988;94:115-118. 

22. Bakkus MHC, Versnel MA, Adriaansen HJ, Van den Akker ThW. Non-isotopic RNA in situ hybridization: the 

detection of low copy number mRNA molecules in bone marrow cetls of multiple myeloma patients. In: Radl 

J, Van Camp 8, eds. Monoclonal gammapathies II - Clinical significance and basic mechanisms. Topics in 

aging research in Europe, 1989;12:113-116. 

23. Hooijkaas H, H§.h!en K, Adriaansen HJ, Dekker I, Van Zanen GE, Van Oongen JJM. Terminal deoxynucleotidyl 

transferase (TdT) positive cells in cerebrospinal fluid and the development of overt central nervous system 

leukemia: A fwe year follow-up study in 113 children with a TdT positive leukemia or non-Hodgkin's 

lymphoma. Blood 1989;74:416-422. 



258 

24. Sakkus MHC, Srakel-van Peer KMJ, Adriaansen HJ, Wierenga-Wolf AF, Van den Akker ThW, Dicke-Evinger 

MJ, Benner R. Detection of oncogene expression by fluorescent in situ hybridization in combination with 

immunofluorescent staining of cell surface markers. Oncogene 1989;4:1255-1262. 

25. Michiels JJ, Van Dongen JJM, Hagemeijer A, Sonneveld P, Ploemacher RE, Adriaansen HJ, Vander Kwast 

ThW, Brederoo P, Abels J. Richter's syndrome with identical immunoglobulin gene rearrangements in the 

chronic lymphocytic leukemia and the supervening non-Hodgkin lymphoma Leukemia 1989;3:819-824. 

26. Lafage-Pochitaloff-Huvale M, Sainty D. Adriaansen HJ, Lopez M, Maraninchl D, Simonetti J, Mannoni P, 

Carcassonne Y, Hagemeijer A Translocation {3;21) in Philadelphia positive chronic myeloid leukemia: high 

resolution chromosomal analysis and immunological study on ftve new cases. Leukemia 1989;3:554-559. 

27. Adriaansen HJ, Hooijkaas H. Kappers-Klunne MC, H3hlen K, Van 't Veer MB, Van Dongen JJM. Double 

marker analysis for terminal deoxynucleotidyl transferase and myeloid antigens in acute nonlymphocytic 

leukemia patients and healthy subjects. Haematol Blood Transfus 1990:33:41-49. 

28. Adriaansen HJ. Wijdenes-de Bresser JHFM. Van Drunen-Schoenmaker E. Geurts van Kessel AHM, Van 

Dongen JJM. Expression of the myeloid differentiation antigen CD33 depends on the presence of human 

chromosome 19 in human-mouse hybrids. Ann Hum Genet 1990;54:115-119. 

29. Bierings MB, Jones C, Adriaansen HJ, Van Dijk JP. Transferrin receptors on cyto- and in vitro-formed 

syncytiotrophoblast Trophoblast Research 1990;4:149-155. 

30. Adriaansen HJ, Van Dongen JJM, Kappers-Klunne MC, H3hlen K. Van 'tVeer MB, Wijdenes-de Bresser JHFM, 

Hoidrinet ACJM, Harthoorn-lasthuizen EJ, Abels J, Hooijkaas H. Terminal deoxynucleotidyl transferase 

positive subpopulations occur in the majority of ANLL Implications for the detection of minimal disease. 

Leukemia 1990;4:404-410. 

31. Van Dongen JJM, Adriaansen HJ, Hooijkaas H. lmmunologische markers en hun CD codes. In: Adriaansen 

HJ, Van Dongen JJM, eds. Krinische toepassingen van flowcytometrie. Rotterdam: Department of 

Immunology, Erasmus University Rotterdam, 1990:19-40. 

32. Adriaansen HJ, Hooijl<aas H, Van Dongen JJM. lmmunologische markeranalyse voor de diagnostiek van 

leukemleen en non-Hodgkin lymfomen. In: Adriaansen HJ, Van Dongen JJM, eds. Klinischetoepassingen van 

flowcytometrie. Rotterdam: Department of Immunology, Erasmus University Rotterdam, 1990:41-57. 

33. Van Dongen JJM, Adriaansen HJ, Hooijkaas H. lmmunologische marker analyse voor de diagnostiek van 

primaire immunodeficienties en deficienties van differentiatie antigenen. In: Adriaansen HJ, Van Dongen JJM, 

eels. Klinische toepassingen van flowcytometrie. Rotterdam: Department of Immunology, Erasmus University 

Rotterdam, 1990:99-114. 

34. Adriaansen HJ, Osman C, Van Dongen JJM, Wijdenes-de Bresser JHFM, Kappetijn-van Tilborg CMJM, 

Hooijkaas H. Jmmunological marker analysis of mitogenwinduced proliferating lymphocytes using BrdU 

incorporation or screening of metaphases: Staphylococcal protein A is a potent mitogen for CD4 positive 

lymphocytes. Scand J lmmunol 1990;32:687-694. 



259 

35. Bakkus MHC, Brakel-van Peer KMJ, Adriaansen HJ, Van den AkkerThW, Benner R. Detection of interleukin-

1/3 and interleukin-6 expression in human multiple myeloma by fluorescent in situ hybridization. leukemia 

Lymphoma 1991;4:389-395. 

36. Beishuizen A. Hahlen K, Hagemeijer A, Verhoeven MAJ. Hooijkaas H, Adriaansen HJ, Wolvers-Tettero llM, 

Van Waring ER, Van Dongen JJM. Multiple rearrranged immunoglobulin genes in childhood acute 

lymphoblastic leukemia of precursor-S-cell origin. Leukemia 1991;5:657-667. 

37. Adriaansen HJ, Soeting PWC, Wolvers-Tettero !LM, Van Dongen JJM. Immunoglobulin and T cell receptor 

gene rearrangements in acute non-lymphocytic leukemias: analysis of 54 cases and a review of the literature. 

Leukemia 1991;5:744-751. 

38. Van Dongen JJM, Breit TM, Adriaansen HJ, Beishuizen A. Hooijkaas H. Detection of minimal residual disease 

in acute leukemia by immunological marker analysis and polymerase chain reaction. leukemia 1992;6$1:47-

59. 

39. Van 't Veer MB. Kluin-Nelemans JC, Van der Schoot CE. Van Putten WU, Adriaansen HJ, Van Wering ER. 

Quality assessment of immunological marker analysis and the immunological diagnosis in leukaemia and 

lymphoma: a multi-centre study. Sr J Haematol1992;80:458-465. 

40. Sonneveld P, Nooter K. Burghouts JThM. Herweijer H. Adriaansen HJ. Van Oongen JJM. High expression 

of the mdr--3 multidrug-resistance gene in advanced stage chronic lymphocytic leukemia. Blood 

1992;79:1496-1500. 

41. Von Undern M, Breems D, Van Baal S, Adriaansen H, Grosveld G. Characterization of the translocation 

breakpoint sequences of two dek-can fusion genes present in t(6;9) acute myeloid leukemia and a set-can 

fusion gene in a case of acute undifferentiated leukemia Genes Chrom Cane 1992;5:1-8. 

42. Van Dongen JJM, Breit TM, Adriaansen HJ, Beishuizen A, Hooijkaas H. lmmunophenotypic and 

immunogenotypic detection of minimal residual disease in acute lymphoblastic leukemia. In: Thiel E, Ludwig 

WD, eds. Recent results in cancer research. Heidelberg: Springer Publishers. 1992, in press. 

43. Adriaansen HJ, Jacobs BC, Kappers-Kiunne MC, Ha.hlen K. Hooijkaas H, Van Dongen JJM. Detection of 

residual disease in AML patients by use of double immunological marker analysis for terminal 

deoxynucleotidyl transferase and myeloid markers.. Leukemia. in press. 

44. Adriaansen HJ, Te Boekhorst PAW, Hagemeijer AM, Vander Schoot CE, Delwel HR. Van Dongen JJM. Acute 

myeloid leukemia M4 with bone marrow eosinophilia (M4Eo) and in(16)(p13q22) exhibits a specific C02+ 

immunophenotype. Submitted for publication. 

45. Knulst AC, Adriaansen HJ, Hi:ihlen K, Stigter JCM, Van den Beemd MWM, Hagemeijer A Van Dongen JJM. 

Hooijkaas H. Early diagnosis of smoldering acute lymphoblastic leukemia using immunological marker 

analysis. Submitted for publication. 




	Heterogeneity in acute myeloid leukemia : basic and diagnostic studies = Heterogeniteit van acute myeloide leukemie
	CONTENTS
	CHAPTER 1 - GENERAL INTRODUCTION
	CHAPTER 2 - IMMUNOLOGICAL MARKER ANALYSIS
	CHAPTER 2.1 -IMMUNOlOGICAl MARKER ANAlYSIS OF CEllSIN THE VARIOUS HEMATOPOIETIC DIFFERENTIATION STAGESAND THEIR MALIGNANT COUNTERPARTS
	CHAPTER 2.2 - IMMUNOLOGICAL MARKER ANALYSIS OF MYELOID DISORDERS,WITH SPECIAL EMPHASIS ON FLOW CYTOMETRIC TECHNIQUES
	CHAPTER 2.3 - EXPRESSION OF THE MYELOID DIFFERENTIATIONANTIGEN CD33 DEPENDS ON THE PRESENCE OFHUMAN CHROMOSOME 19 IN HUMAN-MOUSE HYBRIDSH

	CHAPTER 3 - IMMUNOPHENOTYPE OF ACUTE MYELOID LEUKEMIAS WITH SPECIFIC CHROMOSOME ABERRATIONS
	CHAPTER 3.1 - CHROMOSOME ABNORMALITIES IN AML
	CHAPTER 3.2 - TRANSLOCATION {6;9) MAY BE ASSOCIATED WITH A SPECIFICTERMINAL DEOXYNUCLEOTIDYL TRANSFERASE POSITIVEIMMUNOLOGICAL PHENOTYPE IN AML
	CHAPTER 3.3 - ACUTE MYElOID lEUKEMIA M4 WITH BONE MARROWEOSINOPHiliA (M4Eo) AND inv(16)(p13q22) EXHIBITSA SPECIFIC CD2+ IMMUNOPHENOTYPE
	CHAPTER 4 - EXPRESSION OF TERMINAL DEOXYNUCLEOTIDYL TRANSFERASE IN AML: IMPLICATIONS FOR THE DETECTION OF MINIMAL RESIDUAL DISEASE
	CHAPTER 4.1 - DOUBLE MARKER ANALYSIS FOR TERMINAL DEOXYNUCLEOTIDYLTRANSFERASE AND MYELOID ANTIGENS IN ACUTE MYELOIDLEUKEMIA PATIENTS AND HEALTHY SUBJECTS
	CHAPTER 4.2 - TERMINAL DEOXYNUCLEOTIDYL TRANSFERASE POSITIVESUBPOPULATIONS OCCUR IN THE MAJORITY OF AML: IMPLICATIONSFOR THE DETECTION OF MINIMAL DISEASE
	CHAPTER 4.3 - DETECTION OF RESIDUAL DISEASE IN AML PATIENTS BY USE OFDOUBLE IMMUNOLOGICAL MARKER ANALYSIS FOR TERMINALDEOXYNUCLEOTIDYL TRANSFERASE AND MYELOID MARKERS
	CHAPTER 4.4 - Immunoglobulin and T-cell receptor gene rearrangements in acute non-lymphocytic leukemias. Analysis of 54 cases and a review of the literature.Adriaansen HJ, Soeting PW, Wolvers-Tettero IL, van Dongen JJ.Leukemia. 1991 Sep;5(9):744-51. Review.PMID: 1943227 [PubMed - indexed for MEDLINE] 

	CHAPTER 5 - GENERAL DISCUSSION
	5.1 ASSOCIATIONS BETWEEN IMMUNOPHENOTYPE AND KARYOTYPE
	5.2 DETECTION OF IMMATURE SUBPOPULATIONS IN AML
	5.3 WHY IS TdT EXPRESSED IN AML?
	5.4 DETECTION OF MINIMAL RESIDUAL DISEASE
	5.5 CONCLUSION

