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CHAPTER 1

GENERAL INTRODUCTION

1.1 EPIDEMIOLOGY OF CHILDHOOD ACUTE LYMPHOBLASTIC LEUKEMIA

Although cancer is not a common disease in children, mortality data demonstrate
that after accidents cancer is the second cause of death in children (1,2). Each year
approximately 380 children less than 15 years of age are diagnosed with cancer in the
Netherlands, with an incidence rate of 13.9 per 100,000 children per vyear, in boys
slightly higher (~14.8) than in girls {~13) {3-B). In general, these incidence rates are
comparable within Europe and the rest of the world, but the lowest incidence rates are
found in developing countries {(2,6-12). The latter can most probably be explained by
misdiagnosis, underreporting, or pre-emptive death from infectious diseases (2,7,8). The
difference in incidence rates between white and black children is clearly shown in the
USA where the annual incidence of cancer is 12.9 per 100,000 white children per year
and 9.7 per 100,000 black children per year (6,7,11-13].

Pediatric cancers appear to be a distinct group of diseases {14). They are mainly
embryonal in type and evolve from malignant transformation of developing tissues (14},
in which genetic influences are probably greater than environmental factors (14). In
concordance with this is the fact, that young children (< 5 vyears} are more frequently
stricken by malignant turnors than older children (> 5 years) (Table 1) {3,4).

Leukemia is the most common cause of cancer in children, accounting in the
Netherlands for 28% of all cases (Figure 1} (3,4). Central nervous system {CNS} tumors
are second most common, followed by lymphomas, soft-tissue sarcomas, renal tumors,
and tumors of the sympathetic nervous systemn (SNS) (predominantly neuroblastomas)
{Figure 1) (3,4). Each year 100-110 children with leukemia are diagnosed (3-5,16-19).
Incidence rates are 3.8 per 100,000 children per year for boys and 3.6 per 100,000
children per year for girls (3,4). These chiidhood leukemia rates in the Netherlands
appear to be more or less similar to those in other countries of similar socio-economic
status (7-9,20-23). As in other malignant tumors, leukemia occurs more often in males
than in females, a pattern that is consistent across racial and geographic boundaries
(20-22,24).

TABLE 1. Incidence rates per 100,000 person-years for invasive tumors among children according to sex
and age in 1989/1990 in the Netherlands®,

Age (years) Male Fernale Total
<1 17.6 18.3 18.0

1-4 18.6 17.8 18.2
5.9 12.6 2.3 11.0
10-14 13.4 11.8 12,6

a. According to Netherlands Cancer Registry/coordinating Council of Comprehensive Cancor Centres (sea references 3 and 4).
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Figure 1. The relative frequency of various malignant tumors among children {age <15 vyears) in the
Netherlands (1989-1990) according to the Netherlands Cancer Registry (3.4). The classification is
according to Birch and Marsden (15). Abbreviations used: CNS, central nervous system; SNS,
sympathetic nervous system.

About three quarter of all leukemias in children are acute lymphoblastic leukemias
(ALL)} (Figure 2), with a peak incidence between the ages of two and five vears
(Figure 3) {19). This peak was first found in Great Britain during the 1920s and 1930s
and occurred later on in other industrialized countries (18-22); in the USA in the 1940s
and in Japan in the 1960s (20-22). This peak appeared to be an exclusive characteristic
of precursor B-ALL (19-22). This has prompted speculation that this peak may reflect
environmental exposures associated with modernization and better socio-economic
status, all the more since in Africa and many developing countries this peak does not
oceur (19-22,25).

Childhood ALL subtypes have been identified by immunological marker analysis
(Figure 2} {see also section 1.3: Diagnosis of childhood ALL). The geographical
distribution and proportional representation of these ALL subtypes was very similar in
various developed countries, while precursor B-ALL appeared to occur in a relative lower
frequency in developing countries and T-ALL correspondingly in a relative higher
frequency ({19-22). Although it has been hypothesized that this results from
underdiagnosis of precursor B-ALL in developing countries, it has alse been suggested
that children in industrialized countries are exposed to leukemogens that specifically
cause precursor B-ALL {19-22,25).

Over the years, there has been considerable interest in the reported occurrence of
so-called leukemic clusters, i.e. the observation of a greater than expected number of
leukemic cases within a geographic area or time period (26-28). The documentation of
these leukemic clusters would have profound epidemiological implications, potentially
permitting identification of common infectious or environmental exposures {26-28).
However, in the majority of possible clusters, relations of leukemia with certain risk



Figure 2. The relative frequency
leukemia and immunological subtypes of
ALL in children {age <15 vyears} in the
Netherlands (1987-1992). With permission
from the Dutch Childhood Leukemia Study

Group (DCLSG) (3.,4,19).
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factors were difficult to prove (26-28). Recently, new indications were suggested for a
transmissible/infectious agent (e.g. virus) as etiologic factor for ALL based on cluster

analyses (29).

Survival rates of childhood cancers dramatically improved throughout the last 20
years; this occurred particularly in leukemias, brain tumors, soft tissue sarcomas, and
renal tumors (6,9,10,12,30-32). Especially, in ALL the survival rates improved signifi-
cantly (6,9,10,12,30-33). In the Netherlands, the overall survival rate improved from

Figure 3. Number of ALL
patients and age at diagnosis
in the Netherlands (1986-
1991). Adapted from Dr.
JW.W. Coebergh et al. (19)
with permission.
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Figure 4. Survival rates of children with ALL in the Netherlands between 1972 and 1881 (33). With
permission from the DCLSG (33).

~30% in 1975 till ~70% in 1991 as indicated in Figure 4 {33].

1.2 ETIOLOGY OF CHILDHOOD ALL

Both inherited and environmental factors are assumed to be responsible for the
induction of leukemia by various mechanisms (14,20,34,35). The varicus genetic and
environmental factors associated with the etiology of ALL are summarized in Table 2.
The relation between genetic abnormalities and leukemia is clearly indicated by the
relatively high incidence rates for acute leukemias in Down’s syndrome or Klinefelter's
syndrome {34-38). In other genetic diseases, characterized by abnormalities of DNA
repair processes, also higher incidence rates for ALL are found (Table 2) (34,35,37,39-
43). Evidence that inherited factors play a role in the induction of leukemia are weak,
although occasional familial clustering has been reported (37,44). However, strong
support for an inherited predisposition gives the high concordance rate {up to 25%!} of
infant ALL in identical twins. This concordance rate appeared to diminish with age
{14,37,45}). The association between immunodeficiencies and lymphoid malignancies is
evident (486,47). The majority of lymphoid malignancies in immunodeficiencies Is,
however, of mature B-cell type (e.g. B-cell non-Hodgkin lymphomas (NHL)), probably
except for T-ALL in ataxia telangiectasia (41,42,46,47).

The relation between environmental factors and ALL was proven by studies on
young survivars of the atomic bomb in Japan and possibly 2 marginally increased rate of
ALL in children subjected to diagnostic irradiation in utero {37,48-50). The risk of acute
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TABLE 2. Possible factors associated with etiology in childhood ALL®.

Genetic factors Environmental factors
Down’s syndrome Radiation - atormic bomb explosions
Klinefelter's syndrome - fallout from nuclear testing or accidents
Bloom syndrome - therapeutic irradiation
Fanconi’s anemia - diagnostic radiation in utero
Ataxia telangiectasia Low frequency electromagnetic fields
Chemicals - benzene
Immunodeficiency - herbicides and pesticides
Wiskott-Aldrich syndrome Drugs - alkylating agents
Congenital hypogammaglobulinemia - Topeisomerase |l inhibitors
Ataxia telangiectasia Viral infections

a. References 14,29,34-68,

leukemia (acute myeloid leukemia (AML} more than ALL) after therapeutic irradiation
was proven in several studies, analyzing data of patients treated with radiotherapy for
primary cancers or ankylosing spondilitis (51,52). Several studies, suggesting a relation
between AlLL and radiation from nuclear plants {53), accidents with nuclear plants {54},
or fallout from nuclear testing {55,56), could not be confirmed upon re-examining the
data (57,58). The role of background or “natural’ radiation as an etiologic factor in the
induction of ALL remains unclear so far because it is difficult to investigate {59-61).

Exposure to chemicals, such as benzene, pesticides, and herbicides, is associated
with an increased risk of leukemia (62,63). In case of exposure to benzeneg, the
association with the development of AML in adults is clear (62). However, direct
evidence linking such exposure to the development of childhood ALL does not exist. A
possible association between herbicides and pesticides and leukemia was found in a
leukemic cluster in the Netherlands, where a four times higher incidence of
hematological neoplasms was found (63).

There is substantial evidence that chemotherapy, particularly alkylating agents has
leukemogenic potential {64). Most of these leukemias are AML (84). Other factors
studied for possible association with ALL include exposure to electromagnetic fields,
maternal use of alcohol, contraceptives, or cigarettes {14,65). Definitive links between
these factors and the risk of childhood ALL have not been confirmed.

The role of viral infections in the induction of ALL is, in spite of its clear relation
with Burkitt lymphoma (Epstein Barr virus} and adult T-cell leukemia and lymphoma
{hurnan T-cell leukemia virus}, not proven (66,67). Moreover, the lack of evidence of
clustering childhood leukemia argues against a viral factor to the etiology of ALL,
despite Greaves’ hypothesis (68-71). This hypothesis emphasizes the role of either a
non-specific antigenic challenge or infection by a specific agent {e.g. virus} in modula-
ting the late-stage malignant events leading to ALL (68-71). Recently, by re-analyzing
several clusters of ALL, new indications were found for a transmissible agent important
as an eticlogic factor of ALL {29).

Even though in a minority of ALL cases the correlation with one of the above
mentioned risk factors is likely, the cause of childhood ALL remains unknown (72}. The
solution to the ‘mystery’ of childhood ALL may lie within the developmental biclogy of
the cell type from which this disease arises (73-75). The immature B- and T-cells are,
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due to its intrinsic develepmental program, at higher risk of '{spontaneous) mutation’
than other somatic cells, particularly at early stages of its development {(76-80). This
mutagenic activity is partly based on rearrangement processes, dependent on several
recombination enzymes {e.g. recombination activating genes (RAG1T and RAG2)) (81).
Therefore, children are probably more prone to develop ALL than adults, because their
immune system goes through a rapid developmental stage and moreover, encounters a
tremendous amount of ‘new’ antigens from their environment {e.g. infectious agents)
(76-80).

It seems logical that several risk factors, which are mentioned above (e.g. genetic
diseases, radiation, or viral infections) {Table 2), can influence directly or indirectly the
occurrence of mutations {72). Still, leukemias will only develop through mutational
events when these mutations affect certain genes (73,82,83). Many of these crucial
genes are so-called proto-oncogenes, genes designed to regulate or promote normal
growth {84-94). When these genes are made hyperactive by mutations, such as point
mutations, translocations, or amplification, they can cause inappropriate growth (84-94).
Conversely, tumor suppressor genes normally restrain growth, but inactivation by point
mutations, deletions, and chromosomal loss, contributes to oncogenic change (86-95).

The findings of non-random chromosomal abnormalities associated with ALL has
focussed on the role of specific genes, which reside nearby chromosomal breakpoints
{93,24,96-104). Moreover, the role of proteins encoded by these genes or fusion
proteins {also called chimeric oncoproteins} encoded by genes on bhoth sides of the
chromosomal breakpoint, increasingly have been the subject of research the last decade
{105,106). Many of these proteins are encoded by known proto-oncogenes, some by
known tumor suppressor genes (95,99,104}, They can be classified by their locations
outside the cell, on the cell surface, or in the cytoplasm or nucleus {Figure 5} {21,99,-
104,107). Furthermore, in most cases their function can be linked to parts of the signal
transduction pathway involving growth and proliferation of the cell (Figure 5) (91,99,-
104). It is therefore logical that deregulation of several of the main steps in this signal
transduction pathway were found to be associated with human malignancy, in particular
ALL (Figure 5} {91,99,104). However, it should be kept in mind that malignant transfor-
mation of a cell is a complex phenomenon and generally a multiple-step process. It is
likely that the activation of a proto-oncogene, as described here, provides only one of
these steps and must be preceded or followed by other genetic or epigenetic alterations
to accomplish neoplastic growth /7 vivo (91,94,99,104). Not all chromosemal
abnormalities are assumed to be causal factors in the etiology of childhood ALL.
Especially numerical chromosomal abnormalities, frequently found in childhood ALL, are
probably secondary to the malignant transformation and maturation arrest of an
immature lymphoid cell.

ALL, like other lympheid malignancies, is believed to develop as a consequence of
malignant transformation of a single abnormal progenitor cell, which has the capability
to expand by unrestrained growth and self-renewal (87,104}, The ability to differentiate
is decreased or blocked. Therefore, heterogeneity within the ALL cell population is
seldomly found. This is in contrast with AML, in which heterogeneity is an important
feature. Some AML appeared to have the ability to differentiate (87,104,108).

Evidence for the clonal origin of ALL are derived from studies of glucose-6-
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Figure 5. Schematic representation of a signal transduction pathway involving growth factors (GF),
growth factors receptors (GFR), tyrosine kinases (TK), G-proteins {G), GTPase activating proteins (GAF),
and nuclear transeription factors, transeription regulators, and suppressor genes. Examples of altered
signal transduction genes and their refation with malignancy are also shown (Abbreviation used: del,
deletion of chromosome or chromosomal region). Adapted from Yunis and Tanzer (99).

phosphate dehydrogenase iscenzyme types (109}, immunological marker analysis
{110,111}, detection of identical immunoglobulin (Ig} idiotypes (112,113}, chromosome
studies (114-116), and molecular biology studies of leukemic lymphoblasts, such as
analysis of lg and T-cell receptor (TcR) gene rearrangements (117-120), analysis of
restriction fragment length polymorphisms (121), determination of X-chromosome
inactivation, and determination of X-linked DNA polymorphisms (122-125). Several of
these techniques will be discussed in section 1.3: Diagnosis of childhood ALL.

1.3 DIAGNOSIS OF CHILDHOOD ALL

Introduction

ALL is a disorder characterized by the uncontrolled growth and proliferation of immature
lymphoid cells, which then represent 25% or more of all bone marrow (BM) cells
{14,128). The presenting features of childhood ALL reflect the suppression of normal
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hematopoiesis causing anemia, neutropenia, and thrombocytopenia, which can lead to
infection and hemorrhage, and/or involvement of lymphatic tissue, causing obstruction
of vital organs (e.g. vena cava superior syndrome} (14,127). Symptoms of ALL may be
subtle and misdiagnosed for other more common disorders. The majority {85%) of
children with ALL develop symptoms more insidiously over weeks or a few months.
Common symptoms include pallor, fever, recurrent infections, malaise, abnormal
bruising, and bone or joint pain (14,127). Due to these varied presentations, childhood
leukemia must be considered in the diagnosis of any unusual iliness especially if
accompanied by hepatosplenomegaly, lymphadenopathy or bone tenderness (14,127).

The diagnosis of ALL, traditionally based on the cytology of smears of BM and
peripheral blood (PB}, has become more accurate, since advances in immunophencty-
ping, cytogenetics, molecular immunology, and other molecular and cellular techniques
have improved the specificity of diagnosis and have given the possibility to further
subcategorize the disease {126,128,129).

In the Netherlands, ALL in children is diagnosed in the local hospitals and
confirmed by the laboratory of the Dutch Childhood Leukemia Study Group (DCLSG).
immunophenctyping and DNA-ploidy measurements are also centrally performed in the
DCLSG laboratory. Additional tests, if necessary, are coordinated. Extensive
immunophenoctyping and immunogenotyping of children with ALL, diagnosed in the
Sophia Children’s Hospital, Rotterdam, are performed at the Department of Immunology,
University Hospital Dijkzigt (immunophenotyping and immunogenotyping). Cytogenetic
studies of childhood ALL are performed in several major centers in the Netherlands. In
Rotterdam, cytogenetic studies are performed at the Department of Cell Biology and
Genetics, Erasmus University, Rotterdam.

Morphological analysis

An useful classification system should be reproducible, should have a high degree of
observer concordance, and should provide relevant information for clustering various
diseases which share common features of etiology, pathogenesis, biology, clinical
presentation and response to therapy. In 1976, the French-American-British (FAB)
collaborative group proposed criteria for classifying ALL into three subtypes based on
blast cytology, as seen in Romanowsky’s or May Grinwald Giemsa stained BM smears
{130}. Assignment to one of these groups {L1, L2, or L3) is depending on the criteria
shown in Table 3 (130). Due to difficulties in distinguishing the L1 and L2 cell types, a
modification of this proposal was published in 1981 (131). In the revised form, a scoring
system for identifying L1 and L2 was suggested, based on four cytologic features: {1)
nuclear cytoplasmic ratio, (2) presence, prominence and frequency of nucleoli, {3)
regularity of nuclear membrane outline, and {4} cell size. By this method an overall
concordance of 84% between observers was reported (131,132). The occurrence and
prognosis of the FAB classification in ALL are shown in Table 3 (128,131-139).

To discriminate between AML and ALL cytochemical characteristics are used (126,
128,140), Cytochemical reactions such as myeloperoxidase (MPO), Sudan black B, and
e-naphthyl acetate esterase are positive in the majority of AML cases and negative in
the majority of ALL cases (126,128,139-142), while periodic acid-Schiff (PAS) is
positive in approximately 90% of ALL cases and negative, or only weakly positive, in
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TABLE 3. Morphological FAB classification of ALL and its occurrence and prognosis in children®.

L1

L2

L3

Cytological features

Cell size

Nuclear chromatin

Nuclear shape

small cells predominate
{<15pu)

homogenecus in any
one case

regular, cccasional clef-
ting or indentation

large, heterogeneous in
size (>15g)

variable in any one case

irregular, clefting and
indentation common

large, homogeneous

finely stippled, homo-
geneous

regular, oval to round

MNucleoli not visible or very small  one or more present, prominent, one or
often large more
Cytoplasm
« amount scanty variable, often mode- moderately abundant
rately abundant
- basophilia slight or moderate, variable, deep in some very deep
rarely intense
- vacuolation variable variable often prominent
Occurrence ~85% ~14% ~1%
Prognosis good moderate-good moderate

a. FAB classification according t¢ Bennett JM et al, (130).

approximately 90% of AML cases (126,128,138). The presence of a strong, localized
positivity for acid phosphatase is common in T-ALL, but rare in precursor B-ALL and can
be used to discriminate between these two types of ALL (126,128).

Immunological marker analysis

Immunophenotyping of leucocytes began in the mid-1270s with the development of the
hybridoma technology by Kéhler and Milstein (143). This technology made it possible to
produce large amounts of specific monoclonal antibodies (McAb) that recognize distinct
epitopes of cellular antigens. During the last two decades many McAb against cellular
antigens of leucocytes have become available, in which several McAb recognize
identical antigens. To create order within these large panels of McAb an international
nomenclature has been designed. Five Leucocyte Typing Conferences (Paris, 1982;
Boston, 1984; Oxford, 1986; Vienna, 1889; Boston, 1993} have been organized and
during these conferences a large part of the McAb against leucocyte antigens have been
grouped into antibody clusters based on their reactivity with identical antigens (144-
148). Each cluster has its own code, the so-called CD (‘cluster of differentiation” or
‘designation’} code. So far a total of 130 CD codes have been assigned (144-148).
Clusters, important for immunophenotyping of lymphoid cells, are summarized in Table
4, In this table, the function and gene location of the recognized antigen, and the
reactivity pattern of the clustered antibodies are shown,
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TABLE 4. Immunological markers which are used for classifying ALL**.

CD no*

Nome(s)/functlon

Gene locath

R ity with b iotic colls

McAb (mouse ksotype)®

Precursor marker

CD34

precursor antigen

TdT/functien in lg and
TcR gene rearrangernent
{insertion of nuclectides
at junction sites)

B-cell markers

CcD19

CcD20

CD21

cpz22

CcD37

cD72

CD79a

CD79b

pan B-cell antigen/
function in B-cell acti-
vation: associates with
CD21 antigen {CR2}

B-cell antigen/function in
B-cell activation

B-cell antigen/CR2 (C3d
receptor); EBV receptor

B-cell antigen/function in
B-cell adhesion and B-cell
activation

B-cell antigen

B-cell antigen/ligand for
CD5 antigen

mb-1; Ige (disulfide linked
10 CD79b and associated
with Smlgl/signal trans-
duction from Smig to
cytoplasm

B29; IgR {disulfide linked
ta CD79a and assotiated
with Smigl/signal trans-
duction from Smig to
cytoplasm

weak Cyigy {weak cyto-
plasmic expression of Igu
chain)

Smlg (surface membrane
immunoglobuling; 1gM

gD, igA, IgE

Cylg {cytoplasmic im-
munoglobulin}

1932
{1q12-qter)

10q23-q24

11129131

1932

op

{>6 kb)

17423
(30 kb)

140323

IgH: 144932
Igx: 2p12
Igh: 22q11

IgH: 1432
Ige: 2p12
Ight 22g11

14q32

precursers of lymphotd
cells, precursors of myeloic
cells

immature lymphoid cells,
small part of precursors of
myeloid cells, virtually all
ALL and some AML

precursor B-cells and B-cells

subpopulation of precursor
B-cells, all B-cells, follicular
dendritic reticulum cells

subpopulations of B-cells

{e.g. follicular mantle cells),
follicular dendritie reticulum
cells, subset of thymocytes

precursor B-cells and mature
B-cells

B-cells: weak expression on
T-cells, monocytes and gra-
nulocytes

precursor B-cells and mature
B-cells

pracursor 8-cells {cytoplas-
mic expression; CyCD79a)
and mature Smig™® B-cells
{membrane expression;
SmCD79a); plasma cells (?)

precursor B-cells (¢ytoplas-
mic expression; CyCD79b)
and mature Smig™ B-cells
{membrane expression;
SmCDY7b)

pre-B.cells; only i heavy
chains are weakly expres-
sed in the eytoplasm (no Ig
light-chains)

Smlg positive cells; each B-
cell clone expresses only
one type of Ig light-chain (x
or X), but may express mul-
tiple Ig heavy-chains

Smlg positive cells; each B-
cell clone expresses only
one type of Ig light-chain (x
or X), but may express muk-
tiple Ig heavy-chains

Cylg positive cells {immuno-
biasts, immunocytes and
plasma cells)

HPCA-2/8G12i{y1)°

conventional antiserad

Leu-12{y1)%, Baiy1)®

B1{y2a)®

B2(ue

Leu-14(y2b)F

Y29/55(y2alf

J3-109(71)8

HM47(y 1), HME7{y)"
detect intracellular epi-
topes of CD79a

(CD78a-Cy antibodies)

B29/123" detects intra-
cellviar epitope of
CD79b (CD79b-Cy anti-
body); SNB(y1}* detects
extracellular epitope

selected anti-u antisera

cenventional antisera
and McAb

conventional antisera
and McAb

conventional antisera
and McAb
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CD ne.?

Narne(s)/functlon

Geng locatlon

Raoctivity with hematopoletic cells

MeAb (mouse isotype)®

T-cell markers

cm

o104

cD3

cp4

(o3

cDé

cD7

cps

T6 antigen; common
thymocyte antigen/MHC-
like protein: can associate
with 82-microglobulin

T11 antigen; SRBC recep-
tor {=E rosette receptor);
LFA-2/receptor for T cell
activation; ligand for
CD58 (LFA-3)

T3 antigen (associated
with TeR)/signal trans-
duction from TcR to cyto-
plasm

T4 antigen/involved in
MHC-class-ll-restricted
antigen recognition; HIV
receptor

T1 antigen/function in T
cell proliferation; ligand
for CD72 antigen on B-
lymphocytes

T12 antigen; pan T-cell
antigen

Tp41 antigen/Fc receptor
for IgM {FcuRI?

T8 antigen; the CD8
molecule consists of two
disulfide linked chains: a-o
homodimer or c-f hetero-
dimerfinvalved in MHC-
class-l-restricted antigen
recognition

TeReaf {classical TeR;
TCR2)

TeR«yd {alternative TcR;
TCR1)

NK-cell markers

CD56

cDs7

NCAM; Pldinked and
transmembrane forms

human natucal kifler cell
antigen

1922-923

1913

11423

12pter-p12

11q13

11

17q25.2-
q25.3

2pi2

TeR-a 14911
TeR-8: 7935

TeRe-y: 7p15
TeR-6: 14q11

1123

iiql2-prer

cortical thymocytes
{strong), Langerhans cells,
subpopulation of dendritic
eells, subpopulation of B-
cells

all T-¢ells, most NK cells;
three different antigenic epi-
topes are known, of which
one is the SRBC binding site

immature T-cells {cytoplas~
mic expression; CyCD3) and
mature functional T-{mem-
brane expression); the CD3
antigen consists of at least
five protein chains

subpopulation of cortical
thymocytes, helperfinducer
T-cells, subpopulation of
monocytes and macropha-
ges; some AML

thymocytes and mature T-
lymphocytes, subpopulation
of B-cells; B-CLL

thymocytes and mature T-
lymphaoeytes, subpopulation
of B-cells; B-CLL

almost all T cells, NK cells,
subpopulation of immature
myeloid ¢ells; some AML

subpopulation of cortical
thymocytes, cytotaxic/sup-
pressor T-cells, subpopulati-
an of NK cells

TcR-aB is expressed by a
majority of mature CD3 7 T-
cells

TcR-y$ is expressed by a
minority of mature CD3* T-
celis

NK cells, some T-cells (neu-
roectodermai cells)

subpopulation of NK cells,
subpopulation of T-cells,
some B-cells

6617 (y2a)

T11iy1)®

Leu-4{y11°%,
UCHT (v1)8kLm.n.2,n.q

Leu-3afy1)®

Leu-1{y2a)®

OKT1 Tiy2)

Lew-9{y2a)¢

most CDE antibodies
detect CDB-« chain:
Leu-2a(y1}¢

WT31{y1)® and
BMAO31{v2b}® probably
recognize non-poly-
morphic epitopes of
TeR-cf

anti-TeR~y/5-1{y11° and
TCRS1(y1)* recognize
non-polymorphic epito-
pes of TeRwys

Leu-19{y1)¢

Leu-7/HNK-1 ()€
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€D ne* Namels}/functien Gane loat| Rouctlvity with hematopoiotic cells  McAb {mouse lsotype)®
cross-dineage myeloid markers
cD13 pan myeloid antigen; 15922-q28 aimost all myeloid cells, My 7 (y119, Leu-M7{y135,
aminopeptidase N; dif- dendritic cells in the skin CLB-mon-gran/2(v2a}!
ferential glycosylation
generates different epi-to-
pes, detected by McAb
cD14 monocytic antigen; Pl- 5q22-q32 monocytic cells, macropha-~ My4[y2b)
linked protein ges, follicular dendritic
reticulumn cells, B-{weak};
absent in patients with PNH
CD15 Lewis-X [Le¥); X hapten; 11q12-qter cells of the granulogytic Vim-D5{n)¥,
3-FAL (3-fucosyl-N-acetyl- lineage, weak expression by  CLB-gran/2{u)"
lactosamine) monocytes, Reed Sternberg
cells
cD33 pan myeloid antigen 1q13.3 majority of myeloid and mo-  My9(y2b}®, Lew-MI{y1}°
nocytic cells {except for gra-
nulocytes}
CDwB5  myelomonocytic antigen 11q12-qter majority of myeloid and mo-  VIM-2{u)"4V
(fucoganglioside; cera- nocytic cells and a part of
midedodecasaccharide their precursors
40)
- MPO (myeloperoxidase); 17921.3-q23 majority of cells of the mye- MPO-7{y1 ik
MPO consists of two sub- loid lineage {granufocytic
units and monogytic cells)
nonineage restricted markers
CcDhg p24 antigen {tetraspan 12p13 subpopulation of precursor BA-2{¥3)™,
molecule)finduction of B-cells, subpopulation of B-  CLB-thromb/8{y2a)"
agregation of platelets cells {follicular center cells),
monocytes, megakaryocy-
tes, platelets, eosinophils,
basophils
cD1o common ALL antigen 3q21-q27 subpopulation of precursor OKBCALEalv2a)°,
{CALLA)/neutral endo- B-cells, subpopulation of B-  JG(y2a}®!
peptidase (enkephalinase) cells {follicular center cells},
subpopulation of cortical
thymaocytes, granulocytes
cb23 B-cell antigen/FeeRil {low 19p13.3 FceRlla is expressed by a Lewr20(y1)%,
affinity Fc receptor for subpopulation of B-cells TG (y1)0%
IgE); two types of FceRll {e.g. follicular mantle cells)
exist, which differ in their and B-CLL cells; FeeRllb is
cytoplasmic domain expressed by subpopulation
{FceRlla and FeeRllb) of B-cells, monocytes, eo-
sinophils, dendritic cells
cD24 B-cell-granulocytic anti- ? subpopulation of (precursor)  BA-T(u}¥,
ger; Prlinked protein on B-cells, granulocytes; ab- CLB-gran-B-ly/1 (y1)¥
granulocytes sent gn granulocytes in
patients with PNH
cD25 Ta¢ antigen/or chain of the 10p15-p14 activated T-cells, activated 2A3(y1)¢

iL-2 receptor (low affinity
IL-2R}; high affinity IL-2R
when associated with 3
chain {CD122 antigen)
and/or vy chain

B-cells, activated macropha-
ges; HCL
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CO no.” Namais)/function Gene locatlon Reactivity with hematopolotic cells McAb {mouse lso:ypo)”
CD71 T9 antigen {homodi- 3q26.2-qter proliferating cells (e.g. thy- 66161 0(',r2a)i
merl/transferrin receptor mocytes), activated cells,
macrophages
- HLA-DR, non-polymorphic  6p21.3 hematopoietic precursor L243(v2a)°
antigen/MHC-class |1 cells, B-cells, activated T-
molecule cells, monocytic cells and
macrophages
- nuclear antigen in proli- 16 proliferating cells during late  Ki-67(y1 &
ferating ceils G1, 8, G2 and M phases of
the cell cyele
- MDR?%; Pglycoprotein (P-  7q21.1 very low expression (gene- J$B-1 (71)' and
gp)/transmembrane  pump rally not detectable by use C219{y2a)Y detect |
for eytotoxic pro-ducts, of antibodies) in blood and intracellular epitope of
including several cytosta- bone marrow cells; high MDR1; MRK16(vy2a)¥+
tics, thereby causing mul- exprassion in some leukemi-  detects extraceliular
tidrug resistance {MDR} as, especially a part of AML  epitopes of MDR1
a. CD = cluster of differentiation, as described du- n.  PharMingen, ITK Diagnostics B,V,, Uithoorn, The

ring the Leucocyte Typing Conferences (Paris,

Netherlands.

1982; Boston, 1984, 9. Cymbus Bioscience Ltd, Southhampton, UK.
Oxford, 1986; Vienna, 1989; Boston, 1993). p. Sigma Immunochemicals, Brussels, Belgium.

b. Only McAb are included, which are routinely q. Ansell Corporation, Liufelfingen, Switzerland
used in the Immunodiagnostic laboratory of the T. Orthe Diagnostic Systems, Raritan, NJ.
Department of Immunology, University Hospital s.  Behring, Marburg, FRG.

Dijkzigt, Rotterdarn, The Netherlands. 1.  T-CELL DIAGNOSTICS, Cambridge, MA.

¢. Becton Dickinson, San Jose, CA. u. Central Laboratory of the Blood Transfusion

d.  Supertechs, Bethesda, MD. Service, Amsterdam, The Netherlands.

e. Coulter Clone, Hialeah, FL. v. Dr. W, Knapp en Dr, 0. Majdi¢, Vienna, Austria.

f. Dr. H.K. Forster, Hoffmann La Roche, Basel, w. Boehringer Mannheim, Mannheim, FRG.
Switzerland. X. Biotest, Dreieich, FRG.

g- Immunctech S.A., Marseille, France. y¥. Centocor Europe, Leiden, The Netherlands.

h.  Dr. D.Y, Mason, Oxford, UK. z.  Hoechst Japan LTD, Kawagoe, Japan.

i Monosan, Sanbio B.V,, Uden, The Netherlands. * Recently clustered antibady {Leukocyte Typing

k. DAKCPATTS, Glostrup, Denmark. Conference V, Boston, 1993), of which the

I SeralLab, Crawley Down, UK. availability is not yet known.

m. Serotec, Oxford, UK.

** Adapted from Van Dongen JJM and Cormans-Bitter WM. Leukocytentypering en de CD nomenclatuur. ln: Van
Dongen JJM, Groeneveld K, Adriaansen HJ, and Hooijkaas H, eds: Immunofenotypering in de diagnostiek:
Indicatiestellingen, uitvoering en interpretatie. Afdeling Immunologie, EUR Rotterdam, 1994,

Beside morphologica!l characterization, immunological marker analysis can further
characterize the cells of the various hematopoietic differentiation stages (110,111,128,-
149-153). Although immunological markers represent differentiation antigens, they
usually are not specific for one differentiation stage, but are expressed in several stages.
However, the expression of a specific set of markers can designate a cell to a particular
differentiation stage (110,111,149-153). The combination of the various markers per
lymphoid differentiation stage is summarized in Figure 6.

Severa! markers are not restricted to one differentiation lineage, but are expressed
in several lineages {B-, T-, or myeloid lineage} (Figure 6 and Table 4). The enzyme TdT is
present in the nucleus of immature lymphoid cells, but is absent in more mature stages
(110,111,152). The precursor antigen CD34 is found on most immature cells of both
lymphoid and myeloid stages (Figure 6 and Table 4) (110,111,152). The HLA-DR
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Figure 6. Hypothetical scheme of lymphoid 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 NHL and indicate where these malignancies can be
located according to their maturation arrest: ALL, acute lymphoblastic leukemia; ATLL, adult T-cell
leukemia lymphoma; AUL, acute undifferentiated leukemia; CB, centroblastic lymphoma; CB-CC,
centroblastic-centrocytic lymphoma; CC, centrocytic lymphoma; CLE, chronic lymphocytic leukemia;
CTLL, cutaneous T-cell leukemia Iymphoma (mycosis fungoides/Sézary syndrome); HCL, hairy cell
leukemia; HTLV, human T-cell leukemia virus; T-LGL, T-celt large granutar lymphocytic leukemia; NK cell
LGL, NK cell large granular lymphocytic leukemia; NHL, non-Hodgkin lymphoma; PLL, prolymphocytic
leukemia. Adapted from ref. 111 and reproduced with permissicn from the authors.

antigen is expressed by cells in immature hematopoietic differentiation stages, but also
by B-cells, monocytic cells, and activated T-lymphocytes (110,111,152}). More
examples are shown in Table 4.

The reactivity of the McAb can be visualized by staining methods, in which
fluorochromes or enzymes are generally used as labels (154,155). These staining
technigues can be used for the detection of immunological markers on hematopoietic
cells in suspension as well as on cells in tissue sections (154,155). Not only single
staining, but double and even triple stainings can be done by use of different fluorochro-
mes or enzymes {156). The evaluation of immunoflucrescence (IF) stained cells can be
performed with IF-microscopic or flow cytometric techniques (155,157-160).

The maturation arrest of the ALL is localized in the immature differentiation stages



Generaf introduction 27

TABLE 5. Immunophenotypes of ALL.

AlLL TdT HLA-DR cpb1e CcD10 Cylgu pre-B Smig pan T-cell
and/or Smilgp- marker
cp22 cD79

null ALL + + + - - - - -

common ALL + + + + - - - -

pre-8-ALL + + + + + - - -
tr-pre-B-ALL + + + + + + - -

B-ALL - + “+ -+ - - + -

T-ALL® + —i+ - —/+ - - - +

a. Several subtypes of T-ALL can be recognized, basod on their positivity for tho various T-cell markers.

{110,111,749,150,152,153). Chronic lymphocytic leukemias {CLL) are the malignant
counterparts of cells in more mature differentiation stages (110,111,150). Generally,
NHL have a mature immunophenotype {Figure 6) (110,111,150). Initially, the ALL were
divided in four distinct subgroups according to Nadler et al. (161). Nowadays, we
recognize five different types according to their immunophenotype: null ALL, common
ALL, pre-B-ALL, B-ALL and T-ALL {110,111,150-153,162). The pre-B-ALL is defined by
the cytoplasmic expression of Ig heavy chain u (Cylgu). Recently a subgroup of the pre-
B-ALL has been defined, which expresses not only Cylgu but also a pre B-cell complex
(pre-B Smigu-CD79) on the surface membrane. This subgroup of pre-B-ALL is called
transitional pre-B-ALL {tr-pre-B-ALL) (153,162,163). The immunophenotypes of all six
ALL are summarized in Table 5. T-ALL can be subdivided into several immature and
more mature subtypes, as indicated in Figure 6 (111,164).

The distribution of specific immunophenotypes of ALL is clearly influenced by age
{Figure 7} (19}). In infants, there is a predominance of nuli ALL, while in children
between the age of two and five years the CD10™ precursor B-ALL dominate (common
ALL and pre-B-ALL} (Figure 7). T-ALL are relatively more frequently found in older
children starting with the age of six (Figure 7).

The prognostic significance of subtyping childhood ALL is based on the fact that
the different subtypes of ALL have different outcomes when compared to each other
(153,165-167). Common ALL have the best prognosis, while null ALL and T-ALL have
the worst (153,165,167). Upon looking at single markers or combination of markers as
individual prognostic features, such as CD10 or CD34 expression or activation status
{CD28 or CD71 positivity) of the malignant cells (168-171}, the results are uncertain
because in the majority of studies no adjustments were made for other risk factors, such
as age, high white blood cell (WBC) count, or therapy (168-171). Recently, several
articles have been published about cross-lineage marker expression in ALL {e.g. myeloid
marker positive precursor B-ALL) (167,172-178). Although large groups of childhood
precursor B-ALL patients have been analyzed, the conclusions of these results are not
concurrent. Still a tendency towards a worse prognosis for myeloid marker positive
precursor B-ALL is observed (153,167,173-178). The clinicai outcome of the various
subtypes of ALL seems to be also dependent on the presence of specific karyotypic
abnormalities (153,179). The prognosis of these ALL can, therefore, not only be
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Figure 7. Number of ALL patients divided in four subgroups (null ALL, common ALL, pre-B-ALL, and T-
ALL) according to age at diagnosis in the Netherlands {1986-1991). Adapted from Coebergh JWW et al.
{19} with permission.

determined by immunological marker analysis.

Cytogenetic analysis

Cytogenetic analysis in ALL is more difficult than in AML. In ALL, despite high cellularity
and high percentages of leukemic cells in BM and PB, only a low vield of leukemic
metaphases is obtained, with chromosomes which are very fuzzy and of poor morpholo-
gy (180,181). The success rate of chromosome studies in ALL is dependent on the time
between harvesting and analyzing the leukemic cells and on the experience of cytogene-
tic laboratories (180,181). In multicenter trials an average of ~70% successful
cytogenetic analyses is reached (182), whereas in several single-center ftrials,
cytogenetic analysis is successful in 90-95% {180,181,183}.

In childhood ALL the abnormal karyotypes are distributed in five categories, based
on changes in ploidy: high hyperdiploid with more than 50 chromosomes, hyperdiploid
with 47-50 chromosomes, pseudediploid, normal {diploid), and hypodiploid (116,183
187). The frequencies of these different groups in childhood ALL are summarized in
Table 6 {116,181,183-188). The DNA content of leukemic cells can easily be estimated
by flow cytometry in nearly all ALL cases (188-1891). With this method, a DNA index
{ratic of the DNA content of leukemic Gy/G4 cells versus that of normal diploid cells) can
be derived, which serves to distinguish two prognostic categories of patients based on
the findings: < 1.16 or = 1.16 (approximately equal to < 53 or = 53 chromosomes)
{(191). These hyperdiploid groups show a specific pattern of gain of chromosomes with
mainly trisomy of chromosomes X, 4, 6, 10, 14, 17, 18 and often tetrasomy 21
{116,181,183,187,192). Several studies about larae groups of ALL patients have con-
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TABLE 6. Distribution of karyotypes in childhood ALLS.

Ploidy-group Frequency (%)

Hypodiploid 5
near haploid <1
hypodiploid (30-40 chromosomes) <1
hypodiploid (41-45 chromosomes) 5

Pseudodiploid 25-35

Normal (diploid} 10-20

Hyperdiploid 40
hyperdiploid {47-50 chromosomes) 10-15
hyperdiploid {>50 chromosomes) 25-30
near triploid <1
near tetraploid 1

a. References 116,181,183-188,212,

sistently indicated that a DNA index = 1.16 equates with a favorable outcome,
especially in precursor B-ALL (192-202).

The largest ploidy group in ALL is the pseudodiploidy group, characterized by a
chromosome number of 46 per cell with structural abnormalities, mainly translocations
(Table 6} {(116,181,183,187}). As recently indicated in the literature, it is likely that the
occurrence of these chromosomal abnormalities Is underestimated when analysis is
performed with standard cytogenetic techniques (203). However, molecular screening
for such abnormalities by the polymerase chain reaction (PCR) or with the fluorescence
in situ hybridization (FISH) technique will identify more cases that are missed by
cytogenetic studies, either because of technical difficulties or because these abnormali-
ties were not visible by light microscopy (203-208). Two other advantages of the FISH
technique is the detection of both numerical and structural aberrations not only in
metaphase spreads but also in interphase nuclei, and the possibility to combine the FISH
technique with morphological or immunological analysis {207-211). The incidence of
ALL cases that lack apparent cytogenetic abnormalities will probably diminish when
these new techniques are used routinely.

Hypodiploidy is a relatively uncommon finding in ALL, affecting only 5-7% of
patients (116,181,187). Most cases (> 80%) have 45 chromosomes with loss of
chromosome 20 {187). Recently, three subdivisions of the hypodiploid category were
recognized {Table B) {212}, Prognostic implications ¢can not be determined for each of
these categories due to the limited number of cases reported (187,212).

In the majority of ALL cases at least one non-random chromosomal abnormality
could be detected, often in association with a specific immunophenotype (179,187~
213,214). Describing ALL by the types of structural abnormalities found in chromoso-
mes of the leukemic cells has led to impressive advances in the understanding of the
origin and development of leukemia (84,105). Molecular analysis of genes adjacent 1o
the breakpoints of these structural abnormalities and studies on the functions of their
protein products have helped to gain understanding in the complex interactions that
support leukemogenesis and perpetuate the leukemic cell phenotype (see also section
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1.2: Etiology of childhood ALL} {94,105). Table 7 summarizes the cytogenetic
abnormalities associated with childhood ALL, their frequency of occurrence, the genes
involved, and their association with specific leukemic immunophenotypes.

Within each ALL subgroup specific structural chromosomal abnormalities are found.
In null ALL, 11q23 abnormalities, especially t{4;11}{g21;923} have the highest incidence
(187). These 11423 abnormalities are associated with a high WBC count, CNS involve-
ment, young age at diagnosis, often absence of hyperdiploidy, and a poor prognosis
(116,187,215-217,218,220}. The Philadelphia chromosome or t(9;22)(q34;q11)} is the
most frequent translocation in adult ALL and is the hallmark of chronic myeloid leukemia
(315). It is found less frequently in childhood precursor B-ALL and rarely in T-ALL
(116,251-253,255); it is associated with a FAB-L2 morphology and has a poor progno-
sis (254,255,316). The t{1;19}{q23:p13) is clearly correlated with the pre-B-cell
immunophenotype and is one of the most common translocations in childhood ALL
(116,187). This translocation occurs in either a balanced, t(1;19)(q23;p13) (25%), or an
unbalanced, -19, +der(19}, t{1;19)(q23;p13) (75%) form (261). They are associated
with several adverse prognostic features: such as high WBC count and the lack of
hyperdiploidy and they have an intermediate outcome (265,266). Recently, it was found
that patients with the balanced t{1;12) have a significantly worser outcome when
compared with the unbalanced der{19) form (317). B-ALL contains one of three specific
chromosomal translocations: the t(8;14}(g24;932} {90%), or less commonly, either the
t{2:8)(p12;q24) {4-5%), or the 1(8;22)(q24;911) {8-10%). This translocation is associa-
ted with FAB-L3 morpholoegy and extramedullary disease and has an intermediate
prognosis (271).

A farge part of chromosomal abnormalities in T-ALL involve one of the TcR genes,
located on either 14911 (TeR-@/8), 7935 {TcR-B), or 7p158 (TcR-y) {187,287,318).
Apparently, these chromosomai abnormalities originate from TcR gene rearrangements
during T-cell differentiation. Alteration of the TAL7 gene (located on 1p32) occurs either
by translocation t{1;14Hp32:911} or by a submicroscopic deletion of ~90 kb (298-
300,303). The TAL7 deletion is the most frequent genetic lesion associated with T-ALL
(10-30%) (299). Also in these cases the recombinase system, used in Ig and TcR gene
rearrangements, is active via recombination signal sequences found in these gene
regions (298).

Lineage independent chromosomal aberrations occur rather frequently in ALL and
encompass abnormalities of 6q, 9p, and 12p {187). In the majority of cases these
abnormalities are deletions {187). No correlation with a specific immuncphenotype is
found although most cases with a 12p aberration have a precursor B-ALL immunophe-
notype {248). The critical region involved in 9p deletions is p21-p22, which encloses the
interferon « and § gene clusters (313,314}, These deletions possibly lead to loss of
tumor suppressor genes located in this 9p region {313,314).

The prognostic value of specific karyotypic abnormalities in ALL is high as indicated
before. Table 8 summarizes the outcome of the various cytogenetic abnormalities found
in the different childhood ALL. The group of patients with high hyperdiploidy shows the
highest response rate and a probability of cure of about 85% with current therapy.
Favorable response rate and survival time is found for the group of patients with normal
karyotype and with slight aneuploidy (45-50 chromosomes), provided that the poor-risk
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TABLE 7. Cytogenetic abnormalities associated with childhood ALL®.

Frequency (%}

Chromosome {within immunophenotypic  Immune- Genes

abnormality subgroup)® phenotype invalved® References
precursor B-ineage

(1;11)(p22;923) <1 aull ALL -4 ML 114,215-217
t(4;11)(421;923) 2 (80} null ALL AFLMLL 114,215-228
19:11)(p22;q23) <1 null ALL AESMLL 114,229-233
1(11:14)(g23:9711) <1 rull ALL MLL; TeR-a/8 234
t(11:171q23;921) <1 null ALL MLL; ~ 235,236
t{11;19){g23;p13} <1 null ALL MLLENL 217,237-242
t(5:14){q31;932) <1 cammen ALL H3HGH 243-245
dic{7;9)(p12;p11) <1 commaoan ALL - = 116,246,247
die(9;121{p11-p12;p12) 1-2 (15} common ALL -~ 248-250
19:22){q34:q711) 2-5 {20-30) CD1Q* precursor B-ALL ABL;8CR 251-255
t{10;11}(p14-p15:923) <1 common ALL - MLL 215,217
t(12:21p11-p12:922} <1 common ALL - - 256
t{(17;19(q22;p13) <1 common ALL MLFRE2A 247,257,258
t(1;19Hq23:p13) 5-6 (90) pre-B-ALL PBX1:£2A 114,259-267
B-lineage

t(2:8){p11;q24) <1 (4-5) B-ALL IGK:MYC 268-271
t{8;14){q24;g32) 1-2 (90) B-ALL MYCiGH 268,271-274
t{8:22){q24;q11) <1 {610} B-ALL MYCIGL 268,271,275,276
THineage

£(9:22)(g34;911) <1 T-ALL ABL;BCR 116
t(10,71}p13-147:974-21) <1 T-ALL -/ = 277

TcR-a/s locus, located on T4q17

18:14){q24;q11} <1 (2) T-ALL MYC TeR-o/d 278,279
ti10;14){q24;q11) 1(5-10) T-ALL HOXT 1, TcR-o/8  280-286
t11:14){p13;911) 1-2 (7 T-ALL RATNZ: TeR-o/f 114,287-294
t171:14Mp15:911) <1 (1) T-ALL RBTNI;TcR-cf5
287,290,291,293,294

inv(14}g11;932) <1 T-ALL TeR-a/8:1GH 287,295
TALT locus, located on 1p32

tal-7 deletion {1p32) 3 (10-30) T-ALL TALT 296-301
1;7}p32;935) <1 T-ALL TALTTeRS 302
t(1;14Hp32;q11) <1{3) T-ALL TALT;TeR-ofd 303

TeR-B locus, Jocated on 7g35

t{1:;7}Hp34;935) <1 T-ALL LCKTeR-3 304,305
t(7;91{q35;934) <1 T-ALL TcR-8; TANT 302,304,306
t(7:9){q35;932) <1 T-ALL TeR-8;TAL2 302,304,306
7 10H{q355924) <1 T-ALL TcR-BHOXE 187,307
t7:11%a35:p13} <1 T-ALL TeR-fRBTNZ 118,187,292
t{7:19)q35;p13) <1 T-ALL TeR-GLYLY 187,308
inv(7}p15;4935) <1 T-ALL TeR-y;TcR-8 187,308
Nen-lineage specific

del{6q} 4-13 187,188,310
t/del{9p} 713 187,230,311-314
t/del{12p} ~10 187,197,246

a. Adapted from Pui C-H et al, {116), Crist WM et al. (185}, and Raimondi SC {187).

b. If known, the frequency of the chromosemal abrormality within a specific ALL immunophenotypic subgroup is
given between brackets.

¢. Genes involved: MLL is also named ALLT and HRX; AF4is also named FEL; AF9 is also named MLLT3; ENL is also
named MLLTT; TAL? is also named SCL and TCLS; HOXT7 is alse named TCL3: RBTNZ is also named T7G2;
RBTNT 12 also named TTG7.

d. —, the involved gene or gene locus is not known.
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TABLE 8. Immunophenotype and prognostic value of childhood ALL with various karyotypes®.

Karyotype Immunophenctype Qutcome
Hyperdiploid {> 50 chromosomes) common ALL Good
diciS; 12} p11-p12;p12) common ALL

Hyperdiploid (47-50 chromosomes) no specific Favorable
Normal immunophenotype

Hypodiploid (45 chromosomes)

Transiocations [pseudodiploid) Intermediate
t(1;19)(q23;p13) pre-B-ALL
t(8;14)(q24;p13) T-ALL
11114} p13:071 1) T-ALL
inv(14)(q11;932) T-ALL
1(8;14)(q24:q32) B8-ALL
Rypodipicid
near haploid common ALL Poor
t(9;22)(q34;q11) common ALL Very poor
t(4;11){q21;q23) null ALL
£11:18}(q23:p13) null ALL
B8q no specific Unclear
9p” immunophenotype
12p°

near tetraploid/triploid

a. Roferences 116,181,183,185,187,192,197-202,212,220,241,271,291,316,317.

translocations are absent. Poor outcome is found in patients with a near haploid
karyotype. Translocations, particularly t{9:22), t{4;11) and t{11;193) have been shown to
identify patients with the shortest survival (Table 8).

Molecular genetic analysis

ALL is a clonal disease, in which each cell has quite similar characteristics. Based on
this fact, recombinant DNA technigques, which enable analysis of genes at the DNA or
mRNA level, can be used to determine clonality of suspected cell populations (120,3189).
The techniques used are Southern blotting and PCR (318-321). With both techniques
gene rearrangements, deletions, or mutations can be detected. In the case of Southern
blotting this is done with specific probes and in the case of the PCR technique by
amplification of a specific piece of DNA (318-321). Nowadays, both techniques have
earned their place in research of leukemias and lymphomas and both are frequently used
in the diagnosis of hematopoietic malignancies, especially in those cases in which other
techniques are not conclusive {120,323). In the ensuing chapters of this thesis the
usage of both techniques in the analysis of childhood ALL will be discussed in more
detail.

Characterization of ALL with other techniques
In addition to the above described techniques, characterization of ALL can further be
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done by ultrastructural morphology and cell culture analysis (323-328). Ultrastructural
morphology and cytochemistry are not essential for the diagnosis of ALL. However in
case of undifferentiated or minimally differentiated acute leukemias, electron microscopy
and cytochemistry {e.g. MPO} provide conclusive information for diagnosis and classifi-
cation of these acute leukemia cases {325-328).

Cell culture analysis has a low diagnostic value in ALL. Still, for the detection of
residual ALL cells in cultures of BM obtained during remission, this technique has shown
its merit (323,326,329-331). Especially for research purposes, such as specific growth
patterns or determination of cell death after addition of different growth factors,
cytokines or cytostatic drugs, the /i vitro culture experiments of ALL cells at diagnosis
appear to be important (330-336). Furthermore, these in wvitro findings may have
prognostic significance for obtaining remission or developing relapse and for
stratification of freatment protocols {330-332,334,336).

1.4 PROGNOSIS OF CHILDHOOD ALL

The prognosis of children with ALL has improved remarkably during the last two
decades (337-339). Presently, 70-80% of newly diagnosed children may be expected to
survive with current treatment protocols {338). However, still 20-30% of children will
eventually die as a cause of this disease. The prediction which children with ALL have a
high probability of treatment failure has become possible through the definition of
prognostic factors that may be determined at the time of diagnosis {339-341). A variety
of factors that have been associated with prognosis in ALL is summarized in Table 9.

The initial leucocyte count is perhaps the most significant prognostic factor
identified (342). Children with a high WBC count {more than 50,000 cells/mm3) tend to
have a poorer prognosis (342). There is also a clear relationship between age at
diagnosis and outcome. Patients who are young when diagnosed (<2 years of age) and
older patients {> 10 years of age} have a relatively poor prognesis in contrast to children
in the intermediate age group (343,344). Studies analyzing the prognostic importance of
sex revealed that boys have a poorer prognosis than girls {345,348). Immunophenotype
and FAB morphology also correlate with prognosis, in which patients with a B-ALL/L3
phenotype have an intermediate prognosis (153,347). Cytogenetic abnormalities both in
chromosomal number (ploidy} and structure appeared to have prognostic significance
{see section 1.3: Cytogenetic analysis) {116,185,348). Except for race, all other factors

TABLE 9. Factors that have been associated with poor prognosis in ALL?.

Initial WBC count (>50.10° cells/) Organomegaly and lymphadenopathy

Age at diagnosis {<2y and >10y) Low hemoglobulin level
Cytogenetics/ploidy Race (black > white children)

Sex (M>F) Low platelet count

immunological subtype Low serum immunoglobulins

FAB morphology Slow leukemic cytoreduction (> 4-6 weeks)
Mediastinal mass CNS leukemia at diagnosis

a. References 116,153,185,342-350.
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summarized in Table 9 are more or less associated with the tumor burden at diagnosis
and its effect on normal hematopoiesis (349,350). The prognostic importance of the
factors shown in Table 8 is dependent on the applied therapy protocol. They may lose
prognostic significance with more intensive and specific chemotherapy (351-353). So in
some categories, therapy appeared to be the most important prognostic feature.

1.5 TREATMENT OF CHILDHOOD ALL

Introduction
Nowadays, the majority of children with ALL in developed countries achieve long-term
survival and cure, caused by improved treatment protocols during the last decades
{338,339,353-360). The current principles of curative treatment of childhood leukemia
are based on eradication of the malignant ceils with aggressive strategies involving the
earlier use of intensive therapy, prophylactic treatment for relapse of leukemia in the
meninges, optimal supportive therapy and reduction of side effects of treatment. The
combination of these principles in treatment is one of the reasons for this success.

The therapy of first choice in childhood ALL is chemotherapy. Bone marrow
transplantation (BMT) (ailogeneic, syngeneic, or autclogous) will be done after first
relapse during second remission.

Chemotherapy

In the Netherlands, children with ALL are treated according to DCLSG protocols since
1972. The current protocols (ALL VIl 1988-1991 and ALL VIl 1992-not closed) are
based on treatment principles of the International Berlin-Frankfurt-Minster (BFM) Study
Group. Children with ALL are stratified into three treatment groups according to the BFM
risk factor (based on WBC count, liver and spleen size), the presence or absence of
mediastinal mass, CNS leukemia, chromosomal aberrations, and a specific immuno-
phenotype. The stratification of the ALL patients over the three treatment groups is:
34% in the standard risk group {SRG), 59% in the medium risk group {(MRG), and 7% in
the high risk group {HRG) in case of ALL Vil. Each risk group starts with an identical
induction treatment of five weeks. After this, the treatment is divided into separate
protocols. Each of these protocols consist of an intensive chemotherapy (consolidation
treatment) until 28 to 32 weeks, starting from diagnosis, after which maintenance
treatment is applied until two years of therapy.

The initial aim of ALL treatment is induction of remission. Complete remission (CR)
is achieved when BM has a normal celiularity with less than 5% Ilymphoblasts and
absence of leukemic cells in PB, CNS, or elsewhere in the body (129). The induction
treatment includes a combination of prednisone, vincristine, daunorubicin, and L-
asparaginase. Presently a CR is achieved in ~97% of ALL cases. During this induction
phase intrathecal CNS prophylaxis is given containing methotrexate, cytosine
arabinoside (ARA-C), and prednisolone. After induction treatment intensive consolidation
chemotherapy is continued with several other cytostatic drug combinations. During
maintenance treatment all ALL patients receive 6-mercaptopurine daily and methotrexate
weekly.




General imtroduction 35

Unfortunately, treatment failure because of drug resistance occurs. The resistance
to cytostatic drugs may represent ‘apparent” drug resistance or “true’ drug resistance.
Apparent drug resistance may be caused by hiding of leukemic cells in locations which
are less accessible for the cytostatic drugs such as CNS, or by pharmalogical factors
such as drug scheduling or dosage (361,362). True drug resistance is considered to be a
resistance at the cellular and/or molecular level, such as an increased production of the
enzyme which is the target for the drug. An example is the resistance to methotrexate
due to amplification of the dihydrofolate reductase gene (363,364). Another type of
drug resistance is the multidrug resistance (MDR), which implies resistance against a
variety of drugs including anthracyclines, vinca-alkaloids, and actinomycin D (365-367).
The significance of the latter form of drug resistance appeared to be low in ALL (368-
370).

Bone marrow transplantation

BMT involves the administration of intensive cytoreductive therapy (high-dose
chemotherapy in doses lethal to normal BM), in combination with total body irradiation
and subsequently intravenous infusion of BM cbtained from an appropriate compatible
donor {371).

As mentioned above, BMT as therapy for childhood ALL is only applied after first
relapse, because the results of standard intensive chemotherapy regimens in children are
sufficiently good {332,372}. In some treatment protocols, BMT is performed as part of
the primary therapy in ALL with very poor prognosis such as in cases with special
translocations {e.g. t{2;22) and t{4;11)) (339,373,374).

Allografting in second remission with a HLA-matched sibling (allogeneic BMT) has
an equal overall survival as with autologous BMT (ABMT). This was shown in a study
comparing both types of BMT in relapsed childhood ALL (375). A higher rate of subse-
quent relapses was found in ABMT, due to the presence of residual leukemic cells in the
graft, while a higher rate of deaths was found in the allogeneic BMT group, caused by
graft versus host disease (375). Survival rates of ~30% are obtained after allogeneic
BMT in relapsed childhood ALL patients, as shown in a recent study which analyzed
123 patients during 12 vyears follow-up (376). A second course of chemotherapy for
childhood ALL after relapse, instead of BMT, results in lower survival rates {5-30% for
chemotherapy, and 45% for BMT or ABMT]}, but long-term follow-up is needed to be
conclusive (377).

The role of growth factors {such as GM-CSF, G-CSF, and IL-3) in the treatment of
ALL has to be investigated. They are able to shorten the duration and severity of
chemotherapy-induced myelosuppression and can therefore provide a potential means
for intensifying treatment in the future. Furthermore, they are able to stimulate the
hematopoietic stem cells after BMT to 2 more rapid development of sufficient hemato-
poiesis and thereby reducing the isolation period and prophylactic and supportive
treatment of ALL patients.

Late effects of ALL treatment
The improved survival of children with ALL has focussed attention on the late effects of
anti-leukemic therapy (339,278-380). Most important are the effects of therapy,
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especially radiotherapy, on the CNS, resulting in cortical atrophy, mineralizing microan-
giopathy, impaired intellectual and psychomotor function, and neuro-endocrine abnor-
malities resulting in growth retardation and, fortunately, rarely in reproductive problems
{339,378-382). In addition to these adverse sequelae affecting the CNS, other late
effects may oceur, such as organ failure {e.g. cardiomyopathy, hemorrhagic cystitis, or
hepatotoxicity), occurrence of secand malignancies (383-385), sterility, and impaired
psychosocial status (e.g. behavorial problems) (339,378-380,386).

To reduce these late effects of ALL treatment optimal supportive care during and
after therapy must be provided not only for the child but also for his or her environment.
Application of methods for minimal residual disease {(MRD} detection in ALL patients
during follow-up can be used to monitor the effectiveness of the applied chemotherapy
and subsequently for adaptation of treatment protocols in patients with or without MRD.

1.6 RELAPSE OF ALL

Relapse is defined as a reappearance of morphologically distinct leukemic blasts
{>25% in the BM) following a complete remission, or leukemic blasts in PB or elsewhe-
re in the body {128). CNS leukemia (relapse} is defined as the presence of > 5
cells/mm® and cytomorphologically proven leukemic biasts in the liquor cerebrospinalis
{387,388). The most common site of leukemia relapse is the BM. BM relapse is often
accompanied by the same hematologic features and clinical signs and symptoms present
at the time of diagnosis. These include anemia, bruising, and bone pain (14,127).

Extramedullary spread is not an unusual feature in ALL {14,388). Although not
always detectable without invasive diagnostic procedures, extramedullary relapse is
significant, because it may cause morbidity at a localized site and because such relapses
frequently precede a BM relapse, by "seeding” from this extramedullary site (390). The
CNS and testes are the most common sites of extramedullary relapse in childhood ALL.
Currently, the incidence of CNS relapse is reduced to 5-10%, due to CNS prophylaxis.
Leukemia in the CNS and other sanctuaries are believed to develop as a result of
leukermic metastases {391). Recently, clonal evolution at the Ig gene level of the
leukemic clone in CNS was found when compared with the BM clone (392), but in the
majority of CNS diseases the leukemic clone has an identical (immunolphenotype and
karyotype. The clinical signs and symptoms of CNS leukemia are among others
headache, vomiting, lethargy, and papilledema caused by increased intracranial pressure
(14).

The testes are a common site of extramedullary relapse in boys (393). At present,
clinically overt testicular relapse manifested by painless enlargement of one or both
testes, occurs in less than 5% of boys. A number of factors are associated with an
increased likelihood of developing testicular relapse, including a high initial WBC, T-ALL,
prominent lymphadenopathy, splenomegaly, and thrombocytopenia. The time to
development of overt testicular relapse ranges from 2 months to several years {14,393},

On rare occasions ALL may recur in other isolated sites. These sites are lymph
nodes, pleural space (especially T-ALL}, the ovary, the anterior chamber of the eye, the
kidney, the skin, spleen, muscles, bones (femur or rib) and the gastrointestinal tract
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(394-401). Extramedullary relapses are generally followed by BM relapse.

Relatively little is known about the nature of relapse, although in most cases
regrowth of leukemic cells usually represents the emergence of resistance to cytostatic
drugs applied to the patient (see chapter 1.5}. That this is not always the case is shown
by a prompt leukemic response when identical drugs are used again at relapse. Other
factors that cause relapse are not associated with characteristics of the leukemic cell
but with factors causing individual variability among patients that result in decreased
exposure of the malignant cells to the administered drugs (e.g. poor compliance in
taking medication, intestinal malabsorption, or variations in the pharmacokinetics of the
antileukemic drugs) (402}. An extramedullary relapse in 2 pharmacologic sanctuary (e.g.
the eye) is an example in which the leukemic cells may still be drug sensitive.

In the majority of relapse cases a relation with the initial leukemia can be proven by
identical morphology, immunophenotype, or genotype. However in a large percentage of
cases, changes are found (see Chapter 4}). When major shifts occcur and no relation is
found between the initial and relapse leukemia a second malignancy, either or not
induced by the applied treatment (especially in case of Topoisomerase Il inhibitors), is
diagnosed (383-385,403). it has been suggested that the occurrence of secondary
leukemia and the 11g23 translocation are related {(404).

1.7 INTRODUCTION TO THE EXPERIMENTAL WORK

ALL patients

According to age, ALL can be divided into three groups: First, adult ALL (age >15
years); second, childhood ALL {age 1-15 vears); and third, infant ALL (age <1 year).
Approximately 7% of adult [eukemias represent ALL with an incidence of 1-2 per
100,000 adults (4,5). Adult ALL form a distinct group with several adverse prognostic
factors (e.g. age, 1(9:;22}, and T-ALL phenotype) (405). Results of treatment have not
been improved considerably during the last decades. Although remission rates are high
{68-91%), overall survival and disease free survival did not change significantly (25-
41%), regardless the intensity of the applied chemotherapy (405). $till for some
subgroups ({T-ALL and B-ALL) better outcome is achieved (405). These findings contrast
sharply with the experiences in childhood ALL as described in the previous sections.

Although infants with ALL have their own characteristics (e.g. null ALL phenotype
and t(4;11)} and a poor prognosis (3392,406-409). This thesis does not distinguish
between infant and childhood ALL. This was due to the fact that the number of infant
ALL was too small in the studied series of childhood ALL cases.

The majority of childhood ALL patients described in this study were treated at the
Sophia Children’s Hospital, Rotterdam. Their diagnosis and relapse cell samples were
harvested by pediatricians of the Division of Hematology/Oncology, Department of
Pediatrics, Sophia’s Children Hopital, Rotterdam and send to the Department of
Immunoclogy, University Hospital Dijkzigt/Erasmus University, Rotterdam. The other
childhood ALL patients were treated at different hospitals in the Netherlands and their
diagnosis and relapse cell samples were collected by the DCLSG, The Hague. in case of
a relapse, both diagnosis and relapse cell samples were send to the Department of
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immunology, University Hospital Dijkzigt/Erasmus University, Rotterdam for immuno-
genetic analysis.

Aim of the study

The objective of this study was to get more insight into the factors and mechanisms
which influence the development of a relapse in childhood ALL. For this purpose,
extensive analyses have been performed on the leukemic cells at diagnosis and relapse
in both a naticnwide retrospective study (in collaboraticn with the DCLSG, The Hague)
and a prospective study (in collaboration with the Sophia Children’s Hospital, Rotter-
dam). The retrospective study was expected to provide information about differences
between the cells at diagnosis and at relapse, whereas the prospective study could
provide information about differences between ALL which relapse and those which
rernain in remission.

The analyses of the cell sampies aimed at determination of phenotypic characteris-
tics {e.g. morphological and immunclogical phenotype) as well as genotypic characteris-
tics (e.g. cytogenetic aberrations and configuration of lg and TcR genes). If necessary,
the results were correlated with other features of these patients, especially clinical
characteristics.

We studied the antigen specific receptor genes (lg and TcR) and gene
rearrangements of B- and T-lymphocytes, {especially the IgH and Igx gene rearrange-
ments) by Southern blot analysis. The latter is important for clonality studies in patients
with lymphoproliferative disorders (e.g. ALL) {Chapter 2}.

In addition, the occurrence of lg and cross-lineage TcR gene rearrangements in
precursor B-ALL at diagnosis were analyzed, with accent on the prognostic implications
of these gene rearrangements as well as the significance for the junctional region
minimal residual disease (MRD)-PCR technigue {Chapter 3}.

Furthermore, we investigated the phenotypic (morphological and immunclogical)
and immunogenotypic changes in ALL at relapse. The possibilities of development of
ALL relapse and the consequence of the changes in phenotype or genotype at relapse
for the detection of MRD by immunological marker analysis and PCR, respectively are
discussed (Chapter 4).

The molecular biology (cytogenetics and immunogenotype) of ALL and the
applications for detection of MRD with the PCR technique are summarized. Furthermore,
we analyzed a new PCR target for the detection of MRD (Chapter 5}.

Finally, the significance of the presented experimental data for the origin of
precursor B-ALL are discussed. In addition, the relevance of the usage of leukemias as
experimental model for B- and T-cell differentiation is addressed.
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