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Preface

The development of new techniques such as immuno-
phenotyping, cytogenetic investigations and, more recently,
molecular studies has considerably increased our diagnostic
repertoire and broadened our ideas about the biology of
acute leukemias. While immunophenotyping with mono-
clonal antibodies has yielded increased diagnostic precision
and made it possible to develop a highly reproducible
classification of acute leukemias based on cell-biological
features, further insights have been gained into the patho-
genetic mechanisms involved in leukemogenesis by means
of cytogenetic detection of acquired structural chromosomal
abnormalities. Analysis of the leukemia-associated chromo-
somal breakpoints using molecular techniques can now
pinpoint many genomic sites essential for normal develop-
ment and maturation of hematopoietic cells but functionally
disrupted in leukemic cells.

The main goal of the international workshop that we
held in Berlin with a select group of scientists and clinicians
involved in leukemia research was to describe the state
of the art and new developments in the immunologic,
cytogenetic, and molecular characterization of acute
leukemias and to discuss the clinical importance of cell-
biological features. After introductory survey lectures
dealing with the immunological and molecular-biological
characteristics of normal vs. malignant lymphatic and
myeloid progenitor cells, the workshop centered on con-
tributions characterizing the immunophenotype and both
numerical and structural chromosomal abnormalities in
acute leukemias. The results presented from European and
American multicenter therapy studies have revealed in part
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characteristic correlations between the morphological
subtype, the immunophenotype, the karyotype, and the
clinical features, and have clearly shown that combined
immunologic and cytogenetic analyses are particularly
suitable for identifying prognostically relevant subtypes
that can be used to supplement the known clinical risk
factors for a risk-adjusted therapeutic strategy.

The workshop also featured lectures on new methods
for recognizing residual leukemia cells not eliminated by
chemotherapeutic treatment or bone marrow transplanta-
tion. In a comparison with conventional hematological
diagnostics, special attention was called to the high sensi-
tivity of the immunological (e.g., double color immuno-
fluorescence analysis, multiparameter flow cytometry) and
molecular-biological (e.g., polymerase chain reaction)
techniques, with a critical discussion of both their possi-
bilities and limitations in detecting minimal residual disease.
(MRD) The clinical importance of immunological and
molecular-biological MRD detection in acute leukemia is
now being prospectively analyzed in multicenter studies.
The evaluation of these studies will hopefully answer the
important question of whether various subtypes of acute
leukemias differ with respect to MRD so that clinical
consequences may be drawn in tailoring the therapeutic
intensity and possibly also immunotherapeutic strategies.

The constructive and often lively exchange of experience
and ideas at this workshop successfully illuminated the
essential aspects of the topics discussed and pointed to
important questions for future investigations. Decisive for
the success of the workshop were the outstanding contri-
butions of the invited scientists, now published in this book.
These studies elucidate with numerous illustrations the
possibilities of modern immunological, cytogenetic, and
molecular-biological diagnostics and give a very up-to-date
overview of the pathophysiological and clinical relevance of
the phenotypic and genotypic characterization of acute
leukemias.

Our gratitude is due to numerous coworkers, including
Ms. Barbara Komischke, Dr. Michael Notter, and Dr.
Christian Sperling, members of the local organizing com-
mittee, for their exceptional dedication and valuable
support in preparing and organizing this workshop.

Berlin, January 1993 W.-D. Ludwig
E. Thiel
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I. Hematopoietic Differentiation

Differentiation of Physiological and Malignant Cells
of the B-Cell System

H. Stein

Freie Universitédt Berlin, Universitatsklinikum Steglitz, Institut fiir Pathologie,
Hindenburgdamm 30, W-1000 Berlin 45, Fed. Rep. of Germany

Major Events and Characteristics of B-Cell Development

The common differentiation pathway in the human body is a one-wave
process of proliferation and differentiation. This can be illustrated using
granulopoiesis as an example (Fig. 1). In contrast, the development of B
and T cells from stem cells to effector or memory cells results from at least
a two-wave and usually a multiple-wave pathway of proliferation and
differentiation. In the first proliferation and differentiation wave, B or T cell
determined stem cells, designated progenitor B or T cells, pass through an
intermediate stage to become what are termed precursor B or T cells, which
then develop into resting, naive, antigen-reactive, and recirculating B or
T lymphocytes. These cells are not the final cells because they can undergo
a second wave of proliferation and differentiation by forming proliferating
blasts in response to an appropriate antigen. These are called activated
lymphoid blasts. These antigen-induced blasts transform into effector cells
or memory cells after several rounds of proliferation. Thus the first and
second wave of proliferation and differentiation serve different functions,
and are regulated differently.

In the first wave of proliferation and differentiation the diversity of
antigen receptors is generated, whereas in the second wave a certain antigen
receptor specificity is multiplied. Since the generation of the antigen re-
ceptor diversity develops due to a random rearrangement of immuno-
globulin or T-cell receptor (TCR) genes, there is not only production of
receptors that react with foreign antigens, but also of ones that react with
self-antigens. However, any cells carrying self-reactive receptors must be
eliminated, suppressed, or inactivated so that destructive autoimmunity is
avoided. One important mechanism by which self-antigen-reactive B and
T cells are eliminated was recently clarified by a series of simple experi-
ments, some results of which are shown in Table 1. It has been known
for quite some time that incubation of mature peripheral T cells with

Recent Results in Cancer Research, Vol. 131
© Springer-Verlag Berlin - Heidelberg 1993
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Fig. 1. The uniqueness of proliferation and differentiation of lymphoid cells

Table 1. Clonal deletion of autoreactive thymocytes

Treatment Immature thymocytes Mature peripheral

T cells
Anti-CD3  100% Apoptosis Proliferation
Anti-TCR 50% Apoptosis Proliferation

Conclusion: Binding of the TCR to self-antigens produces
clonal deletions and thus contributes to self-tolerance.
Data from Smith et al. (1989); Finkel et al. (1991)

certain antibodies to the CD3 or TCR complex induced proliferation. Smith
and colleagues (1989) showed, however, that treatment of thymocytes
with antibodies to CD3 or TCR complex has a completely different effect.
Instead of induction of proliferation the immature thymocytes die of
apoptosis, which is also often referred to as programmed cell death.
Apoptosis means an endogenous pathway of DNA degradation. It is de-
tectable in gel electrophoresis analysis as ladders of diffuse bands whose
molecular sizes are approximate multiples of 200 base pairs. According to
the results of Smith and colleagues, the induction of apoptosis in immature
T cells by binding of the TCRs to self-antigens may be the mechanism by
which clonal deletion is produced, and consequently self-tolerance by the
T-cell system. In B-cell generation and differentiation, there are three major
episodes of selection (Gallagher and Osmond 1991): (1) during primary
B-cell genesis; (2) during extrafollicular B-cell proliferation; (3) during
germinal center reaction.
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Primary B-Cell Genesis

In human beings, primary B-cell genesis takes place in the bone marrow.
However, there is no exclusive B-cell domain in the bone marrow, but,
according to the studies of Gallagher and Osmond (1991), there is an
identifiable migration from the edge of the marrow, where precursor B cells
are formed, towards the center, where mature B cells congregate. Each
single progenitor at the stage of immunoglobulin rearrangement may give
rise to as many as 64 progeny. This event is closely associated with intimate
cell contact between the precursor B cells and the long dendritic processes
extended by the stromal reticular cells. Adhesion molecules and the pro-
duction of short-range growth factors, for example interleukin-7, by the
stromal cells may also be important in B-cell regulation. It is not clear
whether positive selection, negative selection, or both are occurring during
this stage of B-cell lymphopoiesis. However, there is growing evidence that
the loss of cells may be a result of negative selection: Binding of self-reactive
newly expressed immunoglobulin molecules on the surface of the developing
B cells may be the stimulus for a process which leads to apoptosis, analogous
to deletion of self-reactive T cells in the thymus. From the pre-B cells
generated in the marrow around 75% are culled. Contact between B
cells and macrophages is a prelude to rapid phagocytosis and apoptotic
cells. Those cells in the bone marrow that escape deletion home to and
accumulate in sinusoidal spaces near the central sinus, from which they are
released en masse into the peripheral blood and into extrafollicular regions
of peripheral lymphoid tissue in response to unknown signals.

Extrafollicular B-Cell Proliferation

The second bout of B-cell selection occurs as a result of an encounter with
free antigens in extrafollicular areas of peripheral lymphoid tissue. These
arcas are the first sites at which B-cell proliferation (MacLennan and Gray
1986; MacLennan et al. 1988, 1990) is seen in response to free antigens
(Fig. 2). The first blasts appear during the second day of immunization. The
B-cell proliferation response only lasts for about 48h. This extrafollicular
response of B cells starts with either memory B cells or newly produced
virgin B cells. The B cells that cannot bind to antigens will die after some
time, whereas those that bind to antigens transform into either short-lived
plasma cells or recirculating memory B cells. The short-lived plasma cells
populate medullary cords of the same lymph node. In the extrafollicular
areas, there is also the antigen-induced T-cell proliferation. The extra-
follicular B and T blasts exhibit the activation antigen CD30 that was
initially designated Ki-1. It has been suggested that, following malignant
transformation, these extrafollicular blasts give rise to CD30-positive
anaplastic large cell lymphomas (Stein et al. 1985). This assumption has
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Fig. 2. Schematic representation of B cell development based on animal
experimental and immunohistologic data by MacLennan et al. (1988, 1990)

been based on the observation that the first site of involvement of CD30-
positive anaplastic large cell lymphomas is the perifollicular region. It might
also be of interest that the extrafollicular blasts are the cells in which
Epstein-Barr virus is detectable during infectious mononucleosis.

Germinal Center Cell Reaction

The third round of discrimination during B-cell development takes place in
the B-cell follicles with their meshwork of follicular dendritic cells (FDC).
Resting or primary follicles consist of a collection of FDC which form
a dense meshwork throughout the follicle. The primary follicles are the
structures where the germinal center reaction starts. The sequence of
the germinal center reaction can be subdivided into four stages based on
immunohistochemical studies of the follicular response to two haptens
conjugated to the same carrier protein (MacLennan et al. 1990). First, 72h
after immunization follicles are colonized by fewer than five primary B
blasts, which proliferate rapidly to fill the spaces in the FDC meshwork and
expand to total about 10000 cells within 3 days. Secondly, by around day 4
after antigenic challenge the primary B-cell blasts metamorphose into
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centroblasts which lack surface immunoglobulin (i.e., immunoglobulin-type
antigen receptors) and migrate to one pole of the FDC meshwork, forming
the dark zone. The centroblasts within it are a self-renewing, although
nonexpanding population that gives rise to centrocytes. The centroblasts as
well as the centrocytes are bcl-2-negative and thus, are very susceptible to
apoptosis. The differentiation of centroblasts into centrocytes is associated
with hypermutation of the V region and of the heavy chain class switch
of the immunoglobulin-type antigen receptors. Mutations can increase,
decrease, or fail to modify the affinity of antigen receptors of centrocytes.
The centrocytes with low affinity for antigen cannot interact with the antigen
presented by FDC, and thus die of apoptosis. In contrast, the centrocytes
with high-affinity receptors can interact with the antigen expressed on the
surface of FDC, and are therefore rescued from dying of apoptosis. The
surviving centrocytes then proceed into the fourth stage of development.
In this stage these centrocytes transform either directly or via secondary
follicular B blasts into memory cells and migrant long-living plasma cells.
The signals which rescue the centrocytes from apoptosis and which direct
their following differentiation are provided by antigens immobilized on the
surface of FDC, by CD23, interleukin-la (IL-1a), and the CD40 molecule
(Gray 1988; Rocha et al. 1990). In the presence of CD23 and IL-la a
centrocyte is directed to transform into a plasma cell while rescue via CD40
results in a memory cell formation. There is evidence that at least three
subtypes or sublineages of memory cells exist: two of them reside in the
follicular mantle and one in the marginal zones. One follicular mantle cell
type memory cell recirculates whereas the other is more sessile and has
intimate contact with the tender processes of FDC which extend into the
follicular mantle.

How Does the Scenario of B-Cell Differentiation Relate to Some of
the B-Cell Neoplasias?

The extrafollicular CD30-positive blasts of B-cell as well as T-cell origin
appear to give rise to extrafollicular Hodgkin’s disease and to what we
described several years ago as CD30-positive anaplastic large cell (ALC)
lymphomas. This concept is supported by the observation that the neoplastic
cells of Hodgkin’s disease and ALC lymphoma resemble in cytology and in
their perifollicular distribution the physiologic extrafollicular lymphoid
blasts. Like the latter, Hodgkin’s disease and ALC lymphoma can be of
either B-cell or T-cell type, with the B-cell type being more common in the
former and the T-cell type more common in the latter.

Malignant transformation of germinal center B cells can result in three
types of lymphomas: follicular centroblastic-centrocytic (CB-CC) lym-
phomas, centroblastic (CB) lymphomas, and probably Burkitt’s lymphoma.
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In CB-CC lymphoma there is an accumulation of slow-dividing centrocytes.
This might result from failure of the apoptotic mechanism. As discussed
earlier, centrocytes which are the progeny of centroblasts kill themselves by
apoptosis if not selected by antigens presented on the FDC. It is likely that
this mechanism fails to work in CB-CC lymphoma. There are lines of
evidence for this assumption: first, apoptotic cells are missing in CB-CC
lymphoma; and second, CB-CC lymphomas express the bcl-2 protein,
unlike normal germinal center cells. The bcl-2 protein blocks apoptosis,
thus prolonging cell survival. Accordingly, the CB-CC lymphoma appears to
be a neoplasm due to bcl-2 protein-induced generation of atypically long-
living germinal center cells. The cause of the bcl-2 protein expression by
the neoplastic germinal center cells has been identified. It is the trans-
location t(14;18), which causes the bcl-2 gene, due to its juxtaposition to the
immunoglobulin heavy chain gene, to come under the influence of the
strong enhancer of the latter mentioned gene. In CB lymphomas and
Burkitt’s lymphomas the defect must be different. Both lymphomas show
rapid proliferation of the tumor cells and a high rate of apoptosis, this being
especially pronounced in Burkitt’s lymphomas. In CB lymphoma there
is nearly total block of the capacity of centroblasts to differentiate into
centrocytes. The problem in Burkitt’s lymphoma seems to be the complete
lack of capacity of primary B blasts to differentiate into centroblasts. The
underlying molecular mechanism is still totally obscure in CB lymphoma,
whereas in Burkitt’s lymphomas a deregulated c-myc gene is involved. This
deregulation is caused by the translocation t(8;14) which is constantly
encountered in Burkitt’s lymphomas.
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Introduction

The development of the B-cell lineage from stem cells to mature B lym-
phocytes and antibody-secreting plasma cells is a multistep process of
differentiation. Stages of B-cell maturation have been characterized by the
rearrangement and expression of the immunoglobulin (Ig) genes, by surface
markers, and by susceptibilities to growth and differentiation factors
(Tonegawa 1983; Alt et al. 1986; Campana et al. 1985; Loken et al. 1987;
Kishimoto 1987; Cooper 1987). B-lineage acute lymphoblastic leukemias are
presumed to result from leukemogenic events that occur in progenitor B
cells during early phases of B-cell ontogeny and lead to a maturational arrest
at discrete stages of early B-cell differentiation (Greaves 1986). Recently
published data on molecular components of the B-cell antigen receptor
complex, molecules selectively expressed in pre-B cells, and B-lineage-
associated differentiation antigens have provided a new insight into early
B-cell development, and this will contribute to a better understanding of the
cell biology of B-lineage acute lymphoblastic leukemias.

Molecular Components of the B-Cell Antigen Receptor Complex

Membrane Ig serves as the surface receptor by which B lymphocytes re-
cognize antigen and are activated (Kishimoto 1987; Cooper 1987). The
intracytoplasmic portion of surface IgM (sIgM) contains only three amino
acids, suggesting a need for associated proteins that can transduce the
receptor signal. First in the mouse a protein complex has been found which
is associated with sIgM, analogous to the CD3 complex in T cells: IgM
molecules are noncovalently associated with a disulfide-linked heterodimer
of two transmembrane proteins, designated IgM-a and Ig-p (Hombach et al.
1990a). IgM-a, a 34-kDa glycoprotein, is encoded by the mb-I1 gene while
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Ig-B, a 39-kDa glycoprotein, is encoded by the B29 gene (Hombach et al.
1990b). These genes are B-lineage specific and are co-expressed in pre-B
and B cells (Sakaguchi et al. 1988; Kashiwamura et al. 1990; Hermanson
et al. 1988). Both IgM-a and Ig-PB proteins are transmembrane glycoproteins
with extracellular Ig-like domains and cytoplasmic tails with overall struc-
tural similarities to CD3 components of the T-cell receptor complex. The
B-cell antigen receptor of the IgM class comes on the cell surface only as a
complex including the IgM molecule and the IgM-o/Ig-f heterodimer
(Hombach et al. 1990a). It is likely that the IgM-a and Ig-f molecules
function not only in surface deposition but also in signal transduction of the
B-cell antigen receptor. Recent studies of Yamanishi et al. (1991) suggest
that the complex is associated with the tyrosine kinase Lyn. The protein
encoded by the mb-1 gene is already expressed on sIgM™ pre-B lymphoma
cells (Matsuo et al. 1991; Nomura et al. 1991), suggesting that IgM-a can be
transported on the B-cell surface without the complete IgM molecule (see
below).

The human homolog of the mb-1 gene was isolated from a complemen-
tary (c)DNA library of the Daudi cell line (Sakaguchi et al. 1988). In human
B cells, a disulfide-linked heterodimer of 47- and 37-kDa proteins have been
described to be non-covalently associated with sIgM, indicating that mole-
cules similar to IgM-a and Ig-B exist on human B cells (van Noessel et al.
1990). Recently, Mason et al. (1991) have described the generation of
monoclonal and polyclonal antibodies directed against a peptide sequence
from the cytoplasmic tail of human MB-1. By immunocytochemical staining
of normal and neoplastic B cells, the human MB-1 protein was shown to
appear early in B-cell differentiation, before expression of cytoplasmic p
chain: of the progenitor B-cell leukemias, 74% were MB-1*.

Molecules Selectively Expressed in Pre-B Cells

The mature B cell which is capable of responding to an antigen is the result
of a multistep process of differentiation. The development of B cells from
stem cells to mature sIg* B cells can be classified by the rearrangement and
expression of Ig H- and L-chain genes. Gene segments of the Ig gene
loci are rearranged in an ordered fashion so that first Dy segments are
rearranged to Jy segments, followed by Vi to DJ (Tonegawa 1983; Alt
et al. 1986). The diversity of Ig H-chain genes is generated by both the
differential usage of the several V, D, and J gene segments available and by
junctional changes, including N region nucleotide addition, catalyzed by the
enzyme terminal deoxynucleotidyl transferase, TdT (Desiderio et al. 1984;
Blackwell and Alt 1989). This enzyme is exclusively found in early lymphoid
progenitors (Janossy et al. 1979). During further B-cell differentiation, the
genes encoding L chains are assembled by sequential rearrangements. First,
V. segments are joined to J,, and finally V; to J, segments (Tonegawa 1983;
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Alt et al. 1986). Ig H chains synthesized in pre-B cells are in general
believed not to be expressed on the cell surface unless they are associated
with L chains. Therefore, the finding that certain human and murine pre-B-
cell leukemias express small amounts of surface p chains in the absence of
conventional light chain expression (Vogler et al. 1978; Paige et al. 1981;
Gordon et al. 1981; Hendershot and Levitt 1984) has always been an
enigma. The first clue to the resolution of this apparent paradox was the
demonstration that the AS and V.. p genes are specifically expressed in
murine pre-B cells and that these genes have strong homology to the C and
V regions of the A L-chain genes (Sakaguchi and Melchers 1986; Kudo and
Melchers 1987) and thus are likely to encode p binding proteins. It was then
shown that in pre-B cells u chains were associated with a 18-kDa protein
termed @ and a 14-kDa protein termed 1 (Pillai and Baltimore 1987, 1988).
It is now clear that these “surrogate” light chains are encoded by the A5 and
Vore-B genes (Karasuyama et al. 1990; Tsubata and Reth 1990; Cherayil and
Pillai 1991; Rolink and Melchers 1991). The A5 () and Vi, s (1) proteins
derived from unrearranged genes bind to p chains (Karasuyama et al. 1990)
and have the same capacity as conventional A chains to allow surface
expression of u chains (Tsubata and Reth 1990). The p heavy chain and AS
form a disulfide-linked complex to which VoreB IS nOn-covalently attached
(Karasuyama et al. 1990; Tsubata and Reth 1990).

Both, V,p and A5 genes are expressed at the earliest stages of Ig
rearrangements (Sakaguchi and Melchers 1986; Rolink et al. 1991). Certain
pre-B cell lines which have partially rearranged their Ig heavy chain genes,
synthesize a truncated p chain, the so-called D, protein from a DyJy tran-
script (Reth and Alt 1985; Gu et al. 1991). Recent experiments have shown
that the D, protein can also be expressed on the pre-B cell surface together
with the “surrogate” light chain molecules A5 and Viore-s (Tsubata et al.
1991; Rolink and Melchers 1991). At the transition from a pre-B cell to a
surface Ig* B cell, both, A5/Vipe-s and conventional k L-chains are ex-
pressed on the cell surface, indicating that the activation of the x locus
precedes the inactivation of A5 gene expression (Cherayil and Pillai 1991). It
is likely that the D, chain and later VuDuJuC, chains are anchored in the
surface membrane by the IgM-a/Ig-B protein complex (see above). The
various hypothetical steps of early B-cell differentiation are schematically
depicted in Fig. 1.

Genes specifically expressed in pre-B cells have also been identified in
humans: the human V. g homolog (Bauer et al. 1988) and the Ig A light-
chain-related gene 74.1 (Evans and Hollis 1991; Mattei et al. 1991; Hollis
et al. 1989; Schiff et al. 1990), which is the human homolog of the mouse A5
gene. In human pre-B cell lines several polypeptides have been found
associated with p H chains. Kerr et al. (1989) and Hollis et al. (1989)
detected a 22-kDa protein, a candidate for A5 protein, that forms a disulfide-
linked complex with p H chain. Furthermore, 16~18-kDa proteins which are
non-covalently associated with p H chains were detected as candidates for
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Pro-B —> Pre-B-1 — Pre-B-2 — “Transitional"B — Mature B

IgM

germline DH 'JH VH 'DH “JH VK -JK

Fig. 1. Hypothetical scheme of early B-cell differentiation. Progenitor B cells
(pro-B) differentiate into pre-B-1 cells by rearrangement of the H chain loci from
germline to Dy/y. In pre-B-1 cells AS and Vg gene products associate at the cell
surface with D, protein. A productively rearranged VyDyJy allele gives rise to p H
chains that can be deposited in the surface membrane of pre-B-2 cells together with
the “surrogate” light chain molecules A5 and V.. A productively rearranged x L
chain gene leads to expression of k L chains on the surface of a cell that has a
productively rearranged H chain allele. In “transitional” B cells p-A5/Vp..p can
occur together with Ig. In mature sigM™* B cells the AS and Vj..p genes are not
expressed

Vore-s (Kerr et al. 1989; Hollis et al. 1989). Recently, A5-like and V.5
gene expression has been described as a lineage- and stage-restricted marker
for B-cell precursor leukemias (Schiff et al. 1991; Bauer et al. 1991). The
analysis of the malignant forms of precursor B cells showed that A5-like and
Vore.s RNA expression appears at least as early as cytoplasmic CD22 and
surface CD19. Rearrangement of V, or V, loci correlated with the dis-
appearance of the pre-B gene products (Schiff et al. 1991). V.. g RNA was
absent from malignancies of mature sIg™ B cells (Bauer et al. 1991; Schiff
et al. 1991).

B-Cell-Associated Differentiation Antigens

Eighteen different B-cell-associated antigens have been defined as CD
antigens in International Workshops by clustering monoclonal antibodies:
CD10, CD19-24, CD37-40, CD72-w78 (Dorken et al. 1989). During
recent years the amino acid sequence of most of these antigens have been
determined by isolating cDNA clones that encode the cell surface-expressed
molecules.

CDI19. The CD19 antigen is a member of the Ig supergene family
(Stamenkovic and Seed 1988b; Tedder and Isaacs 1989). The extensive
length of the intracellular region (242 amino acids) markedly contrasts with
other surface structures, suggesting that the CD19 molecule might be
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involved in the generation of a transmembrane signal through its cyto-
plasmic tail. Recently, CD21 (CR2), the receptor for C3d and Epstein-Barr
virus, has been found to be directly associated with CD19, suggesting that
these molecules form a signal transduction complex (Matsumoto et al.
1991). The B-cell-specific antigen CD19 is the most broadly expressed
surface marker for B cells, appearing at the earliest stages of B-cell differ-
entiation, presumably prior to the heavy chain gene rearrangement. Surface
expression of CD19 is a reliable marker for early B-cell malignancies
(Nadler et al. 1984).

CD22. The CD22 molecule is also a member of the Ig supergene family
(Stamenkovic and Seed 1990; Wilson et al. 1991). The structural homology
of the CD22 antigen, which contains seven Ig-like domains in the extra-
cellular portion, with the myelin-associated glycoprotein (MAG) and
N-CAM suggested that CD22 is a cell adhesion molecule. Indeed, recent
results indicate that the CD22 molecule is directly involved in the interaction
between T and B cells. The T-cell ligand of CD22 is CD45RO, an isoform of
the leukocyte common antigen class of phosphotyrosine phosphatases
(Stamenkovic et al. 1991). The B-cell-specific CD22 antigen is expressed in
the cytoplasm of virtually all B cells, including progenitor B cells, and is
present on the cell surface mainly on mature stages of B-cell differentiation
(Dorken et al. 1986). Virtually all B-lineage acute lymphoblastic leukemia
cases express cytoplasmic CD22 (Dorken et al. 1987). Conflicting results
regarding the expression of CD22 on the surface of acute lymphoblastic
leukemia cells may be explained by differences in expression between
different epitopes (Dorken et al. 1987) or by staining of cytoplasmic CD22
which may become accessible to antibodies in damaged surface CD22-
negative cells.

CD72. The CD72 antigen, which has recently been found to be identical
with human Lyb-2, is a member of a gene superfamily of lectin-like glyco-
proteins with inverted orientation including asialoglycoprotein receptors or
hepatic lectins and CD23, the low-affinity Fc receptor for IgE (von Hoegen
et al. 1990). Recent results indicate that the B-cell surface protein CD72 is
the ligand for CDS5 expressed on mature T cells, a small proportion of B
lymphocytes, and B-cell chronic lymphocytic leukemia cells (van de Velde
et al. 1991). The B-cell-associated CD72 antigen is a new pan-B marker
which occurs, like CD19, at the earliest stages of B cell differentiation
(Dorken et al. 1989). CD72 expression was found in progenitor B- and pre-
B-cell leukemias and in normal, immature, TdT-positive, cytoplasmic p
heavy chain-negative B-lineage cells, and pre-B cells in fetal liver and bone
marrow.

CD10. The CD10/CALLA antigen is identical to neutral endopeptidase,
which cleaves peptides at the amino terminals of the hydrophobic residues
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and inactivates a variety of peptide hormones (Shipp et al. 1988). CD10 is
expressed on early B-progenitor cells and is lost during pre-B-cell differ-
entiation (Nadler et al. 1984; Ryan et al. 1986). While Nadler et al. (1984)
proposed that CD19 expression precedes CD10 expression based on the
identification of CD107/CD19" B precursor leukemias, multiparameter flow
cytometric analyses of normal precursor B cells in fetal liver and bone
marrow suggest that CD10 expression appears at least as early as CD19
(Ryan et al. 1986; Loken et al. 1987; Uckun 1990).

CD73. The CD73 antigen is the membrane-associated enzyme ecto-5'-
nucleotidase (5'-NT), which catalyzes the dephosphorylation of purine and
pyrimidine ribo- and deoxyribonucleoside monophosphates (Thompson
et al. 1990). The CD73 molecule appears to be important for the maturation
of B cells since 5'-NT activity was found to be markedly reduced in several
immunodeficiency diseases, for example, combined variable immuno-
deficiency or congenital X-linked agammaglobulinemia. CD73 (5'-NT)
expression is high in progenitor B- and pre-B-cell leukemias and low in
malignancies of mature surface Ig* B cells (Pieters et al. 1991).

CD20. The CD20 antigen is a type III integral membrane protein with the
carboxy and the amino termini located within the cell (Stamenkovic and
Seed 1988a; Einfeld et al. 1988; Tedder et al. 1989). The membrane-
embedded CD20 protein with multiple transmembrane domains has
similarities to proteins that form transmembrane ion channels. The B-cell-
specific CD20 antigen is expressed during pre-B-cell development, pre-

Fig. 2. Sequential expression of B-lineage-associated differentiation antigens during
human B-cell ontogeny. Pro-B, pre-B, and B cells are defined by the configuration of
their Ig genes and their cytoplasmic/surface Ig expression. Pro-B cells do not express
cytoplasmic p heavy chains or sIgM. Pre-B cells express cytoplasmic p heavy chains
but do not express sIgM. Immature B cells (p*) express sIgM but not sIgD. Mature
B cells (1*8*) co-express sIgM and sIgD. Activated B cells and B blasts are defined
by expression of activation antigens and morphology. Plasma cells (PC) express
cytoplasmic p heavy chains but do not express surface Ig
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sumably just before the expression of cytoplasmic p chains: about 50% of
cytoplasmic p chain-negative progenitor B-cell leukemias showing surface
expression of the CD19 antigen and cytoplasmic expression of the CD22
antigen are CD20 positive (Nadler et al. 1984).

CDw75 and CD76. The CDw75 and CD76 antigens are expressed only
on mature slg-positive B cells. In contrast to other B-cell-associated CD
antigens, both markers are not detectable in slg-negative B-lincage acute
lymphoblastic leukemias (Dorken et al. 1989).

A schematic representation of the sequential expression of B-lineage
differentiation antigens is presented in Fig. 2.
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Introduction

Mature human T lymphocytes recognize self and non-self through two
distinct types of T-cell antigen receptors (TCR), TCRafp and TCRY®d, that
are expressed on the cell surface membrane in association with CD3 mole-
cules (reviewed by Davis and Bjorkman 1988; Brenner et al. 1988). In-
appropriate pairing of TCR chains, e.g. B3, or surface expression of single
chains apparently does not occur in normal T cells, although such phenom-
ena have been described as rare events in leukemic cell lines (Hochstenbach
and Brenner 1989).

During normal T-cell differentiation in the thymus the synthesis and
assembly of the CD3/TCR complex occurs gradually. The most immature
thymic cells do not have detectable TCR chains but accumulate CD3e,
CD33, and possibly CD3y in the cytoplasm (Furley et al. 1986; Campana
et al. 1987, 1989). These CD3 molecules constitute a core onto which TCR
proteins are added after the corresponding genes undergo productive
rearrangements (Clevers et al. 1988; Klausner et al. 1990).

Most of the understanding of the initial developmental stages of TCR
expression derives from studies in rodents, which have shown that TCRy
and TCRJ genes rearrange and are expressed early during embryonic life
(Snodgrass et al. 1985; Raulet et al. 1985; Pardoll et al. 1987; reviewed by
Strominger 1989). Studies at the protein level in human tissues have failed
to convincingly demonstrate an identical sequence of events: TCRap-
bearing cells usually constitute the majority of TCR-expressing cells, even in
fetal tissues collected during early stages of gestation (Campana et al. 1989;
Haynes et al. 1989).
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Reagents and Methods for Detecting Human TCR Proteins

Several monoclonal antibodies (MAbs) to human TCR proteins have been
raised. Technical issues regarding the use of some of these MAbs are as
follows. First, MAb WT31 reacts with an epitope of the CD3e chain (Transy
et al. 1989) which is preferentially accessible when the assembled CD3/
TCRaf complex is inserted into the cell membrane (Spits et al. 1985). From
a practical point of view this reagent can be used to recognize TCRap cells,
although it will also weakly react with TCRyd-bearing cells (Van de Griend
et al. 1988). WT31 is not suitable for cytospin staining. Secondly, the
epitopes to which BF1 (anti-TCRp; Brenner et al. 1987), aF1 (anti-TCRa;
Henry et al. 1989), and CyM1 (a MAb recognizing TCRy chains developed
by Dr. M.B. Brenner, Boston, MA, USA) bind are not accessible on the
surface of intact cells and these MAbs must be used after treating cells with
fixatives. The expression of these molecules and of cytoplasmic CD3 can be
investigated by staining either permeabilized cells in suspension for flow
cytometric analysis, or fixed cytocentrifuge preparations. For the former
type of immunolabeling, which has the advantage of allowing a quantitative
assessment of the antigen expression, we prefer the method described by
Schmid et al. (1991). In this technique, cells are fixed with paraformal-
dehyde and permeabilized with Tween 20. The treatment is relatively gentle
and the light-scattering properties of the cells are not completely destroyed,
allowing their morphological recognition. When cytocentrifuge preparations
are used the optimal fixative is acetone for 10 min at 20°C. MAbs aF1 and
BF1 will also stain well cytospins fixed in acetone:methanol 1:1 at 4°C,
whereas CyM1 and TCRS1 will not work in these conditions. MAb aF1 may
react with a nuclear molecule expressed in leukemic blasts and activated
T cells. Therefore careful observation of the individual cells is needed: only
strong cytoplasmic staining in the perinuclear area indicates TCRa ex-
pression. For this reason, we do not recommend flow cytometric analysis of
aF1 reactivity.

TCR Protein Expression in Human Immature T Cells
T-Cell Development in the Thymus

Human thymocytes express TCR proteins heterogeneously. When un-
permeabilized suspensions of infant thymocytes are labeled with MAbs to
the CD3¢ chain (e.g., UCHT1 or Leud), three cell subpopulations can be
distinguished: CD3~, CD3*'~ and CD3* (Lanier et al. 1986; Fig. 1). Most
CD3” thymocytes, however, express cytoplasmic CD3 molecules (Link
et al. 1985; Furley et al. 1986; Campana et al. 1987, 1989; Van Dongen
et al. 1987, 1988). By applying a CD3 MAb (UCHT1,; gift of Dr. P.C.L.
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Beverley, London, UK) to thymocyte suspensions after cell membrane
permeabilization we observed that all thymocytes were brightly labeled
when analyzed by flow cytometry, suggesting that there is no change in the
cytoplasmic amount of CD3e during thymic differentiation (Fig. 1). Identical
semiquantitative methods revealed that the amount of TCRp chains,
detected by BF1 MADb, considerably increases with cell maturation (Fig. 1).
By fluorescence microscopy observation, immature, large TdT* thymic
blasts appear to be mostly TCR negative. The next stage of differentiation
is probably represented by PF1* thymocytes that are not labeled by aF1
(Campana et al. 1989). Following the synthesis of TCRa chains CD3/
TCRaf complexes are inserted into the cell membrane and thymocytes are
subjected to the processes of positive and negative selection.

TCRys-bearing cells usually represent <1% of fetal and infant thymocytes
(Borst et al. 1988; Campana et al. 1989; Groh et al. 1989). Studies in
which the surface and cytoplasmic expression of TCRy and TCRS chains
were compared have not identified cells with exclusively cytoplasmic
expression of TCRJ chains (Campana et al. 1989). Moreover, cells with
exclusively cytoplasmic TCRy chains were undetectable or extremely rare
(<0.1%) in the infant thymic samples examined (D. Campana, unpublished
observations).
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Fig. 1A,B. Membrane and cytoplasmic CD3 and TCRp expression in infant thymus.
A Thymocytes were first labeled with UCHT1 (CD?3) followed by a goat antiserum to
mouse immunoglobilin conjugated to phycocerythrin (Jackson Immunoresearch Labs
Inc, West Grove, PA, USA). After adding mouse serum to saturate free combining
sites, cells were fixed and permeabilized as described by Schmid et al. (1991).
Cytoplasmic CD3 was visualized with Leu4 conjugated to fluorescein isothiocyanate
and cells were analyzed with a FACScan (both from Becton Dickinson, San Jose,
CA, USA). Membrane CD3~ thymocytes are cytoplasmic CD3*. B The intensity of
labeling of the same thymocytes with BF1 is illustrated and compared to that of
cytoplasmic CD3
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Stages of TCR Differentiation in T-Cell Acute Lymphoblastic Leukemia
TCRap

Discrete stages of differentiation identical to those observed in the thymus
can be defined in T-cell acute lymphoblastic leukemia (T-ALL). In 40 of
68 T-ALL cases studied (58.8%), blasts lacked membrane CD3/TCR
expression (mCD37; Campana et al. 1991; Coustan-Smith et al. manuscript
in preparation; Table 1). In 20 of these mCD3™ cases TCRap proteins were
expressed in the cells’ cytoplasm: in 17 samples leukemic blasts were BF1*
only, in one case they were aF1" only, and in two cases blasts expressed
both cytoplasmic TCRa and TCRp chains (Campana et al. 1991; Coustan-
Smith et al. manuscript in preparation; Table 1). In the other 20 mCD3~
T-ALLs, blasts did not show membrane or cytoplasmic reactivity with BF1
and oF1 MAbs (Campana et al. 1991; Coustan-Smith et al. manuscript in
preparation; Table 1). In only a minority of these latter cases could the lack
of TCR protein expression be attributed to the germline configuration of the
corresponding genes (Campana et al. 1991). However, when five BF1*,
aF1~ T-ALL cases were investigated at the DNA level, TCRa genes
appeared not to be rearranged, and in four of these five cases cytogenetics
studies revealed translocations involving the q11 region of the chromosome
14 (Secker-Walker et al. 1991), where the TCRa locus has been mapped. It
is likely that in these cases the lack of TCRa gene rearrangement is the most
important limiting factor in the expression of a full TCRap receptor.

In the remaining 28 T-ALLs studied (41.2%), blasts expressed membrane
CD3/TCR chains: in 23 cases, CD3 molecules were associated with the off
form of the TCR, as demonstrated by the reactivity with WT31 and/or
BMAO031 MAbs (Campana et al. 1991; Coustan-Smith et al. manuscript in
preparation; Table 1).

Table 1. TCR protein expression in T-ALL: proportion
of subtypes

TCR status Cases
(n) (%)
mCD3™
BF1~, oF1~ 20 29.4
BF1*, aF1~ 17 25.0
BF1-, aF1* 1 1.5
BF1*, aF1* 2 3.0
mCD3*
WT31* 23 33.8
TCRS817 5 7.3
Total 68 100

See also Campana et al. (1991) and Coustan-Smith et al.
(manuscript in preparation).
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In all 68 cases studied, leukemic cells were generally strongly CD7™", with
the exception of three mCD3"/TCRaf* cases in which blasts expressed
CD7 weakly and heterogeneously (Campana et al. 1991; Coustan-Smith
et al. manuscript in preparation). Terminal deoxynucleotidyl transferase
(TdT) positivity was seen in 63 of 68 cases studied; the TdT~ cases were
mCD37~, BF17, aF1~ (2 cases), mCD3", WT31*, BF1*, aF1* (2 cases), and
mCD3"/TCRaf~ (1 case). No clear correlation between stages of TCR
differentiation and expression of other surface markers could be found
(Campana et al. 1991; Coustan-Smith et al. manuscript in preparation;
Table 2).

TCRyd

The expression of surface TCRyd proteins was studied with TCR&81 and
dTCS1 MADs. Five of the 68 cases analyzed had leukemic blasts labeled
with both TCR&1 and 6TCS1 MAbs (Campana et al. 1991; Coustan-Smith
et al. 1992; Table 1): the reactivity of the latter MAD indicates the usage of
the Vi;-J5, gene regions (Wu et al. 1988; Borst et al. 1989). In these five
TCRS™ cases blasts were also mCD3* but did not clearly react with WT31.
When cytocentrifuge preparations of these samples were labeled with aF1,
BF1, and CyM1 MADbs the following observations were made. In all five
cases, blasts were positive with CyM1, indicating synthesis of TCRy chains,
and were negative after staining with adF1 MADb (Coustan-Smith et al.
manuscript in preparation). Unexpectedly, in one of the five cases blasts
were also labeled by BF1 MAb (Coustan-Smith et al. manuscript in pre-
paration). Thus, in this latter case three TCR genes were simultaneously
expressed, resembling the observations reported in some leukemic cells lines
(Koning et al. 1987; J. Minowada, personal communication). Whether the
TCR complex present on these cells’ membrane is exclusively formed by
TCRy and TCR& chains or whether TCRJ chains are included remains to
be elucidated.

It has been suggested that mTCRyYd is more frequently seen than
mTCRaf in T-ALL, whereas TCRaB would be more frequent in T-
lymphoblastic lymphoma (Gouttefangeas et al. 1990). In our studies
(Campana et al. 1991; Coustan-Smith et al. manuscript in preparation) and
in other series (Van Dongen et al. 1991) such a TCRy$ predominance in
mCD3*% T-ALL was not found. From these data it appears that blasts
expressing mTCRYd are expected to be found in approximately one fifth of
mCD3* T-ALL cases. Considering that TCRyS-bearing cells normally
represent <1% of fetal and infant thymocytes, the relatively high propor-
tion of TCRyd T-ALLs may reflect a higher susceptibility to leukemogenesis
of the TCRY? lineage.

We also tested the possibility of an exclusively cytoplasmic expression of
TCRY? chains in cases with no membrane TCRYyd expression. As a control,
the five TCRy3"* cases were labeled by TCRS1 on cytocentrifuge prep-
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arations and blast were brightly stained. By contrast, TCR61 invariably
failed to react with leukemic blasts from 40 mCD3~ T-ALLs in cytocen-
trifuge preparation (Campana et al. 1991; Coustan-Smith et al. manuscript
in preparation). However, in two of nine mCD3™ cases studied, TdT™ blasts
reacting with CyM1 were seen, suggesting the possibility of cytoplasmic
TCRY chain expression in the absence of TCRS chains (Coustan-Smith et al.
manuscript in preparation; Table 3). Unexpectedly, one of these cases also
expressed cytoplasmic TCRP chains (Coustan-Smith et al. manuscript
in preparation; Table 3). Within the mCD3" leukemias, none of the 23
TCRop* cases tested expressed cytoplasmic TCRS chains. The results
obtained with CyM1 were again surprising because two of the seven
TCRaB* T-ALLs also reacted with CyM1 MAb (Coustan-Smith et al.
manuscript in preparation; Table 3).

These observations revealed the occurrence of a promiscuous TCR
protein expression in T-ALL which is not seen during normal T-cell devel-
opment. The occurrence of such deviation from a normal developmental
program is also illustrated by the finding that one of the five TCRyd cases
examined had blasts with cytoplasmic TCRP chains (see above).

Rate of TCR Gene Expression in T-ALL

TCRP and -y genes are rearranged in the majority of T-ALLs; in most cases
TCRS genes are either rearranged or, due to the rearrangement of TCRa
genes, deleted (reviewed by Van Dongen and Wolvers-Tettero 1991). From
our studies a direct estimate of the efficiency of TCR gene expression can be
made. The comparative analysis between gene rearrangements and protein
expression demonstrates that rearrangements of the TCRa and TCRp genes
have the highest likelihood of resulting in protein expression: 7/8 (87.5%)
cases investigated with TCRa rearrangements, indicated by deletions of the

Table 3. Reactivity of CyM1 and TCRal with cytospins
of T-ALL blasts

TCR status CyM1 TCR61
mCD3"
BF1~, aF1~ 1/3% 020
BF1*, aF1~ 1/6 0/17
BF1~, aF1* - 0/1
BF1*, aF17* - 0/2
mCD3*
WT31" 217 021
TCR&1* 3/3 5/5

See also Coustan-Smith et al. manuscript in preparation.
2No. of cases in which TdT™ blasts labeled by the MAb
were seen (range 5%—99%)/no. of cases studied.



26 D. Campana et al.

TCRS loci, and 35/48 (72.9%) cases with TCRP gene rearrangements
had leukemic blasts expressing TCRa and TCRP proteins, respectively
(Campana et al. 1991; Coustan-Smith et al. manuscript in preparation;
Table 4). By contrast, only 7/19 (36.8%) cases with TCRy rearrangements
and 2/16 (12.5%) cases with TCRJ rearrangements had cells synthesizing
the corresponding protein (Campana et al. 1991; Coustan-Smith et al.
manuscript in preparation; Table 4). The lower rate of TCRy and TCR$
expression may be due to a higher incidence of incomplete or out-of-frame
rearrangement in these genes and/or to hypothetical control mechanisms for
TCR gene expression. The absence of TCRJ chains exclusively expressed in
the cytoplasm may also be due to a rapid degradation of these molecules
when they are not coupled to the TCRy chains. It is pertinent that the lack
of cytoplasmic TCR®S chains has also been reported in studies on murine
(Farr et al. 1990), avian (Bucy et al. 1990), and human thymocytes (Campana
et al. 1989).

Conclusions

Over 10 years ago the observation that approximately 25% of B-lineage
ALL cases, namely pre-B-ALL, had blasts expressing incomplete antigen
recognition structures (u heavy chains) in the cytoplasm was reported
(Vogler et al. 1978). The equivalent developmental stages in T-ALL have
now been described (Campana et al. 1991a,b). These appear to be more
complex than in the B lineage and cases with a variety of cytoplasmic TCR
chains can be found (Fig. 2). TCR receptor protein expression in T-ALL
either recapitulates patterns seen during normal development or appears
in aberrant combinations. Whether these aberrant patterns reflect the
derivation of the neoplastic process from extremely rare cells with such
phenotypes or are the consequence of the leukemic process is unknown. The
high recombinase activity of immature leukemic cells may justify the second

Table 4. Frequency of TCR gene expression in T-ALL

Gene No. of cases with No. of cases %
rearrangement?® with protein

TCRa® 8 7 87.5

TCRp 48 35 72.9

TCRy 19 7 36.8

TCRS 16 2 12.5

See also Campana et al. (1991) and Coustan-Smith et al.

(1992).

4 Cases with at least one allele rearranged.

®TCRa gene rearrangement indicated by the deletion of
TCRS genes.
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Fig. 2. TCR proteins are heterogeneously expressed in T-ALL. The figure illustrates
the different patterns of TCR expression that have been observed (see text and
Campana et al. 1991; Coustan-Smith et al. 1992)

possibility, by generating new rearrangements in the TCR loci during the
course of the disease.

T-ALL has been previously classified by comparing phenotypic features
of leukemic blasts with those seen in the normal thymus (Reinherz et al.
1980; Foon and Todd 1986; First MIC Cooperative Group 1986). The
formulation of several stages of development in T-ALL has resulted from
such a comparison. The expression of some membrane molecules has been
associated with a different clinical outcome. For example, lack of CD2
expression has been interpreted to indicate poor prognosis (Thiel et al.
1989). In other studies, membrane CD3 (Pui et al. 1990) or CD10 (Rivera et
al. 1991) has been taken as an indicator of poorer outcome. The inves-
tigation of TCR protein expression may provide a more accurate indication
of the maturation status of leukemic blasts. It is not yet known whether this
information may help to identify patients with different clinical outcomes;
studies addressing this question are in progress.
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Introduction

The immunological characterization of leukemic blast cells in terms of their
lineage commitment and differentiation stage has so far mainly been based
on the analysis of surface marker molecules. Mainly for technical reasons,
and this is particularly true for flow cytometric analyses, most investigators
avoided intracellular markers in their evaluation panel and restricted their
studies to easily accessible surface antigens. During the last several years
it has become evident, however, that the most reliable lineage markers,
already expressed very early in differentiation, are in fact localized within
the cytoplasm (reviewed in van Dongen et al. 1988a; Catovsky et al. 1991;
Knapp 1991).

The three best studied markers of that kind are cytoplasmic CD3 for the
T lineage (Campana et al. 1987; Rani et al. 1988; Van Dongen et al. 1988b;
Janossy et al. 1989), cytoplasmic CD22 for the B lineage (Dorken et al.
1986; Mason et al. 1987; Rani et al. 1988; Janossy et al. 1989) and cyto-
plasmic myeloperoxidase (MPO) for the granulomonocytic lineage (Van der
Schoot et al. 1987, 1990; Vainchenker et al. 1988; Catovsky et al. 1991).
The standard method for the demonstration of these antigens is immuno-
fluorescence or immunoenzyme staining of dried and fixed cytospin pre-
parations or smears. As shown in this communication, all three markers can
also be stained, however, with cells in suspensions and analyzed by flow
cytometry. This makes evaluation much easier and allows quantitative
analysis. It also facilitates multiparameter analyses, including the simul-
taneous demonstration of cytoplasmic MPO and lactoferrin (LF) for the
distinction between undifferentiated and mature cells of the granulocytic
lineage.
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Materials and Methods

Normal and Leukemic Hemopoietic Cells

Normal blood samples were obtained from healthy individuals. Normal
bone marrow was taken from aspirates for allogeneic or autologous bone
marrow transplantation. Leukemic cell samples were collected from newly
diagnosed patients before therapy.

Mononuclear cells (MNC) were isolated from bone marrow samples using
discontinuous Ficoll/Hypaque (Pharmacia, Uppsala) density gradient
centrifugation. Interphase cells were removed, washed in phosphate-
buffered saline (PBS) with 1% bovine serum albumin and 0.1% sodium
azide, and then resuspended at 107 cells/ml for further staining. Peripheral
blood samples were directly stained without prior isolation of leukocytes.

Antibodies

Fluorescein (FL) or phycoerythrin-R (PE) labeled monoclonal antibody
conjugates of the following specificities were used in that study: human
myeloperoxidase (clone H-43-5), human lactoferrin (clone 4C5), human
CD3 (clone UCHT1), CD22 (clone RFB4), CD13 (clone MY7), CD14
(clone MEM18), CD33 (clone MY9) and CD,,65 (clone VIM2). Apart from
MY7 and MY9 (Coulter, Hialeah, FL. USA) all antibody conjugates were
obtained from An der Grub (Scandic, Vienna, Austria).

Immunofluorescence Staining Procedures

Membrane Staining. For membrane staining 50pl isolated MNC (107/ml)
were incubated for 15min at 0°-4°C with 20pul conjugated monoclonal
antibody. Afterwards cells were washed and analyzed or submitted to
intracellular staining.

Intracellular Staining. For suspension stainings of intracellular antigens we
used the commercially available reagent combination Fix & Perm from An
der Grub (Scandic, Vienna, Austria) and followed the proposed procedure.
In short, cells are first fixed for 15 min at room temperature (50 pl cells plus
100pl formaldehyde-based fixation medium). After one washing with
phosphate-buffered saline (PBS) pH 7.2 cells are resuspended in 50 ul PBS
and mixed with 100 pl permeabilization medium plus 20 pl fluorochrome-
labeled antibody. After a further incubation for 15min at room tempera-
ture, cells are washed again and analyzed.
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Flow Cytometry

Flow cytometric analyses were performed with a FACScan flow cytometer
(Becton Dickinson Immunocytometry Systems, Mountain View, CA, USA).

Results and Discussion
Myeloperoxidase in Blood and Bone Marrow Cells

The cytochemical demonstration of myeloperoxidase activity is a classical
marker in leukemia diagnosis. In the French-American-British (FAB)
classification (Bennett et al. 1985), the presence of more than 3% MPO-
containing blasts is, in fact, considered as diagnostic of acute myeloid
leukemia (AML). Not infrequently, it is difficult, however, to demonstrate
MPO activity in blast cells with conventional light microscopy methods.
More sensitive techniques at the ultrastructural level have therefore been
proposed (Vainchenker et al. 1988). For routine application, these electron
microscopical methods are too work-intensive, however. An attractive
alternative has recently been described with the demonstration of MPO and
proforms of MPO in the cytoplasm of AML blasts using appropriate mono-
cloncal antibodies directed against MPO. Using conventional fluorescence
microscopy on cytospin preparations this method was found by van der
Schoot et al. (1987, 1990) to be the most sensitive assay available for the
identification of AML blasts. Similar observations have been made by others
(Vainchenker et al. 1988; Catovsky et al. 1991), and in our hands too the
immunological demonstration of cytoplasmic MPO turned out to be a
reliable and highly sensitive marker. Using the monoclonal anti-MPO
antibody H-43-5 (Murao et al. 1988) in indirect immunofluorescence
combined with conventional fluorescence microscopy we found 48 of
56 AML samples containing more than 90% blasts to be MPO™ (>20% of
blasts MPO™). On the basis of these observations and the above-mentioned
reports in the literature, we decided to go one step further and to establish a
suspension staining technique for MPO which would allow flow cytometric
single- and multiparameter analyses.

When starting this approach we were able to choose among a variety of
published procedures (Slaper-Cortenbach et al. 1988; Halldén et al. 1989;
Kastan et al. 1989; Andersson et al. 1989, 1990; Drach et al. 1989, 1991;
Gore et al. 1990; Larsen et al. 1991) for the permeabilization of cell mem-
branes to give antibodies access to intracellular antigens. Most of these
procedures deal with nuclear antigens often analyzed in lymphoid cells.
Only recently were studies reported on the demonstration of cytoplasmic
structures such as cytokines (Andersson 1989, 1990; Labalette-Houache
et al. 1991). We tried several of these procedures, and it quickly became
evident that cells had to be fixed before permeabilization in order to avoid
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leakage of MPO. We obtained the best results when fixing the cells with a
formaldehyde-based fixation medium and then adding fluorescein labeled
MPO antibodies together with permeabilization medium (Fig. 1). Details of
the procedure are given in ‘“‘Materials and Methods.”

Combined Staining for Myeloperoxidase and Lactoferrin

When evaluating MPO staining of bone marrow cells one has, of course, to
consider that the majority of cells in a normal bone marrow sample are
myeloid and, therefore, MPO™. In bone marrow samples of leukemia
patients, too, variable proportions of normal bone marrow cells, some of
them MPO™, must be expected. The vast majority of these residual normal
MPO™ cells are differentiated myeloid cells, however, and can, using
microscopy, be easily distinguished from MPO™ leukemic blast cells on the
basis of their morphology. In flow cytometry morphological information is
much more limited. Other ways must, therefore, be found which allow a
distinction between differentiated MPO™ granulomonocytic cells and
undifferentiated MPO™ cells.

One way to achieve that is combining MPO-staining with lactoferrin-
staining. Lactoferrin (LF), an iron-binding protein with bactericidal and
bacteriostatic activity, is restricted among hemopoietic cells to the matu-
ration compartment of the granulocytic lineage starting from the myelocyte
stage. Normal and malignant myeloblasts and promyelocytes are LF nega-
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Fig. 1A,B. FACS profile of fixed and permeabilized peripheral blood leukocytes
stained with fluorescein-labeled negative control antibody (A) or antimyeloperoxi-
dase (MPO) antibody (B). Note that side-scatter characteristics of granulocytes and
monocytes are maintained and that virtually all cells with scatter characteristics of
granulocytes or monocytes are MPO positive
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tive (Rado et al. 1984; Cramer et al. 1985; Srivastavar et al. 1991). Typical
staining patterns of bone marrow cells obtained with such an anti-MPO/
anti-LF conjugate combination can be seen in Fig. 2. As illustrated in
Fig. 2A, LF staining clearly divides the MPO™ population of a normal bone
marrow into two subsets. The LF*MPO™" subset represents the large
granulocytic maturation compartment, while the LF"MPO™ subset includes
LF"MPO™ myeloblasts, promyelocytes and LF"MPO™ monocytes. Fig. 2B
shows a typical MPO™ LF~ profile of AML cells.

The same anti-MPO/anti-LF conjugate combination can also be used for
the analysis of peripheral blood leukocytes. A typical staining pattern of
normal blood leukocytes with MPO*LF* granulocytes, MPO*LF~ mono-
cytes, and MPO™LF™ lymphocytes is shown in Fig. 3.

Combined Intracellular Staining for MPO/CD3 and MPO/CD?22

In the same way as described above for MPO and LF, staining for MPO can
also be combined with cytoplasmic marker molecules of the lymphoid
lineage. This allows simultaneous analysis of the most reliable lincage-
associated marker molecules of normal and malignant lymphoid progenitor
cells. In T cells CD3 can already be detected in the cytoplasm at the earliest
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Fig. 2A,B. Myeloperoxidase—lactoferrin double staining of A normal bone marrow
cell and B bone marrow cells from a patient with acute myeloid leukemia
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Fig. 3. Contour plot of myeloperoxidase—lactoferrin double-stained peripheral
blood leukocytes. As can be seen, neutrophils are MPO*LF*, monocytes are
MPO™'LF~, and lymphocytes are MPO"LF~

stages of T cell differentiation (Campana et al. 1987; Rani et al. 1988; Van
Dongen et al. 1988b; Janossy et al. 1989), while only mature T lymphocytes
express CD3 on their surface. In B cells CD22 is first expressed in the
cytoplasm, and virtually all acute lymphatic leukemias of B-progenitor cell
type are cytoplasmic CD22 positive (Dorken et al. 1986; Mason et al. 1987;
Rani et al. 1988; Janossy et al. 1989). Only later in B-cell differentiation at
the mature B-lymphocyte stage does CD22 also become surface expressed.

We therefore combined phycoerythrin-conjugated CD3 or CD22 anti-
bodies with fluorescein-conjugated MPO antibodies and stained bone
marrow samples essentially as described above for MPO/LF stainings.
Typical FACS profiles obtained after such stainings are shown in Fig. 4. As
can be seen, even the notoriously weak cytoplasmic CD22 expression in
ALL cells can be clearly demonstrated with that procedure.

Combined Surface and Cytoplasmic Stainings of Myeloid Cells

The availability of a staining procedure which labels all myeloid cells
containing the classical granulomonocytic marker molecule MPO opens up
for the first time the possibility to directly relate the expression of myeloid
surface antigens on bone marrow cells to cytoplasmic MPO expression. In
such experiments cell samples are first stained for surface antigens in a
standard way using PE-labeled antibodies. Cells are then washed, fixed, and
permeabilized as described in “Materials and Methods” and counterstained
with fluorescein-labeled anti-MPO antibodies. The results of such double-
stainings of four normal bone marrow samples using the antibody com-
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Fig. 4. FACS profiles of bone marrow samples doublestained for intracellular
MPO/CD3 or MPO/CD22
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Percent MPO positive cells reactive

Fig. 5. Coexpression of surface CD14, CD33, CD13, and CD,65 (VIM2) by
myeloperoxidase-positive bone marrow cells

binations MPO/CD14, MPO/CD33, MPO/CD13, MPO/CD,,65 are shown in
Fig. 5.

Conclusion

We have showed that suspension staining and flow cytometric analysis of
intracellular MPO in bone marrow and blood cells is possible and easy to
perform. Both fluorescein-labeled and also larger PE-labeled antibody
conjugates can be used. Intracellular MPO staining can be combined with
intracellular LF staining, thus allowing distinction of myeloid progenitors
from more mature granulocytic cells. Intracellular MPO staining can also be
combined with staining for intracellular CD3 or CD22 or with membrane
staining for myeloid surface molecules.
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Introduction

The majority of acute leukaemia (AL) cases can be classified as myeloid or
lymphoid on the basis of light microscopic morphology, cytochemistry and
immunophenotyping by analysing the membrane expression of myeloid and
B- and T-lymphoid antigens recognized by lineage-specific monoclonal
antibodies (MoAbs) (Chan et al. 1985). Membrane marker analysis was first
shown to be essential to characterize acute lymphoblastic leukaemia (ALL)
(Greaves et al. 1981), and subsequently this was also possible for acute
myeloid leukaemia (AML), particularly in cases with poorly differentiated
myeloblasts or those arising from megakaryocytic and erythroid precursors.
Despite these advances, the lineage of the leukaemic blasts may still remain
uncertain in a minority of AL cases. This is due to the lack of membrane
expression of some lymphoid and myeloid antigens or to the expression of a
constellation of lymphoid and myeloid antigens on the same cells. Such AL
cases are usually of one of two types: (1) undifferentiated AL and (2)
biphenotypic or mixed-lineage AL (Campana et al. 1990; Asou et al. 1991;
Catovsky et al. 1991).

In the last few years, it has become apparent that at least a proportion of
the unclassifiable AL cases can be accurately classified by analysing the
cytoplasmic expression of early B, T and myeloid antigens such as CD22,
CD3, CD13 and anti-myeloperoxidase (MPO) (Janossy et al. 1989; Van
Donghen et al. 1988; Pombo de Oliveira et al. 1988; Buccheri et al. 1992).
The problem still exists in the precise classification of AL with biphenotypic
features. Furthermore, the lack of a uniform terminology to define such
leukaemias has made it difficult to establish whether they have distinct
clinical and biological features.

We have analysed the main features of a group of AL unclassifiable
by light microscopy examination and standard immunophenotyping by
flow cytometry analysis. By investigating the cytoplasmic expression of a
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number of antigens and applying strict criteria to define biphenotypic cases
(Catovsky et al. 1991), we demonstrate that one third of unclassifiable AL
are in fact proliferations of poorly differentiated myeloblasts. (MO AML)
(Bennett et al. 1991; Matutes et al. 1988) and the remaining ones are
biphenotypic AL.

Material and Methods

Samples. Peripheral blood and/or bone marrow samples from 180 patients
with AL have been analysed. All the specimens contained over 50% blasts
and usually more than 80%. Cases were classified as ALL or AML accord-
ing to the French— American—British (FAB) criteria (Bennett et al. 1985) by
examining May—Griinwald—Giemsa-stained blood and bone marrow films
and the cytochemical reactions for myeloperoxidase (MPO), Sudan Black B
(SBB) and a-naphthylacetate esterase (ANAE).

Immunophenotyping. This was performed on Lymphoprep (Nycomed,
Oslo, Norway) isolated blood and/or bone marrow mononuclear cells by
immunofluorescence and/or immunocytochemistry with a panel of anti-
lymphoid and myeloid MoAbs, as described elsewhere (Buccheri et al.
1992). The immunofluorescence method was performed on unfixed cells in
suspension by an indirect technique using a fluorescein isothiocyanate-
conjugated (FITC) goat anti-mouse immunoglobulin (Ig) F (ab), fragment
as second layer and results were analysed on a FACScan flow cytometer
(Becton-Dickinson). In some cases, double labelling with two different
MoAbs was performed by a direct immunofluorescence method using FITC
and phycoerythrin (PE) directly conjugated to the MoAb. Control prep-
arations were performed in all the cases by replacing the MoAb with a
mouse immunoglobulin of the same isotype and/or incubating the cells with
the second layer only. Special attention was paid to non-specific binding of
MoADb to the Fc receptors. To avoid this, 2% pooled human AB serum was
added to the buffer used in all the washes and prior incubation with the
antibodies.

The cytoplasmic expression of the antigens recognized by the MoAb
(CD3, CD22, CD13 and anti-MPO) was investigated by the immunoalkaline
phosphatase anti-alkaline phosphatase (APAAP) technique on cytospin
slides or peripheral blood and/or bone marrow smears as previously de-
scribed (Cordell et al. 1984). Briefly, the slides were fixed for 10 min in
acetone, air-dried and incubated with the MoAb at adequate dilution for
30min at room temperature. Following a 30-min incubation with a rabbit
antimouse immunoglobulin (Dakopatts) (1/20) and a 45-min incubation
with the APAAP complexes (Dakopatts) (1/60), the reaction was devel-
oped with the solution naphthol AS-MX phosphate (Sigma), levamisole,
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dimethylformamide (Merck) and fast red TR salt (Sigma). The slides
were counterstained with haematoloxylin-S and mounted with glycergel
(Dakoppatts). The cell reactivity with a MoAb was seen as a red cyto-
plasmic deposit and allowed us to assess in detail the morphology of the
cells. The nuclear enzyme terminal deoxynucleotidyl transferase (TdT) was
also investigated by the APAAP technique with a rabbit polyclonal antibody
against calf TdT (Sera-Lab); following the incubation with the anti-TdT, an
extra-step incubation with a mouse anti-rabbit immunoglobulin was required
and, subsequently, the reaction was carried out as described above.

A marker was considered to be positive when over 20% of cells labelled
with the MoAb by FACS analysis or over 10% of blasts were positive by
immunocytochemistry.

Electron Microscopy. Ultrastructural studies were performed by fixing the
cells in 3% glutaraldehyde in 0.1 M phosphate buffer (pH 7.6) for 90 min.
Post-fixation, dehydration and embedding were performed as described
elsewhere (Matutes and Robinson 1991). The MPO activity was investigated
on fixed cells following the Graham and Karnovsky method (1966) or on
unfixed cells according to the Roels technique (Roels et al. 1975). In some
cases, immunoelectronmicroscopy studies were carried out by applying the
immunogold method in combination with the cytochemical reaction for
peroxidase (Matutes and Robinson 1991).

Molecular Analysis. This was performed by Southern blot on high mole-
cular weight DNA extracted from the leukaemic cells by using standard
techniques and digested with the restriction enzymes EcoRIl, HindIII
and BamHI (Bethesda Research, USA). The DNA probes used were:
2.5-kilobase (kb) EcoRI/BgllI fragment for the immunoglobulin heavy chain
joining (Jy) region, 0.7-kb EcoRI/HindIIl fragment isolated from the
constant region of the T-cell receptor (TCR) B chain (TCR-Cp1), 700-bp
EcoRI1/HindIIl fragment from the clone M13H60 to detect TCR y re-
arrangement, the TCR Js; probe (J& S16) that detects V-D-J5; rearrange-
ments, and the TCR C;/Js; probe from the clone R21EE which detects
rearrangement of the Js; of the TCR 8 chain.

Results

Out of 180 AL cases, 20 were unclassifiable by light microscopy morphology
and cytochemistry and flow cytometry analysis on cell suspensions. Follow-
ing cytoplasmic staining with myeloid- and lymphoid-associated antigens and
electron microscope cytochemistry to detect MPO, these cases could be
divided into two groups: (1) myeloblastic leukaemia with minimal differ-
entiation (AML-MO), and (2) acute leukaemia with biphenotypic features.



44 E. Matutes et al.
Myeloblastic Leukaemia with Minimal Differentiation (AML-M0)

This group included six patients. All but one were adults, with a median
age of 59 years (range 36-85); the remaining patient was a 23-month-old
infant. Morphologically, the blasts were either undifferentiated or lymphoid
looking and were negative with all the cytochemical reactions performed by
light microscopy (MPO, SBB and ANAE). As shown in Table 1, blasts from
all cases expressed at least one myeloid antigen, shown by the reactivity with
CD13 and/or CD33. Membrane expression of CD13 was absent in two of
these cases, but in one of them (case 1) a significant proportion of blasts was
positive for cytoplasmic CD13. In addition, a minority of blasts from four
patients was reactive with anti-MPO despite being negative for MPO by
light microscopy cytochemistry. Class II HLA-DR determinants were
strongly expressed in all cases, CD34 was positive in three cases, and a
proportion of blasts (36% and 86%) in two cases were TdT*. B- and
T-lymphoid associated antigens were negative in all but one case (6) in
which 97% of blasts were CD7". MoAbs against erythroid and mega-
karyocytic precursors were negative in all cases.

Peroxidase activity could be demonstrated at electron microscopic level
in all three cases of AML MO investigated. The reaction product was
often localized to the nuclear membrane, endoplasmic reticulum and small
cytoplasmic granules. Samples from three cases were investigated at a
molecular level and in all three the immunoglobulin JH and the TCRp, y
and & chain genes were shown to be in germline configuration.

Acute Leukaemia with Biphenotypic Features

This corresponded to 14 cases difficult to classify by standard methods
because of the coexpression on the same cells of myeloid and lymphoid

Table 1. Findings in six cases of M0 acute myeloid leukaemia

Case no. CD 13 (%) CD 33 (%) Anti-MPO (%) MPO (EM) (%)

1 402 ND 4 ND
2 95 83 1 ND
3 1? 2 6 ND
4 20 55 0 32
5 88 31 3 6
6 97 98 5 7

All cases were negative for MPO by light microscopy and lacked B- and T-lymphoid
markers, except TdT, which was positive in cases 3 and 5, and CD7, which was
positive in case 6. Immunoglobulin JH and TCR chain genes were in germline
configuration in cases 1, 5 and 6.

EM, electron microscopy; ND, not done.

2 Cytoplasmic expression.
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antigens and consistent with the criteria adopted for the definition of
biphenotypic AL (Table 2). These patients included nine males and five
females, all of whom were adults, with a median age of 33 years (range
13-80), except for an 8-year-old child.

Biphenotypic “ALL”. In five of the 14 cases, the blasts were cytochemically
negative for MPO, SBB and ANAE and had lymphoid morphology. The
phenotype was consistent with common ALL: TdT™, CD10*, cytoplasmic
chain negative; cells from four cases were CD19" and in three out of four
tested the cells expressed cytoplasmic CD22 (Table 3). In addition to the
lymphoid markers, these leukaemias had a number of myeloid features
(Table 3). A high proportion of blasts from these five cases were CD13™;
the cells were CD33" in three cases and the MoAb anti-MPO was positive
in a minority of blasts from two of them. Double labelling staining using
FITC-CD13 or FITC-CD33 and PE-CD10 or PE-CD19 showed, in all
three cases investigated (nos. 8-10), a single cell population (20%—-85%)
expressing the lymphoid and myeloid antigens.

Electron microscope studies confirmed myeloid features in a minority
of blasts by showing peroxidase activity. Analysis of the simultaneous
expression of myeloid and lymphoid antigens with peroxidase activity by
immunoelectronmicroscopy revealed that in all these four cases the CD19*
and/or CD10" blasts always lacked peroxidase activity, despite of the
coexpression of myeloid and lymphoid antigens by FACS analysis.

Molecular studies carried out in three samples (cases 7,9,10) showed
rearrangement of the immunoglobulin JH chain in the three of them; in case
7, the TCRp chain gene was rearranged and the TCRS chain gene was
deleted, whereas in case 9 rearrangements of the TCR y and 6 chain genes
were demonstrated.

Table 2. Scoring system for the diagnosis of biphenotypic acute leukaecmia

Scoring Lineage
points
B-lymphoid T-lymphoid Myeloid
2 cCD22 cCD3 MPO?
CD19 CD2 CD13
CD10 CD5 CD33
0.5 TdT TdT CD14, CD15

CD7 CD11b, CD11c¢

Biphenotypic AL is defined when the score from two separate lineages is greater
than 2. Modified (simplified) from our earlier proposal (Catovsky et al. 1991) by not
including the information on gene rearrangements as part of the score.

¢, cytoplasmiic.

#MPO demonstrated by cytochemical or immunocytochemical methods.
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Biphenotypic “AML”. Blasts from nine cases were classified as AML
according to FAB criteria (M1 or M2 AML), with a varying proportion
(4% —85%) of MPO- and/or SBB-positive blasts in eight cases; in case 15,
the blasts were MPO negative but showed otherwise marked myeloid
differentiation and was classified as AML M2. Immunological markers
showed that five cases had a B-lymphoid plus a myeloid phenotype (cases
12-16) and the other four had a T-lymphoid plus myeloid markers (cases
17-20) (Table 4). In addition to the morphological and cytochemical
features consistent with AML, all but three cases expressed at least two
myeloid antigens recognized by the MoAbs for CD13 and CD33, and anti-
MPO was positive in five of six cases tested. Thus, the score points for the
myeloid lineage were 3 or more in all these cases. Cells from four cases with
B-lymphoid markers were CD19%, three cases were CD10" and four were
also cytoplasmic CD22*. Cells from all four cases with T-lymphoid markers
were CD2* and in three of them a minority of blasts was also cytoplasmic
CD3"; the MoAb for CD7 was positive in three and the one for CD10 was
positive in two cases. All these “AML” cases scored between 2.5 and 4.5
points for the B- and T-lymphoid lineages. A varying proportion of blasts
from nine cases were TdT™, all were class I HLA-DR™, and in five out of
the nine the cells were CD34". Double labelling with FITC-CD13 and
PE-CD19 and/or PE-CD10 was performed in three cases (12, 13, 15) and
with FITC-CD13 or FITC-CD33 and PE-CD?2 in case 17; in all four cases,
a single population of blasts (14% —85%) coexpressing the myeloid and
lymphoid antigens could be identified.

Ultrastructural studies demonstrated MPO activity in all six cases in-
vestigated, including case 15 which was MPO negative by light microscopy.
The immunogold method showed that in cases 12 and 17 a proportion of
blasts that expressed CD19 or CD2, respectively, displayed peroxidase
activity, whereas in cases 13 and 15 the MPO™ blasts did not show reactivity
with the anti-lymphoid MoAb; thus these two features were present in
different cell populations.

Molecular analysis was carried out in seven cases of biphenotypic AL. In
four (nos. 14, 15, 17, 20), the immunoglobulin JH and TCRp, y and & chain
genes were in germline configuration. Regarding the remaining three cases,
the immunoglobulin JH chain was rearranged in two (nos. 13, 19) and
deleted in one (no. 12). Two of these three cases had the TCRS chain gene
deleted (nos. 12, 13) and in the other (no. 19) this gene was rearranged; the
TCRP gene was rearranged in one of these three cases and the TCRy gene
in another.

Discussion

In this study we have examined in detail the cellular features of 20 AL
cases which were unclassifiable according to membrane markers and light
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microscopy cytochemistry. Most of these patients were adults and they
represented 10.5% of a series of 180 AL cases studied over the last 2 years.
Our findings demonstrate that within the unclassifiable AL, two scenarios
are possible: (1) cases in which the cells display only features characteristic
of early myeloid progenitor cells and which may thus be considered
as poorly differentiated AML or AML MO (Bennett et al. 1991; Matutes
et al. 1988; Lee et al. 1987); and (2) those cases in which the blasts have
features of lymphoid and myeloid cells and for this reason are designated
biphenotypic AL.

In the former group, the pure myeloid commitment of the blast cells is
demonstrated by: (a) the cytoplasmic and/or membrane expression of
myeloid-associated antigens; (b) the presence of MPO activity, shown only
by immunocytochemistry with a MoAb that detects the active form of the
MPO and the inactive form or properoxidase (Van der Schoot et al. 1987;
Buccheri et al. 1992) and/or by ultrastructural cytochemistry using sensitive
techniques, e.g. the Roels method on unfixed cells; and (c) the absence of
specific lymphoid markers. The enzyme MPO is considered to be highly
specific and the hallmark for the myeloid lineage and it is therefore apparent
that these cases represent proliferations of early myeloblasts and should be
defined as AML MO with minimal differentiation (Bennett et al. 1991).
Further support comes from the lack in these cells of DNA features associ-
ated with lymphoid differentiation, as shown in all three cases studied
in which the immunoglobulin JH and TCR chain genes were in germline
configuration.

The detection of MPO is important as the expression of myeloid anti-
gens recognized by the MoAbs for CD13 and CD33 has been reported in
“apparently” bona fide ALL which for this reason is referred to as My*
ALL (Sobol et al. 1987; Davey et al. 1988; Childs et al. 1989; review by
Drexler et al. 1991). In most of these studies, application of more sensitive
techniques (anti-MPO and ultrastructural cytochemistry) to investigate
further myeloid differentiation was not carried out and thus it is possible
that some of these cases may well corresponded to AML MO and/or
biphenotypic AL. Indeed, in the series reported by Sobol et al. (1987) seven
cases (23%) had a pure myeloid phenotype with no expression of lymphoid
antigens; and few cases referred to by Davey et al. (1988) were SBB™*, and
in one of them Auer rods were present. Furthermore, one of the My™
ALL cases reported by Childs et al. (1989) relapsed as AML with similar
cytogenetics and immunoglobulin JH rearrangements at presentation and at
relapse, suggesting that it represented a stem-cell or biphenotypic leukaemia
rather than an ALL with aberrant expression of one or two myeloid markers.

The recognition of poorly differentiated myeloid leukaemia or MO AML
had been possible in the past by using sensitive methods at the electron
microscopic level to demonstrate MPO activity (Lee et al. 1987; Matutes
et al. 1988; LeMaistre et al. 1988). In our experience it is now possible
to detect most of these cases, which are characteristically negative for



50 E. Matutes et al.

lymphoid markers, by a combination of reliable myeloid markers like CD13
and CD33 in addition to the MoAb against the enzyme MPO (Buccheri
et al. 1992). To this end, the cytoplasmic detection of myeloid antigens in
fixed cells, particularly CD13 and anti-MPO, appears to be highly sensitive
and thus this approach should be systematically carried out to clarify the
nature of cases with otherwise unclassifiable AL by standard flow cytometry
immunophenotyping (Pombo de Oliveira et al. 1988; Buccheri et al. 1992;
Campana et al. 1990). In some studies referring to undifferentiated AL
(Asou et al. 1991), the cytoplasmic expression of myeloid antigens has not
been investigated and therefore the posibility that some such cases are
examples of AML MO cannot be ruled out.

Another issue concerns cases in which the blast cells have a complex
composite phenotype which makes them difficult to classify as ALL or
AML, and for that reason they have been designated as biphenotypic or
mixed-lineage AL. The lack of a uniform terminology to describe such
cases is one of the problems for a better understanding of the clinical and
biological significance of what we believe corresponds to a distinct entity.
Thus, in terms of a definition, the number of myeloid and lymphoid features
as well as the degree of specificity for the myeloid and lymphoid lineage of a
particular marker should be considered. In an attempt to unify the descrip-
tion of such cases, we have recently proposed a scoring system to define
cases of truly biphenotypic AL. This analysis is aimed at distinguishing
these cases from those which may be better considered as AML or ALL
with unusual or aberrant expression of a marker from the other lineage
(Catovsky et al. 1991). This scoring system to qualify biphenotypic AL is
illustrated in Table 2 and has been slightly modified. All but two cases
examined in this study fulfil the criteria proposed, and thus scored over
2 and usually over 3 points. The information obtained from DNA analysis
was initially considered for the definition (Catovsky et al. 1991). However,
it has become apparent that high scoring is possible without this informa-
tion, and for this reason we do not consider this approach essential to define
biphenotypic AL. It is of interest that in all four cases classified as bipheno-
typic AL with “lymphoid” morphology, we could demonstrate MPO activity
in a minority of blasts by electron microscopy, thus confirming the myeloid
commitment of at least a proportion of the leukaemic cells; however, in
none of these cases could we show the coexistence of MPO™, lymphoid
antigen-positive blasts when examined by electron microscopy using the
immunogold method. This is in contrast to findings for biphenotypic AL
with “myeloid” morphology, where in half (two out of four) of the cases
studied such coexpression was documented. At present, we do not know the
significance of these findings or whether cases of biphenotypic AL with
“lymphoid” and “myeloid” morphology correspond to two different sub-
groups with different features.

We have examined whether, in our AML cases with high scores for
lymphoid antigens designated as biphenotypic AL, there is a correlation
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with the rearrangement of lymphoid functional genes (immunoglobulin H
chain and TCR). This work is still in progress, but preliminary findings
suggest that there is a higher incidence of H chain and/or TCR rearrange-
ment in biphenotypic AL (here in three of seven cases). It will be important
to extend this work and test our proposed scoring system to see if it may
help in disclosing whether these AL cases have distinct biological features
(e.g., chromosome translocations) or clinical outcomes and thus in the
design of therapeutic strategies.
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Introduction

Acute leukemias are traditionally classified according to their morphological
and cytochemical features, being named according to the assumed normal
counterparts which they most closely resemble. However, the concordance
rate among investigators on the morphological distinction between acute
lymphoblastic leukemia (ALL) and acute myeloblastic leukemia (AML) has
been found to range from 70%-98% (S.L. Lee et al. 1962; Brincker and
Jensen 1972; Viana et al. 1980; Head et al. 1985; Browman et al. 1986).
Furthermore, some acute leukemia cases lack features that are currently
recognized as diagnostic of ALL or AML within the morphological FAB
schema. In several studies, 2%-10% of the cases were defined as mor-
phologically “unclassifiable” (Foon et al. 1979; Mertelsmann et al. 1980;
Youness et al. 1980; Bennett et al. 1985; E.L. Lee et al. 1987).

With the availability of heterologous antisera and more recently mono-
clonal antibodies to differentiation antigens, the diagnostic precision has
increased (Drexler and Scott 1989). As early as 1980 the lineage association
of acute leukemia cases could be established in 92% of cases (Janossy et al.
1980); the reliable classification with immunodiagnostic methods has then
increased to over 99% (Chan et al. 1985; Chen et al. 1986; Drexler et al.
1986; Herrmann et al. 1986; Janossy et al. 1989); even the lineage affiliation
of leukemias with unique aberrant features can now be routinely assessed
(Janossy et al. 1989; Campana et al. 1990).

Immunophenotyping has also documented the existence of acute leukemia
cases in which the blasts express markers supposedly specific for, or pre-
dominantly associated with, another cell lineage (Ben-Bassat and Gale
1984; Stass and Mirro 1985, 1986; Greaves et al. 1986; Gale and Ben-Bassat
1987; Mirro et al. 1987; Hoffbrand et al. 1988; Mirro and Kitchingman 1989;
Maitreyan and Gale 1989; Altman 1990; Paietta 1990; Schiffer 1990).
Descriptively a variety of terms have been used to refer to these acute
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leukemias, including hybrid, biphenotypic, bilineal, biclonal, simultaneous,
metachronous, synchronous, chimeric, and mixed. It appears that the most
widely used and relatively well-defined terms are ‘“‘acute mixed-lineage
leukemia” and ‘hybrid acute leukemia” (Ben-Bassat and Gale 1984; Mirro
et al. 1985; Gale and Ben-Bassat 1987).

The best-studied example is positivity of ALL blast cells for cell surface
markers regarded as being exclusively associated with the myeloid lineage
(mostly referred to as My* ALL). However, the expression of myeloid
antigens alone is not sufficient to classify these malignancies as hybrid acute
leukemia (Gale and Ben-Bassat 1987). While originally ALL cases staining
with only one myeloid marker were included into the category acute mixed-
lineage leukemia (Mirro et al. 1985), the revised, more stringent criteria
excluded these leukemias from the proposed system (Mirro and Kitchingman
1989). Consequently, it was suggested that such cases be described as
“lymphoid leukemias with myeloid-associated antigen expression’” (Mirro
and Kitchingman 1989). The myeloid antigen-associated monoclonal anti-
bodies used for the detection of My* ALL are listed in Table 1.

Incidence of My* ALL

The frequency with which My-positivity occurs among ALL cases ranges
from 5% to nearly 50% as reported in 14 studies (without corrections for
obvious misinterpretations), an average of 12% (465 out of 3817; Fig. 1).
Fewer reports on My* ALL have provided details with regard to children
versus adults, T- versus B-lineage ALL, positivity for various CD groups,
and prognostic impact.

Table 1. Myeloid lineage-associated CD groups and
individual monoclonal antibodies

CD group Antibodies used

CD13 MY7, MCS-2, WM54

CD14 MY4, Leu-M3, CRIS-6

CD15 MY1, Leu-M1, VIM-D5, 1G10
CD33 MY9, L4F3, WM15

CD,65 VIM-2

This is not a complete list of all myeloid-associated CD
groups but includes only the most commonly used and
most strongly lineage-associated CD groups (see also
Fig. 4). CD11b (e.g., OKM-1, Mol) does not qualify as a
“myeloidassociated cluster” in the context of Myt ALL
(see text).
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Fig. 1. Incidences of myeloid antigen-positive ALL cases (children and adults).
Shown are the percentages of My* ALL cases in 14 large series totaling 3817 ALL
cases. Figures are not corrected for obvious inconsistencies, e.g., CD11b* ALL,
AML MO cases, etc. In some studies children and adult ALL cases were not
differentiated (for more detailed studies on childhood and adult My™ ALL, see Fig.
2,3). References: Weiner et al. 1985; Ross et al. 1990; Bradstock et al. 1989;
Dinndorf et al. 1986; Chen et al. 1988; Ludwig et al. 1989a, 1990, and unpublished
results; Campana et al. 1990; Urbano-Ispizua et al. 1990; Pui et al. 1989; Tien et al.
1990; Wiersma et al. 1991; Sobol et al. 1987; Huh et al. 1990; Guyotat et al. 1990

Children. In seven studies of childhood ALL involving 2424 patients, 8% of
the cases were labeled by myeloid-associated monoclonal antibodies (range
5%—-22%; Fig. 2). However, most series reported incidences in the rather
narrow range of 7%—11%. ALL in infants (<1 year of age) was associated
with a significantly higher frequency of myeloid antigen coexpression: in the
two largest series 19/43 (44%) infant ALL cases were My* (Katz et al. 1988;
Ludwig et al. 1989b).

Adults. Markedly diverging results were found in adult ALL with regard
to positivity for myeloid antigen expression (Fig. 3). While three studies
reported an incidence of 13%-15% My* ALL cases, three other reports
described the significantly higher frequencies of 33%-46%. However, it
should be pointed out that in the latter three studies and in the childhood
series of Wiersma et al. (1991) (see above) the initial diagnosis of ALL was
based strictly on the light microscopic appearance and cytochemical stains of
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Fig. 2. Incidences of myeloid antigen-positive cases of childhood ALL in seven large
series totaling 2424 cases (percent positive cases). The following myeloid-associated
monoclonal antibodies were used: Weiner et al. (1985), CD15; Campana et al.
(1990), CD13, CD33; Ludwig et al. (1991), CD13, CD33, CDw65; Dinndorf et al.
(1986), CD15, CD33; Pui et al. (1989), CD13, CD14, CD15, CD33; Urbano-Ispizua
et al. (1990), CD13, CD14, CD33; Wiersma et al. (1991), CD13, CD14, CD33. The
My* ALL cases originally included in the article which were only positive for
CD11b, CD,,12 or CD36 are omitted from Pui et al. (1989)

the blast cells (Sobol et al. 1987; Childs et al. 1989; Guyotat et al. 1990).
This led to the curious situation where cases lacking T- and B-cell-associated
surface markers and carrying germline configurations for T-cell receptor and
immunoglobulin genes were classified as ALL and termed “pure myeloid
phenotype ALL” (Sobol et al. 1987; Childs et al. 1989).

Morphological Classification. It appears that morphology of the blast cells
cannot be regarded as an independent variable and a reliable indicator for
determining leukemic cell lineage and may, in fact, be misleading (Mirro
and Kitchingman 1989). In view of the wide acceptance of the need for a
multiparameter approach using various diagnostic criteria in addition to
morphology, it does not seem advisable to rely on morphology as the sole
criterion for leukemia diagnosis (Paietta 1990).

Some “ALL cases” lacking T- or B-cell surface markers but expressing
myeloid antigens cannot be identified with the use of conventional FAB
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Fig. 3. Incidences of myeloid antigen-positive cases of adult ALL in seven large
series totaling 887 cases (percent positive cases). The following myeloid-associated
monoclonal antibodies were used: Ross et al. (1990), CD13, CD33; Campana et al.
(1990), CD13, CD33; Urbano-Ispizua et al. (1990), CD13, CD14, CD33; Ludwig et
al. (1991), CD13, CD33, CD,65; Sobol et al. (1987), CD13, CD33; Childs et al.
(1989), CD13, CD14, CD15; Guyotat et al. (1990), CD13, CD14, CD15, CD33

myeloid scheme parameters. These cases, apparently representing 2% —5%
of all morphologically classified ALL cases (Garand et al. 1989), appear to
be mostly proliferations of early myeloblasts which can only be recognized
by immunological and ultrastructural methods (Kita et al. 1985; Matutes
et al. 1988; Vainchenker et al. 1988). To this end the new category AML
MO for this early myeloblastic leukemia with immature morphology (mostly
resembling L2) has been introduced into the FAB classification (Catovsky
et al. 1991).

Reactivity of Different CD Monoclonal Antibodies. The most commonly
studied monoclonal antibodies in the analysis of My" ALL cases belong to
the CD13, CD14, CD15, CD33, and CD65 groups. Figure 4 illustrates the
reactivity of individual anti-myeloid monoclonal antibodies combined for
each CD group with leukemic cells from patients with ALL. Commonly a
case is considered to be positive if 20%—-30% or more of the blast cell
population were labeled by the respective antibody. No significant differ-
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ences were found between the CD13, CD14, CD15, CD33, and CD,065
reactivity percentages (Fig. 4). These results, accumulated from 11 studies
from 1987 to 1990, are nearly identical to previously reviewed data on My
positivity of ALL cases (Drexler 1987).

Other anti-myeloid monoclonal antibodies assigned to groups CD11b,
CD,12, CD36 and others have been used to characterize the expression of
myeloid-associated antigens on ALL cells (Bradstock et al. 1989; Childs
et al. 1989; Pui et al. 1989). CD11b expression, though, is not exclusively
confined to the myeloid lineage. CD11b is found on a proportion of lym-
phocytes including natural killer cells (Yamada et al. 1985). Therefore, it is
not adequate to include CD11b reagents in the analysis of myeloid antigen
expression of ALL cells. CD15 monoclonal antibodies detect the carbo-
hydrate X-hapten which is present on ALL cells in a cryptic form but can be
easily exposed by desialylation (Stockinger et al. 1984). It has been ques-
tioned whether CD15 expression can be regarded as evidence for myeloid
lineage association (Greaves et al. 1986; Mirro et al. 1987).

T-Versus B-Lineage ALL. B-lineage ALL cases demonstrated a higher
incidence of positivity for myeloid antigens than T-lineage ALL (on average
12% versus 8%), in children as well as in adults (Fig. 5) (Bradstock et al.

Fig. 4. Expression of myeloid-associated antigens on My* ALL detailed for the five
different CD groups (percent positive cases). Data from 1987-1990 are compiled
from the above studies totaling 3167 ALL cases. Previous data from 1981-1986 were
summarized in Drexler (1986)
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Fig. 5. Incidences of myeloid antigen-positive cases of B- and T-lineage ALL
(percent positive cases). The following myeloid-associated monoclonal antibodies
were used: Wiersma et al. (1991), CD13, CD14, CD33; Campana et al. (1990),
CD13, CD33; Ludwig et al. (1991), CD13, CD33, CDy65; Bradstock et al. (1989),
CD13, CD33. n.d., not described

1989; Campana et al. 1990; W.D. Ludwig et al., unpublished results;
Wiersma et al. 1991).

CD34%, My* ALL. The surface glycoprotein CD34 (e.g., detected by
monoclonal antibody MY10) is expressed in normal human hematopoiesis
only on progenitor cells (Strauss et al. 1986). Three studies noted a positive
correlation between CD34 and myeloid antigen expression on ALL cells.
High percentages of My" ALL cases were also CD34" (66%—-93%) and
30% of CD34% ALL cases were My* (Vaughan et al. 1988; Borowitz et al.
1990; Guyotat et al. 1990). These data, which require independent con-
firmation, were interpreted as follows: ALL involving transformation of a
pluripotent stem cell which undergoes limited differentiation after trans-
formation is relatively common (Vaughan et al. 1988).

Chromosomal Aberrations. A nonrandom association of specific chromo-
somal abnormalities with the development of hybrid acute leukemia, acute
mixed-lineage leukemia and My* ALL has become apparent (Paietta 1990;
Pui et al. 1990). Translocations between chromosomes 4 and 11 were
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recognized as non-randomly associated with hybrid acute leukemia and
acute mixed-lineage leukemia (Mirro et al. 1986; Gale and Ben-Bassat 1987,
Mirro et al. 1987; Altman 1990). In particular, a correlation between My™
ALL and translocations involving 11q23 was reported (Childs et al. 1989;
Ludwig et al. 1989b; Guyotat et al. 1990; Hayashi et al. 1990a). Trans-
locations involving 1432 (Hayashi et al. 1990b; Paietta 1990) and t(9;22)
(Chen et al. 1988; Childs et al. 1990; Guyotat et al. 1990) appear to be
further non-random chromosome abnormalities in My* ALL.

Prognostic Relevance of My* ALL

Initially it was thought that cases of hybrid acute leukemia and acute mixed-
lineage leukemia comprised a high-risk group with generally poor prognosis
(Stass and Mirro 1986; Hoffbrand et al. 1988; Schiffer 1990). However,
when My* ALL was interpreted as a distinct entity and when the treatment
results of My " ALL cases were analyzed separately for children and adults, a
different picture emerged (Table 2).

It is difficult to compare the various studies as these included single
institution as well as multicenter trials, used different treatment protocols,
and measured different outcome parameters. A further study did not report
the data separately for children and adults, and patients were treated with
several protocols; however, the treatment outcomes of My* ALL cases in
that study were not different from those anticipated in My~ ALL patients
(Bradstock et al. 1989).

Children. In a series of more than 800 pediatric ALL cases, children with
non-T ALL expressing myeloid-associated antigens had an apparently lower
complete remission rate when treated with standard induction therapy
(Weiner et al. 1985). However, the cells were tested only with CD15
monoclonal antibodies and a longer follow-up was not reported.

The data from three further more detailed studies (Table 2) suggest
clearly that, in the context of contemporary intensive multiagent treatment,
expression of myeloid-associated antigens on lymphoblasts has no apparent
prognostic significance in childhood ALL (Dinndorf et al. 1986; Ludwig
et al. 1989a; Pui et al. 1989; W.D. Ludwig et al., unpublished results).

In one of these studies, children with My ALL showed a worse treat-
ment outcome which, however, was confined to (CD107) pre-pre-B ALL
patients and could mainly be attributed to the adverse biological and clinical
characteristics (e.g., rearrangements involving band 11q23, age less than
1 year, high white blood cell count) of this subtype (Ludwig et al. 1989a,
1990, and unpublished results).

A recent study identified myeloid antigen expression on ALL cells in
children as the most statistically significant predictor of a poor outcome
(Wiersma et al. 1991). As noted above, the original diagnosis of ALL was
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based solely on the morphological appearance of the cells. It is conceivable
that a certain number of the My™ ALL cases in this study might in reality
have been examples of AML.

Adults. The situation in adult My* ALL is more complicated. Obviously, if
some of the cases diagnosed as My* ALL do in reality not contain lympho-
blastic, but myeloblastic populations (there are ample examples in some
studies, see above), then there is reason to believe that the failure of
genuine AML cases to respond to ALL therapy will clearly falsify the
statistics of treatment outcome of My™ ALL compared with My~ ALL.

Keeping the above caveat in mind, four out of four studies concluded that
adult My*™ ALL patients had a significantly poorer prognosis than those with
My~ ALL (Table 2) (Sobol et al. 1987; Childs et al. 1989; Guyotat et al.
1990; Urbano-Ispizua et al. 1990).

Conclusions

While My* ALL does not belong to the category hybrid acute leukemia, it
represents a subset of acute mixed-lineage leukemia. There are clearly
significant differences between childhood and adult My ALL (Table 3).
The incidence of My* ALL in children is in the range of 5%—-10%. There
remains controversy regarding the frequency of adult My* ALL, but
after critical review of technical artifacts, omission of cases labeled only
by monoclonal antibodies not entirely specific for the myeloid lineage,
and exclusion of obvious cases showing expression of myeloid antigens
without immunophenotypic or genotypic evidence of lymphoid commit-
ment, a conservative guess would put the actual incidence in the range of
10% -20%.

Except in one controversial study, no adverse prognostic value of
myeloid-associated antigen expression was found in most subtypes of

Table 3. Synopsis of data on My* ALL

Incidence of My* ALL
Children: 8% (range 5% —22%)
Adults: 18% (range 5% —46%)

Prognostic Relevance of My* ALL versus My~ ALL
Children: same prognosis in 3 studies (worse prognosis in 1 study)
Adults: worse prognosis in 1 study

Biological parameters associated with My* ALL

Higher incidence in B-lineage ALL than in T-lineage ALL
Nonrandom chromosomal abnormalities: t(9; 22), 11q23, 14q32
No predominance of individual myeloid-associated antigens
Possibly positivity for CD34
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childhood ALL. By contrast, a significantly poorer outcome was commonly
seen in adults in the myeloid antigen-positive ALL group. My* ALL
appears to be associated predominantly with B-cell origin, non-random
chromosome abnormalities (t(9;22) and translocations involving 11q23 and
14932), and possibly positivity for the progenitor marker CD34.

In the majority of acute leukemias a diagnosis can be established by
standard FAB criteria based on morphology and cytochemistry (Hoffbrand
et al. 1988). However, these techniques should be employed in combination
with immunophenotypic and cytogenetic analysis. In cases where morpho-
cytochemical FAB classification would give an inconclusive result, the
application of expanded diagnostic approaches can indicate more clearly the
lymphoid or myeloid origin of the neoplastic cells. In particular, with the
combined use of a standardized panel of monoclonal antibodies it is possible
to safely establish the lineage affiliation and subgrouping of virtually all
acute leukemias (Campana and Janossy 1986; Janossy et al. 1989).

Acknowledgements. We are indebted to the participants of the German
multicenter trials, ALL/NHL-BFM and ALL/AUL-BMFT, for their
cooperation.

References

Altman AJ (1990) Clinical features and biological implications of acute mixed
lineage (hybrid) leukemias. Am J Pediatr Hematol Oncol 12:123-133

Ben-Bassat I, Gale RP (1984) Hybrid acute leukemia. Leuk Res 8:929-936

Bennett JM, Catovsky D, Daniel MT, Flandrin G, Galton DAG, Gralnick HR,
Sultan C (1985) Proposed revised criteria for the classification of acute myeloid
leukemia: a report of the French-American-British Cooperative Group. Ann
Intern Med 103:626-629

Borowitz MJ, Shuster JJ, Civin CI, Carroll AJ, Look AT, Behm FG, Land VIJ,
Pullen DJ, Crist WM (1990) Prognostic significance of CD34 expression in
childhood B-precursor acute lymphocytic leukemia: a Pediatric Oncology Group
study. J Clin Oncol 8:1389-1398

Bradstock KF, Kirk J, Grimsley PG, Kabral A, Hughes WG (1989) Unusual
immunophenotypes in acute leukaemias: incidence and clinical correlations. Br J
Haematol 72:512-518

Brincker H, Jensen K (1972) Cytomorphological classification of acute leukemia.
Dan Med Bull 19:215-221

Browman GP, Neame PB, Soamboonsrup P (1986) The contributions of
cytochemistry and immunophenotyping to the reproducibility of the FAB
classification in acute leukemia. Blood 68:900-905

Campana D, Janossy G (1986) Leukemia diagnosis and testing of complement fixing
antibodies for bone marrow purging in ALL. Blood 68:1264-1271

Campana D, Coustan-Smith E, Janossy G (1990) The immunologic detection of
minimal residual disease in acute leukemia. Blood 76:163-171

Catovsky D, Matutes E, Buccheri V, Shetty V, Hanslip J, Yoshida N, Morilla R
(1991) A classification of acute leukaemia for the 1990s. Ann Hematol 62:16-21

Chan LC, Pegram SM, Greaves MF (1985) Contribution of immunophenotype to the
classification and differential diagnosis of acute leukaemia. Lancet i:475-479



64 H.G. Drexler and W.-D. Ludwig

Chen Z, Sigaux F, Miglierina R, Valensi F, Daniel M, Ochoa-Noguera M, Flandrin
G (1986) Immunological typing of acute lymphoblastic leukemia: concurrent
analysis by flow cytofluorometry and immunocytology. Leuk Res 10:1411-1417

Chen SJ, Flandrin G, Daniel MT, Valensi F, Baranger L, Grausz D, Bernheim A,
Chen Z, Sigaux F, Berger R (1988) Philadelphia-positive acute leukemia: lineage
promiscuity and inconsistently rearranged breakpoint cluster region. Leukemia
2:261-273

Childs CC, Hirsch-Ginsberg C, Walters RS, Andersson BS, Reuben J, Trujillo JM,
Cork A, Stass SA, Freireich EJ, Zipf TF (1989) Myeloid surface antigen-positive
acute lymphoblastic leukemia (My* ALL): immunophenotypic, ultrastructural,
cytogenetic, and molecular characteristics. Leukemia 3:777-783

Dinndorf PA, Andrews RG, Benjamin D, Ridgway D, Wolff L, Bernstein ID (1986)
Expression of normal myeloid-associated antigens by acute leukemia cells. Blood
67:1048-1053

Drexler HG (1987) Classification of acute myeloid leukemias — a comparison of FAB
and immunophenotyping. Leukemia 1:697-705

Drexler HG, Scott CS (1989) Morphological and immunological aspects of
leukaemia diagnosis. In: Scott CS (ed) Leukaemia cytochemistry — principles and
practice. Horwood, Chichester, pp 13-59

Drexler HG, Menon M, Gignac SM, Misra B, Minowada J (1986) Diagnostic value
of immunological phenotyping. Acta Haematol 76:1-8

Foon KA, Naiem F, Yale C, Gale RP (1979) Acute myelogenous leukemia:
morphologic classification and response to therapy. Leuk Res 3:171-173

Gale RP, Ben-Bassat I (1987) Hybrid acute leukaemia. Br J Haematol 65:261-264

Garand R, Vannier JP, Bene MC, Faure GC, Bernard A (1989) Correlations
between acute lymphoid leukemia (ALL) immunophenotype and clinical and
laboratory data at presentation. A study of 350 patients. Cancer 64: 1437-1446

Greaves MF, Chan LC, Furley AJW, Watt SM, Molgaard HV (1986) Lineage
promiscuity in hemopoietic differentiation and leukemia. Blood 67:1-11

Guyotat D, Campos L, Shi ZH, Charrin C, Treille D, Magaud JP, Fiere D (1990)
Myeloid surface antigen expression in adult acute lymphoblastic leukemia.
Leukemia 4:664—666

Hayashi Y, Sugita K, Nakazawa S, Abe T, Kojima S, Inaba T, Hanada R,
Yamamoto K (1990a) Karyotypic patterns in acute mixed lineage leukemia.
Leukemia 4:121-126

Hayashi Y, Pui CH, Behm FG, Fuchs AH, Raimondi SC, Kitchingman GR, Mirro J
Jr, Williams DL (1990b) 14932 Translocations are associated with mixed-lineage
expression in childhood acute leukemia. Blood 76:150-156

Head DR, Savage RA, Cerezo L, Graven CM, Bickers JN, Hartsock R, Hosty TA,
Saiki JH, Wilson HE, Morrison FS, Coltman CA Jr, Hutton JJ (1985)
Reproducibility of the French-American-British classification of acute leukemia:
the Southwest Oncology Group experience. Am J Hematol 18:47-57

Herrmann F, Dorken B, Gatzke A, Ludwig WD (1986) Immunological classification
of “unclassifiable” acute leukemia. In: Reinherz EL, Haynes BF, Nadler LM,
Bernstein ID (eds) Leukocyte typing II: 2. Human B lymphocytes. Springer,
Berlin Heidelberg New York, pp 367-375

Hoffbrand AV, Leber BF, Browett PJ, Norton JD (1988) Mixed acute leukaemias.
Blood Rev 2:9-15 .

Huh YO, Kantarjian H, Childs CC, Reuben J, McCredie K (1990) Classification of
adult ALL by immunophenotype. Blood 76:282a

Janossy G, Hoffbrand AV, Greaves MF, Ganeshaguru K, Pain C, Bradstock KF,
Prentice HG, Kay HEM (1980) Terminal transferase enzyme assay and
immunological membrane markers in the diagnosis of leukaemia - a
multiparameter analysis of 300 cases. Br J Haematol 44:221-234



Incidence and Clinical Relevance of Myeloid Antigen-Positive ALL 65

Janossy G, Coustan-Smith E, Campana D (1989) The reliability of cytoplasmic CD3
and CD22 antigen expression in the immunodiagnosis of acute leukemia: a study
of 500 cases. Leukemia 3:170-181

Katz F, Malcolm S, Gibbons B, Tilly R, Lam G, Robertson ME, Czepulkowski B,
Chessells J (1988) Cellular and molecular studies on infant null acute
lymphoblastic leukemia. Blood 71:1438-1447

Kita K, Nasu K, Kamesaki H, Doi S, Tezuka H, Tatsumi E, Fukuhara S, Nishikori
M, Uchino H, Shirakawa S (1985) Phenotypic analysis of acute lymphoblastic
leukemia (ALL) cells which are classified as Non-T Non-B and negative for
common ALL antigen. Blood 66:47-52

Lee EJ, Pollak A, Leavitt RD, Testa JR, Schiffer CA (1987) Minimally
differentiated acute nonlymphocytic leukemia: a distinct entity. Blood 70:1400-
1406

Lee SL, Livings D, James GW, Schroeder L, Selawry O, Stickney JM (1962)
Morphological classification of acute leukemias. Cancer Treat Rep 16:151-153

Ludwig WD, Bartram CR, Thiel E, Teichmann JV, Harbott J, Reiter A, Riehm H
(1989a) Childhood acute lymphoblastic leukemia with co-expression of myeloid
antigens (My* ALL): incidence, genotype and clinical significance. Blood 74:197a

Ludwig WD, Bartram CR, Harbott J, Kéller U, Haas OA, Hansen-Hagge T, Heil
G, Seibt-Jung H, Teichmann JV, Ritter J, Knapp W, Gadner H, Thiel E, Riechm
HI (1989b) Phenotypic and genotypic heterogeneity in infant acute leukemia: I.
Acute lymphoblastic leukemia. Leukemia 3:431-439

Ludwig WD, Thiel E, Kéller U, Bartram CR, Harbott J, Teichmann JV, Seibt-Jung
H, Creutzig U, Ritter J, Riehm H (1990) Incidence and clinical implications of
acute hybrid leukemia in childhood. Haematol Blood Transfus 33:516~-522

Maitreyan V, Gale RP (1989) What is hybrid acute leukemia? Leuk Res 13:725-728

Matutes E, Pombo de Oliveira M, Foroni L, Morilla R, Catovsky D (1988) The role
of ultrastructural cytochemistry and monoclonal antibodies in clarifying the nature
of undifferentiated cells in acute leukaemia. Br J] Haematol 69:205-211

Mertelsmann R, Thaler HT, To L, Gee TS, McKenzie S, Schauer P, Friedman A,
Arlin Z, Cirrincione C, Clarkson B (1980) Morphological classification, response
to therapy, and survival in 263 adult patients with acute nonlymphoblastic
leukemia. Blood 56:773-781

Mirro J Jr, Kitchingman GR (1989) The morphology, cytochemistry, molecular
characteristics and clinical significance of acute mixed-lineage leukaemia. In: Scott
CS (ed) Leukaemia cytochemistry — principles and practice. Horwood,
Chichester, pp 155-179

Mirro J Jr, Zipf TF, Pui CH, Kitchingman G, Williams D, Melvin S, Murphy SB,
Stass S (1985) Acute mixed lineage leukemia: clinicopathologic correlations and
prognostic significance. Blood 66:1115-1123

Mirro J Jr, Kitchingman G, Williams D, Lauzon GJ, Lin CC, Callihan T, Zipf T
(1986) Clinical and laboratory characteristics of acute leukemia with the 4;11
translocation. Blood 67:689—-697

Mirro J Jr, Kitchingman GR, Stass SA (1987) Lineage heterogeneity in acute
leukemia. Acute mixed lineage leukemia and lineage switch. In: Stass SA (ed)
The acute leukemias. Biologic, diagnostic, and therapeutic determinants. Dekker,
New York, pp 383-402

Paietta E (1990) Ambiguous phenotypes in acute leukemia. Leuk Lymph 2:17-33

Pui CH, Behm FG, Singh B, Rivera GK, Schell MJ, Roberts WM, Crist WM, Mirro
J Jr (1989) Myeloid-associated antigen expression lacks prognostic value in
childhood acute lymphoblastic leukemia treated with intensive multiagent
chemotherapy. Blood 75:198-202

Pui CH, Crist WM, Look AT (1990) Biology and clinical significance of cytogenetic
abnormalities in childhood acute lymphoblastic leukemia. Blood 76:1449-1463



66 H.G. Drexler and W.-D. Ludwig: Myeloid Antigen-Positive ALL

Ross CW, Stoolman LM, Schnitzer B, Schlegelmilch JA, Hanson CA (1990)
Immunophenotypic aberrancy in adult acute lymphoblastic leukemia. Am J Clin
Pathol 94:590-599

Schiffer CA (1990) Hybrid leukemias. In: Gale RP, Hoelzer D (eds) Acute
lymphoblastic leukemia. Wiley-Liss, New York, pp 129-142 (UCLA symposia on
molecular and cellular biology, vol 108)

Sobol RE, Mick R, Royston I, Davey FR, Ellison RR, Newman R, Cuttner J,
Griffin JD, Collins H, Nelson DA, Bloomfield CD (1987) Clinical importance of
myeloid antigen expression in adult acute lymphoblastic leukemia. N Engl J Med
316:1111-1117

Stass SA, Mirro J Jr (1985) Unexpected heterogeneity in acute leukemia: mixed
lineages and lineage switch. Hum Pathol 16:864-866

Stass SA, Mirro J Jr (1986) Lineage heterogeneity in acute leukaemia: acute mixed-
lineage leukaemia and lineage switch. Clin Haematol 15:811-827

Stockinger H, Majdic O, Liszka K, Aberer W, Bettelheim P, Lutz D, Knapp W
(1984) Exposure by desialylation of myeloid antigens on acute lymphoblastic
leukemia cells. J Natl Cancer Inst 73:7-11

Strauss LC, Rosely SD, LaRussa VF, Sharkis SJ, Stuart RK, Civin CI (1986)
Antigenic analysis of hematopoiesis: V. Characterization of Myl0 antigen
expression by normal lymphohematopoietic progenitor cells. Exp Hematol
14:878-886

Tien HF, Wang CH, Wu HS, Su IJ, Chien SH, Chen YC, Lin DT, Lin KH, Shen
MC (1990) Immunoglobulin and T-cell receptor gene rearrangements in acute
lymphoblastic leukemia — A higher incidence of dual genotype in patients with
myeloid antigen expression. Blood 76:327a

Urbano-Ispizua A, Matutes E, Villamor N, Ribera JM, Feliu E, Montserrat E,
Granena A, Vives-Corrons JL, Rozman C (1990) Clinical significance of the
presence of myeloid associated antigens in acute lymphoblastic leukaemia. Br J
Haematol 75:202-207

Vainchenker W, Villeval JL, Tabilio A, Matamis H, Karianakis G, Guichard J,
Henri A, Vernant JP, Rochant H, Breton-Gorius J (1988) Immunophenotype of
leukemic blasts with small peroxidase-positive granules detected by electron
microscopy. Leukemia 2:274-281

Vaughan WP, Civin CI, Weisenburger DD, Karp JE, Graham ML, Sanger WG,
Grierson HL, Joshi SS, Burke PJ (1988) Acute leukemia expressing the normal
human hematopoietic stem cell membrane glycoprotein CD34 (MY10). Leukemia
2:661-666

Viana MB, Maurer HS, Ferenc C (1980) Subclassification of acute lymphoblastic
leukaemia in children: analysis of the reproducibility of morphological criteria and
prognostic implications. Br J Haematol 44:383—388

Weiner M, Borowitz M, Boyett J, Civin K, Metzger R, McKolnis J, Crist W, Dowell
B, Pullen J (1985) Clinical pathologic aspects of myeloid antigen positivity in
pediatric patients with acute lymphoblastic leukemia (ALL). Proc Am Soc Clin
Oncol 4:172

Wiersma S, Ortega J, Sobel E, Weinberg K (1991) Clinical importance of myeloid-
antigen expression in acute lymphoblastic leukemia of childhood. N Engl J Med
324:800-808

Yamada H, Martin PJ, Bean MA, Braun MP, Beatty PG, Sadamoto K, Hansen J
(1985) Monoclonal antibody 9.3 and anti-CD11 antibodies define reciprocal
subsets of lymphocytes. Eur J Immunol 15:1164—1168

Youness E, Trujillo JM, Ahearn MJ, McCredie KB, Cork A (1980) Acute
unclassified leukemia. A clinicopathologic study with diagnostic implications of
electron microscopy. Am J Hematol 9:79-88



Myeloid-Associated Antigen Expression in Childhood
Acute Lymphoblastic Leukemia

F.M. Fink'#, U. Koller?, H. Mayer!, O.A. Haas', E.R. Griimayer',
C. Urban®, K. Dengg*, I. Mutz®, H. Tiichler, I. Gatterer-Menz!,
W. Knapp?, and H. Gadner', for the Austrian Pediatric Oncology
Group

1St. Anna Children’s Hospital, Vienna, Austria

2Institute of Immunology, University of Vienna, Austria

3 Department of Pediatrics, University of Graz, Austria

4Department of Pediatrics, University of Innsbruck, Anichstrape 35, Innsbruck,
Austria

3 Department of Pediatrics, Regional Hospital Leoben, Austria

Introduction

Coexpression of myeloid-associated antigens has been demonstrated in
several studies on acute lymphoblastic leukemia (ALL). The proportion of
cases with this aberrant antigen expression (myA* ALL) ranged from 5% to
over 20% in pediatric series (Weiner et al. 1985; Ludwig et al. 1990; Pui
et al. 1990; Wiersma et al. 1991) and was even higher in adult ALL (Sobol
et al. 1987; Childs et al. 1989). The prognostic relevance of myeloid-
associated antigen expression in childhood ALL remains controversial
(Ludwig et al. 1990; Pui et al. 1990; Wiersma et al. 1991). In adults,
however, myA™ ALL represents a high-risk group as demonstrated by fewer
complete remissions and shorter survival time (Sobol et al. 1987; Childs
et al. 1989). This prospective study of childhood ALL reports clinical
features and treatment outcome in relation to myeloid-associated antigen
expression.

Patients and Methods

Two hundred and fifty one consecutive children up to 18 years of age with
immunologically verified B-cell precursor ALL (surface immunoglobulin,
slg, negative) or T-cell ALL (T-ALL) were enrolled in two consecutive
protocols (ALL-A-84 and ALL-BFM-86). From 1984 to 1990 they were
diagnosed and treated in 11 pediatric centers in Austria. Complete immuno-
phenotyping including adequate evaluation of myeloid-associated antigen
expression was performed in 206 patients (82%). Patients with 3% or more
myeloperoxidase-positive blast cells and children with mature B-cell ALL
(B-ALL) (surface immunoglobulin positive) were excluded.
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Diagnosis

All specific diagnostic procedures were performed in a reference laboratory.
May-Griinwald-Giemsa-stained bone marrow smears were morpho-
logically classified according to the FAB classification (Bennett et al. 1976).
Standard techniques were applied for cytochemical staining (periodic acid-
Schiff reagent, acid phosphatase, myeloperoxidase, and a-naphthylesterase
staining). For immunophenotyping peripheral blood (PB) and bone marrow
(BM) specimens were collected at diagnosis prior to any therapy. Following
isolation (Ficoll-Hypaque density gradient) mononuclear cells (MNC) were
exposed to a panel of monoclonal antibodies (MAbs) with the following
specificities: (1) precursor cells, anti-HLA-D (VID1); (2) lymphoid
lineage, CD1 (VIT6), CD2 (9.6), CD3 (VIT3b), CD5 (MT61), CD7
(CD7-6B7, WT1), CD10 (VIL-A1), CD19 (HD37), CD24 (VIB-C5), sIgM;
granulocyte/monocyte lineage, CD11b (VIM12), CD13 (My7), CD33
(My9), CDy65 (VIM2); granulocyte lineage, CD15 (VIM-DS); monocyte
lineage, CD14 (VIM13, 63D3); erythroid lineage, anti-glycophorin A (VIE-
G4); erythroid/megakaryocyte lineage, anti-blood-group H (CLB-ERY3);
megakaryocytic lineage, anti-platelet glycoprotein IIb/IIla—CD41 (VIPL1,
C17-27), anti-platelet glycoprotein IIla (VIPL2). Acetone- fixed cytospin
preparations of leukemic blasts were analyzed for cytoplasmic IgM and
terminal deoxyribonucleotidyl transferase (TdT) (Supertech Inc., Bethesda,
MD, USA) reactivity. The specificity and reaction pattern of the MAbs has
been reported elsewhere (Majdic et al. 1984; Knapp et al. 1989; Koller et al.
1989; Ludwig et al. 1989). Nonspecific Fc receptor binding was blocked by
adding human IgG (Serogam, Sero, Vienna, Austria) to the cell suspension.
The binding of MAb was assessed by indirect immunofluorescence staining
with fluorescein (FITC) conjugated F(ab), fragments of sheep anti-mouse
IgG and IgM antibodies. Membrane and cytoplasmic or nuclear fluorescence
were analyzed using an epiilluminated fluorescence microscope (Leitz
Ortholux, Wetzlar, FRG). Mature myeloid cells were excluded from the
count.

Results were considered positive if at least 20% of blast cells expressed a
particular surface antigen, or if more than 10% expressed a cytoplasmic
antigen, respectively. Based on the results of immunophenotyping leukemias
were classified as pre-pre-B-ALL (CD10-negative B-cell precursor ALL),
common ALL (CD10-positive B-cell precursor ALL), pre-B-ALL (cyto-
plasmic Ig-positive common ALL), B-ALL (surface Ig-positive, TdT-
negative, B-lineage ALL) and T-ALL (Foon et al. 1982).

Definitions and Statistical Analysis

Complete remission (CR) was defined as less than 5% blast cells in the bone
marrow together with regeneration of peripheral blood cell counts without
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evidence of leukemia. Relapse was diagnosed with unequivocal reappear-
ance of >5% blast cells in the bone marrow or any extramedullary, histo-
logically documented appearance of leukemic blasts after CR had been
achieved.

Event-free survival was defined as the time from diagnosis until relapse or
death in CR. Failure to achieve CR (nonresponse or early death) was
considered an event at zero time. Life table analyses were performed by the
Kaplan—Meier product-limit method (Kaplan and Meier 1958). Differences
in event-free survival among groups were compared by the log-rank test
(Mantel 1966). Univariate and multivariate Cox proportional-hazards
methods were used to evaluate the prognostic impact of covariates (Cox
1972). Differences of variables at diagnosis were analyzed by the continuity
adjusted x> test for categorical variables, by the Wilcoxon two-sample
test for continuous variables. Differences with p < 0.05 were considered
significant.

Treatment Protocol

All patients were intensively treated according to a modified (ALL-A-84;
Gruemayer et al. 1990) or the original (ALL-BFM-86, a modified successor
of the ALL-BFM-83 protocol; Riehm et al. 1987) protocol of the BFM
group. Treatment was risk-adapted in both protocols, and apart from minor
differences the treatment schedules were similar in both studies. All patients
received protocol I (an induction therapy with prednisone, vincristine,
daunorubicin, and [l-asparaginase for 4-5 weeks and an intensive early
consolidation with cyclophosphamide, 6-mercaptopurine, cytosine arabino-
side, and methotrexate intrathecally for 4 weeks). Following an 8-week
period with oral 6-mercaptopurine and four intravenous doses of inter-
mediate- (ALL-A-84) or high-dose (ALL-BFM-86) methotrexate (protocol
M), an early reinduction with dexamethasone, vincristine, doxorubicin,
l-asparaginase, cyclophosphamide, 6-thioguanine, cytosine arabinoside,
and methotrexate intrathecally for 4 (protocol III) to 6 weeks (protocol II)
was applied. Maintenance treatment consisted of daily oral 6-mercapto-
purine and weekly methotrexate until 2 years from diagnosis. High-risk
patients of study ALL-A-84 received an intensification protocol including
teniposide and cytosine arabinoside for 2 weeks before protocol II. High-
risk patients of the ALL-BFM-86 study were treated with high-dose metho-
trexate, high-dose cytosine arabinoside, ifosfamide, mitoxantrone, and
prednisone (protocol E) instead of protocol M. In study ALL-A-84 age-
adapted cranial irradiation was given to all children at a dose of 12-18 Gy.
In study ALL-BFM-86 standard-risk patients and children younger than
1 year were not irradiated. All other children received, age- and risk-
adapted, 12—18 Gy radiation.
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Results

One hundred and thirteen children suffered from common ALL (including
eight cases not tested for cytoplasmic immunoglobulin), 50 from pre-
B-ALL, 12 from pre-pre-B, and 31 from T-ALL. Atypical myeloid marker
expression was found in 23 out of 175 patients (13.1%) with B-cell precursor
ALL, and in one out of 31 patients (3.2%) with T-ALL (Table 1).

Among 18 cases with expression of one myeloid marker only, CD65
(9 patients) was the most common one, followed by CD13 (4 patients),
CD15 (2 patients), CD33, and blood group H (2 patients each). Expression
of two myeloid-associated antigens was found in five patients (3 cases with
CD15/CD,,05, 1 case with CD13/CD33, 1 case with CD,,65/blood group H)
(Table 2).

Atypical myeloid antigen expression was found in any subtype of B-cell
precursor ALL. However, there was a significant association with CD10-
negative cases (pre-pre-B-ALL) (p < 0.0001, Table 1).

Compared to myA~ cases, children with myA™ ALL presented with
higher initial leukocyte counts (median 8.45vs 21.8 X 10'%/1, p = 0.056) and
higher hemoglobin values (median 7.45vs 8.7g/dl, p = 0.054). Other
parameters (age at diagnosis, sex distribution, hepatosplenomegaly, platelet
count, FAB-L1/L2 ratio, frequency of CNS and thymus involvement) were
similar in both groups.

Myeloid-associated antigen expression did not influence remission in-
duction rates: 95.7% and 98.7% of children with myA™ ALL and myA~
ALL, respectively, achieved CR. However, the probability of event-free
survival (pggs) after 5 years (median observation time in remission 44
months) was significantly lower for myA*™ ALL (37.8%vs 74.6%, p =
0.0001, Fig. 1). This was not explained by differences in leukocyte counts as
demonstrated by life table analysis stratified for leukocyte count (cut-off

Table 1. Immunological subtypes of childhood ALL and
corresponding cases with myeloid antigen expression

Cases myA*

(n (%) (my (%)
Common ALL? 113 54.9 9 8.0
Pre-B-ALL 50 243 4 8.0
Pre-pre-B-ALL 12 5.8 10 83.3
B-cell precursor ALL 175 85.0 23 13.1
T-ALL 31 15.0 1 3.2
Total 206 100.0 24 11.7

2Eight patients not tested for cytoplasmic
immunoglobulin.
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Table 2. Results of immunophenotyping in 23 cases of B-cell precursor ALL with
myeloid-associated antigen expression (% positive bone marrow blast cells)

Patient Diagnosis CD13 CD15 CD33 CD,65 CLB-ERY3

1 c-ALL 30 0 0 0 0
2rd c-ALL 0 40 ND 5 ND
3 c-ALL 0 0 90 0 0
4 c-ALL 0 ND 50 10 ND
5 c-ALL 0 0 0 20 0
6" c-ALL 0 0 0 30 0
7 c-ALL 0 ND 50 ND
8 c-ALL® 0 0 0 60 0
9 c-ALL 70 0 70 0 10
10° pb-ALL 35 0 0 0 15
11 pb-ALL 50 0 0 0 0
12 pb-ALL 0 80 0 10 0
13 pb-ALL 0 5 0 0 20
14 ppb-ALL 20 0 0 0 0
15 ppb-ALL 0 15 5 20 0
16" ppb-ALL 0 0 0 20 0
17 ppb-ALL 0 10 0 20 0
18 ppb-ALL ND ND ND 80 ND
1974 ppb-ALL 0 0 0 0 40
20 ppb-ALL 0 30 0 40 0
210 ppb-ALL 0 60 0 60 0
221 ppb-ALL 0 20 0 50 0
23 ppb-ALL 0 0 50 2 30

All blast cells tested for CD11b (n = 19) and CD14 (n = 21) were negative. ND, not
done; CD, cluster of differentiation designation; c-ALL, common-ALL; pb-ALL,
pre-B-ALL; ppb-ALL, pre-pre-B-ALL. ™ Died after nonresponse; 'relapsed but
alive; "died after relapse; “ddied in remission. ?Differentiation between c- and
pb-ALL not possible (cIgM not tested).

point 50 X 10'2/1, data not shown). Even after exclusion of patients with
CD10-negative disease (pre-pre-B-ALL) as well as of infants below the age
of 1 year at diagnosis, the negative prognostic influence of myeloid antigen
expression was still evident from the analysis: pgrs was 76.1% (SE 4.0%)
for 148 children older than 1 year with myA~ common/pre-B-ALL and
35.9% (SE 18.8%) for 13 corresponding cases with myA™ disease (p =
0.005, log-rank test).

As demonstrated by multivariate analysis, the expression of myeloid-
associated antigens was the most important covariate for prognosis (pgrs) of
children with B-cell precursor ALL (Table 3). Of all the other variables
tested (initial leukocyte count, age, sex, CNS involvement) the initial
leukocyte count was the only one of independent prognostic significance.

Among 31 children with T-ALL only one case with myeloid coex-pression
was found (CD65). Remission was achieved in this patient and he is still
alive in remission 16 months after diagnosis.
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pEFS 1-1
0,94 :.
0.8
0.7+ LI .746 (SE .040)
0.6+ nyA- ALL (n=152)
0,54+ B E ------
0,44
.378 (SE .129)
"1 nyA+ ALL (n=23)
0.2+
0.1 log-rank p=.0001
0 + + + 4 + } 4
0 12 24 36 48 60 72 a4

months nov. 15, 1990

Fig. 1. B-cell precursor ALL (n = 175), probability of event-free survival (pggs).
myA™, cases with myeloid antigen expression; myA~, cases without myeloid antigen
expression

Table 3. Prognostic significance of presenting variables for probability of event-free
survival in children with B-cell precursor ALL (n = 175)

Variable Univariate Multivariate Relative
p value p value risk
Myeloid-associated antigen expression 0.0001 0.0007 3.9039
WBC = 50 x 10'4/1 0.0011 0.0075 2.7393
CNS involvement 0.0168 0.0840 3.4800
Age <1 or >10 years 0.0897 0.7176 -
Male sex 0.8373 0.5500 -
Discussion

Lymphoblasts from 13.1% of children with B-cell precursor ALL expressed
myeloid-associated antigens. This frequency is comparable with that re-
ported by Pui et al. (1990), who also applied a broad panel of MAbs
(CD11b, CD,12, CD13, CD14, CD15, CD33, CD36). Ludwig et al. (1990),
testing for CD13, CD15, CD33 and CD,65, and Weiner et al. (1985),
testing for CD13 and CD15, found a lower frequency, which is probably
explained by the restricted number of myeloid-associated antigens analyzed.
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However, Wiersma et al. (1991) found a higher percentage of myA™ ALL,
although they tested for three myeloid-associated antigens only (CD13,
CD14, CD33).

In our series, atypical expression of myeloid markers was associated with
pre-pre-B-ALL. Whereas 83.3% of this undifferentiated subgroup of B-cell
precursor ALL were positive for at least one myeloid-associated antigen,
only 8% of common or pre-B-ALL showed a similar pattern. In T-ALL
expression of myeloid markers was only sporadically seen. Pui et al. (1990)
and Wiersma et al. (1991) did not observe any differences within the
immunologically defined subgroups. However, results similar to our own
series where found by Weiner et al. (1985) and Ludwig et al. (1990).

CD,,65 — in our series the most frequently identified myeloid-associated
antigen — has only been reported by Ludwig et al. (1990) on ALL blast cells.
In both series it was predominantly associated with pre-pre-B-ALL. Three
cases showed reactivity with anti-blood-group H. While this antigen is
restricted to erythroid and megakaryocytic cell lines within normal hema-
topoiesis it had been detected on blasts from de novo as well as secondary
leukemias, irrespective of lineage involvement, and in chronic myelocytic
leukemia blast crisis (Dunstan et al. 1985; Koller et al. 1987).

In contrast to previous reports, we did not find a single case with CD11b
(Pui et al. 1990) or CD14 (Wiersma et al. 1991) expression. Since CD11b
is not an antigen exclusively found on normal myeloid cells but also on
monocytes and lymphoid cells (NK cells), it may not be a marker of lineage
infidelity of lymphoblasts. Despite the assignment of MAbs to specific CD
antigens by the International Workshops on Human Leukocyte Differ-
entiation Antigens (Knapp et al. 1989), the conflicting results on the antigens
CD11b and CD14 may point to problems arising with the usage of different
MAbs and/or techniques.

Children with myA™* ALL had a significantly shorter event-free survival
time than those with myA~™ ALL. Initial leukocyte count was an additional
independent prognostic factor. However, by multivariate analysis as well as
univariate analysis stratified for leukocyte counts, myeloid-associated
antigen expression was identified as the most important prognostic variable
for pgrs. More than 40% of cases with myA* ALL belonged to the most
immature CD10-negative pre-pre-B-ALL, a phenotype often seen in infants
below 1 year of age. However, a separate analysis restricted to CD10-
positive B-cell precursor ALL (common and pre-B-ALL) in children older
than 1 year of age showed the same independent prognostic significance of
myeloid-associated antigen expression.

At the present time the discussion about the prognostic relevance of
myeloid-associated antigen expression in childhood ALL is controversial.
While our group, together with other authors (Wiersma et al. 1991),
identified myeloid antigen expression as a significant prognostic factor for
event-free survival, others (Ludwig et al. 1990; Pui et al. 1990) did not
find an impact on prognosis. Further studies with adequate phenotyping,
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sufficiently large patient numbers, and long-term follow-up are necessary to
clarify the issue.
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Introduction

In recent multiparameter studies, ultrastructural morphology and cyto-
chemistry of undifferentiated or minimally differentiated acute leukemias
have been investigated (Lee et al. 1987; Matutes et al. 1988; Campana et al.
1990; Van Wering et al. 1990; Heil et al. 1991). Detection of myeloper-
oxidase (MPO) and platelet peroxidase (PPO) at the ultrastructural level
appeared to be useful for myeloid leukemias (Bennett et al. 1991) and
supportive for the diagnosis of megakaryocytic leukemias (Breton-Gorius
et al. 1978; Bennett et al. 1985). We investigated 12 light-microscopically
unclassifiable acute childhood leukemias by immunological marker analysis
and by electron microscopy (EM), including peroxidase cytochemistry. The
combined results appeared to provide information to diagnose conclusively
cases of minimally differentiated acute myeloid leukemias (AML MO;
Bennett et al. 1991) and acute megakaryoblastic leukemia (AML M7;
Bennett et al. 1985).

Patients

In the Netherlands air-dried blood and bone marrow smears of children
below 16 years of age with acute leukemia or suspected of having leukemia
are sent to the laboratory of the Dutch Childhood Leukemia Study Group.
A response of more than 95% of such patients has been achieved (van
Steensel-Moll et al. 1983).

From 1986 and until 1991 (55 months), a diagnosis of acute leukemia was
made in 483 consecutive cases. In this period 22 patients were unclassifiable
by light microscopy alone. Twenty one of these patients were immuno-
phenotyped. Criteria for ultrastructural investigation were:

Recent Results in Cancer Research, Vol. 131
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— Inconclusive cytomorphology, possibly myeloid, or suspected to be an
acute megakaryoblastic leukemia or

— Low peroxidase positivity (1%—-10%)

— Availability of sufficient cells

Following these criteria, 12 patients were studied by EM including peroxi-
dase cytochemistry. Included is one patient (no. 1) with 7% peroxidase
positivity, which should be considered as a myeloid leukemia according to
the FAB criteria. Three patients had Down’s syndrome. Clinical data are
summarized in Table 1. Patients 1, 2, 3, and 7 were published before as
patients 4, 2, 6, and 8 respectively (van Wering et al. 1990).

Material and Methods
Light Microscopy

Bone marrow and blood slides were stained with May-Griinwald—Giemsa,
periodic acid-Schiff, peroxidase, Sudan Black B, a-naphthylacetate
esterase, and acid phosphatase. The diagnosis of acute lymphoblastic
leukemia (ALL) or acute myeloid leukemia (AML) was made on the basis
of the criteria of the FAB classification (Bennett et al. 1976, 1985).

Immunophenotyping

A standard panel of monoclonal antibodies was assessed on cytocentrifuge
preparations by an indirect immunoperoxidase (IPOX) staining technique.
In cases of doubt as well as in cases of suspected myeloid leukemia, anti-
body reactivity was also evaluated by indirect immunofluorescence stainings
of cells in suspension, or if necessary by double immunofluorescence
stainings. The following antibodies were used: anti-terminal deoxynuc-
leotidyl transferase (TdT) from Supertechs (Bethesda, MD, USA); anti-
HLA-DR, CD22 (Leu-14), and CD3 (Leu-4) from Becton-Dickinson
(Sunnyvale, CA, USA); CD34 (BI-3C5) from Sanbio (Uden, The Nether-
lands); CD10 (VIL-Al) and CD,65 (VIM-2), a gift from Dr. W. Knapp
(Vienna, Austria); CD19 (B4), CD20 (B1), CD13 (My-7), CD33 (My-9)
from Coulter Clone (Hialeah, FL, USA); CD61 (CLB-thrombo/1) and anti-
glycophorin A (anti-GpA, CLB-ery-1) from the Central Laboratory of the
Blood Transfusion Service (Amsterdam, The Netherlands); anti-human
immunoglobulin M (IgM) from De Beer Medicals (Hilvarenbeek, The
Netherlands); and CD7 (3A1l) from American Type Culture Collection
(Rockville, MD, USA).

Cell samples were obtained from patients at initial diagnosis. Mono-
nuclear cells were isolated from bone marrow (BM) and peripheral blood
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Table 1. Clinical data concerning the 12 leukemia patients

Patient Age Sex WBC Thrombocytes FAB  Remarks

(years) (x10°1)  (x10°1) LM
1 12 F 65.0 346 Mi? Down’s syndrome
2 2 M 10.7 8 AUL
3 1 M 4.4 2 AUL
4 0 F 12.2 299 AUL
5 2 F 7.3 10 AUL
6 2 F 15.8 24 AUL Down’s syndrome
7 0 M 45.4 14 AUL  Down’s syndrome
8 1 M 39.3 13 AUL
9 1 M 14.5 11 AUL
10 3 M 75.3 55 AUL
11 8 M 43.0 265 AUL
12 0 M 14.0 202 AUL

AUL, acute undifferentiated leukemia; F, female; LM, light microscopy; M, male;

WBC, white blood cells.

27% peroxidase positive cells were detected by light microscopy, which is sufficient
for the diagnosis AML Ml according to the FAB criteria.

(PB) by Ficoll density centrifugation (Ficoll Paque; density 1.077 g/ml) for
15min (room temperature, 1000g). All standard washings of cells in sus-
pension were performed with phosphate-buffered saline (PBS, pH 7.8),
supplemented with 1% bovine serum albumin (BSA). Washing centri-
fugations were performed for Smin at 4°C with 400g. Cells incubated in
suspension were adjusted to a concentration of 107 cells/ml. Blasts were
counted in cytocentrifuge preparations made with 50l of a cell suspension
containing 10° cells/ml PBS-BSA and dried over silica gel.

IPOX. Cytocentrifuge preparations were fixed in buffered formaldehyde
acetone (pH 7.4, 4°C, 30s), rinsed in water, washed in PBS (pH 7.4) and
incubated with 50l of the relevant monoclonal antibody (room tempera-
ture, 60min). After this incubation, preparations were washed twice and
incubated with 50pl peroxidase-conjugated rabbit anti-mouse antiserum
with 2% pooled AB human serum added, again washed with PBS (2X) and
stained with diaminobenzidine 0.5mg/ml with 0.05M imidazole in 0.05M
Tris HCI buffer (pH 7.6) and 0.02% H,O, (10min, room temperature).
Cells were counterstained with hematoxylin.

TdT Detection. Cytocentrifuge preparations were fixed in methanol (30 min,
4°C), washed in PBS, and incubated with 15 ul rabbit anti-TdT antiserum in
a moist chamber (30 min, room temperature). After the incubation, cells
were washed in PBS and subsequently incubated with 15ul fluorescein
isothiocyanate- (FITC-)conjugated goat anti-rabbit immunoglobulin anti-
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serum, washed, and mounted in glycerol with 1 mg p-phenylenediamine/ml
(van Dongen et al. 1987).

Immunofluorescence. 50l of a cell suspension was incubated (30 min, 4°C)
with 50l of the relevant monoclonal antibody, washed in PBS, and in-
cubated with 50ul FITC-conjugated goat anti-mouse-immunoglobulin
antiserum (30 min, 4°C), washed in PBS, and mounted in glycerol with 1 mg
p-phenylenediamine/ml (van Dongen et al. 1987).

Double Immunofluorescence. 50l of a cell suspension was incubated as for
immunofluorescence, but with rhodamine-conjugated goat anti-mouse-
immunoglobulin antiserum as the second step. After the washings, cyto-
centrifuge preparations were made and incubated for TdT staining (van
Dongen et al. 1987).

Electron Microscopy

Leukocytes from PB or BM samples of untreated patients were processed
either directly from a buffy coat or after separation on a Ficoll-Isopaque
gradient (1.077 g/ml), followed by cryopreservation. For morphology, cells
were prefixed for 30min with 0.1% glutaraldehyde in a 0.1 M cacodylate
buffer (pH 7.4) and postfixed with 1% osmium tetroxide in a phosphate
buffer. For peroxidase cytochemistry, cells were prefixed for 30 min with
0.1% glutaraldehyde in 0.1 M cacodylate buffer and incubated for 60 min in
a medium containing 20 mg diaminobenzidine 4HCI and 0.003% H,O, per
10ml Ringer solution in the dark at room temperature (Roels et al. 1975).
After incubation cells were washed and postfixed with 1% osmium tetroxide
in phosphate buffer. Ultrathin sections were stained with uranyl acetate
followed by lead hydroxide (in case of peroxidase studies with lead hydroxide
alone) and examined with a Philips EM 410 LS electron microscope (Philips,
Eindhoven, The Netherlands) at 80kV.

Results

Clinical data are shown in Table 1, immunophenotyping data in Table 2,
EM data in Table 3, and a summary of the observations leading to the final
diagnosis in Table 4.

Patients 1 and 2. Both leukemias were unclassifiable by marker analysis,
although case 1 is possibly myeloid, with some CD33 positivity in addition
to HLA-DR positivity. EM studies showed immature cells with some
chromatin condensation in the nuclei, a small Golgi area, and some granules
dispersed through the cytoplasm. Peroxidase activity was found in the rough
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Table 3. Electron microscopic analysis of the 12 leukemias

Patient Cell Peroxidase positivity Conclusion
sample
% RER NE Granules
1 BM 48 + + + AML
2 BM 74 + + + AML
3 BM 22 + + ~ AML (M77)
4 BM 30 + + - AML (M7?)
5 PB 38 + + - AML (M7?)
6 BM - + + - AML (M7?)
7 BM 9% + + - (®/f) AML MO (M7?)
8 BM 90 + + -(®/f7) AML MO (M7?)
9 PB 0 -~ - -(0/f) AML MG
10 PB 0 - - - ALL
11 BM 0 - - - ALL
12 PB 0 - - - ALL

0, presence of theta granules (see text); f~, no ferritin molecules found in the theta

granules.

Table 4. Summary of observations and final diagnosis

Patient FAMLM  Immuno-phenotype = EM Diagnosis
1 MI? AUL AML AML M1
2 AUL AUL AML AML MO
3 AUL AUL? AML (M7?) AML MO
4 AUL MKB AML (M77) AML M7
5 AUL MKB AML (M7?) AML M7
6 AUL MKB AML (M77) AML M7
7 AUL AUL AML MO (M7?7) AML MO/MO
8 AUL AML AML MO (M7?) AML MO/MO®
9 AUL MKB AML M@ AML M7/M@O
10 AUL null ALL* ALL ALL
11 AUL T-ALL* ALL ALL
12 AUL common ALL ALL ALL

AUL, acute undifferentiated leukemia; MKB, megakaryoblastic leukemia; @, pre-
sence of theta granules (see text); ALL", myeloid marker expression was found
(see Table 2).
2Patient 1: 7% peroxidase-positive cells were found by light microscopy.

endoplasmic reticulum (RER), nuclear envelope (NE), and granules, which
pattern is specific for MPO. Therefore, ultrastructurally these leukemias
were of the myeloid lineage. A final diagnosis of AML M1 was made in
patient 1, because peroxidase positivity was also found, at low frequency, by
light microscopy. The final diagnosis of patient 2 was AML MO.
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Patients 3-6. The leukemic cells of patient 3 could not be immunopheno-
typed sufficiently and were therefore unclassifiable. In cases 4 and 5 without
positivity for TdT or B-cell markers, but with CD7 positivity combined with
CD61 positivity, a megakaryoblastic population seemed to be present. In
case 6 myeloid marker expression (CD13, CD33) was found in addition to
CD61 expression.

These four cases showed on EM a population of immature cells with short
cisternae of RER and occasionally small granules or blebs; bull’s eye
granules were not observed. Peroxidase activity was found in NE and RER
but not in the granules, which pattern has been suggested to represent PPO
(Breton-Gorius et al. 1978) and therefore supportive for a diagnosis of acute
megakaryoblastic leukemia (Fig. 1). Based on immunological marker
analysis, especially CD61 expression, a final diagnosis of AML M7 was
made in patients 4-6, which was supported by the EM data. In patient 3 a
number of myeloid markers could not be tested but no CD61 expression was
found, which was in contrast to the ultrastructurally “PPO-like” peroxidase

Fig. 1. Peroxidase positivity present in the nuclear envelope and the rough
endoplasmic reticulum (patient 5; M7). x13 800
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pattern. Therefore the leukemia of patient 3 was diagnosed as AML MO and
not as AML M7.

Patients 7-9. The leukemia of patient 7 was unclassifiable by immunological
marker analysis. No markers were expressed except for CD7. Case 8 was a
myeloid leukemia (CD34*, CD13", and CD33%) and case 9 expressed
myeloid markers as well as the CD61 antigen. In the latter case low per-
centages positivity for TdT, CD19, and CD10 were also found. Double-
marker analysis demonstrated that the great majority of the TdT-positive
cells (3% of the mononuclear cells) expressed CD10 but not CD7 or CD33.
Therefore these TdT* cells most probably represented remaining normal
precursor B-cells. EM studies in patients 7-9 showed immature cells, some
of which contained small round granules at the concave side of the kidney-
shaped nucleus. The granules contained a kind of nucleoid or barr in a light
flocculent matrix (Figs. 2, 3). These granules, called theta (®) granules, did
not contain ferritin at high magnifications. Peroxidase activity was found in
cases 7 and 8, in the RER and NE, but not in the theta granules. This
pattern of peroxidase positivity suggested a minimally differentiated myeloid
leukemia with theta granules or a megakaryoblastic leukemia, but immuno-
phenotyping did not reveal positivity for the thrombocytic lineage marker
CD61. Therefore patients 7 and 8 were diagnosed as AML MO/MO.
In patient 9 approximately 16% of the leukemic blasts contained theta
granules, but no peroxidase positivity was found at the ultrastructural level,
suggesting that it concerned a minimally differentiated acute leukemia.

Fig. 2. Immature cell with theta granules (patient 7, AML M0/M®). %6700
Fig. 3. Enlargement of the theta granules (arrows) of Fig. 2. X24 600
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However, positivity for the myeloid markers CD13 and CD33 as well as
for the thrombocytic lineage marker CD61 allowed us to make the final
diagnosis of AML M7/MO®.

Patients 10—12. The leukemias of patients 10—12 were immunophenotyped
as ALL, i.e., as null ALL, T-cell ALL, and common ALL, respectively.
The leukemic cells of patients 10 and 11 exhibited myeloid marker expres-
sion (CDy65 and CD33, respectively), which was confirmed by double-
marker analysis (Table 2). On EM, peroxidase activity was not found in any
of these cases, confirming the ALL origin of the blasts.

Discussion

Generally, the diagnosis of ALL or AML can be made by light microscopy
supported by standard immunological marker analysis (Bennett et al. 1976,
1991). In a few leukemias, like in patient 1, a very low peroxidase positivity
by light microscopy (3% —10%) is sufficient for a diagnosis of AML by FAB
criteria, although immunological markers are inconclusive. In such cases,
EM studies, especially peroxidase cytochemistry, are an additional aid in
diagnosis. Peroxidase activity in these leukemias is found in RER, NE and
granules, which pattern is regarded as representing MPO (Breton-Gorius et
al. 1978; Bennett et al. 1985). EM can also support the immunophenotypic
diagnosis of acute megakaryoblastic leukemia, with peroxidase activity only
in RER and NE and not in granules (patients 4—6; Breton Gorius et al.
1978; Bennett et al. 1985). In ALL with cross-lineage expression of myeloid
markers (patients 10 and 11), the absence of peroxidase activity confirms the
diagnosis of ALL.

In a number of cases, however, light microscopy and immunological
marker analysis are inadequate and their results inconclusive. Such leukemias
are therefore unclassifiable, but by EM they can sometimes be diagnosed
conclusively. From the 12 patients described here, patients 2 and 7 had
such an unclassifiable leukemia. Case 2 without lineage-specific markers by
immunophenotyping did show peroxidase activity in RER, NE, and granules,
which defined the leukemia ultrastructurally as a minimally differentiated
myeloid leukemia (AML MO), as recently, proposed by the FAB group
(Bennett et al. 1991). In patient 7, the leukemic cells had a comparable
immunophenotype, whereas peroxidase activity was only found in RER and
NE, but not in the granules. Such a pattern of peroxidase activity has been
described as PPO and diagnoses a megakaryocytic leukemia by FAB criteria
(Bennett et al. 1985). However, a similar “PPO-like” pattern of peroxidase
positivity has been found in erythroblastic leukemias (Breton-Gorius et al.
1987). In addition, the first (so-called nucleated) granules appearing in early
promyelocytes are also devoid of peroxidase activity (Brederoo et al. 1986),
which implies that peroxidase positivity in RER and NE but not in the
granules can fit with a diagnosis of AML M0. Therefore, patient 7 as well as



86 E.R. van Wering et al.

patients 3 and 8 were diagnosed as AML MO0, because the “PPO-like”
peroxidase pattern was not supported by the expression of the CD61 antigen
in these cases.

Interestingly, the granules in patient 7 as well as in patients 8 and 9
were not morphologically identical to the granules in early neutrophilic
promyelocytes or in megakaryocytes. They had a homogeneously flocculent
matrix with an inclusion. Such so-called theta granules were first described in
a Ph-negative chronic myeloid leukemia (CML) and were reported to be
related to basophil granulopoiesis (Parkin et al. 1980). A similar type of
granule has been described by Breton-Gorius et al. (1987) in patients with
Down’s syndrome and CML. At high magnification they found the granules
to contain ferritin molecules and considered this a marker for erythroid
blasts. In our three cases with theta granules (patients 7-9), ferritin molecules
were not found, which is in agreement with observations of Eguchi et al.
(1989), who detected these granules in blasts of acute megakaryoblastic
leukemias in children with Down’s syndrome. Based on these data we
conclude that the presence of theta granules in cases 7-9 may be associated
with minimally differentiated AML. In patients 7 and 8 this was supported
by the results of immunological marker analysis, but in patient 9 a final
diagnosis of AML M7 was made because of positivity for the CD61 antigen.
Since we have no ultrastructural evidence for specific association of theta
granules with a particular differentiation lineage, we propose to add the code
“MO” in cases of AML with theta granules.

In conclusion, EM proved to be an additional aid for further classification
of acute unclassifiable childhood leukemias. It allowed us to diagnose con-
clusively cases of minimally differentiated AML (AML MO0). The immunol-
ogical diagnosis of acute megakaryocytic leukemia was supported by the
presence of ultrastructural ‘“PPO-like” peroxidase positivity in most cases,
although exceptions were found in which immunophenotyping results and
the “PPO-like” peroxidase pattern did not correlate. In our material theta
granules did not contain ferritin and, at least in this series of patients, these
granules were not associated with acute erythroblastic leukemia.
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III. Biological and Clinical Significance
of Cytogenetic Abnormalities in Acute Leukemias

Molecular Cytogenetic Applications in Leukemias

S. Knuutila

Department of Medical Genetics, University of Helsinki, Haartmaninkatu 3,
00290 Helsinki, Finland

Introduction

Slow proliferation and low mitotic index, indistinct chromosome mor-
phology, and inadequate chromosome banding often hamper the cytogenetic
study of hematologic neoplasms. The fact that leukemias and lymphomas
are heterogeneous regarding involvement of various bone marrow cell
lineages renders standard cytogenetic analysis less than ideal, as it does not
allow the study of cell lineage. The recently developed chromosome-specific
probes and their use in situ hybridization (Rappold et al. 1984; Pinkel et al.
1986, 1988; Willard and Waye 1987; Hopman et al. 1988a,b; Cremer et al.
1986, 1988; Lichter et al. 1988a,b) as well as the MAC (morphology anti-
body chromosomes) methodology (Teerenhovi et al. 1984; Wessman and
Knuutila 1988; Knuutila and Teerenhovi 1989; Tiainen et al. 1992), allowing
the simultaneous analysis of chromosomes, cell morphology, and immuno-
phenotype, have done much to remove the aforementioned problems. In the
following, in situ hybridization and its adaptation to MAC preparations will
be briefly described, the use of these methods in leukemia research will be
discussed, and a few clinical examples presented.

Methodological Considerations
Preparations for In Situ Hybridization

The cell material for in situ hybridization is usually in the form of slide
preparations. The target chromosomes and a labeled DNA probe are first
denatured. Complementary sequences of the probe and target are then
allowed to hybridize (reanneal). After washing and incubation in affinity
reagents the reporting signal is visible at the sites of hybridization.

Recent Results in Cancer Research, Vol. 131
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Many types of preparations can be used, including standard acetic acid/
methanol-fixed chromosome preparations, blood or bone marrow smears
stained by cytochemical techniques (Wessman et al. 1993), cytocentrifuge
preparations stained by immunocytochemical techniques (MAC prepara-
tions; Knuutila and Teerenhovi 1989), and paraffin-embedded sections
(Emmerich et al. 1989; Hopman et al. 1988a,b, 1989).

In Situ Hybridization Procedures

Details of in situ hybridization procedures have been described elsewhere
for standard chromosome preparations (e.g., Eastmont and Pinkel 1989;
Perez Losada et al. 1991), for morphologically and immunologically classified
MAC preparations (Wessman and Knuutila 1988; Knuutila and Teerenhovi
1989; Tiainen et al. 1991), and for section material (Emmerich et al. 1989;
Hopman et al. 1988a,b, 1989).

Repetitive alphoid probes, chromosome library probes, oligonucleotide
probes, and cosmid clones containing DNA inserts (Lichter et al. 1990;
Kievits et al. 1990) can be used for metaphase cells (metaphase molecular
cytogenetics), whereas repetitive alphoid and oligonucleotide probes are the
most reliable for interphase cytogenetics. Also, single-copy probes have
been employed in interphase cells, not only for detecting structural chromo-
some abnormalities, but also for spotting numerical abnormalities (e.g.,
Arnoldus et al. 1990; Tkachuk et al. 1990).

Both enzymatic reactions (Burns et al. 1985; Wessman et al. 1989)
and fluorochromes (e.g., Pinkel et al. 1986; Eastmond and Pinkel 1989;
Nederlof et al. 1990) can be used in detecting hybridization of probes. The
simultaneous use of two or more probes is also possible by two-color or
polycolor fluorescence staining (e.g., Nederlof et al. 1990; Tiainen et al.
1992; Trask et al. 1991). The polycolor detection systems enhance the
success rate of scoring structural abnormalities on poor-quality metaphases
(Tiainen et al. 1992). We have in collaboration with T. Cremer’s group
in Heidelberg, for instance, demonstrated the Philadelphia chromosome
in very poor MAC preparations by using biotinylated and digoxigenin-
labeled chromosome 9 and 22 library probes and fluorescein isothiocyanate
(FITC), tetramethylrhodamine isothiocyanate (TRITC), and/or 7-amino-4-
methylcoumarin-3-acetic acid (AMCA) fluorescence detection (Tiainen
et al. 1992).

The double-color system also enables the detection of translocations in
interphase cells. For example, Arnoldus et al. (1990) have demonstrated the
Philadelphia translocation in interphase cells by using cosmid clones of bcr
and abl genes and two-color detection. Two-color in situ hybridization also
helps to detect the specific but hard-to-spot inversion encountered in acute
myeloid leukemia (AML) M4 (Dauwerse et al. 1990).
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Molecular Cytogenetic Applications

Complementation of Chromosome Banding (Metaphase
Molecular Cytogenetics)

It is a regrettable fact still today that the quality of chromosome banding of
leukemic cells is not always sufficient for accurate interpretation of an
abnormality. Molecular cytogenetics is clearly alleviating this problem, as
evidenced by some earlier reports (Cremer et al. 1990; Jauch et al. 1990;
Smit et al. 1990; Kibbelaar et al. 1991) and also by the following examples.

G-banding analysis in one of our patients with AML yielded an abnormal
chromosome 8 resembling isochromosome 8q in a small proportion of
metaphase cells (Fig. 1). The presence of a translocation between 8 and
some other chromosome could not, however, be ruled out. The use of a
8-specific library probe confirmed that the abnormality really was an
isochromosome (Fig. 1). The second example concerns a patient with
AML, in whom two different abnormal clones were detected in G-banded
metaphases of fairly poor quality (Fig. 2). In the first one of these clones,
chromosomes 17, 18, and 21 were replaced with an abnormal chromosome 4
and two marker chromosomes; in the second one, chromosomes 17, 18, and
21 were replaced with an abnormal 15 and two marker chromosomes. The
interpretation of the karyotype was 45,XX,-17,—18,—21,+2mar,?4q+/
45,XX,—17,—18,-21,+2mar,?15q+ (Fig. 2). Molecular cytogenetics using
15- and 17-specific library probes demonstrated a translocation between the
long arms of chromosomes 4 and 17 (first clone) and a translocation between
the long arms of chromosomes 15 and 17 (second clone) (Fig. 2). Thus, use
of molecular cytogenetics yielded information about these translocations,
which can be considered to have general significance from the viewpoint of
elucidation of the biological and clinical aspects of cancer.

In some leukemias the frequency of abnormal cells may be very low.
Especially in acute promyelocytic leukemia (APL) we have seen cases in
which the frequency of metaphase cells with the 15;17 translocation is less
than 5%. The extreme was a patient in whom only 2% of bone marrow
metaphases exhibited the translocation and in whom the abnormality was
not detected until the 52nd metaphase analyzed. Furthermore, the poor
quality of metaphases containing the translocation (often seen in APL
and other leukemias) may cause preferential selection of normal cells for
analysis. In such cases, chromosome painting can be used to ensure accurate
cytogenetic interpretation.

We have started using molecular cytogenetics to demonstrate ab-
normalities in cases where cell morphology and/or immunophenotype point
to a specific chromosome abnormality but where the karyotype appears
normal. The possibility of screening large numbers of cells rapidly and
reliably has won this methodology important applications also in disease
follow-up and in the detection of minimal residual disease, as will be dis-
cussed below.



92 S. Knuutila

1A

v e
s |

2A

ﬁ“ ". ' |
s 8 W R = % 6

T~

Bl o0_ a2 n - g

p 15 17 18 21 mar




Molecular Cytogenetic Applications in Leukemias 93

Slow Proliferation or Total Absence of Mitotic Cells (Interphase
Molecular Cytogenetics)

In some leukemias proliferation activity in vitro is very low. The karyotypes
encountered, for example, in chronic lymphocytic leukemia (CLL), multiple
myeloma, and Hodgkin’s disease are often normal (10% —60% of cases), or
no mitosis is seen because the neoplastic cells do not enter mitosis whereas
normal cells do (Knuutila et al. 1986; Autio et al. 1987; Teerenhovi et al.
1988). Our series of patients with CLL demonstrated that the frequency of
trisomy 12, the most common abnormality in CLL, is higher when analyzed
by interphase cytogenetics than when the result is based on karyotype
analysis of metaphase cells. Two out of 13 patients with a normal karyotype
had the trisomy by interphase cytogenetics (Perez Losada et al. 1991).

Disease Follow-up (Metaphase and Interphase Molecular Cytogenetics)

Chromosome abnormalities provide highly cancer-specific markers for the
follow-up of the disease. We have started using metaphase and interphase
molecular cytogenetics along with karyotype analysis for follow-up of cases
exhibiting a suitable chromosome abnormality on G-banding analysis at

Fig. 1. A Cut-out normal chromosome 8 and isochromosome 8q (on the right) from
a G-banded metaphase of a patient with AML. B A metaphase from the same
patient after hybridization with chromosome 8-specific library probe (obtained from
the American Type Culture Collection (ATCC, LLOSNSO2). The biotinylated probe
was detected with avidin conjugated with fluorescein isothiocyanate (FITC). The
cells were counterstained with propidium iodide. Isochromosome 8q is indicated by
the arrow

Fig. 2. A Cut-out G-banded chromosomes 4, 15, 17, 18, and 21 and marker
chromosomes from two metaphases demonstrating two different abnormal clones
seen in a patient with AML. Large arrows indicate abnormal chromosomes 4 and 15
and small arrows indicate missing chromosomes. B—-G Chromosome 15 painted (B)
plus DAPI stained (C) and 17 painted (D, F) plus DAPI stained (E, G): metaphases
demonstrate a translocation between the long arms of chromosomes 15 and 17 (B, D,
compare to the lower line in A) and a translocation between the long arms of
chromosomes 4 and 17 (F, compare to the upper line in A). Small arrows indicate
normal chromosomes 15 (B, C) and 17 (D-G) and large arrows indicate translocated
chromosomes 15, i.e., der(15)t(15;17) (B-E) and translocated chromosome 4, i.e.,
der(4)t(4;17) (F, G). The biotinylated probes were detected with avidin conjugated
with FITC. Counterstaining was done with propidium iodide

Fig. 3. A A patient with acute promyelocytic leukemia, exhibiting the 15;17
translocation, was followed up by in situ hybridization with a chromosome 17-specific
probe (from ATCC, LL17NSO2), using FITC fluorescence plus propidium iodide
counterstaining. B Same metaphase after DAPI staining. The translocation can be
readily distinguished: small arrows indicate normal chromosome 17, medium-sized
arrows translocated 17 [der(17)t(15;17)], and large arrows translocated 15
[der(15)t(15;17)]
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diagnosis. MAC preparations have been used in those cases in which a
single immunophenotype of clonal cells is known to be present. Such cases
mainly consist of B-cell leukemias and lymphomas and infiltration of bone
marrow by neuroblastoma cells.

The number of cases is so far too small and the follow-up period too short
to allow evaluation of the clinical importance of our results (Table 1).
Nevertheless, it seems that molecular cytogenetics in combination with
MAC methodology provides a reliable and sensitive technique for the detec-
tion of minimal residual cells and of bone marrow infiltration by solid tumor
cells. Below, some of the cases in Table 1 are described in detail for
discussion of the usefulness of our approach.

Leukemia-Specific Translocations. Many of the translocations seen in
leukemias are very specific and are not seen in nonleukemic bone marrow.
Such translocations offer very reliable cancer-specific markers for follow-up.
In patients 1 and 2 (Table 1), who had the 15;17 translocation, we used 17-
and 15-specific library probes (Fig. 3). Long colcemid treatment (ca. 12h)
enabled us to collect high numbers of metaphases. Up to 1000 metaphases
could be analyzed within 2-3h. The fact that a distinct chromosome
morphology was retained made the analysis very reliable (Fig. 3). With
standard karyotype analysis one is not able to screen 1000 cells in order to
detect a translocation: even 50-100 metaphases is too great a number for
accurate analysis of a translocation.

Numerical Abnormalities Studied by Metaphase Molecular Cytogenetics. In
patients 3—11 a trisomy, mostly trisomy 8, was used as the marker of a
leukemic cell. Trisomy 8 is the most common abnormality in hematological
malignancies, but it is not strictly limited to any leukemia subgroup.
Metaphase molecular cytogenetics allows very reliable and rapid diagnosis
of this and other trisomies. The question can be raised, however, whether a
single trisomic cell among about 500—5000 cells analyzed is a sign of minimal
residual disease. There are no controlled studies on the frequency of trisomy
8 in nonneoplastic cells. In patient 4, who was in remission after chemo-
therapy, there was one metaphase with trisomy 8 among 596 metaphases
analyzed. Still in remission after bone marrow transplantation, the patient
had two trisomic metaphases among 500 analyzed. Interestingly, one of the
two was donor in origin, as it contained the Y chromosome (the donor was
the female patient’s brother) detected with 4',6-diamidino-2-phenylindole-
dihydrochloride (DAPI) counterstaining. That normal bone marrow cells
may have trisomy 8 was confirmed in the interphase cytogenetic study by
Kibbelaar et al. (1991). There are also reports of trisomy 9 and monosomy 7
in normal and leukemic cells (Anastasi et al. 1990; Kolluri et al. 1990).
The reliability of metaphase molecular cytogenetics in detecting minimal
residual diseases is improved if there are trisomies of two or more separate
chromosomes available, firstly because trisomy of several chromosomes is
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unlikely in normal bone marrow cells and secondly because simultaneous
hybridization artifacts with two different probes are unlikely. Such cases can
be investigated by simultaneous detection of the two or more chromosomes
by means of polycolor techniques. For instance, in patient 5, who had
trisomy 14 in addition to trisomy 8, chromosome 8 can be painted red
and chromosome 16 green. In this special case, even a monocolor system
demonstrated the trisomies reliably, as the trisomic chromosomes belonged
to different chromosome groups.

Interphase cytogenetics is a highly sensitive technique in the detection of
trisomic cells (Knuutila et al. 1992). When studying minimal residual cells
with a single trisomy the following pitfalls must, however, be taken into
consideration: (1) unspecific banding of the probe, (2) cross-hybridization of
the probe with other chromosomes, and (3) two adjacent signals (represent-
ing either a double signal from a single chromosome, which is a normal
enough situation, or two signals from two adjacent chromosomes). Reliability
can be improved by using two different probes for the same chromosome in a
two-color detection system.

The reliability of detecting neoplastic cells is also improved if immuno-
phenotyped cells can be used. For example, one of our patients (no. 9) with
large cell anaplastic (Ki-1) lymphoma exhibits the specific 2;5 translocation in
association with trisomy 7. In this disease, neoplastic cells are positive for
anti-CD30. CD30 is what is known as a proliferation antigen which may be
encountered also in normal bone marrow. Thus the finding of cells positive
for anti-CD30 in the bone marrow does not necessarily indicate the presence
of neoplastic cells. In our patient, we found that a small proportion (ca. 4%)
of interphase cells presented three hybridization signals with a chromosome
7-specific repetitive probe. Most of these cells were CD30-positive. This
association of CD30-positivity and trisomy 7 allowed us to conclude with a fair
amount of certainty that we were dealing with infiltration of the bone marrow
by lymphoma cells. According to other parameters, the patient was con-
sidered to be in remission. The patient’s future follow-up will be based on a
combination of MAC and molecular cytogenetic methods.

Involvement of Various Cell Lineages in Clonal Chromosome Abnormalities

We have studied lineage involvement since 1984 using G-banded chromo-
somes of morphologically and immunologically classified cells (Teerenhovi
et al. 1984; Knuutila and Teerenhovi 1989). Adaptation of molecular
cytogenetics to the MAC technique (Wessman and Knuutila 1988; Tiainen
et al. 1992) has enhanced the analysis of lineage involvement dramati-
cally by allowing the detection of chromosome abnormalities, not only in
immunologically classified metaphase cells, but also in interphase cells
(Perez Losada et al. 1991; Parlier et al. 1992).
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The case of large cell anaplastic (Ki-1) lymphoma with trisomy 7, dis-
cussed above, is an example of the determination of the cell lineage of
abnormal (neoplastic) cells. In this patient, the determination of lineage
involvement facilitated the demonstration of neoplastic cells during follow-
up. Regarding therapy, the demonstration of neoplastic lineages will assume
added importance in the future when target-specific treatment of leukemias
is introduced, but until then, it is still important to know whether the
leukemia to be treated is restricted to a single lineage or whether it is
a multilineage, stem-cell disease. We are currently conducting studies to
determine lineage involvement in some of the most common chromosomal
abnormalities in leukemias.

Concluding Remarks

Molecular cytogenetics removes many of the problems inherent in the con-
ventional karyotype analysis of metaphase chromosomes in leukemias. It
can be justifiably argued that molecular cytogenetics should be actively
employed in every cancer cytogenetic laboratory. It should be borne in mind,
however, that molecular cytogenetics is complementary to, rather than a
substitute for, the standard karyotype analysis of metaphase chromosomes.

Acknowledgments. The in situ hybridization team at the Department of
Medical Genetics consists of the following persons: Mervi Heiskanen,
M.Sc., Paula Kvick, laboratory technician, Marianne Tiainen, M.Sc., Tiina
Wirtanen, laboratory technician, Maija Wessman, Ph.L., Tapani Ruutu,
M.D., Erkki Elonen, M.D., Kaarle Franssila, M.D., Lasse Teerenhovi,
M.D. I would also like to acknowledge the help of Thomas Cremer, M.D.,
Ph.D., and his group in Heidelberg, and Anton Hopman, Ph.D., in setting
up our laboratory. Studies conducted by the in situ hybridization team are
supported by grants from the Sigrid Juselius Foundation, Finnish Cancer
Society, Finnish Academy of Science, and University of Helsinki.

References

Anastasi J, Le Beau MM, Vardiman JW, Westbrook CA (1990) Detection of
numerical chromosomal abnormalities in neoplastic hematopoietic cells by in situ
hybridization with a chromosome-specific probe. Am J Pathol 136:131-139

Arnoldus EPJ, Wiegant J, Noordermeer IA, Wessels JW, Beverstock GC, Grosveld
GC, van der Ploeg M, Raap AK (1990) Detection of the Philadelphia
chromosome in interphase nuclei. Cytogenet Cell Genet 54:108-111

Autio K, Elonen E, Teerenhovi L, Knuutila S (1987) Cytogenetic and immunologic
characterization of mitotic cells<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>