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Chapter 1

Human Leukemia-Lymphoma Cell Lines: Historical
Perspective, State of the Art and Future Prospects

Hans G. Drexler' and Jun Minowada®

' DSMZ-German Collection of Microorganisms and Cell Cultures, Department of Human
and Animal Cell Cultures, Braunschweig, Germany;2 Fujisaki Cell Center, Hayashibara
Biochemical Laboratories, Okayama, Japan. Tel: +49-531-2616-160; Fax;
+49-531-2616-150; E-mail: hdr@dsmz.de

1. BURKITT CELL LINES WERE THE FIRST HUMAN
HEMATOPOIETIC CELL LINES

In 1951 at Johns Hopkins University (Baltimore, Maryland, USA), Gey et
al. established the first continuously growing human cell line (HeLa) from
uterine cervix carcinoma [1]. The HeLa cell line and most other human cell
lines subsequently established from various solid tumors adhere to the culture
vessel growing in monolayers. In 1963 at the University of Ibadan, Nigeria,
Pulvertaft established the first continuous human hematopoietic cell lines, a
series of cell lines derived from Nigerian patients with Burkitt lymphoma in
a suspension-type cell culture: RAJI is the best known cell line of this panel
[2] (Table 1). In suspension cultures, these cells are free-floating, singly or in
clusters, in the nutrient medium.

Electron microscopic analysis of these and subsequent Burkitt lymphoma-
derived cell lines led to the identification of herpes-type virus particles which
were later designated Epstein-Barr virus (EBV) [4,5]. The first leukemia-
derived cell line was thought to be RPMI 6410, established from an American
patient with acute myeloid leukemia (AML) containing similar herpes-type
virus (EBV) particles in the cells [3]; however, it was shown later that this cell
line was derived from normal bystander B-cells immortalized spontaneously
by EBV infection and not from the leukemia cells.

The etiological significance of EBV for lymphomagenesis was questioned
by several findings. Several hundred lymphoblastoid cell lines (LCLs) were
established from the peripheral blood of patients with leukemias, lympho-
mas, other malignant tumors, and even from many healthy individuals [7-
9,60]. However, EBV was detected in every cell line irrespective of the blood

1

“ J.R.W. Masters and B.O. Palsson (eds.), Human Cell Culture Vol. III, 1-18.
© 2000 Kluwer Academic Publishers. Printed in the Netherlands.
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Human Leukemia-Lymphoma Cell Lines 5

donor’s health status. Furthermore, Moore and his colleagues established
the first proven human myeloma cell line, RPMI 8226, which was ironic-
ally free from EBV infection [10,61,62], Most of the Burkitt lymphoma cell
lines derived from North American [ 18,63] and Japanese patients [21 ] lacked
EBYV genomes. Moreover, the African Burkitt lymphoma cell line BJA-B was
found to be free from EBV infection [17]. Thus the mere presence of EBV
does not prove the neoplastic nature of the infected cells. Further studies
established that EBV infection is capable of immortalizing certain B-cell
subsets in normal human leukocyte cultures, hence the designation ‘EBV+
B-lymphoblastoid cell lines (B-LCL)’; this term was adopted to define this
type of non-malignant lymphoid cells [8].

Cytogenetic analysis of Burkitt cell lines led to the demonstration of spe-
cific chromosome translocations, t(8;14) or t(2;8) involving either heavy- or
light-chain immunoglobulin genes and the c-myc oncogene [64-67]. Thus,
the availability of these early hematopoietic cell lines stimulated the initial
and subsequent research in diverse areas of biomedical sciences.

2. THE FIRST T LYMPHOCYTE CELL LINES

In 1971, the hematopoietic cell lines MOLT-1, -2, -3, and -4 were established
from the peripheral blood of a patient in relapse from acute lymphoblastic
leukemia (ALL) by Minowada et al. [11]. These cells lacked surface and
cytoplasmic immunoglobulins (as signs of B-cell lineage commitment) and
EBYV infection. The most distinctive characteristic of the MOLT-1, -2, -3
and -4 cells was their rosette-forming ability with sheep, goat, horse and pig
erythrocytes. This new immunological test referred to as the ‘E-rosette test’
was then found to be a specific normal human T-cell membrane marker, now
termed CD2 [11].

Prior to the establishment of the MOLT 1-4 cell lines, Foley et al. had
established a cell line, CCRF-CEM, from the peripheral blood of a patient
with ALL, but at that time they were not able to prove its commitment to the
T-cell lineage which was later shown by immunophenotyping [6].

3. ESTABLISHMENT OF CELL LINES FROM ALL
HEMATOPOIETIC CELL LINEAGES

In the 1970s several still widely used and hence extremely important
leukemia-lymphoma cell lines were established; just to name a few: K-562
as the first myeloid cell line and as a paradigm for a pluripotential cell line
[12]; HL-60, KG-1, U-937 and THP-1 as myelocytic and monocytic model
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cell lines with differentiation potential [19,28,29,39]; REH, NALM-1 and
NALM-6 as precursor B-cell lines derived from patients with common ALL,
pre B-ALL and lymphoid blast crisis of CML [20,25,30].

Table 1 shows the chronological steps in the establishment of the first
cell lines representing each of the respective subtypes of human leukemias
and lymphomas and several other cell lines that were instrumental in the
detection of significant new scientific information, e.g. for the isolation of
viruses, cloning of chromosomal translocation breakpoints and their new
fusion genes, etc. In recent years, a number of excellent reviews have sum-
marized and presented in great detail specific groups or types/subtypes of
human leukemia-lymphoma cell lines [68-100].

The development of several public cell line banks with the ensuing
availability of large panels of human leukemia-lymphoma cell lines has
tremendously enhanced research in this area. A primary function of cell
line banks is to provide authenticated, clean and well-characterized cell
material [101,102]. The most extensive public, non-profit collection of
leukemia-lymphoma cell lines has been established at the DSMZ-German
Collection of Microorganisms and Cell Cultures (Braunschweig, Germanys;
website: <www.dsmz.de>). Other cell banks such as ATCC-American Type
Culture Collection (Manassas, Virginia, USA; website: <www.atcc.org>),
JCRB-Japanese Collection of Research Bioresources (Tokyo, Japan; website:
<http://cellbank.nihs.go.jp/defaulte.htm>) and RIKEN (Tsukuba, Ibaraki, Ja-
pan; website: <www.rtc.riken.go.jp>) also hold a limited number of the most
often used and best-known leukemia-lymphoma cell lines.

4. COMMON CHARACTERISTICS OF
LEUKEMIA-LYMPHOMA CELL LINES

Leukemia-lymphoma cell lines demonstrate the following three common
characteristics:
e monoclonal origin
e differentiation arrest at a discrete stage during maturation in each lineage
e sustained proliferation of the cultured cells.

Until the availability of first unpurified and later recombinant growth
factors in the 1980s, cell line proliferation was operationally ‘growth factor-
independent’, i.e. no external cytokines were added and cells grew autonom-
ously; however, it must be assumed that fetal bovine serum and human serum
which are commonly employed as medium supplements contain certain
growth-enhancing molecules. Furthermore, the autocrine stimulation of some
cell lines by elaboration of known (and possibly so far unknown) growth
factors has been shown [103,104]. Constitutively growth factor-dependent
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cell lines represent a new category of leukemia cell lines which were first
developed deliberately in the late 1980s [99,105].

The analysis of the wide range of diverse leukemia-lymphoma cell
lines has allowed for the recognition of a number of facts about human
hematopoietic malignancies:

e There is no specific common marker for leukemias and lymphomas in
a strict sense, although operationally there are markers and/or marker
profiles specific for certain subtypes of leukemias and lymphomas, such
as the expression of the leukemia subtype-specific hybrid or fusion gene
products.

e Multiple marker profiles of cultured leukemia-lymphoma cell lines are
very similar if not identical to the marker profiles of corresponding fresh
leukemia and lymphoma cells.

e There is considerable heterogeneity or near individuality in the marker
profiles of cultured leukemia-lymphoma cell lines; this appears to reflect
differentiation arrest of the malignant cells at various stages of normal
hematopoietic cell differentiation in a general sense.

e The availability and utilization of these leukemia-lymphoma cell lines
have greatly facilitated the steady progress that has been made in molecu-
lar biological and molecular genetic studies of human hematopoietic ma-
lignancies. This has been particularly evident with regard to the possible
association of unique cytogenetic markers with immunoglobulin and T-
cell receptor genes and a vast array of cellular oncogenes [75,106]; these
findings have been extended readily to fresh leukemias and lymphomas.

e Cell lines are extremely useful for a nearly unlimited variety of practical
purposes; including screening of monoclonal antibodies, pharmaceutical
drugs and hormones in order to evaluate their antigenic specificity and
differential effects in a variety of subtypes of leukemias and lymph-
omas [107]; selection of subclones based on specific features such
as drug-resistance or additional chromosomal or molecular aberrations
[108]; cloning of translocation breakpoints and analysis of the incid-
ence of fusion genes, point mutations and deletions [75,109]; use of
cytokine-dependent cell lines for the establishment of bioassay systems
[110]; examination of expression of cytokine receptors and proliferat-
ive response to cytokines [111,112]; studies on virus susceptibility and
propagation [77].
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S. CATEGORIZATION AND CLASSIFICATION OF
LEUKEMIA-LYMPHOMA CELL LINES

There are various possibilities for categorizing human leukemia-lymphoma
cell lines, for instance according to the diagnosis of the patient or ac-
cording to immunophenotypes, specific cytogenetic alterations, functional
characteristics or other features of the cultured cells. The most often used
categorization of these cell lines is based on the physiological spectrum of
the normal hematopoietic cell lineages: firstly, lymphoid versus myeloid and
secondly T-cell, B-cell, NK cell versus myelocytic, monocytic, megakaryo-
cytic and erythrocytic (in addition to specific subtypes such as myeloblastic,
promyelocytic, eosinophilic, basophilic for the myelocytic cell lineage; pre-
cursor B-cell, mature B-cell, plasma cell for the B-cell lineage; and immature
and mature T-cells) (Table 2). It is still a matter of debate whether natural
killer (NK) cells represent a third lymphoid lineage [119] or whether they
are a branch of the T-cell lineage.

The most useful technique for assigning a given cell line to one of the
major cell lineages is undoubtedly immunophenotyping. The more extens-
ive and complete the immunoprofile, the more precise is the categorization
and classification of the cell lineage-derivation and status of arrested dif-
ferentiation along this cell axis. Other techniques may add highly valuable
information in cases of uncertainty of cell lineage assignment (see below).

Commonly this assignment of any given leukemia-lymphoma cell line to a
cell lineage and stage of arrested differentiation, based on its immunological
and other phenotypes, does not present any problems. Exceptions to this rule
are the Hodgkin’s disease (HD) and anaplastic large cell lymphoma (ALCL)-
derived cell lines. Although the lymphoid nature of Hodgkin-Reed-Sternberg
cells (the presumed neoplastic cells in HD) appears to be established [83,118]
and thus HD-derived cell lines may be assigned to lymphoid T- or B-cell cat-
egories, their uniqueness and the fact that such cell lines display very unusual
and often asynchronous marker profiles which are not found in normal cells,
justifies a separate category for HD cell lines and the equally unusual ALCL
lines. Continuous human dendritic cell lines have not as yet been described,;
such presumably unparalleled cell lines with specific profiles will require
their own category.

6. CHARACTERIZATION OF LEUKEMIA-LYMPHOMA
CELL LINES

Cell lines originating from different cell lineages are, for the most part,
impossible to distinguish by morphology alone. Since leukemia cell lines
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Table 2. Categorization of leukemia-lymphoma cell lines

Main type Physiological hematopoietic ~ Subtype of neoplastic Prototype of
cell lineage cell line cell line?
Lymphoid B-cell Precursor B-cell line REH
B-cell line U-698-M
Plasma cell line RPMI-8226
T-cell Immature T-cell line CCRF-CEM
Mature T-cell line SKW-3
NK cell NK cell line YT
Myeloid Myelocytic Myelocytic cell line HL-60
Promyelocytic cell line NB4
Eosinophilic cell line EoL-1
Basophilic cell line KU-812
Monocytic Monocytic cell line U-937
Erythrocytic Erythrocytic cell lineP K-562
Megakaryocytic Megakaryocytic cell line® MEG-01
Dendritic Lymphoid? Dendritic cell line® £
myelomonocytic?
Hodgkin/ALCL  Lymphoid? other? Hodgkin cell lined L-428
T-cell/null cell ALCL cell line SU-DHL-1

Modified from references [113,114].

2 The best known cell lines for each of these categories are often the ‘oldest’ cell lines (nearly
all available from cell line banks DSMZ or ATCC); see Table | for the historical perspective.
b It is often difficult to assign cell lines to either the erythrocytic or megakaryocytic cell
lineage as most of these cell lines express features of both lineages, e.g. (hemo)globin, specific
transcription factors, surface antigens, differentiation potential, etc.; thus, it may be preferable
to use the term ‘erythrocytic-megakaryocytic cell line’.

© At present, no continuous human dendritic cell line has been published; see references [115-
117] for reviews on this controversial cell type.

9 See references [69,118] for reviews on this controversial cell type.

commonly grow as single or clustered cells in suspension or only loosely ad-
herent to the flask, single cell populations can be easily prepared and the cells
can thus be characterized and classified. Table 3 lists a variety of parameters
useful for the description of the cells and a panel of possible tests applicable
for the phenotypic and functional characterization of most cell lines. This
necessary multiparameter examination of the cellular phenotype provides
important information on the likely cell of origin, the variable stringency of
maturation arrest, and the predominantly normal pattern of gene expression.
The list is not intended to cover comprehensively all possible informative
parameters, as with new techniques becoming available and research areas
extending to new avenues, other or entirely new features might be of interest
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to scientists. Thus, only some of the features of the phenotypic profiles of
cell lines which are most often studied are highlighted. Immunophenotypic
analysis and cytogenetic karyotyping appear to be the most important and in-
formative examinations (Table 3). It is also important to indicate when in the
life of a cell line particular data were generated and also whether alterations
in the phenotypic features of the cells might occur during prolonged culture.

While the extent of the analytical characterization of leukemia cell lines is
variable, a minimum data set is obligatory and essential for the identification,
description and culture of a cell line; these data include the clinical and cell
culture description of the cell line (the example of the human leukemia cell
line HL-60 is given in Table 4). Clearly, the origin of an established cell line
must be documented sufficiently.

7. ESTABLISHMENT AND DESCRIPTION OF NEW
LEUKEMIA-LYMPHOMA CELL LINES

We discerned six cardinal requirements for the description and publication of
new leukemia-lymphoma cell lines (Table 5).

7.1. Immortality

First, a cell line should be grown in continuous culture for at least 6 months,
even better for more than a year. Upon addition of growth factors, primary
neoplastic cells or normal cells can be kept in culture for several months
before proliferation ceases; these cultures cannot be regarded as ‘continuous
cell lines’. Continuous cell lines have been defined as cultures that apparently
are capable of an unlimited number of population doublings (immortaliza-
tion); it should be recognized that an immortalized cell is not necessarily one
that is neoplastically or malignantly transformed [121].

7.2. Verification of Neoplastic Origin

A cell line established from a patient with leukemia is not necessarily a
‘leukemia cell line’. For instance, it appears to be 10- to 100-fold easier
to establish an EBV-transformed B-lymphoblastoid cell line (EBV+ B-LCL)
from a patient with leukemia than a neoplastic leukemia cell line [122]. Thus,
the neoplastic nature of the cell line should be demonstrated by functional
assays or by the detection of clonal cytogenetic abnormalities. With regard
to the latter point, it is of note that among 596 well- or partly characterized
leukemia-lymphoma cell lines (excluding sister cell lines, subclones, EBV+
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Table 3. Analytical characterization of leukemia-lymphoma cell lines

Parameter

Details and examples

Most important data
Clinical data
In vitro culture

Immunophenotyping

Cytogenetics:

Further characterization

Morphology

Cytochemistry
Genotyping

Cytokines

Functional aspects/
specific features

Date of analysis

Patient’s data (see Table 4)
Growth kinetics, proliferative characteristics (see Table 4)

Surface marker antigens (fluorescence microscopy, flow
cytometry)

Intracytoplasmic and nuclear antigens (immunoenzymatic
staining)

Structural and numerical abnormalities

Specific chromosomal markers

In-situ (flask, plate) under inverted microscope

Light microscopy (May-Griinwald-Giemsa staining)
Electron microscopy (transmission, scanning)

Acid phosphatase, («-naphthyl acetate esterase, others)
Southern blot analysis of T-cell receptor (TCR) and
immunoglobulin (Ig) heavy and light chain gene
rearrangements

Northern blot analysis of expression of TCR and Ig transcripts
Production of cytokines

Expression of cytokine receptors

Response to cytokines, dependency on cytokines
Phagocytosis

Antigen presentation

Immunoglobulin production and secretion
(Hemo)globin synthesis

Capacity for (spontaneous or induced) differentiation
Positivity for EBV or HTLV-1 or other viruses
Heterotransplantability into mice or other animals
Colony formation in agar/methylcellulose — clonogenicity
Production/secretion of specific proteins

Natural killer cell activity

Oncogene expression

Transcription factor expression

Unique point mutations

Age of cell line at time of analysis

Possible changes in the specific marker profile over prolonged
culture

Adapted from references [113,114,120].
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Table 4.  Sets of clinical and cell culture data required for leukemia-lymphoma cell lines

Parameter Example
Identification
Name of cell line HL-60

Cell phenotype

Clinical data
Original disease of patient
Disease status

Patient data (age, race, sex)

Myelocytic cell

Initially AML M3, later corrected to AML M2
At diagnosis
35-year-old Caucasian woman

Source of material Peripheral blood

Year of establishment 1976

Cell culture data
90% RPMI 1640 + 10% FBS
Maintain at 0.1-0.5 x 10%cells/ml, split ratio 1:5 to 1:10

Culture medium
Subcultivation routine
every 2-3 days

0.5-1.0 x 10° cells/ml

1.0-1.5 x 10% celis/mi

24-36 hours

70% RPMI 1640 + 20% FBS + 10% DMSO
Round, single cells in suspension

None - checked with PCR

Negative — checked by PCR

Minimum cell density
Maximum cell density
Doubling time

Cell storage conditions

In situ morphology
Mycoplasma contamination
EBY status

Modified from references [113,114,120].

B-LCLs, Burkitt and ATL cell lines) for which karyotypes have been pub-
lished in the literature, only six cell lines (1%) showed a normal karyotype
without any structural or numerical aberrations (five precursor B-/mature
B-cell lines and one immature T-cell line). Colony formation in methylcellu-
lose or agar or heterotransplantability into immunosuppressed mice are often
regarded as signs suggestive of neoplasticity.

7.3. Authentication

The origin of a new cell line must be proven by authentication, i.e. it must be
shown that the cultured cells are indeed derived from the presumed patient’s
tumor. It has been estimated that 10-20% of human leukemia-lymphoma
cell lines are misidentified or cross-contaminated, thus ‘false cell lines’. The
method of choice for identity control is forensic-type DNA fingerprinting
[123]. Microsatellite analysis does not appear to be sufficient as the loci seem
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Table 5. Cardinal requirements for new leukemia-lymphoma cell lines

e Immortality

e Verification of neoplastic origin
e Authentication

e Scientific significance

e Characterization

e Availability

Modified from references [113,114].

to be unstable; immunophenotyping will not suffice either as cell lines of
the same category will often have similar if not identical immunoprofiles.
Unique cytogenetic marker chromosomes or molecular biological analyses
(e.g. identical clonal gene rearrangement patterns on Southern blots) might
also provide unequivocal evidence for the derivation of the cell line from the
patient.

7.4. Scientific Significance and Characterization

For the sake of the necessities important for scientific publications, namely
novelty and scientific significance, the new cell line should have features not
yet detected in previously established cell lines. A thorough characterization
of the cells (see above and Table 3) will often detect unique characteristics of
cell lines proving their scientific importance.

7.5. Availability

The availability of cell lines to other qualified investigators upon request is of
utmost importance. Some journals have adopted the policy that any readily
renewable resources, including cell lines published in the journal, shall be
made available to all qualified investigators in the field, if not already ob-
tainable from commercial sources. The policy stems from the long-standing
scientific principle that authenticity requires reproducibility. While cell lines
are proprietary and unique, suitable material transfer agreements can be
drawn up between the provider and requester [124]. By providing authen-
ticated and unique biological material, cell line banks play a major role in
leukemia-lymphoma research [101,102].
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8. SUCCESS RATE OF ESTABLISHING
LEUKEMIA-LYMPHOMA CELL LINES

The deliberate establishment of new leukemia-lymphoma cell lines remains
by and large an unpredictable random process (except for EBV+ Burkitt
lymphoma and HTLV-1 + ATL cell lines). Few systematic attempts to develop
continuous new cell lines have been reported, thus a reasonable estimate of
the success is in the range of 1-10% for myeloid cell lines and 10-20% for
lymphoid cell lines [120], It appears somewhat easier to establish precursor
B-cell lines where success rates of up to 66% have been reported, however
only when applying special techniques and culture conditions (reviewed in
ref. [95]). It should be noted that some of these latter cell lines have extremely
long doubling times (10-14 days) which clearly limits their usefulness [125].
Furthermore, a method for establishing T-cell lines from pediatric T-ALL
cases with a very high success rate was described [126]. The reproducibility
of this method in other hands and the long-term growth (immortalization) of
these cultures is not known and remains to be established.

Difficulties in establishing continuous human leukemia-lymphoma cell
lines may also originate from the inappropriate selection of nutrients and
growth factors for these cells. Thus, a suitable microenvironment for hema-
topoietic cells, whether they are malignant or normal, cannot yet be created,;
it should be remembered that normal cells cannot be cultured long-term
without EBV or HTLV-1 infection. In a strict sense, they are also no
longer considered normal cells. A much higher percentage of leukemia
samples can be grown in vivo in immunodeficient mice (athymic, SCID,
NOD/SCID, etc.) after xenotransplantation than in vitro [127]; these murine
microenvironments are, however, not likely to be entirely representative of
microenvironments in human organs [120]. Many types of neoplastic cells
may not be capable of indefinite proliferation. The success rate for establish-
ing a hematopoietic cell line appears to be higher for more immature than
for more mature cells, and for lymphoid (T- and B-cell precursor) than for
myeloid (including monocytic, erythrocytic and megakaryocytic) cell lines.
Specimens from patients at relapse and specimens obtained from ascites,
pleural effusion and the leukemic phase of lymphoma may represent more
suitable material for cell culture attempts.

9. FUTURE PROSPECTS

We estimate that more than 1000 leukemia-lymphoma cell lines have been
established. However, only a relatively small percentage of these cell lines
has been sufficiently well described and characterized; in many cases it is
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not known whether these cell lines are truly continuously proliferating and
whether these cell lines do still exist. Efforts should be undertaken so that
publications of new cell lines fulfil the requirements listed in Table 5. Fur-
thermore, the awareness of scientists of the benefits of institutionalized cell
culture collections should be heightened; otherwise, substantial numbers of
unique and potentially important cell lines might be lost. Despite more than
35 years of hematopoietic cell culture, it is not understood why certain cells
start to multiply indefinitely in culture and others do not. This enigma shows
that our present in vitro culture conditions by no means accurately reflect
the physiological in vivo microenvironment. Much further work is required
to achieve significant improvements in the efficiency of immortalization. The
use of certain cytokines might permit the long-term culture of many leukemia
cells giving these cells the possibility to adapt to in vitro conditions or to give
the few cells that a priori are amenable to in vitro growth the necessary time
to multiply to sufficient cell numbers; subsequently, in some cases, continu-
ous cell lines might evolve. Future technical innovations, e.g. transfection
with oncogenes such as the anti-apoptotic gene bcl-2 or with a mutant p53
gene, might also improve the success rate enhancing the frequency of im-
mortalization (although such cell lines are unique, they may not reflect the
pathophysiology of the real leukemia in patients).

The availability of large numbers of continuous leukemia- lymphoma cell
lines has facilitated clinical and immunobiological studies of hematopoietic
malignancies. As with all in vitro studies, one should be cautious before ex-
trapolating the data gathered from such studies to the in vivo situation. Thus,
it is of paramount importance that the findings generated by cell line studies
should be substantiated by studies with fresh leukemia cells. Despite this
limitation, it is obvious that continuous leukemia-lymphoma cell lines have
played major roles in the advancement of leukemia research. Undoubtedly,
the acquisition of new information about human hematopoietic malignancies
will be greatly furthered by continued research utilizing leukemia-lymphoma
cell lines, optimally combined with studies on primary material.
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1. INTRODUCTION

Lymphopoiesis is a complex process. It originates from a pool of uncom-
mitted stem cells capable of self-renewal and, at the same time, giving rise
to early progenitors which develop along an orderly path of differentiation
through precursor cell stages of increasing maturation committed to pro-
duce lymphocytes. The concept of a lymphoid stem cell has long been a
matter of debate [1]. However, experiments in cell cultures and with leth-
ally irradiated mice where fetal bone marrow cells expressing high levels of
CD34 were able to reconstitute human B and T cells, point toward a popu-
lation of CD34- and TdT (terminal deoxynucleotide transferase)-expressing
pluripotent hematopoietic cells that can serve as lymphoid progenitors [2].

B-cell ontogeny occurs in two phases. Antigen-dependent expansion and
differentiation occurs in spleen and lymph nodes and is mediated by the
interaction of surface immunoglobulin (sIg)-positive B cells with access-
ory signals from T cells, macrophages, natural killer (NK) cells, and other
antigen-presenting cells such as dendritic cells. Antigen-independent matur-
ation occurs in the bone marrow and precedes these events. This phase of B
cell development is characterized by rearrangement of the Ig heavy and light
chain genes and sequential expression of their transcription products in the
cytoplasm and on the surface of B cells. It eventually results in the produc-
tion of slg-expressing B lymphocytes. In this sense, B-cell precursors (BCP)
represent stages in B cell maturation prior to expression of slg, and various
stages within BCP are distinguished by the status of their Ig rearrangements
and antigen expression (CD markers).

The Ig heavy and light chain loci are organized into multiple genes that
result in the transcription of the variable (V) and constant (C) regions of
the Ig proteins. Additional genes code for the joining (J) and diversity (D)
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regions, the latter in the heavy chain locus only, that encode the hypervariable
region of the V segments [3]. The genes are separated by noncoding introns
of varying lengths. For the B lymphocyte to produce and excrete functional
Ig proteins, an orderly progression of gene rearrangements takes place that
starts at the p heavy chain locus and from there progresses to the x and A
light chain loci. Initial steps involve joining of Dy and Jy regions followed
by Vu — DIy joining by splicing out intervening intron sequences. Crucial
enzymes catalyzing these steps are TdT which adds nontemplate-directed
nucleotides in between the joining regions [4], and proteins encoded by the
genes RAG (recombination activating gene)-/ and RAG-2 [5]. A B-cell at
this stage is called a pro-B cell, i.e., it is capable of completing a functional
rearrangement of the Ig gene locus. Once cytoplasmic Igu is expressed, the
BCP is termed a pre-B cell and rearrangement of the light chain loci begins
[1]. Until expression of a functional u/k or, in the case of nonfunctional
rearrangements, /A slg, a surrogate light chain (SLC) molecule composed
of the covalently linked A5 and the noncovalently linked Vpe_pg protein is
attached to Igg.

At every stage along the developmental path of lymphopoiesis, expan-
sion of a monoclonal population of cells with a phenotype of immature
cells manifests most frequently as acute lymphoblastic leukemia (ALL).
Leukemic lymphoblasts share many of the phenotypic, immunological, and
genetic properties of their normal B-cell counterparts. ALL is the most
common form of childhood neoplasia. Only 20% of ALL occur in patients
older than 17 years of age [6]. ALL can be classified according to mor-
phology, histocytochemistry, immunophenotype and, increasingly, molecular
abnormalities and cytogenetics [7]. The French—American—British (FAB)
Cooperative Group distinguishes three morphological groups according to
cell size, nuclear/cytoplasmic (N/C) ratio, presence or absence of nucleoli,
and cytoplasmic vacuolation [8]. L1 morphology, most frequent in childhood
ALL, is thus characterized by a population of small, homogenous cells with
a relatively high N/C ratio and indistinct nucleoli. L2 cells are more het-
erogenous in size, have a lower N/C ratio and express several, often large
nucleoli. L3 morphology is almost exclusively a feature of mature B-cell
leukemia (Burkitts leukemia) associated with characteristic chromosomal
translocations.

A more widespread system used for the classification of ALL is based on
expression of distinct surface and cytoplasmic markers detected by immun-
ophenotyping. The European Group for the Immunological Classification
of Leukemias (EGIL) has established guidelines for the immunophenotypic
diagnosis of ALL [9]. B lineage ALL is defined by the expression of at least
two of the three early B cell markers CD19, CD22, and CD79a. According to
the degree of B lymphoid differentiation of the leukemic cells, BCP ALL is



B-Cell Precursor Cell Lines 21

further defined as pro-B-ALL (B-I) without further expression of other B-cell
antigens, common ALL (B-II) if CD10-positive, and pre-B-ALL if cIgucan
be detected (B-IIT). The expression of sIg or cytoplasmic/surface light chains
qualifies the leukemia as a mature B-cell ALL and is not the subject of this
chapter.

The first BCP ALL cell line, REH, was established in 1974 from the leuk-
emic cells of a girl with ALL in relapse [10]. Since then, more than 150 BCP
ALL cell lines have been described, although only a handful are well char-
acterized [11]. The establishment of lymphoid leukemic cell lines is still a
challenge and is successful in at most 10% of cases [11]. BCP ALL cell lines
have been established mainly from children with ALL, most frequently in
relapse or with resistant disease. Some are derived from patients with chronic
myelogenous leukemia (CML) in lymphoid blast crisis and some have been
classified as acute undifferentiated leukemias (AUL). Many cell lines harbor
typical leukemic cytogenetic abnormalities such as translocations t(1;19) and
t(9;22) with their respective fusion gene products. These karyotype aberra-
tions are associated with poor clinical outcome and therefore cell lines with
these changes enable the study of these neoplasms. It should also be noted,
however, that many cell lines have additional cytogenetic aberrations, some
of which occur in vitro. Many cell lines are found to respond to cytokines
by either proliferation or inhibition of proliferation, and identification of cy-
tokine receptors on the surface of some of the cell lines has further facilitated
the study of cytokine interactions and signal transduction pathways in BCP
ALL. The growing repertoire of BCP cell lines creates more opportunities to
analyze the unique biological properties of the vast heterogeneity of human
BCP ALL.

2. CLINICAL CHARACTERIZATION

More than 80 BCP cell lines are summarized in Table 1, according to the
degree of B-lymphoid differentiation (B-I, B-II, and B-III). In nine of the
cell lines (G2, IARC-318, JM, Km-3, LILA-1, LK-63, Tree92, Z-119, and
Z-181), expression of cytoplasmic Ig is unknown or not clearly identified to
warrant categorization at either B-II or B-III stage of differentiation. Tree92
is unusual as it is derived from a patient with mature B-cell ALL (ALL L3)
and shows faint expression of surface Igs, otherwise displaying markers of
a BCP line. The majority of cell lines were derived from patients with ALL
(78185, 92%). Two cell lines were derived from patients with lymphoid blast
crisis of CML (CML-BC). Three patients were classified as acute undif-
ferentiated leukemia (AUL) and one as lymphoblastic lymphoma (LL). No
information was given as to the diagnosis of the patient in one case. The sex



22 Faderl and Estrov

distribution is 42 from male patient and 40 from females. No information was
provided in three cases. Not surprisingly, and in keeping with the distribution
of incidence rates according to age in ALL, the majority of BCP cell lines
were derived from children of 15 years of age or less (51/78, 65%). Twenty
cell lines (26%) were established from samples of adults with ALL. In seven
cases, the age of the patient is unknown. Among the 51 children, 10 (20%)
were infants less than one year of age.

FAB morphology has largely lost its role in classification of ALL and its
prognostic significance, except for ALL L3. Nevertheless, in cases where
information as to the FAB type was given, the majority of patients with
ALL displayed ALL FAB type L1 (14/21, 67%). FAB type L3 is usually
associated with mature B-cell ALL and not BCP ALL. However, cell line
Tree92, although consistent with BCP characteristics, was derived from a
patient with L3 morphology. Most cell lines were developed from patients at
relapse or with resistant disease (36/85, 31%). Twenty-three samples (27%)
were established from diagnostic specimens. Two patients were in lymphoid
blast crisis of CML. Information is lacking in 25 cases (29%). Nearly equal
numbers of cell lines were derived from peripheral blood (30/85, 35%) or
bone marrow (36/85, 42%). One line was developed from both peripheral
blood and bone marrrow sources, and one line from peritoneal fluid (PF).
No source was provided in 17 (20%) cases. The majority of cell lines were
established in the 1980s (21/47, 45%). Equal numbers, where a reliable date
could be ascertained, were developed in the 1970s and 1990s (13/47, 28%,
each). The preferred choice of medium is RPMI-1640 supplemented with
either FCS or FBS.

Sister cell lines were established from several patients. In the case of
NALM-19, NALM-20, NALM-24/-25, and NALM-29, EBV-positive non-
leukemic B lymphoid cell lines were developed. In other cases, longitudinal
lines were established from the same patient at first, second, or further relapse
(NALM-6 to NALM-13, NALM-21/-22/-23, NALM-30/-31/-32, SUP-B19,
SUP-B28, SUP-B31, UoC-BS5, UoC-B6, KH-3A and KH-3B, PC-53A).

3. IMMUNOPHENOTYPICAL CHARACTERIZATION

Precursor B-cell development (Table 2) is characterized by sequential ex-
pression of cytoplasmic and surface marker antigens that allow classification
into three broad categories. Guidelines for the classification of acute lymph-
oblastic leukemias were proposed by the European Group for the Immuno-
logical Classification of Leukemias [9]. Accordingly, BCP cell lines can be
divided into pro-B lines (B-I), common-B lines (B-II), and pre-B lines (B-
III). Ten of the 87 (11%) cell lines described here belong to the pro-B cell
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category. However, except for two lines (NALM-19, SEM), expression of
CD19 in association with absence of expression of CD10, cytoplasmic Ig,
and surface membrane Ig, have been the basis for classification into category
B-I. Expression of CD79a has been very sporadically tested. Common B-
lines are distinguished by positivity for CD10 (common acute lymphoblastic
leukemia antigen, CALLA) in the absence of cytoplasmic or surface im-
munoglobulin markers. Thirty-eight of the 87 cell lines (44%) meet these
criteria. Finally, pre-B lines, i.e., cell lines with expression of cytoplasmic
Ig with or without coexpression of CD10, account for 32 of 87 lines (37%).
In a number of cases (9/87, 10%), the status of expression of cytoplasmic
Ig is unclear. Coexpression of myeloid markers on otherwise ALL cells has
been described in up to 20% of cases of ALL. Coexpression of at least one
myeloid marker (CD13 or CD33) has been described in 18 of 50 cell lines
tested (36%), with expression of two myeloid markers in another 6 cell lines
(12%). Coexpression of T cell markers (CDS and/or CD7) was found in only
a minority of cell lines tested (7/70, 10%).

4. CYTOKINE-RELATED CHARACTERIZATION

Cytokine receptor expression, production of cytokines, and response to cy-
tokines in terms of proliferation and differentiation are summarized in Table
3. Rarely are cell lines systematically screened with regard to response to
cytokines. In most cases, cytokines are chosen according to personal interest,
creating a patchy picture of influence of cytokines and biological response
modifiers in the literature. Frequently tested cytokines are the interleukins
(IL) IL-1, IL-3, IL-4, IL-6, and IL-7, the interferons, TNF-¢, and hematopoi-
etic growth factors such as G-CSF and GM-CSF. IL- @ and 1 -8 were found
to stimulate proliferation of B1 cells [14]. IL-4 was mainly inhibitory for
the proliferation of SEM, KM3, MIELIKI, and REH cells [21,32,67]. IL-
7 caused variable responses. Growth inhibition in B1, 697, NALM-6, and
MIELIKI cells [11,32,42,68—71] was partly due to upregulation of apoptotic
pathways mediated by Fas-ligand/APO-1 signaling cascades. Promotion of
cell proliferation has been observed in JKB-1, PRE-ALP, NALM-20, NALM-
21/-22/-23, NALM-24/-25, and OM9;22 cells [16,21,39,57]. Receptors for
cytokines and production of cytokines have been described for a few cell
lines (Table 3). Growth-factor dependent cell lines are infrequent among BCP
lines.
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S. CYTOGENETIC AND MOLECULAR
CHARACTERIZATION

As in vivo, cell lines in vitro are characterized by complex chromosomal
aberrations, both structural and numerical [74]. Karyotypes of BCP cell
lines that have been characterized and described are summarized in Table
4. Besides a wide array of modal numbers, three structural chromosomal
aberrations are prominent, including translocations t(9;22), the Philadelphia
chromosome, t(4;11), and t(1;19). Not surprisingly, and reflective of in vivo
incidence rates, the Philadelphia translocation is the most common. Translo-
cation t(9;22)(q34;q11) occurs in 12 of the cell lines included. In most cases,
the BCR-ABL fusion product has been characterized. Next most frequent was
translocation t(1;19) resulting in the characteristic E2A-PBXI fusion product.
Interestingly, BCP cell line TS-2 is carrying a t(1;19) abnormality, but no
evidence of the E2A-PBX1 gene rearrangement was found by RT-PCR. Cell
line KMO-90 is also harboring a point mutation at codon 177 of the p53 gene
as identified by SSCP analysis [49]. Translocation t(4;11) was found in four
cell lines.

Deletions of the CDKN2 gene (p16!NX4/p14ARF) have been identified
in some BCP cell lines [80]. In some cases, cell lines have been used for the
cloning of novel fusion genes and the localization of genes at or near chro-
mosomal breakpoints. The sequence of a putative tumor suppressor gene, i.e.
pl6/pl4 and pl5, on chromosome 9p21 has been facilitated by analysis of
various tumor cell lines [81,82], The localization of these genes, encoding
cyclin-dependent kinase inhibitor proteins, has also been established in cell
lines [83,84]. The sequence of the MLL gene spanning the breakpoint at
chromosome 1123 was determined by analysis of the BCP cell line RS4;11
[85]. The fusion of the TEL gene on chromosome 12 to the AMLI gene on
chromosome 21, as it occurs in up to 30% of childhood B-lineage ALL, has
also been demonstrated in tumor cell lines [86]. Identification of the same
cytogenetic and/or molecular profile between patient specimen and cell line
provides a good means to establish authenticity of the cell line created.

6. FUNCTIONAL CHARACTERIZATION

Doubling times of BCP cell lines vary widely, ranging from less than 24
hours to one week. Most cell lines have been tested for EBV infection and
found to be negative (Table 5). Not surprisingly, BCP cell lines are MPO-
negative, although in some cases MPO expression at the mRNA level was
demonstrated. The significance of this finding in vivo is unclear [99]. The
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most consistent cytochemical profile in BCP ALL, however, is MPO-, SBB-,
esterase-, AP+/—, PAS+/—, TdT+.

Differentiation has been described for a variety of BCP cell lines (Table
5). Exposure, in most cases to TPA or PMA, results in maturation along the
B-lineage differentiation pathway, as is evident by acquisition of surface or
cytoplasmic differentiation markers as well as intracellular isoenzyme ex-
pression patterns (KH-4, RS4;11, REH, BLIN-1, KLM-2, KM-3, NALM-6,
KH-3, LC4-1, NALL-1, NALM-16, KM-3, LILA-1, LK-63). Cell line EU-1
can be induced to differentiate along the myeloid pathway by DMSO [25,80].
Engraftment into mice and establishment of the leukemic potential of BCP
lines in vivo has been successfully done with A-1, HAL-01, NALM-6 and
TC-78 cells.

Differences have been observed between sublines grown in different
laboratories. For example, in a comparison of HL-60 promyelocytic leuk-
emia cells from different institutions, it was observed that the morphology,
cell surface markers and DNA histograms were indistinguishable. However,
when induced to differentiate with TPA, only one subline of HL-60 cells
differentiated into mature granulocytes.

7. CONCLUSIONS

Many BCP cell lines have been described, but most are used only for a spe-
cific purpose, and few have been adequately characterized. Cell lines provide
a useful laboratory tool, but scientists should be aware of their limitations
and care should be taken in extrapolating data to in vivo situations.
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1. INTRODUCTION

Human B-cell tumors include a group of heterogeneous diseases with vary-
ing natural histories and responsiveness to therapy. Classic examples of
B-cell tumors are Burkitt's lymphoma (BL), chronic lymphocytic leukemia
(CLL) and multiple myeloma (MM). These tumors express the conven-
tional B-cell markers, that is, surface and/or cytoplasmic immunoglobulins.
However, malignant transformation can affect precursors of the mature B-
lymphocytes as exemplified by the non-T cell acute lymphoblastic leukemia
(ALL). Such cases demonstrate immunoglobulin gene rearrangements and
react with monoclonal antibodies to B-cell antigens. B-cell tumors, therefore,
represent a spectrum of disorders extending from the immature stem cell to
the most mature plasma cell of the B-lineage.

Unlike the granulocytic series where each stage of differentiation has
characteristic light microscopic features, morphology is not a reliable in-
dicator of the B-cell differentiation stage. Monoclonal antibodies to B-cell
differentiation antigens have been developed, some of which are not only
lineage-specific but also stage-restricted. The gain or loss of such markers in
response to exogenous agents can provide an objective measure of a change
in the differentiation state of the B-cells. Based on this assumption, a number
of hypothetical models for B-cell differentiation have been proposed by dif-
ferent groups [1,2]. A hypothetical scheme of B-cell differentiation (Figure
1) is used in our institute. The range of reactivity of each antibody is based
on antigen expression on fresh cells taken from patients with B-cell tumors
and B-cell lines [3-7].

With the exception of Burkitt lymphoma, attempts to culture lymphomas
have been mostly unsuccessful. The most common problem is the overgrowth
of Epstein-Barr virus (EBV) positive lymphoblastoid cell lines from B-
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Figure 1. A hypothetical scheme of B-cell differentiation. Stages are arranged on top, from
the most immature (stem cell) on the far lefi to the most mature {plasma cells) on the far right,
ALL - Acute lymphoblastic leukemia; CALL — Common ALL; BL - Burkitt’s lymphoma;
LIB - Large cell immunoblastic lymphoma; DHL - Diffuse histiocytic lymphoma; DML —
Diffuse mixed lymphoma; DPDL - Diffuse poorly differentiated lymphocytic lymphoma;
NHL - Nodular histiocytic lymphoma; NML - Nodular mixed lymphoma; NPDL - Nodu-
lar poorly differentiated lymphocytic lymphoma; DWDL/CLL - Diffuse well differentiated
lymphocytic lymphoma/Chronic lymphocytic leukemia; MBCL - Monocytoid B cell lymph-
oma; HCL - hairy cell leukemia; WM - Waldenstrom's macroglobulinemia; MM — Multiple
myeloma; HG-WHL - High grade NHL; IG-NHL - Intermediate grade NHL; LG-NHL - Low
grade NHL.

lymphocyte precursors contaminating the original cultured tumor cells [8,9].
Many B-cell lines reported in the literature have been established through
EBYV infection [10]. Although such B-cell lines may represent the original
malignant phenotype, it remains unclear whether the incorporation of the
EBYV in the genome altered the genetic and biological characteristics. B-cell
lines which are EBV-positive show features typical of lymphoblastoid cell
lines [10-13]. Such concerns make EBV-transformed cell lines unsuitable
for preclinical investigation [14].

Since 1986, we have established more than ten cell lines from B-cell tu-
mors. All of these cell lines were established without the aid of exogenous
mitogens, growth factors or viral transformation and all are EBV-negative.
The success rate of establishing a B-cell line is approximately 10% [15].
There are no clear predictive factors for successful establishment of such a
cell line. However, tumor cells derived from serous effusions appear to have
a better chance of continuous growth in vitro. In our experience, 60% of the
B-cell lines were established from either a pleural effusion or ascites fluid.

When a fresh specimen is received, mononuclear cells are isolated by
Lymphoprep (Nycomed Pharma AS, Oslo, Norway) density centrifugation
(density of 1.077 g/ml and osmolality of 280 mOsm). Cells are washed twice
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Figure 2. Representative cell line(s) for B-cell tumors (bottom). Stages of B-cell umors (on
top) are the same as in Figure 1.

with either phosphate buffered saline (PBS) or Hanks balanced salt solution
(HBSS) and then plated at densities ranging from half a million to ten million
cells per ml in RPMI-1640 medium supplemented with 5-30% fetal bovine
serum (FBS) for each cell density. Cell density and FBS concentration play
a major role in the establishment of a successful B-cell line.

Figure 2 shows examples of various types of B-cell tumors together with
the associated stages of the B-cell differentiation pathway. We have also lis-
ted other representative line(s) for the corresponding tumor type. The scheme
presented in Figure 2 is hypothetical. The nodular (follicular) B-lymphomas
are believed to be more mature than the diffuse lymphomas. However,
the difference between the small cell and large cell lymphomas (or the
poorly differentiated lymphocytic and histiocytic, according to the Rappaport
classification) may be related to transformation rather than differentiation
[16].

2. EARLY STAGES OF B-CELLS

[Examples: Early pre-B-ALL (HPB-Null); cALL (Lila-1, MHH-CALL,
REH); pre-B-ALL(Ball, Km-3, Laz 221); B-ALL (MN-60)].

The classification of B-lineage ALL can be assessed by determining the
immunophenotype of cells using monoclonal antibodies to leukocyte anti-
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Table 1. Immunologic classification of acute lymphoblastic leukemia

Subtype Profile of antigen expression

Early pre-B CDI19+4, CD224, CD79a+, CD10+/—-, CD7—, CD3—, clgu—,
slgk —, slgh—

Pre-B CDI194, CD22+, CD79a+, CD104/—, CD7—, CD3—, clgu+,
slgp—, sle—, slgh—

Transitional pre-B CDI19+, CD22+, CD79a+, CD10+/—, CD7—, CD3—, clgu+,
slgp+, slge —, slgA—

B-cell CDI19+, CD22+4, CD79a+, CDI10+/—, CD7—, CD3—, clgu+,

slgu+, slgk+ or slgh+

clg - cytoplasmic immunoglobulin; slg — surface immunoglobulin; u (mu) - heavy-chain
protein; « (kappa) — light-chain protein; A (lambda) - light-chain protein.

gens known to be present during the stages of early pre-B, pre-B, transitional
pre-B and B-cell lineages (Table 1).

CD7 and CD3 antibodies are used to rule out the possibility of T-ALL. In
cellular differentiation along the B-lymphocyte pathway, the initial commit-
ment of the putative pluripotent stem cell to the B-cell lineage may normally
occur early in development in fetal liver [17]. Cells present in the mouse fetal
liver at 12 days of gestation possess cytoplasmic immunoglobulin M (cIgM)
but lack detectable surface immunoglobulins (sIg) [18].

Additional evidence indicates that these cells, which have been called pre-
B cells, are direct precursors of slg-positive cells [19]. This pattern of B-
lymphocyte differentiation from pre-B cells (cylg+, sIg—) to B cells (sIg+)
is now known to occur in man [20]. The synthesis of u-chains precedes the
appearance of immunoglobulin light chains in these cells [20].

The phosphoprotein B1 is a human lymphocyte cell surface marker detec-
ted by the CD20 cluster of monoclonal antibodies [22]. During ontogeny, this
molecule is first expressed by a subset of pre-B cells. Approximately 50% of
pre-B-cell acute lymphoblastic leukemias (ALL) express the CD20 molecule
[23]. This indicates that CD20 appears late in pre-B-cell development [22]
and persists on mature B cells throughout the resting and activated stages of
B-cell development. The CD20 antigen is not expressed on either normal or
neoplastic plasma cells [24].

The molecular basis of ALL is likely to be more complex than previously
thought. Genetic aberrations resulting in increased cellular proliferation,
diminished cell differentiation, and abrogation of the normal process of pro-
grammed cell death (apoptosis) may all play a role in the development of
the leukemic phenotype. Chromosome translocations have been well studied
in ALL and have provided a major contribution towards understanding the
biology of this malignancy. Germline mutation in known tumor suppressor
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Table 2. Recurring chromosomal translocations in B-ALL

Translocation Gene Function Frequency
t(9;22)(q34;q11) BCR unknown adults: 20%
ABL tyrosine kinase children: 4%
t(1;19)(q23:p13) E2ZA bHLH transcription factor adults: 2%
PBX1 hemeotic children: 5%
t(11;v)(q23;v) MLL trithorax-like adults: 3%
variable 75% in infants
t(12;21)(p13;q922) TEL Ets-like transcription factor adults: 3%
AMLI runt-like transcription factor children: 25%
t(17;19)(q22;p13) E2A bHLH transcription factor <1%
HLF bZip transcription factor
t(5;14)(q31;932) IL-3 cytokine <1%
IgH Ig enhancer
1(8;14)(q24:q32) MYC bHLH transcription factor 2-5%
IgH Ig enhancer
t(8;22)(q24;q11) MYC bHLH transcription factor <1%

genes such as RB and p53 are rare in ALL. Gene overexpression through
chromosomal translocation is very common in ALL, likely due to the highly
recombinogenic immunoglobulin. The best example of this is the BCR/ABL
chimeric protein which results from the fusion of the BCR gene on chromo-
some 22 to the ABL tyrosine kinase on chromosome 9 as a consequence of
the Philadelphia chromosome (t(9;22)). Other chromosomal translocations in
ALL are listed below in Table 4 [25-42].

Clinically, ALL is a disease of childhood. Patients usually present with
symptoms and signs of bone marrow failure. Common manifestations in-
clude fever and infection secondary to neutropenia, bleeding secondary to
thrombocytopenia and weakness, tachycardia, dyspnea on exertion due to
anemia. The disease has a tendency to involve the central nervous system
(unlike acute myelogenous leukemia). Based on light microscopic features of
lymphoblasts, ALL is classified into three categories according to the French-
American- British (FAB) classification, L1, L2 and L3. ALL-LI is the most
common type accounting for 60-70% of all cases and has the best prognosis.
L1 blasts are small in size with indistinct nucleoli. L2 is the next most com-
mon subtype consisting of a mixture of small (like L1) and large blasts. L3
consist of large blasts with distinct nucleoli and deep blue cytoplasm that has
characteristic vacuoles. ALL-L3 cells are identical to Burkitt’s lymphoma
cells; it is the least common subtype accounting for 1% of all ALL cases. It
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is associated with mature B-cell phenotype (sIgM+), t(8;14) and has the least
favorable prognosis.

In general, ALL in adults has less favorable prognosis than children
for reasons that remain unknown. Although earlier studies have indicated a
worse outcome in T-cell ALL, others have shown equal results using intens-
ive chemotherapy protocols. Chemotherapy is the mainstay of treatment in
ALL with three distinct phases including induction, consolidation and main-
tenance. The clinical and immunophenotypic characterization of the ALL
cell lines, listed in Tables 3-5, represent very well the early stage of B-cells.
However, the genetic characterization for these ALL cell lines (table 4) is
complicated and therefore it is difficult to reach a reasonable conclusion re-
garding each stage (early pre-B, pre-B, transitional pre-B and B-cell lineages,
Table 5).

3. INTERMEDIATE STAGES OF B-CELLS

Certain surface antigens are expressed in intermediate stages of the B-cell
differentiation pathway. These are CD21 (B2) [66], BL4 [2] and BL7 [6].
Such markers are very useful in determining the position of the cells along the
B-cell differentiation pathway. The CDIlc and CD22 are two markers that
were first reported in 1985 [67]. While CDI11c is expressed on monocytes
and CD22 on B-lymphocytes, the co-expression of the two antibodies was
initially thought to be specific for hairy cell leukemia (HCL). Since then,
however, a new subset of non-Hodgkin’s lymphoma (NHL), the monocytoid
B-cell lymphoma (MBCL), has been described that also co-expresses CD11c
and CD22 [68,69]. Both HCL and MBCL also express acid phosphatase
(AcP). However, such expression can be inhibited by tartrate (tartrate sens-
itive) in MBCL but not in HCL [70]. The most common forms of NHL are
follicular small cleaved cell lymphoma (about 40% of cases) and follicular
mixed small cleaved and large cell lymphomas (about 20-40% of cases) [71].
These follicular lymphomas express the B-cell antigens CD19, CD20 and
CD22 and are CDS5-negative. The expression of antigens varies among other
forms of NHL. More than 80% of splenic lymphoma with villous lymphoma
(SLVL) cases are CD24+ and FMC7+ and express membrane CD22 [72].
Mantle cell NHL is almost always CD5+ and CD43+ [73] and demonstrates
overexpression of cyclin DI (unlike other B-cell NHLs except for some cases
of SLVL [74]).
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4. MATURE B-CELLS

[Examples: Hair-M for Hairy cell leukemia; WSU-WM for Waldenstrom’s
Macroglobulinemial.

The conventional marker of the most mature B-cells, the plasma cells, is
the intense cylg expression and secretion. Surface antigens that are associated
or restricted to the Ig-secreting stage are BL3, PC1, and PCA1 [1,75,76].

4.1. Hairy Cell Leukemia (HCL)

[Example, HCL-Z1 cell line].

HCL (Leukemic reticuloendotheliosis) is an indolent lymphoid malig-
nancy first described by Bouroncle in 1958. Over the last two decades, HCL
cell lines have increased dramatically the understanding of the biology of
this disease. They have also led to the discovery of a new retrovirus and the
isolation and cloning of granulocyte-macrophage colony-stimulating factor
[77,78]. HCL is arare disorder, it develops more often in men than in women,
and its incidence peaks during the fifth decade of life. The neoplastic HCL
cells are derived from B-cells [1,76]. Typical HCL display several surface
antigens, including immunoglobulins of both light- and heavy-chain types,
characteristic of B-cells [79]. The most specific marker is the expression of
B-ly7 with CD19, which can be used to differentiate HCL from CLL. HCL
also expresses CD11c with CDI9 and, usually, CD25 with CD19. CD5+
cells are highly atypical in HCL [80]. Some cases of HCL show overexpres-
sion of cyclin DI [74]. While the hair-like surface projections place them
closer to the monocytic lineage [81], these unusual surface features of hairy
cells are not seen in normal or neoplastic B-lymphocytes. Several cell lines
from HCL patients had been established; however, all of them are EBV-
positive, and therefore show features typical of lymphoblastoid cell lines. In
vivo, hairy cells are usually EBV-negative. The cardinal features of HCL are
splenomegaly which is usually associated with pancytopenia, and occasional
characteristic lymphocytes bearing hair-like cytoplasmic extensions. Unfor-
tunately, the clinical, genetic and immunophenotypic characterization of the
two cell lines, Hairy-M and HCL-1, listed under hairy cell leukemia, do not
provide enough information to consider them as a perfect model representing
hairy cell leukemia.

4.2. Waldenstrom’s Macroglobulinemia (WM)
[Example, WSU-WM cell line].

The presence of CD20 and CD22 antigens distinguishes WM from mul-
tiple myeloma (MM). As in CLL, CD 19 and CD21 are expressed [58,70].
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The differential diagnostic criteria are the overproduction of monoclonal IgM
protein and diffuse infiltration of bone marrow and occasionally of spleen,
liver or lymph nodes [82]. The histology is that of malignant B-cells with the
appearance of plasmacytoid lymphocytes; however, many patients have only
well-differentiated lymphocytes, as in CLL [83,84]. In 1944, Jan Walden-
strom described two patients with epistaxis, anemia, retinal hemorrhage,
hyperglobulinemia, and infiltration of the bone marrow by lymphocytes [85].
The disease that he described and now bears his name results from malignant
proliferation of plasmacytoid lymphocytes (or lymphocytoid plasma cells)
producing a monoclonal IgM protein, now known as the macroglobulin. WM
is closely related to other mature lymphocytic or plasmacytic neoplasms such
as CLL, low-grade NHL, HCL, and MM [86]. Clinically, although CLL,
NHL, HCL and MM have different pathologic manifestations (contributing
to their different nomenclature), they are almost always of B-cell origin, af-
fect elderly people, and have similar natural history characterized by chronic
course. The median survival of patients with WM is reported to be 5 years
[87]; it is almost never seen in people younger than 40 [88]. The WSU-WM
cell line is EBV-negative and carries the 8; 14 chromosomal translocation
with a unique breakpoint of chromosome 8 downstream of exon 3 of the c-
MYC proto-oncogene, which is rearranged. The cells grow in liquid culture,
soft agar, athymic nude mice, and severe combined immune deficient (SCID)
mice [14]. The WSU-WM cell line is the only cell line in the literature
that clinically and immunophenotypically partly represents Waldenstrom’s
macroglobulinemia.
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1. INTRODUCTION

Multiple myeloma (MM) is an incurable B cell malignancy characterized
by the clonal expansion of malignant plasmablasts/plasma cells in the bone
marrow. Among B cell tumors, MM exhibits some unique characteristics.
The immunoglobulin (Ig) isotype of MM cells is generally IgG or IgA, sug-
gesting that MM is derived from a post- switched B cell. This and the fact
that the Ig of MM cells is somatically hypermutated suggests that the critical
transformation steps occur in the germinal centre of the lymph node, perhaps
driven by antigenic stimulation.

MM is essentially localized to the bone marrow and only rarely, and after
progression, will MM disseminate, systemically in the form of a PCL but also
to pleural or peritoneal cavities, forming effusions at these sites. MM cells
interact via cell-cell contacts or soluble factors with normal cells in the bone
marrow environment, including stromal cells, osteoblasts, osteoclasts and
cells of normal hematopoiesis. Adhesion molecules expressed on MM cells
are involved in these interactions and in the MM cell-extracellular matrix
(ECM) interactions. The area of cell-cell interaction via adhesion molecules
has recently attracted attention and a number of reports have demonstrated
the importance of cell-cell contact for the production of cytokines mediating
growth and survival in the bone marrow [1]. Since a number of MM cell lines
have been established which are highly dependent on growth factors for their
maintenance in vitro, paracrine growth/survival factor influence is a likely
mechanism crucial for the establishment of MM cell lines.

Until 1980, only two MM cell lines had been established, RPMI 8226
[2] and U-266 [3]. To date at least 81 established true MM cell lines
from 73 patients have been reported (see Table 2). The vast majority of
these cell lines have been established in non-stirred suspension cultures
from patients with advanced, often terminal, disease by explanting MM
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cells from bone marrow, pleural effusion, peripheral blood or ascites. From
BM biopsies obtained from non-progressive MM there is usually a require-
ment for either feeder cell layers of autologous BM, adherent monolayers
of murine plasmacytoma cell lines [4-6], conditioned medium from PHA-
stimulated leukocytes (PHA-LCM) or rIL-6 [7] alone or in combination with
GM-CSF [8,9].

MM bone marrow stromal cells, ECM proteins, cytokines and other sol-
uble factors provide the necessary anchorage and cell-cell contacts for MM
establishment as continuous cell lines. The major explanations for the diffi-
culty in establishing MM cell lines are the slow proliferative activity of MM
cells and the requirement for anchorage dependence on feeder layer stromal
cells. Additionally, there is at least a 30% risk of the outgrowth of Epstein
Barr positive lymphoblastoid cell lines (LCLs) with less stringent growth
requirements, which will overgrow the MM cells [10,11]. The understanding
of the nature of feeder cells and fibroblast conditioned medium, and the dis-
covery of IL-6 as a major growth factor of MM cells in vitro, have greatly
improved the previously low success rate (2-5%) in the attempts to establish
MM cell lines [12-14].

In discriminating true MM cell lines from EBV positive LCLs derived
from the patient’s non-neoplastic B cells, several markers are available (Table
1). It is essential to examine a putative MM cell line within 3 months of
primary culture, as several of the hallmarks of lymphoblastoid cell lines,
including polyclonality, diploidy, and lack of tumorigenicity can alter during
prolonged culture [15]. It is not sufficient that data on new cell lines are
obtained only 1-2 months after setting up the culture. The cells must be
checked at least at 6 and 12 months. Hallmarks for authentic MM cell lines
are EBV negativity, the presence of chromosomal abnormalities identical to
those of the primary tumor cells, Ig rearrangements identical to the MM
clone in vivo, Ig production identical to the primary tumor, and expression
of characteristic surface markers (CD19, CD20, CD138, CD11a, CD49e).
A complete analysis can distinguish the authentic MM cell lines from EBV
positive LCLs and define useful models for studies of the biology of MM in
VItro.

Authentic MM cell lines and highly purified primary MM cells have al-
lowed the investigation of the biology of MM. However, in several studies
two types of established cell lines, authentic MM lines and EBV+ non-
malignant lymphoblastoid cell lines, have been used, making several of the
conclusions in these studies irrelevant to the biology of MM [10,11,16-18].

How can we then discriminate the authentic MM cells from the EBV+
lymphoblastoid cell lines using immunophenotypical markers? Eight dis-
criminant surface markers were selected by the European Myeloma Research
Network to discriminate between MM and LCL; CD 19, CD20, slg, CDlI1a,
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Table 1. Comparison of the characteristics of newly established LCLs and MM cell lines and
normal plasma cells

Markers EBV+LCLs MM Normal
plasma cells
EBYV status + = =
Aneuploidy - + -
Polyclonality + - +
Tumorigenicity in nude mice - +-P -
Colony formation in agar - +-P -
slg? + - -
Immunophenotype: Surface markers
CD19? + - +
CD20? + -
CDl1a? + - +
CD49e? + - B
CD382 I+ + +
CD28? - +P -
CD138? - + +
CD40 +P +
CD562 - 4€ _

2 Selected discriminating immunophenotypical markers of EBV+ LCLs.
b Expression/feature related to advanced disease.
¢ Expression lost with aggressive disseminating disease.

CD49e, CD38, CD28 and CD138 [18] (see Table 1). Strong expression of
CD 19 and CD20 was found on the EBV+ cell lines HS- Sultan and ARH-77
and other MM-derived cell lines with a lymphoblastoid phenotype [17,19].
The LCLs, however, failed to express CD138 (syndecan-1/B-B4). This was
confirmed by other studies demonstrating weak or absent staining of CD 138
in LCLs (ARH-77, HS- Sultan, MC/CAR, and IM9). The LCLs also failed
to express CD28, but were positive for slg and the adhesion markers CD11a
and CD49%e. In addition, CD38 expression was observed in HS-Sultan and
MC/CAR, while ARH-77 stained positive for PCA-1 (Tables 1 and 2b).

In contrast, the MM cell lines RPMI 8226, JJIN-3, U-266, NCI-H929 as
well as XG-1, XG-2, XG-6, LP-1, and OPM-2 express CD28 and CD 138 but
lack the expression of CD 19, CD20, slg and the adhesion molecules CD11a
and CD49e. In RPMI 8226, weak expression of CD49e was detected. With
the exception of U-266 and XG-6, CD38 was expressed in all the MM cell
lines mentioned above (Table 3).
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In summary, the EBV+ LCL type of non-neoplastic B cell line is gen-
erally recognizable by the surface marker profile CD 19+, CD20+, CD138-,
CD28-, CD11a+, CD49e+ and CD56—, while the phenotype of MM is char-
acterized by the expression of CD19—, CD20—-, CD138+, CD28+, CDl1a-,
CD49e— and CD56+/— (Table 1).

2. CLINICAL CHARACTERIZATION

Cell lines have been established from bone marrow, peripheral blood, plas-
macytoma, pleural effusions and ascites of patients with advanced disease at
a terminal stage (Table 2). During the course of the disease from the chronic
to the acute phase, the proliferative compartment progressively increases
[74]. In the late phases, MM cells frequently invade extramedullary sites,
from which the majority of the cell lines are derived (62 characterized cell
lines derived from 54 patients).

The data listed in Table 2 include a few cell lines derived from bone
marrow of MM in the absence of extramedullary spread (DOBIL-6, HL407,
ILKM2, ILKM3, LB 84-1, MEF-1, MM5.1, MM-C1, MM-Y1, TH, UCD-
HL461, UMIJF-2.). Interestingly, stage III disease was found in four of these
patients. In the case of LB 84-1, MEF-1 and UMJF-2, Bence-Jones protein
(BJP) was present in the MM patients and diffuse plasmacytosis was de-
scribed in UMJF-2. The DOBIL-6 is derived from a nonsecretory MM. Three
additional cell lines were established from nonsecretory MM, but these were
from disseminated disease (FLAM-76 and KMS-12-PE and KMS-12-BM,
the two latter lines being derived from different sites in the same patient). A
few cell lines were derived from plasmacytomas (AMOI1, delta-47, FR4 and
its subline AD3, KMM-1, KPMM2, LOPRA-1, NOP-2).

3. IMMUNOPHENOTYPICAL CHARACTERIZATION

The established MM cell lines share common phenotypic characteristics with
freshly isolated MM cells, including Ig gene rearrangements, a unique my-
eloma protein and the requirement for stromal cell-derived growth factors,
including IL-6 and IGF-I. Also several surface markers are expressed on
continuous MM cell lines and fresh MM cells, although some can differ in
expression.

The CD38 marker of normal plasma cells is also expressed on MM cells.
However, CD38 is not restricted to the plasma cell compartment, nor is it B-
cell lineage specific. PCA-1 is expressed on malignant plasma cells of MM
patients, with some specificity for disseminating tumor cells escaping the
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bone marrow compartment. CD28 is expressed on fresh MM cells and on
many MM cell lines [17,72,75] (Table 3). The CD28 molecule expressed
on MM cells was recently proved to be functional due to its binding to its
receptor B7, inducing activation of PI-3 kinase in MM cells [75], CD19 is
expressed on normal plasma cells, while MM cells are usually negative.

The combined expression of phenotypic markers can be useful for the au-
thentication of MM cell lines. Normal plasma cells are CD28- , but CD40+.
Immunophenotypic studies have also demonstrated the expression of CD40
on primary cells of MM and on established cell lines [72]. The expression
of CD40 is related to progression and was seen in 7/13 cell lines examined
(XG-2, XG-3, XG-4, XG-6, XG-8, RPMI 8226, LP-1), although with the
exception of XG-2 expression was weak, and negative in XG-1, XG-5, XG-
7, U-266 and L363 (Table 3). All MM cell lines examined express CD28, a
feature of advanced disease which is not expressed during the chronic phase
of MM [72]. It is interesting that in the ANBL-6 cell line, the expression
of CD40 and signaling via CD40 may induce autocrine IL-6 production and
IL-6 autocrine growth stimulation [80]. Other reports also show enhanced
secretion of IL-6 as a result of CD40L stimulation in MM cell lines [68].

CD138 (syndecan-1/B-B4) is a transmembrane heparan sulfate pro-
teoglycan that binds ECM components and growth factors, such as fibroblast
growth factor (FGF). It mainly mediates adhesion to collagen type I of ECM
[81,82]. Similar to CD38, the expression of CD138 is a feature both of nor-
mal and malignant plasma cells derived from patients with MM. It has been
suggested that the immature phenotype expressing CD45+, CD 19— does not
express CD138, while the more mature phenotype CD45—, CD19- does ex-
press CD138. Syndecan-1 may participate in the homing to or maintenance
of tumor cells in the marrow, as well as in the cytokine-mediated growth
regulation of MM cells. The fact that CD-138 is not presented on other hema-
topoietic, or lymphoid cells in patients with MM, while present on MM cells,
emphasizes the usefulness of this marker in the purification and selection of
primary cells for studies of the biology of MM [81].

The integrins are important cell adhesion molecules in MM. The very
late antigens (VLA) are adhesion molecules belonging to the integrin g
family with a possible role in maintaining the tumor cells within the bone
marrow [77]. Ligands of the ECM consist of collagen and laminin (VLA-2
(CD49b)), and fibronectin (VLA-4 (CD49d) and VLA-5 (CD49e)). Binding
of MM cells to bone marrow stromal cells and osteoblasts through VLA-4
(CD49d)/VCAM-1 may induce IL-6 production in the stromal cells [83]. Im-
mature subpopulations of MM are negative for VLAS (CD49e), while mature
cells are positive [84]. Normal and malignant plasma cells express VLA-4,
but not other VLAs, including VLA-5 (CD49e) [77]. MM cell lines JIM-1,
JIM-3, JIN-3, EJM, U-266 are negative for CD49e, and only RPMI 8226 was
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positive [77]. The cell lines were positive for VLA-4 (CD49d), while other
VLASs (CD49a, CD49b) were generally not expressed. The results of Drew et
al. [77] were confirmed by Kim et al. [85] comparing one authentic MM (U-
266) with an EBV+ LCL (IM-9), and by Ohmori et al. [25] in the phenotypic
characterization of the DOBIL-6 cell line. The expression of VLA-6 (CD49f)
is heterogeneous in MM cells, while VLA3 (CD49c) does not appear to be
expressed. However, the expression of CD49¢ and CD49f in MM cell lines
seems to be highly variable [69,77].

The B2 family of integrins includes the lymphocyte function associ-
ated antigen (LFA-1) (CD18/CDl1a), Macl (CD18/CD11b) and p150.95
(CD18/CDl11c¢). The pattern of 82-integrin expression is heterogenous in nor-
mal and malignant plasma cells from MM patients. Authentic MM cell lines
(L363, JIN-3, U-266, LP-1, Karpas 707, OPM-1, EJM, LB 84-1) are negative
or weak for B2 integrins, while LCLs (ARH-77 and Fr/Fravel) are positive
for CD18, CD11a, CD11b and CD11c [69] (Tables 2 and 3). The expression
of the B2 integrins CD18/CD11a was determined in malignant plasma cells
from MM patients [86]. In normal plasma cells and in MM cells from patients
with inactive disease CD11a expression was absent, indicating that LFA ex-
pression correlated with proliferation [78,86]. However, these data were not
confirmed by others [1, 17, 18], showing a decreased expression of CD11a in
MM cells as compared to normal plasma cells. These data suggest the lack
of expression of LFA-1 (CD11a) is associated with highly proliferative and
highly malignant MM cells. The other B2 integrins, including CD11b and
CDl Ic, are not expressed on fresh MM cells and cell lines derived from MM
[69,77,85].

CD56 is an isoform of the neural adhesion molecule N-CAM. It belongs
to a group of adhesion molecules (the Ig-superfamily) which also includes the
intercellular adhesion molecule ICAM-1 (CD54). CD54 is one of the ligands
of LFA-1 [69]. CD54 is invariably expressed by normal plasma cells, freshly
isolated MM cells and established MM cell lines (L363, JIN-3, U-266, LP-
1, Karpas 707, OPM-1, EIM, LB 84- 1) [69]. The expression of CD54 was
also demonstrated in KMS-5 [78], DOBIL-6 [25], DP-6, KAS-6/1, KP-6,
FLAM-6, KPMM2, UTMC-2 and the XG1- 9 cell lines (Table 3). CD54 was
also detected in the LCLs ARH77 and Fr/Fravel (Table 2).

In line with the use of the combined expression pattern of CD28 and
CD40, the expression of CD 19 and CD56 can be used to determine the
authenticity of MM lines. Normal plasma cells are frequently CD 19+ and
CD56—, while MM cells are almost invariably positive for CD56. The CD 19+
CD56- phenotype was never detected in MM cells. CD56 (NKH- 1/Leul9)
binds heparan sulfate of the ECM, which may be present in the BM environ-
ment, and this would be consistent with the finding that loss of CD56 may
be associated with a more aggressive disseminating tumor [17,87,88]. The
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CD56 was expressed in XG-1 and XG-7 and absent or weakly expressed in
the XG-3, RPMI 8226, 1.363 and LP-1 MM cell lines [72] (Table 3). These
data were confirmed by van Riet et al. [69], who showed the absence of
CD56 expression in L363, JIN-3, U-266 and EJM cell lines. However, the
LP-1, Karpas 707, OPM-1 and LB 84-1, KPMM2, KP-6, KAS-6/1, DP-6,
JIM and DOBIL-6 lines stained positively for CD56. Interestingly, the CD56
expression has been suggested to be absent in cell lines derived from MM
patients with plasma cell leukemia (PCL) [69,88,89]. CD56 was also absent
in the LCLs Fr/Fravel and ARH-77, which express CD19 (Table 2).

4. CYTOKINE-RELATED CHARACTERIZATION

The proliferation and survival of MM cells in vivo is dependent on cytokines
and a fine-tuned network of cell-cell and cell- extracellular matrix interac-
tions [87,90,91]. In recent years IL-6 has been identified as an important
factor regulating growth and survival of MM cells in vitro and in vivo. The
study by Kawano et al., suggesting that IL-6 was an autocrine growth factor
in MM, stimulated extensive studies of the role of this cytokine. IL-6 can
induce growth of primary cells derived from MM patients in about 50%
of cases [12,13]. The importance of IL-6 in the pathogenesis of MM was
further emphasized by the anti-tumor effects of monoclonal IL-6 antibodies
used in the treatment of MM patients [92]. The frequency of establishment
of MM cell lines has considerably increased with the use of IL-6-producing
feeder cells or recombinant growth factors (IL- 6, GM-CSF, and TNFa ). Yet
there is still no tissue culture technique that allows consistent success in the
establishment of MM cell lines from the bone marrow of early stage MM
patients [5,6,40,61,63].

It is difficult to provide a coherent picture of the capacity of MM cell
lines to produce and secrete cytokines, and to express cytokine receptors,
since there are few reports on the characterization of cytokine production and
the response to cytokines in authentic MM cell lines. Also, the sensitivity of
methods used varies (RT-PCR, northern blots, ELISA and bioassays). In ad-
dition, few studies take account of the changes in expression of cytokine and
corresponding receptors that occur during progression in culture [6,93-95],
These difficulties are exemplified by the IL-6 dependent cell lines established
with feeder cells (U-266, HL407) [6,95]. In these cell lines a weak expression
of IL-6 mRNA, but no detectable IL-6 protein was found. During in vitro
progression, the expression of IL-6mRNA increased and IL-6 secretion was
induced in U-266 (-1984) and HL407 (late), in some cases coinciding with
autonomous growth and survival in the absence of exogenous IL-6. Also the
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IL-6R mRNA and the number of IL-6 receptors increased during a decade of
continuous in vitro growth [94,95].

The relevance of an autocrine loop in vivo and in vitro has also been
disputed [26]. The proposal for an autocrine loop in MM cells [12] was chal-
lenged by Portier et al. [96], who did not detect IL-6 mRNA in highly purified
MM cells. However, recent studies using RT-PCR and in situ analysis have
demonstrated the expression of IL-6mRNA in bone marrow plasma cells of
MM patients [97,98].

In MM cell lines, IL-6mRNA was detectable in U-266, and antisense
strategies and antibodies against IL-6R inhibited cell proliferation, indicat-
ing an autocrine growth stimulation in this cell line [19,94,95,99,100]. In
addition to U-266 and HL407, further cell lines have been demonstrated to
express IL-6mRNA and secrete IL-6 protein (OCI-My2, OCI-My3, DOBIL-
6, DP-6, KP-6, KPMM?2, MEF-1), while others express IL-6mRNA but no
detectable protein (OCI-Myl, OCI-My6, OCI- My7, ANBM-6, KAS-6/1,
UTMC-2) (Table 4). In a few of these cell lines, autocrine IL-6 stimulation
has been suggested [26,38,52,65]. This notion has also been supported in
some cases by antisense strategies [129]. Most cell lines are negative for IL-
6 mRNA, but do express IL-6R mRNA. The presence of functional receptors
has in some cases been confirmed by binding assays and/or by flow cytometry
analysis [9,26,38,65,95,109].

Numerous reports have established IL-6 as the major growth factor for
primary cells and established cell lines (reviewed by Hawley and Berger
[130]). Most MM cell lines can be stimulated by IL-6 (Table 4). Several IL-6
dependent cell lines have been described (ANBL-6, DP-6, FLAM-76, HL407
(early), ILKM2, ILKM3, JJN-1, KAS-6/1, KP-6, MM5.1, MM-A1, MM-CI,
MM-Y1, MM-S1, OH-2, PCM6, U-1958, U-266-1970, XG-1, XG-2, XG-3,
XG-4, XG-5, XG-6) (Table 4). As described above for HL407 and U-266,
in DP-6 and KAS-6/1 the dependence on IL-6 decreased during long term in
vitro culture.

Other members of the IL-6 type cytokine family, IL-11, leukemia inhibit-
ory factor (LIF), oncostatin M (OM) and ciliary neurotrophic factor (CNTF)
can induce proliferation in MM cells [122,131], The IL-11, LIF, OM and
CNTF share the same transducer chain (gp130) and induce similar biological
effects as IL-6 (reviewed by Klein [92]). In two IL-6 dependent cell lines
(XG-4, XG-6) proliferation was induced, while two other cell lines (XG-1
and XG-2) were unresponsive. This correlated with the expression of IL-11R
and LIFRB in the responsive cell lines [122]. In particular LIF-, Oncost-
atin M-, IL-11-, or CNTF- dependent MM cell lines have been established
[92,122,125]. However, in a previous study, the absence of IL-11R, IL-11
and response to IL-11 was reported in two cell lines autonomous for growth
(U-266, RPMI 8226) [118]. Established MM cell lines have been suggested
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to be classifiable into three different categories: (1) those dependent on IL-6
only, (2) those responding to some other member of the family of IL-6 type
cytokines (OM, LIF), and (3) those independent of an IL-6 type cytokine
[14,26,103,122,132].

The IL-6 unrelated growth factor IL-10 can induce proliferation in MM
cells [127]. IL-10 has been suggested to induce proliferation via the up-
regulation of IL-11R expression and the IL-11 signal transduction pathway
[124,127,128]. Also, the expression of LIFRA has been suggested to be in-
duced by IL-10. Thus, relating back to the classification of MM cell lines,
exogenous IL-10 will induce proliferation in MM cell lines dependent on IL-
6 only by inducing functional LIFR expression. Furthermore, an autocrine
IL-10 loop may be part of the growth regulation of MM cell lines stimulated
by the IL-6 type family of cytokines [124]. IL-10 was produced by some
MM cell lines (XG-4, XG-6, XG-7) but not in others (XG-1, XG-2). This
finding was supported by the presence of both autocrine IL-6 and an autocrine
OM loop in one cell line (XG-7) growing autonomously without the addition
of exogenous IL-6. As IL-10 and/or OM is frequently produced in freshly
isolated MM cells, these cell lines seem to be representative of MM cells in
vivo. The primary cells were therefore suggested to be responsive to OM by
upregulating LIFR expression in response to IL-10. However, the relevance
of these findings to growth in vivo is not known [92,103,124].

Insulin-like growth factors (IGFs) produced by bone marrow stromal
cells also influence growth and survival in MM. IGF-I has an anti-apoptotic
effect on MM cells, via PI3-K activation of PKB/Akt and subsequent phos-
phorylation of the Bcl-2 related Bad protein. Bad is thereby sequestered
and cannot initiate apoptosis [133,134]. IGF-I may improve the survival of
CD138 (syndecan-1/B-B4) positive MM cells in vitro, and a recent report
suggests that IGF-I is an important chemoattractant in MM [105,135]. IGF-
I was reported to be an important growth and/or survival factor in MM cell
lines, possibly acting in some cell lines by an autocrine mechanism [105]. All
the cell lines examined express functional IGF-IR (LP1, Karpas 707, EJM,
HLAQ7 (early), HLAO7 (late), U266-1970 and U-266-1984) and IGF-ImRNA
and protein (LP-1, Karpas 707, EIM) [105,106] (Table 4). IGF-IR was also
found to be expressed on U-266 and RPMI 8226 [115,116]. Using IL-6
dependent MM cell lines (DP-6, ANBL-6, KAS-6/1 and KP-6), IGF-I was
also demonstrated to potentiate the IL-6 stimulated proliferative response,
perhaps via autocrine IGF-I production [102].

Several other cytokines stimulating the growth of MM cells have been
identified. In contrast, no consistent pattern of MM cell responsiveness to cy-
tokines has been demonstrated. Together, such cytokines (G-CSF, GM-CSF,
IL-5, TNFa TGFB) may act as indirect MM cell growth factors either by in-
ducing IL-6 production or IL-6R expression (IL-3) [92,130,136]. In line with
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the need for feeder cells for growth and survival, cytokine production by MM
of IL-1«/IL-18, TNFa/f and TGFB has also been suggested to stimulate
paracrine IL-6 production by bone marrow stromal cells [8,137,138].

GM-CSF was added to IL-6 to establish the XG (1-9) cell lines [8,9]. In-
creased DNA synthesis was reported in RPMI 8226 in response to GM-CSF
[117]. However, using immunoassays, GM-CSF was not expressed in the
MM cell lines (RPMI 8226, U-266, JIN-3, EIM, LB-831, XG-1) [8] (Table
4). A truncated form of monocyte-macrophage (M)-CSF that is functionally
active has been identified in malignant plasma cells and in cell lines (RPMI
8226 and U-266) [66]. A synergistic growth promoting effect of IL-3 with IL-
6 was demonstrated in several cell lines [9,139,140]. In some IL-6 dependent
cell lines TNFw« induces proliferation (DP-6, KAS- 6/1, KP-6) and in one
case a TNFa dependent MM cell line has been described (OH-2) [55].

IL-1 is considered important in MM as it plays a role in osteoblast ac-
tivation (OAF). More importantly, IL-18 may control IL-6 production and
the expression of adhesion molecules of stromal cells implicated in homing
[104]. Some controversy exists concerning the synthesis of IL-1 by MM. IL-1
production was not detected in CD138 (syndecan-1) positive cells, while the
expression of IL-1 and IL-6 was found in the CD 138 negative population of
non-myeloma cells [141]. However, using in situ analysis, weak expression
was observed of IL-18 and of both IL-1e and IL-18 in 10/31 and 22/31
samples of freshly isolated MM cells [104]. In cell lines, IL-18 transcript
was not found in nine MM cell lines (including XG-1, XG-2, XG-3, XG-4,
XG-5, EIM, JIN-3, RPMI 8226, U-266) (Table 4).

The use of IFNe in patients is controversial [130,142]. The heterogenous
response of MM cells to IFNe in vitro may reflect the variable response in
vivo. Some in vitro studies have shown a growth stimulatory effect of IFNa
on primary MM cells and MM cell lines [126,143], but growth inhibition
and cytotoxicity has also been described [144,145]. This effect seems to
be dose dependent. Low concentrations of IFNe are stimulatory and high
concentrations are inhibitory [144]. In the MM cell lines U-1958 and U-
266-1970, a growth inhibitory effect of IFNa was seen at both low and high
concentrations, while U-1996 was refractory to IFNe [107]. In U-266, the
growth inhibition by IFNa was suggested to be due to the loss of surface
IL-6R and a downregulation of gp130 disrupting the autocrine loop [121].
The 1L-6 dependent cell lines KP-6 and ANBL-6 are also growth-inhibited
by IFN« [101]. IFNe« stimulated proliferation of 4/5 established cell lines
(XG-1, XG-2, XG-4, XG-5) initially dependent on IL-6 for growth [126].
In these cell lines IFNe stimulation was suggested to lead to autonomous
growth by autocrine IL-6 production [126]. The stimulatory effect of IFNe
has been confirmed in another cell line, KP-6, that is growth stimulated by
IFNa [26,101]. However, the mechanism of growth stimulation has been
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challenged, as upregulation of IL-6 or IL-6 R was not considered to be a
pathway for IFN« stimulated growth [101].

IFNy generally inhibits growth in primary cells derived from MM patients
and in IL-6 dependent MM cell lines [107, 146, 147].

S. GENETIC CHARACTERIZATION

Cytogenetic studies show aneuploidy in MM. Extensive structural and nu-
merical chromosomal alterations have been observed, including loss of
chromosomes and chromosome fragments in 30-50% of the cases and the
presence of marker chromosomes [148-150]. Fluorescence in situ hybridiza-
tion has identified cytogenetic abnormalities in 80-90% of bone marrow cells
from patients with MM [151,152].

The hallmark genetic lesion in many B cell tumors is a translocation, often
involving a proto-oncogene, to the Ig heavy chain (IgH) locus (14q32), or less
frequently involving one of the IgL loci [91]. A 14932 translocation and/or
illegitimate switch recombination fragments (ISRF) were seen in 19/21 cell
lines analyzed, indicating that the translocation to the IgH locus is an almost
universal event in MM cell lines [153].

Compared to other B cell tumors, MM is genetically very heterogenous.
This heterogeneity is obvious both between and within MM clones and is
reflected by the diversity of chromosomal partners to the IgH locus, including
1pl3, 6p25, 8q24, 12q24, 16923, 21922, 11923, 1921, 3p11, 6p21, 7q11 and
18921, as deduced from karyotypes of tumors and cell lines [91,153]. The
translocation breakpoints cloned from eight MM lines were demonstrated
to involve six different loci; 4pl6 (JIM-3, KMS-11), 6 (SK-MM-1), 8q24
(KMM-1), 11q13 (SK-MM-2, KMS-12, U- 266), 16923 (JIN-3), and 21q22
(KMM-1) (Table 5) [153,154].

The IgH translocation most frequently involves 11q13 (cyclin DI), 4p16
(FGFR3) and 16923 (c-maf). In the established MM cell lines these three
loci are involved in about 25% of the lines and are associated with ectopic
expression of cyclin D1, fibroblast growth factor receptor 3 (FGFR3) gene
and the c-maf oncogene, respectively. In 2/3 MM cell lines overexpress-
ing cyclin DI, there is a translocation t(11;14)(ql3;q32). The expression of
cyclin D1 mRNA was found in MM-M1, KMS-12 and SK-MM-2. However,
in the MM-M1 cell line the candidate translocation breakpoint 11qI3 into
the switch region of IgH loci was not identified [156]. FLAM-76 and U-266
overexpress cyclin D1 mRNA, and in U-266 the translocation involves the
switch region of IgH loci [153]. The overexpression of cyclin DI/PRADI1
gene and an amplification of the cyclin DI gene in the absence of t(1 1;14)
was demonstrated in the KHM-11 cell line, while it was absent in cells of
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the pleural effusion from which the cell line was established [160]. The
t(11;14)(ql3;q32) translocation is associated with aggressive disease and
poor prognosis [91].

In four out of 21 MM cell lines the FGFR3 gene is dysregulated by
t(4;14)(p16.3;q32.3), and the translocation breakpoint 4pl6 was cloned from
these cell lines (KMS-11, JIM-3, NCI-H929, OPM-2) (Table 5). With the ex-
ception of JIM-3, the FGFR3 was expressed in KMS-11, NCI-H929, OPM-2
and UTMC?2, the latter cell line also harboring the t(4;14). Eight cell lines
(RPMI 8226, ark, SK-MM-1, delta-47, H1112, KMM-1, TH and U-266)
were negative for the translocation and displayed only weak expression of
FGFR3 by RT-PCR (Tables 5 and 7). In ANBL-6, FLAM-76, SK-MM-2,
JIM-3, JIN-3, KMS-12, MM-M1, MM.1 and OCI-My35, no FGFR3 mRNA
was detected [168]. In the KHM-11 cell line, FGFR3 was translocated into
the VH domain of the IgH locus and expression of the FGFR3 was confirmed
[160,168]. An activating mutation of FGFR3 resulted in progression and lig-
and independent stimulation seems to occur frequently in MM with t(4;14).
In two of the four MM cell lines examined (KMS-11, OPM-2), activation
as a result of somatic mutation was found (Table 5). In the MM cell lines
LP-1, UTMC-2, NCI-H929, JIM-3 and OPM-2, the IgH translocation simul-
taneously dysregulates two genes with oncogenic potential; FGFR3 on der(4)
and Multiple Myeloma SET domain (MMSET) on der(4) [169].

The t(14;16)(q32.3:q23) was present in 5/21 MM cell lines (KMS-11,
MM.1, JIN-3, ANBL-6). These cell lines also overexpress c-maf, as do
OCI-My5 and RPMI 8226, but no candidate IgH switch translocation break-
point fragment has been identified. FISH analysis revealed the presence of
a t(14;16) in OCI-MyS5. In RPMI 8226, the c-mafwas suggested to be in-
volved in variant translocations e.g. t(16;22). Also in the NCI-H929 cell line
c-maf mRNA was detected. Other cell lines (U-266, ark, SK-MM-1, KMM-1,
OPM-2, FLAM-76, delta-47) were negative for expression of c-maf [170].

In a few cases the IgH translocation in MM may involve other part-
ners, including 8q24 (c-myc) in less than 5% of the cases, 18q21 (bcl-
2), 11921-24 (mixed lineage leukemia MLL) and 6p21.1 (IRF4). The
t(6;14)(p25;q32) translocation breakpoint was cloned from the SK-MM-1
cell line and was found to map to 6p25, near IRF4/(multiple myeloma onco-
gene MUM1)/ICSAT/LSIRF), a member of the interferon regulatory factor
(IRF) family of transcription factors. This abnormality was also found in XG-
7, but not in other cell lines (RPMI 8226, U-266, EIM, XG-1, XG-2, XG-4,
XG-5, XG-6 (Table 5). IRF-4 mRNA was also overexpressed in these cell
lines as compared to cell lines not carrying the alterations of the MUM/IRF4
[165]. However, in most of the cases the chromosome partner is not identified
(14qg+) [154].
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This search for genetic alterations involved in the pathogenesis of MM
has led to the identification of proto-oncogenes with a possible pathogen-
etic role. One of the candidates is c-myc, deregulated as a consequence of
the reciprocal translocation of c-myc to one of the Ig loci in another hu-
man B cell tumor, Burkitts lymphoma. A similar translocation, resulting
in a deregulated c-myc, has been implicated in the pathogenesis of rat im-
munocytoma and murine plasmacytoma [171]. Translocations leading to the
juxtaposition of c-myc to one of the Ig loci are rare in MM [172-176]. In
MM cell lines, only two cases (LP-1 and NCI-H929) of structural c-myc
rearrangements have been reported [42,50,177]. In the absence of structural
alterations, elevated expression of c-myc has been reported in freshly isolated
MM cells [155,173,178,179]. In the cell lines ACB-885, ACB-985, ACB-
1085, RPMI 8226 [155], elevated c-myc mRNA in the absence of restriction
fragment length polymorphism (RFLP) and/or gene amplifications was re-
ported (Tables 5 and 7). Also, an elevated expression of c-myc mRNA and
protein was demonstrated in KMM-1, KMS-5, KMS-11, KMS-12PE and
KMS-12BM in the absence of detectable translocations or hypomethylation
[161]. In one MM cell line (KMM-1), a translocation involving the IgH locus
and 8q24 was detected by Southern blotting [154]. In the absence of detect-
able rearrangements c-myc mRNA and protein are highly expressed in MM
cell lines (U-1996, Karpas 707, L363 and OPM-1), compared to cell lines of
other origin harboring myc amplification [120]. In the U-266 cell line and its
IL-6 dependent subclone U-266-1970, c-myc mRNA was not detected, but
L-myc mRNA and protein were seen at elevated levels.

Expression from only one c-myc allele was seen in 520 MM cell
lines (JIN-3, KMS-Il, FLAM-76, OPM-2, MM-M1), suggesting a cis-
deregulation (possibly due to hypomethylation) [157]. However, these cell
lines lack translocation of the c-myc gene or changes in the encoded c-
myc protein. Mechanisms that may deregulate c-myc include rearrangements
affecting the PVT1 locus or rearrangements of the MLVI4 region located
20kb downstream of c-myc [180,181], although this was not confirmed by
others [176]. Rearrangements of the MLVI4 region were not identified in
RPMI 8226, U-266, JIN-3, SK-MM-1, SK-MM-2, KMM-1, OPM-2, H1112,
ark, TH, MM-M1, FLAM-76, KMS-11, MM.1, delta-47, JIM-3, UTMC-2,
ANBL-6, OCI-My5 or in the KMS-12 MM cell lines [157]. Altered mRNA
turnover resulting in the increased half-life of c-myc mRNA as a result of
posttranscriptional events was not identified in MM [155]. Moreover, expres-
sion of the c-myc protein is often elevated independently of c-myc mRNA
levels, pointing to a deregulated translational control of c-myc expression
[182].

Rearrangements of bcl-2 by translocation t(14;18) and altered expression
have been implicated in the pathogenesis of non-Hodgkin’s lymphoma [183].
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In MM these translocations are rare [176]. Bcl-2 is expressed at high but
variable levels in MM cell lines and primary MM cells. The JIN-3, EIM,
U-266, Karpas 707 and JIM-3 were demonstrated to express elevated levels
of bcl-2 protein in the absence of a translocation t(14;18) [184]. Levels of
bcl-2 mRNA and protein are elevated 4-fold in the U-266-1970 subline of U-
266, while other lines (U-266, U-1996, U-1958, Karpas 707, L.363) express
elevated levels of bcl-2 in the absence of t(14;18) [159]. The high expres-
sion of bcl-2 by normal plasma cells and in MM cells in the absence of
detectable translocations, suggests that this may be a marker of long-lived
post-follicular cells rescued from apoptosis during germinal centre selection
[159,184]. Overexpression of bcl-2 related genes may also result in the rescue
of MM cells from apoptosis induced by dexamethasone or IL-6 deprivation
and be implicated in the development of chemoresistance [185-187].

Deletion of the retinoblastoma gene Rbl was found in more than 50%
of bone marrow specimens obtained from patients with MM [188]. This is
in line with the frequent occurrence of monosomy 13 in MM and deletions
involving 13q24. However, nullisomy of chromosome 13 was not found in
this study and is only rarely detected in MM [91]. In the U-266 cell line a
biallelic loss and absence of Rb protein was reported [167]. As in the case
of mutations of ras and p53, the Rb alterations seem to be associated with
tumor progression rather than constituting an early genetic event [167].

Mutations have been identified in N- and K-ras oncogenes and oc-
cur in about 30% of newly diagnosed MM patients and in 70% of MM
patients at relapse. Mutations in ras may be restricted to stage III MM
and PCL, suggesting that they may be important during tumor progression
[16,164,167,174,175]. A high frequency of activating mutations in codon 61
of the N-ras gene in MM was reported [174]. However, others found this
mutation occurs in only about 25% of the activating ras mutations [164].
Of 10 MM cell lines (RPMI 8226, U-266, LB-831, EIM, JIN-3, XG-1, XG-
2, XG-3, XG-4 and XG-5) examined, three (XG-1, XG-2 and RPMI 8226)
contained a mutation in codon 12 in K- or N-ras [164]. The finding of Portier
was confirmed in another study of U-266, EJM and LP-1 cell lines. In none
of these cell lines could ras mutations be observed [167]. The introduction of
a constitutively active N-ras into an IL-6 dependent MM cell line ANBL-6
(ANBL-6/Ras) resulted in significant IL-6 independent growth and reduced
apoptosis suggesting that activation of ras oncogenes may result in growth
factor independence and suppression of apoptosis [189].

Mutations of p53 are infrequent in MM (5-10% of patients), and are
associated with progressive disease [158,164,190]. In established cell lines,
however, the frequency of p53 mutations is 80% [158]. This is in line with
previous reports, and suggests that the mutations may arise during tumor
progression [191]. Among eight cell lines, five exhibited only the mutant
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form, indicative of loss of wild type sequences (U-266, EIM, XG-5, RPMI
8226, LB-831). In three cell lines (XG-1, XG-2 and XG-4), both mutated
and wild-type alleles were present. The expression of p53 was found in all
cell lines tested and the mutations were not correlated with the expression
levels of p53 or with autonomous growth [158]. In the U-266 and EIM cell
lines, a p53 mutation involving exon 5 was identified, while the LP1 cell line
contained wild-type p53 [167].

Overexpression of the MDM2 gene, binding and inactivating pS3, has
been reported in MM and in the cell lines RPMI 8226 and U-266 [162].

p16™** is frequently hypermethylated in MM. This occurs more fre-
quently in advanced disease of MM and in cell lines. Inactivation of p16™**
by hypermethylation may be associated with disseminating disease and de-
velopment of plasma cell leukemia [192]. In MM, a high expression of
p16™* correlated with the loss of cyclin D1 expression and IL-6 respons-

iveness and was suggested to be confined to a mature phenotype in MM
(CD49¢+, MPC-1+) [193].

6. FUNCTIONAL CHARACTERIZATION

The population doubling time (Ty,) of continuous MM cell lines ranges from
16 h to up to 144 days (Table 6). All MM cell lines determined to be authentic
were EBV negative. Some were tested and reported to be free of mycoplasma
infection (31/81). The cytochemical staining profile of plasma cell and MM
cell lines is characterized by B-glucuronidase (BGLU) and «-naphthyl acet-
ate esterase (ANAE) expression [11]. A typical profile can be described as
follows; AcP+, NASDCAE-, ANAE/ANBE(+), BGLU+, while the cell lines
tested also generally show weak or negative staining for Px and PAS (Table
6).

The staining of the LCLs qualitatively resembles that of normal B cells
with reactivity only with acid phosphatase (AcP), naphthol-AS-D acetate
esterase (NASDAE) and BGLU [11] (Table 2).

Most MM cells produce only light chains, either A or K (ILKM3, JIN-
2, Karpas 620, Karpas 707, KMM-1, KMS-11, KMS-18, MEF-1, MM.1,
MMS5.1, MMS5.2, MM-S1, NOP-2, OCI-My5, OPM-1, OPM-2, RPMI 8226,
SK-MM-1, SK-MM-2, U-1996). A few cell lines produce IgG (n = 17),
IgA (n = 13) and in one cell line each, IgD and IgE. The secretion rate of
IgG per 10° cells/24 h is >80 ug/mlin NCI-H929, 50 pg/mlin LP1, 40-50
pg/mlin MT3, 40 pg/mlinOH-2,23 pg/mlin LB-831 and LB-832, about 20
ug/mlin 15 ug (A-chains) in RPMI 8226, 5-10 ug/mlin EIM, 4-9 pg/mi( -
chains)inMM. 1,4-9ug/ml in U-266,4 pg/mlin UTMC-2, about 3 pg/mlin
KPMM2, 1.5 pg/mlin U-1958, about1 pg/ml in SK-MM-2 cell line and < 1
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pg/ml in UCD-HL461. Some MM cell lines are Ig non-producers (n = 9),
reflecting the status (nonsecretory) in the MM patient in four cases. In other
cases, the Ig production was lost during establishment (Table 2).

Transplantability in nude mice was reported in a few cases (DOBIL-6,
KMS-5). Interestingly, heterotransplantability was reported in the subline
S6B45 of MM-S1 with ectopic IL-6 cDNA and autonomous growth [48].
A number of the cell lines can be cloned and form colonies in soft agar
or methyl cellulose (KMM-1, KMS-5, KMS-12, LB-831, LB-832, MM-S1,
RPMI 8226) while MM-A1, MM- Y1, U-1957, U-1958 and U-1996 were
only clonable in the presence of IL-6 or feeder cells. Phenotypic alterations
(including improved growth rate, development of feeder cell independence,
capacity for growth as colonies in soft agar, growth as subcutaneous tumors
in nude mice) have also been reported to occur as a consequence of long term
cultivation, as exemplified by the U-266(—1984) cell line [93-95].

In one of the cell lines, LP-1, PWM or TPA can induce differentiation. The
expression of unique genes (amylase mRNA) associated with the occurrence

of hyperamylasemia in the patient, was found in three cell lines (AD3, a
subclone of FR4), FR4, and KHM-1B (Table 6).

7. PUTATIVE BUT UNCONFIRMED CELL LINES

As described, MM cell lines are phenotypically very heterogenous. How-
ever, they can be distinguished from LCLs (see Table 1). The following
criteria should be used to distinguish MM from LCLs: (1) morphology;
MM cells have a plasmablast/plasma cell morphology including eccentric
nuclei with prominent nucleoli, a prominent RER and Golgi and perinuc-
lear zone, (2) capacity for a high rate of Ig secretion, (3) surface antigen
profile, (4) aneuploidy, with numerous structural and numerical aberrations
and, most importantly (5) the lack of EBV. In some reports characterization
by these criteria is insufficient. Taking these markers into account, this re-
view distinguishes four categories of cell lines; (1) authentic MM cell lines,
(2) EBV-positive lymphoblastoid cell lines (LCLs) (ARH-77, Fr/FRAVEL,
GM1312, GM1500, HS-Sultan, IM-9 and MC/CAR), and (3) putative, but in-
sufficiently characterized cell lines (ACB-985, ard-1, ark, C23/11, col, H112,

HGN-5, HSM-2, HSM-2.3, KMM 56, LA 49, mer, Oda, ram). In these cell
lines the EBV status and/or the phenotypic characterization or structural ab-
normalities consistent with the fresh tumor cells were not reported. Without

further characterization these are regarded as putative but unconfirmed cell
lines (Table 7).
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1. INTRODUCTION

This chapter reports the characterization of forty-four cell lines that were
established from patients with T-cell acute lymphoblastic leukemia (T-ALL)
and five natural killer (NK) cell lines established from patients with leukemia
with features of NK cells. Several subclones (variant cell lines derived from
a parental line) and sister cell lines (cell lines derived independently from the
same patient but from a different specimen or at a different time during the
clinical course) are also described.

Acute lymphoblastic leukemia with a T-lymphocyte phenotype (T-ALL)
has unique clinical, immunophenotypic, biochemical, and karyotypic fea-
tures. Approximately 15% of children with leukemia have a thymic (T) cell
phenotype as characterized by the ability to rosette with sheep RBCs or re-
act with monoclonal antibodies associated with the T-lymphocyte lineage.
Children with T-ALL characteristically are male, commonly present during
adolescence, possess an anterior mediastinal mass and have a high white
count. Immunophenotypically, T-ALL cells are characterized as immature
T lymphocytes that possess pan-T cell antigens as detected by monoclonal
antibodies. Early in thymocyte development, there is rearrangement of the
T-cell receptor (TCR) a, B, y or & genes associated with expression of CD7.
Many T-ALL cells express CD2 and CDS5 and cytoplasmic CD3. With T-cell
maturation, TCR (a/B, y /3) is expressed on the cell surface.

T-ALL cells have a high adenosine deaminase (ADA) level and a low nuc-
leoside phosphorylase (NP) level compared to normal T-lymphocytes. The
T-ALL cell lines are generally terminal deoxynucleotidyl transferase (TdT)
positive [165]. While the retrovirus human T-cell leukemia/lymphoma virus
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type 1 is commonly associated with adult T-cell leukemia/lymphoma, T-ALL
is not associated with the human T-cell virus type 1 or 2.

T-ALL is characterized by a lack of hyperdiploidy ( >50 chromosomes)
and a high incidence of chromosome translocations involving the T-cell
receptor (TCR) a/é or B locus. About 40% of T-ALL cases have nonran-
dom breakpoints and translocations within the 14ql1, 7q34, or 7pl5 region,
which contain the TCR «/8, TCR B,and TCR ygenes, respectively. At
least ten recurring chromosome translocations have been observed in T-
ALL. These translocations commonly result in fusion of genes that encode a
chimeric protein [133]. The most frequent recurring abnormality in child-
hood T-ALL is t(11;14)(pl3;ql1), which accounts for about 7% of cases
[138]. The t(11;14)(plS5;qll) is found in about 1% of T-ALL cases. In both
translocations, the breakpoint on 14q occurs within the TCR «/8 locus and
the breakpoint on 11pl5 occurs within a rhombotin related gene (RBTNI).
The gene on 11pl3 (RBTN2) has extensive homology with RBTNI and both
genes are normally involved in erythroid differentiation. Ectopic production
of RBTN is thought to be a major factor in T-cell transformation.

Newly established cell lines should be compared to the patient's leukemia
cells by an analysis of morphology, karyotype, immunophenotype, Southern
blot, Northern blot, and protein expression. Two T-ALL cell lines with NK
activity (SPI 801, SPI 802) were demonstrated to be contaminated with the
K-562 cell line by analysis of the gene rearrangement pattern on Southern
blot analysis [48,90]. Using karyotype analysis, it was found that KE-37 was
contaminated with SKW3 cells, because both shared the t(8:14)(q24:q11)
which was lacking in the original KE-37 cells [93]. Evaluation of estab-
lished cell lines by DNA fingerprinting, immunophenotyping, karyotyping,
and isoenzyme analysis has helped to identify cell line cross contamination
and mislabeling [61]. At least one stock of the cell line EU-7 has been shown
to be cross-contaminated with CCRF-CEM, emphasizing the need to screen
stocks of EU-7 by a method such as DNA profiling.

2. CLINICAL CHARACTERISTICS

The first leukemia cell line was established by Dr. George Foley in 1964 [45].
In vitro cell cultures were produced from the peripheral blood of a two-year-
old girl with leukemia. The resultant CCRF-CEM cell line was subsequently
found to have a T-cell phenotype. A series of T-ALL cell lines (the MOLT
lines) has been established by Dr. Jun Minowada [106]. The availability of
the CEM and MOLT lines has been critical to progress in understanding the
cellular and molecular biology of T-ALL, and the pioneering work of these
investigators in establishing and characterizing those cell lines has greatly
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contributed to leukemia research. The RPMI 8402 cell line [113], the Jurkat
cell line [146], and the KARPAS 45 cell line [76] have also been widely
distributed. The MOLT 1-4 lines were established simultaneously from the
same patient (a 19-year-old male) at first relapse [106]. While numerous
studies of MOLT 3 and 4 have been reported, MOLT 1 and 2 have been
less well characterized.

The clinical characteristics of the 44 T-ALL cell lines are summarized in
Table la. One cell line was established in the 1960s, 9 cell lines in the 1970s,
26 in the 1980s, and 8 in the 1990s. Corresponding to the low incidence of
T-ALL in adults, most of the cell lines were derived from children (median
age 11 years) and the sex distribution was predominantly male. Interestingly,
most of the cell lines were established at relapse and only eleven cell lines
were established at the time of diagnosis. Twenty cell lines were cultured
from bone marrow samples, eighteen from peripheral blood and one from
pleural effusion. The origin of the cell line from the patient was verified in
a relatively high proportion of cases. Generally this was accomplished by a
direct comparison between the patient’s leukemia cells and the established
cell line (growing continuously for >12 months) by comparing the mono-
clonal antibody profile, karyotype or the Southern blot TCR rearrangement
profile. The medium used was predominantly RPMI -1640 with 10-20% fetal
calf serum. While McCoy’s 5a medium (and a hypoxic environment) was
used for the initial growth of SUP-T cells, the cells grew in RPMI -1640 with
10% fetal calf serum once established [154]. Many T-ALL cell lines (e.g.
CCRF-CEM, Jurkat, MOLT-4, etc.) are available from the American Type
Cell Culture (ATCC) Rockville, MD and international cell banks.

The clinical characteristics of the NK cell lines are summarized in Table
Ib. Natural killer (NK) cells represent a small proportion of the peripheral
blood lymphocytes that frequently display azurophilic granules and thus have
been named large granular lymphocytes (LGLs). Detailed phenotypic and
genotypic studies of LGLs demonstrate that there are two distinct cell pop-
ulations: LGLs which are CD3—-, CD16+, CD56+ and lack rearrangement
of the TCR genes and LGLs which are CD3+, CD 16+, CD56+ and possess
rearrangement of the TCR genes [96]. Patients with CD3+ LGL leukemias
often exhibit specific clinical manifestations such as rheumatoid arthritis,
recurrent bacterial infections, chronic neutropenia and pure red cell aplasia.
Patients with CD3- LGLIeukemias commonly present with hepatospleno-
megaly, lymphadenopathy, skin involvement, and bone marrow infiltration
[96]. The first cell line with natural killer (NK) activity (YT cells) was estab-
lished in 1983 [172]. Five NK cell lines have been reported during the past
decade, established from peripheral blood from adults with features of leuk-
emia. Interleukin-2 (or conditioned media) was added to the initial culture
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media in the NK cell cultures and the NK cell line (NOI-90) was found to
have an IL-2 autocrine loop.

3. IMMUNOPHENOTYPE

T-ALL cases have distinctive immunophenotypes that generally reflect their
origin from cells at different stages of intrathymic differentiation. Reinherz
and others have proposed models of thymic maturation based on expres-
sion of surface antigens, which have been useful for classification of T-ALL
[137,107]. This classification was subsequently modified after the introduc-
tion of additional Leukocyte Workshop antibodies and Cluster Designation
(CD) categories [30,134]. T-ALL/thymocyte-maturation stages include the
early thymocyte phenotype (stage I), characterized by expression of CD2, 5
and 7 without CDI1, 3, 4 or 8; the intermediate thymocyte phenotype (stage
IT), with expression of CDI, 2, 5 and 7 and variable expression of CD3, 4
and 8; and the mature thymocyte phenotype (stage III), expressing CD2, 3, 5
and 7 and in most cases either CD4 or 8 (the latter antigens generally being
expressed singly rather than in combination). CD1 (the common thymocyte
antigen) is negative in stage I and III cases, and therefore its presence is
diagnostic for the stage II intermediate (or common) thymocyte group. CD3
may be weakly expressed on the cell surface in some stage Il cases, or may
be present only in the cytoplasm. Also, stage II cases may express both CD4
and CDS8. However, some T-ALL cell lines and primary T-ALL cells do not
fit into any one category due to their heterogeneity in antigen expression.

During T-cell differentiation, TCR genes rearrange to permit receptor ex-
pression and diversity. Two types of TCR molecules have been identified
on the surface of T-ALL and normal T-cells, both of which consist of a
polymorphic heterodimer of two polypeptide chains @p or y /8. In normal
T-cells, the TCR is linked to a monomorphic glycoprotein complex (CD3). In
T-ALL, however, CD3 is commonly expressed in the cytoplasm but not on the
cell surface, indicating transformation at an immature stage of development
[167]. T-ALL cell lines lacking surface CD3 are generally also negative for
surface TCR [16].

MOLT-3 and -4 belong to the intermediate thymocyte category (Stage II),
based on expression of CD1, 2, 5 and 7 on >50% of the cells. CD4 and 8
are expressed on a minority of cells, and CD3 is negative [110]. MOLT-12
also has the intermediate thymocyte phenotype (Stage Il thymocyte), char-
acterized by expression of CD1, 2, 5, and 7 [39,110]. Unlike MOLT-3 and
-4, MOLT-12 also expresses surface CD3 on >50% of the cells. MOLT-
13 and -14 differ from MOLT-12 in having lost expression of CD1 and 2;
since MOLT-13 and -14 were established from the same patient as MOLT-
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12 after relapse, this antigen loss may represent the appearance of a less
mature phenotype at relapse [39]. Based on the absence of CDI1, 2, 4 and 8,
MOLT-13 and -14 appear to have an immature thymocyte phenotype (Stage
I). However, both MOLT-13 and -14 express surface CD3 on at least 50% of
cells, which is associated with a more differentiated phenotype (Stage II or
I1I); therefore, it is difficult to assign these lines to a precise category. MOLT-
16 appears to represent a similar stage of differentiation (Stage I) based on
absence of CD1, 4, and 8, and the presence of CD2, 5 and 7 [39]. However,
as in the case of MOLT-13 and -14, the presence of surface CD3 on > 50%
of these cells complicates the assignment, and this line has features of Stage
I (intermediate thymocyte), except for a lack of CD1.

The immunophenotypes of the T-ALL cell lines are summarized in Table
2a. Most of the T-ALL cell lines express both CD5 (31/37) and CD7 (37/39)
and many express CD1 (19/43), CD3 (23/44), or CD4 (25/43). Several T-
ALL cell lines express CD2 (29/41) and about 70% express CDS8 (25/40). Of
the 25 cell lines that express CD8, most also express CD2 (21/25) and dual
expression of CD2/CDS is associated with a mid-thymocyte stage of T-cell
development [137]. When evaluated, T-ALL cell lines have rearrangements
of the TCR genes («/B/y /&) and many express the TCR «/8 or y /8 on the
cell surface. While CD10 expression was detected on 20% (7/34) of the T-
ALL cell lines tested, other B lymphocyte markers are not expressed, with
the exception of MOLT-3 and -4 which express the B-lineage marker CD9.
Myelomonocytic markers are uniformly negative.

T-ALL cells are generally TdT positive, a feature shared with normal
cortical thymocytes but not mature lymphocytes [37]. Most of the cell lines
express TdT (25/34) and are HLA-DR negative (31/33). Only 2 cell lines
express the interleukin-2 receptor CD25 (TALL-101, TALL- 103/2).

The immunophenotypic characteristics of the NK cells are summar-
ized in Table 2b. Two populations of normal LGLs have been described:
CD3-, CD 16+, CD56+, TCR- germline and CD3+, CD 16+, CDS56+,
TCR- rearranged. The YT and NK92 cells are CD3—, CD16—, CD56+;
NKL cells are CD3—, CD16—, CD56— TKS1 cells are CD3-, CD16+,
CD56— and NOI90 cells are CD3+, CD16—, CD56+. All ofthe NK cell lines
(except YT subclones YT2C2) express CD25 and proliferate in response to
IL-2 or conditioned media. The YT2C2 cell line was specifically subcloned
to provide cells that lack CD25 for comparative analysis with CD25+ YT
cells [173]. While YT cells possess EBV, it is interesting to note that the
cells lack CD21 which is the putative EBV receptor. All the NK cell lines are
CD4- but express the pan-T cell antibodies CD7, while lacking B-lymphoid
and myelomonocytic markers. Only the TKSI cells express CD16.
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Table 2b. NK cell lines immunophenotypic characteristics

Cell T-/NK-cell T-cell B-cell  Myelo- Progenitor/ Adhesion Ref.

line marker? receptor? marker monocytic activation  marker

marker marker

NK92 CDI1-CD7+ TCRB G CD10- CD14- CD25+ CDlla+ 51
CD2+ CD8— TCRy G CD19—- CDi16— CD34—

CD3— CD28+ CD20- CD45+
CD4— CD56+ CD23- CD54+
CD5- CDI122+
HLA-DR—

NKL CD1-CD7-  TCRa/p CD19—- CDI14- CD25+ CDlla+ 139
CD2+ CD8— not expressed CD20- CD16— CD38+ CDllb-
CD3-CD26+ TCRy/3 CD29+ CD65—- CD43+
CD4— CD27+  not expressed CD71+
CD5- CD28—- CD81+
CD6+ CD56— CD9%+
CD57— CD95+

HLA-DR+

NOI90 CDI1(+)CD7+ TCRAG CDI10- CD13- CD25 (+) 142
CD2—-CD8— TCRy G CD14- CD34—

CD3+ CD56+ CDl6—
CD4 (+) CD57+
CD5—

TKS1 CD2+CD5- TCRB G CD10- CD16+ CD25+ 89
CD3-CD8-  TCRy G CDI19- CDhi122-

CD4—- CD56— CD20-
CD57—

YT CD1- CD5- TCRS G CDI10- CDI13— CD25+ CDllb— 172,173
CD2- CD6— TCRy G CDI19- CDI15- CD30+
CD3- CD7+ TCRS G CD20- CD16—- CD33-

CD4— CD8— CD21- CD38—

CD5- CD28+ CD23- CD45RA—
CD56+ CD24- CD45RO+
CD57—- HLA-DR+

YT2C2 CDI-CD2- TCREG CD10- CDI13-  CD25- CD11b— 173,160
CD6—-CD3—- TCRy G CD19- CDI15- CD30+
CD7+ CD4— TCRé G CD20—~ CDl16- CD33—

CD8- CD5- CD21-~ CD38—

CD28+ CD56+ CD23- CD45RA—

CD57— CD24— CD45RO+
HLA-DR+

YT3C CDI- TCRA G CDI0- CDI3~- CD25+ CDI11b— 173,172,160
CD2- CD6—  TCRy G CD19- CD15-  CD30+
CD3- CD7+ TCRS G CD20- CDl16—  CD33-

CD4—- CD8— CD21- CD38—

CD5— CD28+ CD23~ CD45RA—
CDS56+ CD24~ CD45RO+
CD57—- HLA-DR+

4 + — strong definite protein expression (more than 10% of cell positive); (+) — weak protein
expression qualitatively and quantitatively, less than 10% cells positive; — — no protein ex-
ression.
TCR = T cell receptor, R — rearranged, G — germ line, D — deleted, E = expressed on cell

surface.
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4. CYTOKINE-RELATED CHARACTERIZATION

Cytokine receptor expression, cytokine production, cytokine induced prolif-
eration and differentiation and cytokine dependency of T-ALL cell lines are
summarized in Table 3a. Of note is that 39 of the 44 T-ALL cell lines were
established without the addition of exogenous cytokines. Five T-ALL cell
lines show increased proliferation in response to IL-2 and three cell lines are
dependent on IL-2 for cellular proliferation. Phorbol ester induces IL-2R in
some T-ALL cell lines and supplemental IL-2 could induce NK-like activity
against K562 cells. PER 117, PER 255 and PER 423 express c-kit receptors
and PER 423 cells proliferate synergistically when cultured with human stem
cell factor (SCF) and IL-2 [82].

MOLT-3 expresses the hemopexin receptor and proliferation is stimulated
by heme-hemopexin [155]. PHA induces MOLT-4 cells to secrete 1L-2 and
IL-4 [31]. MOLT-13, -14, and -16 constitutively produce and secrete IL-
2 at low levels (<1 U/ml), and production is increased after stimulation
with PHA, interferon (IFN) y (MOLT-13, -14), IFN a(MOLT-16), and TNF «
(MOLT-13, -16) [31,32]). Interestingly, IFN @and y have reciprocal effects
on MOLT-13, -14 compared to MOLT-16: IFN « inhibits IL-2 production
by MOLT-13 and -14, while IFNy augments IL-2 production by MOLT-16.
Like MOLT-4, MOLT-13, -14, and -16 also produce low levels (<1 ng/ml) of
IL-4 upon stimulation with PHA [32]. Furthermore, anti-CD7 but not PHA
induces expression of GM-CSF by MOLT-13 [18].

MOLT-16 cells express IL-2R, and since these cells also secrete IL-2, the
possibility for autocrine growth exists, although this has not been demon-
strated [4]. MOLT-14 and -16 also express mRNA for the cholecystokinin
(CCK)-B/gastrin receptor (specific for hormones CCK and gastrin) as well
as gastrin mRNA. Although the presence of the respective proteins was
not examined, proliferation of MOLT-16 is inhibited by a receptor-specific
antagonist in the absence of added ligand, suggesting a possible gastrin-
mediated autocrine loop [73]. Although differentiation of MOLT cell lines
in response to cytokines has not been reported, MOLT-13 acquires NK-like
activity against K562 cells following incubation with IL-2 or phorbol ester
(PMA)[4].

Dr. Lange and colleagues established several T-ALL cell lines that are
dependent on cytokines for continuous cell proliferation. One T-ALL cell
line (TALL-101) responds to GM-CSF and IL-3 and is GM-CSF depend-
ent for in vitro growth. TALL-103/2 is IL-2 dependent and responds to the
cytokines IL-2 and IL-1. Under the influence of IL-2, TALL-103 cells have a
T-lymphoid monoclonal antibody profile while TALL-103 cells cultured with
IL-3 have a myeloid immunophenotype [20, 145]. TALL-104 cells proliferate
in response to IL-2 and are IL-2 dependent. TALL-105 cells proliferate in
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182 Findley et al.

response to IL-1 and IL-7 but continuous cell line growth is growth factor in-
dependent. TALL-106 cells respond to IL-2, IL-3, IL-4, and IL-6 and require
IL-3 for continuous growth in vitro [122].

Cytokine receptor expression, cytokine production, cytokine-induced pro-
liferation and differentiation, and cytokine dependency of NK cell lines are
summarized in Table 3b. The NK cell lines generally possess IL-2R and
respond to exogenous IL-2. NK92 cells proliferate in response to IL-2 and
IL-7 and are dependent on IL-2 for continuous cell proliferation in vitro [51].
NOI-90 cells have an autocrine loop with IL-2, and anti-IL-2 antibodies block
cell proliferation [142]. The NK92 and TKSI cells are IL-2 dependent, and
YT cells are dependent on conditioned media for continuous cell growth. The
YT2C2 cells were subcloned from YT to be IL-2 independent, and YT2C2
cells do not respond to exogenous IL-2.

5. GENETIC CHARACTERIZATION

The genetic characteristics of the T-ALL cell lines are summarized in Table
4a. No established T-ALL cell line has a normal karyotype. While most T-
ALL cell lines have complex karyotypes with multiple abnormalities, a few
have a single chromosome translocation (EU-9, KH-1, SUP-T7, TALL-101,
TALL-104, TALL-105) or certain chromosome deletions (Jurkat, PF-382,
SUP-T2, SUP-T14). Many of the 40 karyotyped T-ALL cell lines have com-
mon recurring chromosome breakpoints which occur at or near the TCR
B gene (7q34, N = 6) or the TCR «/8 gene (14ql11.2, N = 7) or both
(N = 1). The t(8;14)(q24;q11) is observed in approximately 2% of T-ALL
cases and breakpoints occur within the MYC protooncogene and the TCR
a gene. The t(8;14)(q24;q11) was demonstrated in MOLT-16, TALL-101,
TALL-103, TALL-105, and TALL-106 cell lines. In MOLT-16 cells, c-myc
is juxtaposed with the TCR « loci [44,101 ]. Specifically, the MOLT-16 break-
point at 14(ql1) occurs within the joining (J) region of the TCR « gene. The
TCR «a constant region and part of the J region are then translocated to the
3’ side of c-myc on chromosome 8 [149]. Cytogenetic analysis has not been
reported for MOLT-12, -13 and -14.

The most frequently recurring abnormality in childhood T-ALL is
t(11;14)(p13;q11), which accounts for about 7% of cases and this translo-
cation was observed in the TALL-104 cell line [138]. The t(1;14)(q32;ql1)
occurs in about 3% of T-ALL cases. The breakpoint at 1p32 occurs in TAL1
whereas the breakpoint on 14qll occurs at a TCR «/§ site, as has been
reported in the DU.528 cell line [8,12,44]. The Karpas 45 cell line has a
t(X;11)(q13;923.3) which results in a fusion of the AFX gene on chromosome
X band q13 to the MLL gene [100].
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T-ALL and NK Cell Lines 191

T-ALL cases often have translocations with a breakpoint involving the 8
T-cell receptor (TCR) at chromosome 7 band q34-35 and several other partner
genes [133]. The t(7;19)(q34;p13) as seen in the SUP-T7 cell line involves
a fusion of LYL (19p13) to TCR B [102]. The t(7;9)(q34;q32) as seen in the
SUP-T3 and SUP-T6 cell lines involves fusion of the TAL2 gene (9q32) and
TCR B [170], and the t(1;7)(p34;q34) as seen in the EU-9 and SUP-T12 cell
lines involves the LCK gene (1p34) and TCR B [17,162].

Both MOLT-3 and -4 are hypertetraploid (modal 97 and 98 chromosomes,
respectively) with shared chromosomal gains, losses and deletions. In partic-
ular, both lines have an intrachromosomal translocation t(7:7)(p15;q11) and
a rearrangement of TCRy gene. However, the breakpoint at 7p15 does not
involve the TCR y joining or constant regions [55].

T-ALL is commonly associated with a deletion in chromosome 9p21,
which occurs in approximately 60% of patients. The 9p21 region is the locus
for the Ink4 family of Cdk4 inhibitors, including p15™4b and pl16™4a,
and T-ALL cells frequently have a deletion of one or both of these tumor-
suppressor genes [6,124,135]. Deletion of p15/p16 is thought to deregulate
cell-cycle in tumor cells by abrogating inhibition of cyclin-dependent kinase
4 (Cdk4). The 9p21 region also contains the methylthioadenosine phos-
phorylase (MTAP) gene, and T-ALL cells with 9p21 deletions are typically
deficient in MTAP, an enzyme important in the salvage pathway for aden-
ine and methionine [5]. Five cell lines have a deletion of the short arm of
chromosome 9 with the resultant loss of p15, p 16 and MTAP.

Another important tumor suppressor gene and regulator of cell cycle pro-
gression, the p53 gene, is frequently mutated in T-ALL cells at relapse, with
an incidence of approximately 25% [23,171]. MOLT-3, -4, -14, and -16 as
well as EU-7 express a mutant or alternately-spliced p53; EU-9 does not
express p33.

The karyotype of the NK cell lines is summarized in Table 4b. No es-
tablished NK cell line has a normal karyotype. Two cell lines (NK92, YT)
have near tetraploidy and three NK cell lines have abnormalities involving
the short arm of chromosome 17. No evaluation of p53, p16 or p15 has been
reported in the NK cell lines.

6. SPECIAL FUNCTIONS AND CYTOCHEMISTRY

The functional characterizations of the T-ALL cell lines are listed in Table
5a. Biochemically, T-ALL cells have aberrant expression of certain enzymes
involved in purine biosynthesis. Specifically, T-ALL cells have high levels
of adenosine deaminase and low levels of purine nucleoside phosphorylase
and 5 -nucleotidase drelative to normal T-cells and non-T-ALL lymphoid
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malignancies. Additionally, T-ALL cells may show a deficiency in methyl-
thioadenosine phosphorylase (MTAP) activity due to a 9p21 deletion, as
discussed earlier.

Leukemia cells often appear to be altered in their responses to apoptotic
stimuli, and this may be due to aberrant expression or regulation of certain
anti-apoptosis genes. The MDM2 (Murine-Double-Minute 2) gene codes for
a protein that inhibits p53 function, thereby making the cell more resistant
to factors that activate p5S3-mediated apoptosis. MDM?2 is frequently over-
expressed in ALL cells that express a wild-type p53 [15,175]. Similarly,
members of the Bcl-2 family having anti-apoptotic activity (Bcl-2 and Bcl-
X1) may be expressed at high levels (or show abnormal regulation following
exposure to DNA-damaging agents) in both T-lineage and B-lineage ALL
[29,43]. T-ALL cells may also express high levels of Fas (CD95), a member
of the tumor-necrosis-factor receptor superfamily which is capable of indu-
cing apoptosis upon binding of'its ligand (FasL). However, the sensitivity of
Fas+ T-ALL cells to FasL is heterogeneous and may be affected by other
anti-apoptosis proteins [34, 177].

Several of the MOLT lines show abnormal regulation of purine and
pyrimidine pathway enzymes commonly associated with T-ALL, and these
lines have been widely used in studies of the effects of antimetabolites on
T-ALL cells [5, 166, 174]. The HPB-ALL and PEER lines have been used to
evaluate the effects of deoxyadenosine and deoxycoformycin on T-ALL cells
expressing high levels of adenosine deaminase [41].

Several T-ALL cell lines, including MOLT-3, Jurkat and CCRF-CEM,
have been shown to be induced by phorbol esters (such as TPA) to differenti-
ate into cells with more mature phenotypes. TPA induces MOLT-3 and Jurkat
cells to acquire increased sheep RBC rosette-forming ability (corresponding
to increased expression of CD2) and lose TdT activity. Jurkat cells respond to
TPA and differentiate but CCRF-CEM cells do not [116]. When MOLT-3 and
Jurkat cells are treated with TPA, CD3 cells increase but the proportions of
CD4, 1, and 8 cells decrease [117]. Phorbol dibutyrate (PDB) induces a rapid
and reversible loss of the expression of CD4 antigen and a slower increase in
CD2 antigen on the Jurkat cells [19]. When treated with thymosin fraction 5,
MOLT-3 cells increase 5 -ectonucleotidase activity, but decrease adenosine
deaminase activity, proliferating activity, and percent of cells that are pos-
itive for CD1. TPA induces purine nucleoside phosphorylase and increases
the expression of CD2 with suppression of TdT activity but does not affect
5’-ectonucleotidase or adenosine deaminase activity [67]. CEM cells were
induced with TPA to express a cell surface antigen pattern of both suppressor
and cytotoxic T-lymphocytes [140]. HPB-ALL cells, when exposed to TPA,
differentiate into a more mature T-cell phenotype as judged by morphologic
changes, loss of TdT activity, and increased sheep red blood cell rosetting
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(CD2) activity and the disappearance of CD1 [118]. RPMI 8402 cells, when
treated with TPA, acquire a more differentiated phenotype [141].

The functional characterization of the NK cell lines are listed in Table
5b. The NK cell lines YT and the sub-clones YT2C2 and YTC3 are EBNA
positive and are the first reported EBV+ NK cell lines. While NOI-90 cells
lack NK or LAK activity, cell lines NK-92, YT, and TSK were toxic against
NK, ADCC, K562, Daudi, and Raji targets.

Cell lines which have not been fully characterized are reported in Table
6. The ALL-Sil and K3P cell lines carry the t(10;14)(q24;q11) and have
been used to evaluate the HOX 11 gene. The T-ALL cell lines MOLT-10
and MOLT-11 have not been fully reported. The Rex cell line, a T-ALL cell
line, has been used for identification of @ and B subunits of the human T-cell
receptor. The Rex cells have also been used to identify and study ion channels
which are activated by Ti or T3 antibodies [1,2,129]. While the SUP-T11 cell
line was originally reported as T-ALL, a review of the clinical and laboratory
characterization revealed that this patient most likely had T-CLL. This im-
pression was supported by the presence of the t(14;14)(ql11;q32) which is a
characteristic marker of T-CLL [103,154].
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Myelocytic Cell Lines
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1. INTRODUCTION

The fully differentiated end stage cell of the myelocytic/granulocytic series
is the mature granulocyte. The mature granulocyte has a polylobed nucleus,
hence the designation “polymorphonuclear leukocyte” [1]. In the normal
adult, granulocytes are produced in the bone marrow. Granulocytes pass
through three compartments during their life span: maturation in the bone
marrow, transit in the blood, and function in the tissues [1]. All cells of
this group play an essential role in acute inflammation in protection against
microorganisms, although they do not show any inherent specificity for
antigens. Their predominant function is phagocytosis [2]. The three types
of granulocytes (neutrophils, eosinophils and basophils) have a parallel
development [3].

The earliest morphologically recognizable cell of the granulocytic series
is the myeloblast, which gives rise sequentially to the promyelocyte, my-
elocyte, metamyelocyte, stab cell and polymorph [4]. From promyelocyte
onwards, specific granules (neutrophilic, eosinophilic or basophilic) become
increasingly conspicuous in the cytoplasm and they distinguish the common
neutrophilic granulocytes from the much less common eosinophils and the
normally rare basophils [S]. Mitoses may occur in immature cells up to the
metamyelocyte stage. Between the pluripotent stem cell and the first morpho-
logically recognizable granulocyte precursor are committed stem cells and
progenitor cells of lesser or greater restriction, with an inverse relationship
between commitment to differentiation and self-renewal capacity [6]. Normal
clonogenic progenitors common to granulocytes, erythrocytes, monocytes
and megakaryocytes are denoted as CFU-GEMM. These progenitors give
rise to granulocyte- monocyte (CFU-GM) colonies.
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Neutrophils constitute over 90% of the circulating polymorphs and pos-
sess two main types of granules: the primary (azurophilic) granules are
lysosomes containing acid hydrolases, myeloperoxidase and lysozyme; the
secondary (specific) granules contain lactoferrin in addition to lysozyme
[2,5]. Eosinophils comprise between 2—5% of blood leukocytes [7,8]. The
granules of eosinophils contain specific products, eventually released by de-
granulation, which are not produced by neutrophils or basophils [9]. Morpho-
cytochemically, the eosinophilic and basophilic granules can be distinguished
by their typical size and color. Eosinophilic granules are stained with Luxol
fast blue which is specific for eosinophils, but are not metachromatic when
stained with toluidine blue, a characteristic which is commonly used to
identify basophils.

Basophils are found in small numbers in the circulation (commonly < 1%
of leukocytes). A “relative” of the basophil, the mast cell, is not seen at all in
the peripheral blood and is only resident in body tissues. The relationship of
the mast cell to the basophil is controversial. There are similarities, but also
distinct differences between these two types of cells, and the interrelationship
of the basophil-mast cell system requires further study [10-13]. While the
basophil clearly arises in the bone marrow, the origin of mast cells has been
more difficult to establish [14]. There may be a common progenitor for mast
cells and basophils, because mast cell and basophil precursors have been
found among the blast cells in CML. Various analyses of single mixed hema-
topoietic colonies (CFU-GEMM) also show human “basophil/mast cells” to
have a clonal origin from circulating multipotent hematopoietic progenitors.
Similarly, “basophils/mast cells” can be grown in suspension culture from
umbilical cord mononuclear cells or the peripheral blood of individuals with
allergies [15].

Malignancies involving the myelocytic cells are of acute or chronic
nature. Clinicians distinguish the acute myeloid leukemias (AML) from
the myeloproliferative disorders (most prominently CML) and the “pre-
leukemic” myelodysplastic syndromes (MDS). While monocytic, erythroid
and megakaryocytic acute leukemias have been assigned to the morpho-
logical subtypes FAB M4/M5, M6 and M7, respectively, the myelocytic
subtypes of AML have been designated FAB M0, MIl, M2 and M3, depend-
ing on the degree of apparent morphological maturation and cytochemical
differentiation [ 16,17]. With regard to diagnosis, prognosis and treatment, the
unique subtypes AML M2 and AML M3 are of particular interest [18-20].
Cytogenetically, AML M2 is associated with the t(8;21) [21,22], whereas
the t(15;17) is specific for AML M3 [23]. Cell lines are available for these
clinically and scientifically interesting AMLs (Table 1b). Equally important
is the availability of cell lines as model systems for the rare basophilic, mast
cell and eosinophilic leukemias [10] (Table 1b). MDS with its different entit-
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ies may terminate in various subtypes of AML [24-26]. The most common
chronic form of myelocytic leukemia is CML [27-29], which ends invari-
ably in a blast crisis. The predominant cell type during this blast crisis has
myelocytic features.

The establishment of human myelocytic cell lines has always been dif-
ficult [30,31]. However, the number of myelocytic cell lines has increased
dramatically [32-34], and now more than 40 well-characterized and mostly
authenticated myelocytic cell lines have been described (Tables 1-5). The
first continuous human myelocytic leukemia cell line was HL-60, which was
established in 1976 [47]. Due to its widespread availability, this cell line has
become the quintessential in vitro paradigm for myeloid leukemia cells [111].
Another widely used, early myelocytic cell line is KG-1 [62]. Myelocytic cell
lines have also been established from specific AML subtypes, CML in myel-
oid blast crisis, MDS and rare myeloid leukemias. Of particular importance
are several unique promyelocytic, basophilic, mast cell and eosinophilic cell
lines [10,100] (Table 1b).

The data listed in Tables 1-6 provide detailed characteristics of individual
myelocytic cell lines. The lines differ greatly, despite their origin from the
same or similar types of leukemia. This multiplicity of markers reflects
the heterogeneity inherent in human myeloid leukemias. A number of the
myelocytic cell lines described below are available from major cell banks
(Appendix 1, p. 284).

2. CLINICAL CHARACTERIZATION

Fifty-one well-characterized myelocytic cell lines are listed in Table la.
These lines were established from 34 patients with various forms of AML
(1 AML MO, 3 AML M1, 14 AML M2, 5 AML M3, 6 AML M4, 1 eos-
inophilic AML, 4 unspecified AML), 13 patients with CML in blast crisis,
and one patient each with CMML, MDS, mast cell leukemia or T-ALL. In
the latter case, a lymphoid cell line was not established, but myelocytic cells
grew in culture. Corresponding to the relatively low incidence of AML and
CML in childhood, 46 myelocytic cell lines were derived from adults and
only five from children; the sex distribution is 29 from male and 22 from
female patients. Only 15 (29%) lines were established at the diagnosis of
the disease (i.e. prior to therapy), whereas 36 (71%) lines were derived from
cases at relapse, in blast crisis or resistant to therapy. Thirty-three (64%) and
fifteen (29%) cell lines were developed from samples taken from peripheral
blood and bone marrow, respectively. The origin of the cell lines from the
presumed patient was confirmed in a relatively high percentage of cell lines;
29/51 (57%). Apart from Iscove’s MEM (n = 3) and «-MEM (n = 6), the
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Table 1b. Myelocytic cell lines: cell lines with promyelocytic, eosinophil, basophil or mast
cell features

Promyelocytic Eosinophil Basophil Mast cell
Ei5012 AML14b GRWP HMC-1
HL-60¢ EoL-1 HL-60°
HT93% HL-60° KU-812
NB4? ME-1® LAMA-84°
UF-12 OMA-AML-1°

YJ

2 Cell line carries the AML M3-specific t(15;17)(q22;q21) translocation with the PML-RARA
fusion gene.

b Only weak constitutive expression of eosinophil or basophil features which, however, can
be up-regulated by differentiation-inducing agents.

¢ HL-60 does not carry the specific 1(15;17)(q22;q21) translocation, but has promyelocytic
morphology and responds to retinoic acid.

Cell lines ME-1, OMA-AML-1, GRW, and LAMA-84 are described in the chapters on
monocytic and erythroid-megakaryocytic cell lines, respectively.

preferred choice of medium is RPMI 1640 (n = 41) supplemented with FBS;
only two cell lines (GF-D8, NKM-1) were reported to also grow under serum-
free conditions (Appendix 2, p. 286). Thirteen of these cell lines (25%) can
be obtained from cell banks (Appendix 1, p. 284).

Of note are the sister cell lines which were established from the same
patient (simultaneously or at different time points: EM-3, K052, MOLM
7-12), subclones with more or less significant phenotypic differences (de-
rived from AML14, EoL-1, KBM-7, KF-10, KG-1, KU-812, KY821, NB4,
OCI/AML-1) and complementary EBV+ B-LCLs from the same patient
(Eo-B, YOS-B).

Several cell lines deserve special mention as they represent the in vitro
counterparts of rare primary leukemia subtypes (Table 1b). While HL-60
has been the in vitro model cell line for AML M3 (or acute promyelocytic
leukemia), these cells do not carry the AML M3-specific t(15;17) resulting in
the PML-RARA fusion gene (Table 4). Nevertheless, HL-60 can be induced
by a variety of reagents to undergo differentiation to a promyelocytic stage
and beyond [31,114]. Several other authentic AML M3 promyelocytic cell
lines have now been established: Ei501, HT93, NB4, and UF-1 (Table 1b).
Some cell lines display features of eosinophils constitutively or upon induced
differentiation. The best-known and most widely used cell line is EoL-1 (and
its subclones EoL-2/-3). The KU-812 cell line was generated from a CML
patient. In line with the biology of CML, KU-812 exhibits a multilineage
differentiation capacity. However, the basophil differentation potential is pre-
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dominant. Thus, KU-812 is currently the prototype cell line for studies on
basophil biology. The cell line HMC-1 has been developed from a patient
with mast cell leukemia. These cells express a number of characteristic “mast
cell-related antigens” and other typical features [10]. The HMC-1 line is
widely used as a model for investigating the biology of human mast cells.

3. IMMUNOPHENOTYPE

Myelocytic cell lines generally express the pan-myelomonocytic surface anti-
gens CD13 (41/47,87%), CD15 (18/23,78%) and CD33 (42/47, 82%), while
they only rarely display the monocyte-associated marker CD 14 (9/40, 22%)
(Table 2). Other antigens physiologically expressed by myelocytic cells, such
as CD16, CD32, CD64, CD65, CD68 [144], are mostly positive, but have
not been tested on many cell lines. Apart from the relatively frequent ex-
pression of T-cell antigens CD4 and CD7 which are also seen on normal
cells committed to myelocytic differentiation [145], the majority of these
cell lines are negative for surface markers associated with T-cells, B-cells and
erythroid-megakaryocytic cells (Table 2). Concerning the progenitor and ac-
tivation markers, the cell lines were predominantly positive for CD34 (27/45,
60%), CD38 (11/15, 73%) and HLA-DR (26/46, 56%), but negative for
the lymphoid nuclear enzyme marker TdT (3/20, 15%). The following pro-
file of myelocytic cell lines emerges: CD4+ CD7+ CD13+ CD14- CD15+
CD33+ CD34+ CD38+ HLA-DR+, T-antigen negative, B-antigen negative,
ery-meg-antigen negative.

4. CYTOKINE-RELATED CHARACTERIZATION

Normal myelocytic cells respond to signals provided by the cytokines G-
CSF, GM-CSF and IL-3 regulating cellular proliferation and differentiation
[146,147]. Cytokine receptor expression, cytokine production, and proliferat-
ive and differentiative responses to cytokines of the myelocytic cell lines are
summarized in Table 3. Several cell lines were reported to be constitutively
dependent on the addition of specific cytokines to the culture medium
(see Appendix 3): FKH-1, GF-D§, GM/SO, IRTA17, MDS92, MUTZ-
2, OC1/AMLI1, OC1/AMLS, OHN-GM, OIH-1, SKNO-1, UCSD/AMLI,
YNH-1 (Table 3). These cells die within a few days when deprived of growth
factors [103,148]. The necessary cytokines are usually G-CSF, GM-CSF,
IL-3, or SCF. These growth factor-dependent cell lines also respond pro-
liferatively to a variety of other cytokines (reviewed in ref. [103]) (Table
3).
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S. GENETIC CHARACTERIZATION

In common with other types of leukemia-lymphoma cell lines, the myelo-
cytic cell lines are characterized by highly complex numerical and structural
chromosomal aberrations (Table 4). Of particular note are the various trans-
locations leading to the occurrence of specific fusion genes (Appendix 4,
p- 288). The most common balanced translocation among these cell lines
is the t(9;22) with the hybrid gene BCR-ABL which is associated in vivo
with CML [28]. Fourteen such myelocytic Philadelphia+ cell lines have
been developed [96,149,150]. Other unique translocations/fusion genes seen
in myelocytic cell lines are t(6;9) DEK-CAN, t(8;21) AMLI-ETO, t(12;22)
ETV6/TEL-MNI, t(15;17) PML-RARA, t(16;21) TLS/FUS-ERG and altera-
tions involving bands 11q23 (gene MLL) and 3q26 (gene EVII). The cell
lines provide models for these translocations [19,22,28,108,151-156].

Some cell lines have deletions, rearrangements, point mutations or other
alterations of the tumor suppressor genes P53 (EM-2, HL-60, K051, KBM-
7, KCL-22, KG-1, KU-812, KY821, KYO-1, MUTZ-2, OHN-GM, SKNO-1,
YNH-1), RBI (KG-1, OHN-GM) and P15INK4B/P16INK4A (HL-60, NB4);
and the oncogenes NRAS (HL-60, KG-1, MDS92) and MYC (GF-D8, HL-60,
Marimo).

6. FUNCTIONAL CHARACTERIZATION

The doubling times of myelocytic cell lines range from 20 hours to 6-8
days (Table 5). All 27 cell lines tested were negative for EBV infection.
The following results on the cytochemical staining of myelocytic cell lines
were seen: 89% ACP+, 0% ALP, 46% ANAE, 40% ANBE, 48% CAE, 50%
lysozyme, 61% MPO, 33% MSE, 48% PAS, 64% SBB (Table 5). A typ-
ical cytochemical profile is: ACP+, ALP—, ANAE/ANBE+, CAEX, MPO+,
MSE-, PAS+, SBB+. Extensive cytochemical investigations have been re-
ported for cell lines CML-C-1, EoL-1, HL-60, HMC-1 and KU-812. The
eosinophilic EoL-1 (Luxol fast blue+, toluidine blue negative), the mast cell
line HMC-1 (toluidine blue+) and the basophilic KU-812 (toluidine blue+)
showed the staining patterns expected for their cell types (Table 5).

Cellular differentiation induced by various agents has been reported for
over 20 cell lines (Table 5). The principal inducers used were retinoic acid
and DMSO, leading to neutrophil differentiation; and TPA, causing mono-
cytic/macrophage maturation. The HL-60 cell line is the most widely and
best studied target cell line in this regard [31,34,114]. HL-60 cells can be
induced to differentiate into neutrophils, monocytes/macrophages, eosino-
phils or basophils by a multitude of specific inducers [157-159]. Of special
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interest are the various retinoic acid-resistant and acid-sensitive parental lines
and their subclones (see also Tables 1a and 1b). Heterotransplantation into
nude or SCID mice or hamster was reported for only seven cell lines (Table
5, Appendix 5, p. 289). Most cell lines can be cloned and form colonies in
methylcellulose. Phagocytosis, adherence and chemotaxis are not properties
of myelocytic cell lines. Expression of unique proteins specifically associated
with certain subtypes of granulocytic cells (neutrophils, basophils, mast cells)
was studied extensively in HL-60, HMC-1 and KU-812.

7. UNCONFIRMED CELL LINES

There is also a panel of myelocytic cell lines which, due to insufficient clin-
ical, immunophenotypic, functional or other characterization were assigned
to the category “Unconfirmed Cell Lines” (Table 6). These cell lines were es-
tablished from patients with AML (Ml, M2, M3, M4), acute mixed leukemia,
NK-myeloid leukemia, MDS (RAEBT), MPD, and CML in blast crisis. The
present status of some older cell lines (e.g. 8261, RDFD-2) is unknown as
no further data have been published. The cells might be lost or a continuous
cell line was not established. Of interest are two cell lines that can only be
propagated by continuous serial passage in SCID mice (AML-CL, AML-
PS). Cell lines RED-3 and TMM might be a cross-contaminated culture and
a normal EBV+ B-LCL, respectively.
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1. INTRODUCTION

The cells comprising the “mononuclear phagocyte system” include promono-
cytes and their precursors in the bone marrow, monocytes in the circulation
and macrophages in tissues. The notion that these cells are parts of a sys-
tem is derived from their common origin, functions and similar morphology.
An older, but now revised concept was the so-called “reticuloendothelial
system”. The ideas and definitions of the monocytic series (including its
precursors and progeny) have undergone drastic changes in recent decades
[1]. Matters are further complicated by different denominations for the same
type of cell, an example being “histiocyte” (used mainly by pathologists)
and “macrophage” (applied predominantly by immunologists and hematolo-
gists). The classical theory according to which monocytes are derived from
histiocytes (called reticulum cells by early investigators — hence the term
“reticuloendothelial system”) was found to be incorrect and was replaced by
the reverse hypothesis.

The mononuclear phagocyte system forms a network which is found in
many organs. It includes circulating cells, monocytes in the peripheral blood,
and cells resident in tissues or fixed to the endothelial layer of blood capillar-
ies, such as Kupffer cells in the liver, intraglomerular mesangial cells in the
kidney, alveolar and serosal macrophages in the lung and pleura/peritoneum,
microglia cells in the brain, and the sinus macrophages in the spleen and
lymph node [2].

The monocytic cell lineage originates from the stem cell in the bone mar-
row as acommon committed progenitor cell for the granulocyte (myelocytic)
and monocyte-macrophage pathways; the so-called colony-forming unit
granulocyte-macrophage (CFU-GM). This cell typically expresses cytokine
receptors for GM-CSF and M-CSF, which stimulate further differentiation to
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the promonocyte, the earliest morphologically identifiable cell of the series
[3]. The promonocyte is capable of endocytosis and adherence to glass,
plastic or other substrates. The subsequent stage, the monocyte, is phagocytic
and microbiocidal. Some monocytes migrate into the organs and tissue sys-
tems to become macrophages. Once in the tissues, monocytes do not re-enter
the circulation. Rather, they undergo transformation into tissue-specific mac-
rophages with morphological and functional properties that are characteristic
of the tissue in which they reside.

The mononuclear phagocyte system has two functions, performed by two
different types of cells. First, the removal of particulate antigens by the “pro-
fessional” phagocytic monocyte-macrophage; and second, the presentation
of antigens to lymphocytes by the “antigen-presenting cell” [2].

There are various forms of acute and chronic leukemia in which a cell
committed to monocytic differentiation appears to be the target of leukemo-
genesis. Morphologists discern the myelomonocytic subgroup AML FAB
M4 (with its variant M4eo in which an increased percentage of eosinophils is
seen) and the monocytic subgroup AML FAB M5 (with further distinction
of the immature subtype MS5a and the mature subtype M5b) [4]. Despite
its high percentage of monocytic blasts, chronic myelomonocytic leukemia
(CMML) has been assigned to the myelodysplastic syndromes (MDS) [5].
Finally, CML can occasionally lead to monoblastic blast crisis (instead of
the more common myelocytic blast crisis).

More than 30 leukemia cell lines have been established since 1974 (Tables
1 and 6). Thirty-one monocytic cell lines have been described adequately
(Table 1), while the remaining cell lines require further characterization, have
been lost or their current status is not known (Table 6). The oldest monocytic
cell line is U-937 [38]. Despite the original diagnosis of “generalized diffuse
histiocytic lymphoma” (this nomenclature is no longer used), the U-937 cells
do have clear-cut monocyte-associated features. U-937 and the next cell line
to be established, THP-1 [35] are the prototype monocytic leukemia cell
lines. Both lines are widely used and are available through several cell line
banks (Appendix 1, p. 284). The lines listed in Table 1 are useful models for
cells representing the different steps of monocytic maturation [84,85].

2. CLINICAL CHARACTERIZATION

Thirty-one cell lines with monocytic characteristics are listed in Table 1.
These cell lines were derived mainly from patients with either AML M4 (n
= 10, 32%) or AML M5 (n = 16, 51%); two cell lines were established from
patients with CML in blast crisis. The age of the patients ranged from 1 to
76 years (among them § children). Specimens were obtained predominantly



239

Monocytic Cell Lines

23pd jxau uo panuniuo)

4823-W9O + WAI 1o

9 ZIWSd DLV S€d + 0v91 INJY 10 WAL sak a SWTNY WOl IT-vAN
1T€-AXId ‘¢TI HSD-WD 10

1T ZWSa WD L£9S + SAd + WAW-©  £66I sak ad a FIN TV Wet £ ZLOW
SWTNY «

0t ZWSa SE4 +0¥91 TNdY. 6861 on ad .| eise[derow piojadw W9 92BN OUON
BCN TV <

6l soqny S9:d +0P91 INDY  S661 sak dd | (g9v¥) SaAW WOT  EI-WIONW
YW TV <

81 ZNSA Sdd +0v91 INdY  8L61 sok ad a TIV-L < THNL W9 TIN

L1°91 oyiny SHd + 091 INdd 8861 sak dd d Pug 0PN TNV W Or {-dNW

Sl Joypny S€d +0F91 INdd  L86] sak ad a QS TNV Wl SL-ON-dd

4! SEd +0F91 INA 9861 ou ad a STV 4T 1-dX

€l Joyiny S + WanI sak ad od 04 ouow-TWI 419 S-NEd

cl loypny S + NANI sak ad ueisisa PINTNY 4T¢ e-WgH

ot S€d + WANI 8861 ou Wd EC TNV W £E TIN-SII

6 Sdd +0r91 INdd L861 ou Wd a BN TANY 48t 1’67914

ping
reuids

8 SS9+ 0r91 INDY 6861 sk -01qa0 L ECN TNV d1 [N-dOd

L ZINSd Sdd + 0F91 INdd 7861 ou fad d STV 40t [-ALD

9 201V €11 10 ASD-WO + WAWI sak . | SWTAY d €1 E61-TNV

9 S84 + WAl sak d YN TNV Wl I-"TAV

188 uoned NS pSms pxum_ama el

‘J1 Arewug ghInqerreay guINIpaWs I[N Ieaj  -fuayny udwioedg  jusunear], JSisouseiqq waned IE®)

UONEZLIAIORIBYD [EJTUL[D (SAUI] [[32 JUAS0UOW [ 2]4D[



Drexler

240

23pd 1xau uo panunuo)

NI ‘'ga0f  (SON + 014 s, Wey A[reui3uo) ewoydwA| ankdonsiy
8¢ 0dl ‘ZWSA 'D01v SHd +0¥91 INdA  ¥L61 ou 34 Aoperjar asnyIp ‘poziferaudd Wi LE6N
(PN TV + TTTTV-L)
BIWAYN3| fRUO[IIq
-« pwoydwA|
LE'9E loyiny S44 +0v91 INdd ¥861 ou dad a onsejqoydwAy-L Wt ul-ML
NEAIY “gdOr
33 “ZNSA ‘2DLV SHd +O¥O1 INdd  BL6] ou ad | S TNY Wil I-dHL
SWTNY <
143 jib: 0l SHA +0F9T1 INDY 6861 sk gd  Aoweya (Lgavy) San W 9L I-NS
(V-Al 28e1s — [[a0
€€ q30I SEd +0r91 INdY 861 ou ad a4 agref asnyip) THN 40T £-008
E'IE loypny SHd + 091 NI ou ad od J8-TD FIMY
0t Sdd + 0191 INdYd ou ad Aopoeal YW TAY  Wnpe wVT-Od
S91J-WIrUs 10
6C ZWsd SEd +0¥91 INDS  $861 sok dd | YIN TNV 8¢ 686-41d
TNTAY <
8T it SEd +0r91 INdYd €861 ou ad a (TWID) SaW W69  aueBnsiseed
LT A SE4 +0v91 INdY 0861 ou ad 4q STV WL eyolng/1¢d
9T'sT loqny SH + 894 + 0991 INdd 6861 ou ad awe W TNV Wi  T"TAV-VYWO
vT'eT ZWSa SHA + WIN-® 9861 ou ad a PN TNV WSS  TTAVIDO0
1-Wn3s 1o
[£4 loyny SEA +0¥91 INdY  S861 ou ki o puz O TNV d1¢ 1-ONON
189 uoned LS pSTEIS q¥es/ede gUI[
“Ja1 Arewnig GAIgeEAY gWnipawl mn)  feag -nuayny uawidadg  Jusuneal] Ssisoudeiq waned D
(panunuod) 7 aqujf



241

“1-3.L ul| [nuared oy

woly Sutuop £q peystiqeIss 21om (sdAiofrey reusou projdip) 1-Y.I PUe (suoneusqe [ewosowornyd xa[dwoo yum piojdipopnasd) g1-M.L sduopqns
‘uaunoads

QWIS A} WO PIYSIQRISI Sem pue T +AgT Ue s g-SSTD) 2ul] [[90 Ja1s1s “iuapuadop-1019e) (IMOIS sem YdIym Z-D aulf [[29 [euiduo Jo auo[qns
“uoned 3wres 3y pue uaUIIIAdS JUIES SY) WOIJ PAYSI[QEISI Sem | JBJA OUOA SUI] [[22 JAISIS |

"uswiroads JWIES 2y) WOy PaysHqeIss saameay anauadolko sounw pue sidAjousydoununur JuaIAKIp SWOS YIM $1-ITOI dUTf []92 JASIS

yuaned sures oy Jo UawIdads JUres Sy WL} PAYSIQRISI UM SUONEBLISGE I19UIT01AI TUIFIP WPIM - PUe [- T SAUI] [[32 JAISIS (

“PAYSIIQeISD 2Iam SAIMED) ONRuaS01A0 pue [eorwayd014d ‘Teaidojoydiow juasayyip swos Pim (E-gW TI-TW TI-TN ‘E-FW T-TN) SU0[dqNS ALY .
“(Joying) Jojednsaaut [eurdLI0 A woly JO (NANRY “EADM 041 ‘ZINSA :DDLV) SYueq [[30 woy AIqe|reay :

-sjuawa[ddns Jo/pue wnipaw Joy10 Yiim moiF osfe WS Jul] [[29 ‘aImieIaN| [ewSUOo Ay Ul pAjEdIpul SE BIPAW IMN)) g

‘poreatput yuaned oY) WOL} PAALIOP SeM AUI[ [[30 SIY) 1BY) (SIaY10 ‘d[yoidounuuil ‘SIWOSOWOIYD JNTew d12Ua30I4d *3'9) 2ouapiag |

-Jowm) — nJ, ‘uoisnye remapd — g4 ‘pooiq [ereyduad — g4 ‘molrew suoq - Y ,

“Kdesatp Suump — [, tasdefor 1e — y ‘(Adesoyy 01 Joud) sisouSerp 1 ~ ( toseyd ooy Ay ut — 4 'SISLS1SEIq 18 — D |

“Koueusifew reuy ayy oyut Aoweuipew 1s1y/Koupuiyew-a1d & woj passaigoid aseasIp :«— ‘2INYeIaN] [BUISLIO ) UI USAIS SE PAJRDIPUT e Sasoudel(] ,
*3UT] [[22 JO JUAWYSI[GRIS JO WD 2y J8 a8y q

*aUI| [[39 YOS J0§ paledtpul e (sjurod Juwir) JUIYFIP 18 10 SuawIdads uarayIp woly juaned swes ayy woxy Apuspuadapul

PALISP) SauI[ [[29 J9ISIS pUE (U] [[29 [BIualed B WOL) POALISP SAUI| [[30 JUEBLIBA) SAUOIQNS ‘2INJEI)| [BWSLIO 3y ul U2AIS SE 2JB S3UI| [[99 JO SIWEN ,

o Jopny Sdd +0F91 INdY 861 sak ad L S TNV W € TN AIA
£-1] 10
6t lopny 4SO-WOD + Sdd + WAWI  L661 ou ad & SN TNV 492 £0N
‘159 juoned s pSTuels nxow__awu Pl
“Ja1 Arewig yRANIqeRAY gunipaw amn)  Jeak  -Mudyiny uswedg  jusuneal] JSisoudercy Juaned 1120

(penunuod) 7 agny

Monocytic Cell Lines



Drexler

242

23pd 1xau uo panuiuoy)

+8901D +££AD
Y0 Hlad =1PL +40-¥1H —+tdD ] +C1AD (HF1AD +€10D —0TdD -61dD (+M#QD -£aD -1ad 9 P OUOK
=6¢140
+E6AD (+)26AD -16AD
(+)L8aD -89 ~59AD “0rao L8500 -8dD
-dT9ad -19dd ~¥9aD +eedD +Tedd ~£T0D -TLAD 12D ~1aD =5aD (+ad
6l +£[1dD =LPL =40-¥TH —+£dD —AZ¥dd-EIFAD 610 +61d2 —+1dD —£idd —02d2 ~61dD 01D ~£dJ-7ad -1dd E-WTONW
—0dDL ~§Pd01
—LSAD —RTAD —8GD
=1pL +40-VIH +££AD 46100 -12d2 -07ad +LAD -5AD +AD
T +«az +1LAD +880D +AD (+)19@D = 1+QD -6aD (+W10D +£1dD =614 (+)01aD —£d2-7ad-1ad> TN
91 +M11ao +4a-VTH +r£dD +EEdD +F10D +£1dD —0Tdo—01ad —1d2-zd) -anw
=CEAD +££dD 3[s 0zad 80D —$dD +AD
Sl HI1ad +1PL +4A-VTH +61d2 —+1dD —tidd —6ld2-Mas -£dd-TdJ ~*1dd SL-OW-dA
+81dD
¥l +1AD +ELNTD +4d-VTH +EEAD +P1AD 410D 0TAdD -61aD ~8AD +AD2 —£dd —Tdd I~dA
£l -q1as =LPL-¥d-¥TH —+£dD +E£AD —FI1AD +£1dD -8ys +HdD -Tad S-WNEd
zl =LPL +4Q-V'IH +tdD> +EEAD +FIAD —6ldD-0IdD “R(2 -€dD +rdD —£dI +IdD £-INEA
1 +HA-VTIH +880D +FEAD HEEAD +1AD a0 TIN-SINIL
+65dD
+5ad (+)15AD +3900
+rdD -R1AD +190D (+HIFAD -21$AD (15D (+FIEEAD +TEAD —¥70aD ~£100 -1Tad ~80D -LdD —SAD
6 =qIas a2 ~dd-VIH +1LdD ++£0D ~9EdD ~LEdD +6AD (FIS1AD (+)r 10D +£1AD =1TdD +0TAd -61AD 02 -tdD -ZdD -*1dD I'6tod
690D +££dD =800 -LAD
g =qran “Ha-vIH =2 +C1aD —+1dd —€1dd —6142-01dd “FAD 02 -TAD TN-dOd
~$4DL ~§PHDL +L50D
B0 —££dD ~315/82 ~17ad 8TAD ~8AD +LAD +90D
L —qi1an -1PL -¥d-VIH +tdD =940 -2 1#AD +1AD (+r1A2 -£1aD ~0TdD -61dD -01aD —6dD —+Q12 —£d2 -TdD ALD
v +Hd-¥TH +1La2 +£edD —91dD ~80AD -LQD -5AD
‘It'9 ~8€0D —+£dD ~VAID ~E1+aD +EIUD —FIAD +£1dD 612 01ad 02 -£AdD -Tdd £61-TNY
+EEAD 45100
9 +40-¥1H 1A +E1d0 01dD +LAD 94D €42 -TdD 1-TNY
FERTT] Jayrew
FERT] UOnNEANTE anksolmeyedaw ITpReu T T au|
L uosIypY ponusdolg -prospisg andsoucwoEdpy P-4 [1R2-MN/-L [Co]

uonezuaoereyd sidLjouaydoununur :saury {[20 o1A0UOWN 7 21901



243

Monocytic Cell Lines

Aeanemuenb pue £jpanenenb ‘uorssardxs uisjoid eam (+) ‘(aamisod s[P2 %070l

‘uorssaidxa uroid ou “— {(aanisod s[[20 9,01 > A[uounuod)

uey azow Apsour) uoissaidxe ureoid ayuysp ‘Suons ‘+

*

~#7d0L

-85 —802 —$A> D
o -qIan -IPL+dd -VTH +10D +P10D +£10D -1Za2 —0zad -01ad -£d2)-7dd #1404 TR
+$aD +8901D +H00D +E£AD
6 -211dD +911ad +40-VTH +1LAD +9£AD -91aD (+)¥1aD +£1ad £00n
—Jpspko
(+)8200 +8900 -980D -080D ~§L0D ~90L ~gmIDL
+HaD =LPL -¥Q-VTH -dMA —TFaD +EQD +EEAD -LIAD (+M7aD +£2AD - 170D ~L$AD ~RTAD ~8AD +LAD +#AD
vz D +11dD +1LAD (H)8€AD €D ~®1$0D -6QD +£10D (+)¥1AD +£1AD -02dD -61dD 014D ~£d042 -£dD -ZAD ~1ad LE6N
~fod0L -8dD
-LAD -$dD a0
9 —-q[1a —1PL +¥d-VTH +1AD -+ -€1dD -81s/£2 -0z -01AD -£d2-7dd -1dD 1-ML
~315/42 +98C1D —OYIL —LSAD
+40-VIH -8900 +££0D -080D +2d0 ~870D +LAD +HAD
SE'WT +H5ad+411ad +1£00 +8£AD ~+£dD +190D +E1+aD -6aD +61AD (+)¥1GD +£10D (+)}zad-0zad -61ad -£d2-7A2 10D 1-dHL
-802-LAD-$AD
¥E +Q11aD +4A-VTH HEADHIAD +E1AD +aD -£02 -TAD I-WNS
-££02-91aD +1-¥2d +2ad —1zdd -L$d2-8aD -£aD
13 -q11dd -4Q-VTH +1L0D +8£dD 98D 1D +P1AD +£1aD -07ad -614D +01ad —+0d0 —€£dD -7Ad -1dD £-208
1€ +a11ad (+)4a-VIH +1AD —+1aD 315 +12aD -8 FTIME
£ +11ad +4a-VTH “+1dd vZ-0d
+EEAD
6T+ +Q11ad -4d-VTH +£1A2 —+1AD +£1a0 -61ad -€dD 8641
-ps762 980D —80D ~§AD HAD
14 +5d2 —411ad -1PL-¥A-VTH 45100 +F1AD +£10D -08aD —02ad —01ad —£dD-7dd -1dD auedns 1 /6¢d
-81s762 493D -200 -5A2 ~+AD
[%4 +SaD Haad ~LPL+40 -VTH #6100 +10D -0801D ~02aD ~01aD ~£dD-7ad -1ad exoina/€d
+HEEQD +S10D
14 +3[1ad ~HA-VTH +£aD +1ad+£1as I-TAY-YINO
+HEEAD +S1AD
4 —+ldD+£1dD -61dD —+£dd TTAYID0
[ +AA-VTH el —Tan 1-OWON
13 +EEAD -91AD +8€10D —LEAD —8AD-LAD -5AD
vT'9 +¥A-VTH 860D —+£dD +6100 (+)¥1AD +£14D -12ad -61ad -01ad +aD -£dd -2dd 1-PAW
+8901D +S9AD (+)¥90D
=LPL +4A-VIH +1LaD -vKI9 190D +E£AD +TEAD —91AD -£20D -07aD ~950 —RAD —LAD ~$AD
1z +qI1an +8£0D (+)¥£0D +0£0D -az¥ad -E1¥ad +£10D +1ad+£1aD -61a2-01dD +0D -£dD -10D £ZLNW
(penunuod) 7 29[



Drexler

244

[12] yorut
saunjo1£o 0) asuodsal sanesajijoxd uo podax pafrela(q p ‘sisoidode £q 1P [[1m SAUI] [[30 SAY) [EMEIPYIM JOJOE] ymord uodn , *(199g2 aansod ‘+ 10aga
ou ‘) uonenuaIayIp Jo uonerajijoid uo amsodxa 2unjo1fo Jo s13PF q ‘uoissaidxs ou ‘— ‘uorssaidxa yeom ‘(+) ‘uoissaidxa amuyap ‘Suons ‘+ {(UISYUON
“UDd-1Y £Q) 19A9] VNW 343 18 “3-2 *Pajedipul asImIao ssajun ‘(VIY ‘q¥I “VSIT3) 193] wiajoxd au 1e uononpoid surjoik 10 uoissaidxs 101daay

6 +0Y4SD-0 £0n
R I TR R
+AE-T1 (H)0FE-T] +ANT- T +98T- T
=Dz () DT+ oSO WD (wanoad

194 +A-pdI -40ad Rt o 1O T | Rt Lt [ B tag | R B T b LE6 N
¥E +4SD-WD T-WAS
9T AT +EVTL SO WD +AIT+9- T +E-T1 4450 WO +ISD-D I"TNY-VNO
€T +48'W +ASD WD +4SDD TTINVAD0
19 +E 11 +ISO- WD +4S0°D +1-401 dId 1A =THT- T +HT-H01 +4d1-491 “HDd-1d LA

+4D8 "+ ITE-AXId
‘+01-dIA “+ISI-W "+uinsul

LT T T +HDT +HASI W
PFIT 1TCAXI €T 4SD-WD “+A-NAL "+§-NA1+ISD-WD +452°D U T - OUE T HOUASD WD pEZLNNW
=AHZ-11 uosd
+0g6- L (H LT {(+)od-T1
sv +A-NT +1-11 H(H)AYT-TI +HAT- T +PUT-TE VN 9 JE} OUOW
“IVTddNL
6l +0-ANL AN+ AN HASD W +a AN +TYASD-ND EI-WTOW
91 51T 5D WD +E411 ' +48D-WD 1-4W
£l +0- NI :Konqujut +0-dNL “HDdLd S-WEN
| +ISDr WD wayuon +HI5DW wayuon 1]
11 +ISD W +4SD- WD '+480°D iy TIN-SI

HITE-ANL 97 "-0d9-T1
=0yl e AT TL

6 F AN +0803 -BYASD-ND DRSO U620
+14-40 *ongnut
+IZEAXId
19 £71140 450-WD 4T+ +HSD WD +450°D —maz-1 €61 THY
P Suneko uo Koudpuadaq  gsaunioikd o asuodsa vonenuasayiq qFaureIko 0 asuodsa uonesajliod  yuonanpoid unoIL) guoissaidya soidaoal Junioidy aun 1

UOTBZLISNORIRYD PIIR[RI-3UN{01AD (Saul] [[20 onAdouoly  °f 3lquL



245

Monocytic Cell Lines

23od 1xau uo panuijuo?)

(D EZANL 1ML P (T 4TbeeErzeb)pieIn
(T EIbEErdUT 1o (pgbiozbXote n(Tid: 1eb) ot Mg)ap “(bThiz 1 IBXgIch
*(9ebz w1bt 1ZbXz:e)sur (szdiogd) (e DUERP (9ebT pIb)T)ep( 1 prbiezdN L 1T MTop

T (ZISEIBNS IN(1EPIEAN 1A [ 1ap 'g+ ‘g4 K X<UZ6—EH)8Y T TWY/120
44 g ) +by +d) XX Ly [-OWON
2uad uoisny
L] D FYIL D IO "Dd XDI "D HOI FAV-TIH < (£ZbZbM1en (ETb BN IPN 1T~ 6T+ "B 1+ '8+ AXN<UT>(§-9)8¥ 1T FAW
{2uad uoIsny (NIW-TLLOALT (zibg1dizzzIn
€642 1T —(zibgrdnzzzin ‘(9gbg 1 d)(L)aum(oebiogh)( T (9zbizb)Edamig (biepb) (gt | 0 AX<UT>(Bb—i )9 CZLOW
DXL TN LI E 1L op
2u23 uotsny 1L 1)1 e TR (PIPETRXE L NP (1 ZBNZ 1)PPe ZX( 1 id) 01 )pPR
6T SIV-TIW + (£Zbt1zd)(11i60 TXETDTTAN L 160 TWT+ 91 — 91— "€ 1= "E1— TI= "L+ "¢+ ‘A~ XXX <U>06—+8 p9 T ouol
2u33 voisny 64 V-TTH
61 d VENNI9I ‘A SFINIST <« (e7dzzdigzb)ety 15w (€ 1 €L ETONY 1P (ETATTEETN6: | 1)5U1 '€ 1+ '8+ "0+ AX<UT>64 E1-WIOW
XD ITDNRIIS NG P Zx (b «— ZebKe 1 Mdnp (€ 1-1 1N 11 M 11 ap
TEETDLL = (1AL = OGP 2x(eZb)1 11PN EZbe LTb) (T 1°9n(1 1)9pg
249 OYIL 4D GYIL OO VAIL 4O 2033 uoisny glap TX(gZb)g)ep ‘Tl TNt I N1 ap ‘rewt+ ‘07— 07— '81+ ‘81+
16-8F 47 HOI'* ¥ 1) *Wd £5d ' VENNIOI 94V-TIW + (g2biezb)11on LI= L= 91— S 16 E L T T T+ 01— 01 "6 "L~ ‘K= A= "XX<Up>(b6—+8)T6 TN
ouad uoKN [ THAW-H490
91 = (ZZbg 1dN9 AUt (£19Z 1K LT NPp (ZTbE1ANG I )Au 8+ AX ‘LY 1N
st O DYIL D FADL H NI D HO Tews (1N 0D LI AX o SL-OW-dd
¥l (g1 +b1 1) ‘Tew “+dg | “+bgy ‘+dp1 *—d1 ‘XX(S4—9¥)Lt I-dM
2uad uowsny (7e-gq) T4V-¥OF SING+ “Tey+ “ud Sydninw — brz+
o '€l Wd £54 Poundure 7y ‘y0q —(1bipeb)NTTien +4d =bTTH 0T HILL ST+ -BELE1=T1- 11 456 "6~ 6 '8+ ‘§+ g+ "L+ 0+ XX 1§69 S-WEN
(ISHHILISUI(L) PP (i +D91 )91 )19p ‘(3111 1dK6)Iop
o Wd £sd ‘(a3 1dNENIP (e+bT IsuUZ NP 1+ T 't = (16- 118 £-WE
auad uoisn)
1ot Wd £5d 6AV-TIW + (£7b:zzdN 1160 (ETb:ZZdI1 160 —d1 “T1+'01- "8+ "L~ 'AX ‘O IN-SI
6 O OHIL D GYIL "D HOI g "60-Sv 1’62914
8 T 07+ 61+ E1- XX L IW-doa
Zu(1 1b:ze pTb 91 T I Tx(bo)
YL Wd £6d UZANENAD THFERT PEdNL TN L1 "0+ '+ T AAXKIAX XXX <Ub>{(+6-68)26 1-ALD
9 D GY¥OL D TON D ¥DI "D HOI (€ TZD eI ANLIL LIPS LI "8+ 'O+ ‘£ X '6F £61 TNV
9 DGYIL D TON DN 'O HO g1 g 61+ g+ g+ o+ 1+ AX G 1INV
X i auad o (sauad uoisn) «—)
1oy ‘suomesare 2uad anbupn Suoneso|suen anbmup adfyokey onauadonin ENEw]

uonezUR)IRIRYd dNeuad soul| [[22 onkdouow ¢ 21qD[



Drexler

“[¥z] swowsBueLrear ouna ul J9maj Yim aulf |29 1sis pro[dip s1 [ 9eA OUON P

SYNYW DYIL ‘FYDL ‘VIOL ‘HOI 34 10§ 3a1e3ou ST Z-TI
“[~T SU1] [190 13)s1s woly ele g

"poSueireas — yf ‘uoneInw jurod — A Qurjuiad — O parsep — ( :suswaduere 2uad Joidaoay ,

or Few ([ EANLIIPP 91— "[1-"01= "L+ 'O+ *6= b= "¥= '£+ ‘A= "X <UE>RY TN-MA
ouad uorsny
6F 64V-TTH + (ezbizzd)1 106N (ezbizzd)(1160 '8+ L= "XX ‘9 £0n
(g1bXe1)ppe (zgh)(oppe ‘(dz ) (br i (gzbiv1dX 112010 (zzd)6)ppe
auad uoisny ‘(sebizzdNsiin(sap
S5 v Wd£Sd  WIVDTIW « (£zbiprdX11i01h {ETdIZENZ It TBwE+ [7- 02— "6 'L+ 9~ b T~ AXN<UEX(69-8S)EQ LE67T1
(b1 1)g1bL 1:mby TTby ez ndL I NI L1 ap+
0F'LE 0 OUDL "D GHIL D HOI {(anby 1 )ETbL 1 TTbY L W L1 DNE 1P+ L1 1 "AX 'Op =ML
(1zbXg1i)pre (1 1 1d)E 1 8)(E 1 19p ‘T- 1%(+ZbNZ 1 )ppe TX(cTh:zTd)( 1 1:60(1 [ ap
oy 2028 uoisny ‘Tx(p1dXemezbizzd)11ten(eMap (L) v-rx(1zdNolee (bg)i (T zeb) 1Diap 1 1d) 1ppe
P56 T 'd £5d 'AA VEXNIOID ‘A GFANIST 64Y-TTH +~ (£2b 1zd)(1 1'60 WRWIZH T TT 61— E 1 B O O T A= RXOUAX<UF96-88)V6 I-dHL
¥ Wd £5d TN LN LEMap (ZZE IDN6)IAP ‘AX ‘9t -8
Jew g+ +dp ) g
13 ~dz| +by1+ +b 1+ +bo| ‘-bg “+df *-bg *~b¢ b ‘—d{+ 0z~ '9i+ I~ 'L~ 't 'T-"XX ‘05 £-008
33 vowsny (7e-7q) 79v-¥0F
1€ — (1TbipebNzEeh +ud ud "+ | +dz) g g My
0t @RI+ AX o VZ-0d
¥T TX(ITOXOI#P (1ZdNENPP “(1#DITE) 1 )dnp ‘wp ‘g+ X~ "X<uT>05-+1)or $86-871d
(1bp] « pzbp1:(7bor « mdo| UMbg) « |ZboIpZbyL — dE NP IR
4 UOUEINW SYYN (e pEDXi 6N CS1b «— snd)(9Nep+ T2+ L1- 91~ "= "L~ AX(IF—6E)5¥ auedns/6ed
C11d < aab)XL1)ep (b gybep1b « g1biyd « sand)g)aut
iz uonEINW SYYN (zzbi) « | imbl) - gzbping1dy « by ) G141+ 01 AX LY exoifngsed
44 Tewi (g 1Az LT AX op 1TV -YINO
ghwawadueireas 2uad wondacn (52093 vosny «)
1 "suonesne auad anbip suoiyeso|suen anbiup) adfolney onausdoil) aul {130

246

(penunuod) ¢ 3jquL



247

Monocytic Cell Lines

a8vd 1xau uo pamuuoy)

655707

+aserdAn “+unsejgojaiu

—-uL 1+ [N “-uisu)ap
“+0) wisdayres *+uawsjdwod
£ “+uipisounze ‘~wisd innwe-| o

~$¥d +3SW -Od -3vD

TVNYW +WAZosA[ *+s1so1f0Teyd UOHENUIAYP OUOW < A-NAA] “(31gEnguyut JeN) +3VNY ‘-dIV  -ATH -I'ALLH -A€9 4 0908 9 MW ouop
(waga ou
ASIrW 4SD- WD) vonEIuISYIp
61 ouTew +— (oML +) A-NAT +ASW -OdW PHt E1I-WTON
~VNYW IO8 +VNYW UOTIENUYIP
85'LEHT TVIVD “~VNYW |-¥IVO il DIMW/OUOW +— V[ "OSINA "JHIY +4SW  -AIH -I'AILH -A83 409 TN
(17942 0U £ "NA ‘PrIE HOUDR 'OSWA)
TUOTIRNUSYIP 0us03 + WIT-VHd
[onEAw ut IUONENUIIBJIP 0NN +— UM[Nd
uoneuLo) Auopod yeam 4sisoiisodeyd FUJ-WIISS UDNENUIIIYIP CITEW {+)an|g surpm|oL “+ISN
9g'LI'9t ‘awkzosk| saonpoid WIT-VHd "+11 €711 ' 48D-WO HOdIW (+)ox0] +TVD (+FENY -V¥NEg PS¥ 813
(1woy2 ou
uonanposd Hukzosk| A-NA1 ‘OSINQ) vonERuAIIHP
St ‘(+)stso1ldoTeyd +msdLnnue- | o QIBW/OUOW +— YL 'PIVE NOUNA -S4 +OdW (+1FVD +IaNY +dIV -¥NE3 qsy SLOW-dY
+101daoa rafuaners =Svd —OdW
¥l H+sisoixodeyd tawdzosA] saonpoad UONENUSIIYIP MIFRW +— Y [ ~gVI (gengqiyut JeN) +FENY Y94 I-d3
stsoi4208eyd ou tA-pN “0-NA1 Kianse
N 0 resisal aso[nf[ao] Ay (1aya ou —5¥d “+4SW
£l frede ut vonreunoy Kuojos M s ot VdL ‘PI2E Jounas ‘ummay ‘0SWa) (+IOdN +3VD +3ENY +dOV -v¥Nad Y09+ [t
I (108§
| FedE Ul uoNRULIO} AU0jod 10 3010 SpNU ojuL —S¥d “+3ASW +OdW +IVD +3ENV YEL £-WEN
I sisoidode aonput spioe iounal HOMENUAIIIP ITBWOUOW +— £ WA —OdiN —FV2 +3dNV u 8F-9¢ LIN-SIIL
+dVil “-gds
si01da0as uaBonsa pue uguonafes Jo (99139 00 £Q 1) ~S¥d “+LEN “+3SW -3V
6 issandxa umonafEa 01 Jaisuod UONENUIJYIP ISEP0IIS0 +— Ydl “(FqENGIYUL JEN) +TVNV +dOV e 16704
+OdW +3VD
8 stsoiksodeyd ou (1332 ou A-NAT) ‘(aEnqIyuL JBN) +HENY usr IW-dod
=dVdlL
(wagaou  ‘-gES +SVd ““ISW —OdW +TENV
¥L + W "PII® Mounal '0SING "DBIV) (HgEngul JeN) +3IVNY -dIV  -AIH -I-ALLH -Add u 00t [-ALD
(+)5vd
9 —ASW '-OdIN -aVO (HIAVNY ~1I-ALLH -¥Ngd £61-TNV
9 ~SVd -OdW “+3vD +AVNY -IFATLLH -VNEd 1-TWY
aanu ont £yjiqe awn
is | S2un7e3) [eUONOUN) [l -wiejdsueioineH UOUENULYIP Jo ANjIqIanpu] Ansmuaya0iL) smes Agd Juignog IR0

UONBZLISIOBIRYD [BUOTIOUN] ISAUT| [[30 ONAJOUOW  °C 2jqu]



Drexler

248

a8vd 1xau uo panunuo?)

UOTIETIAIAYTP

~LEN “+ISW +OdW

9 sisorf203eyd ou 'aiqeuogd 0IIBWOUOM — £ WA ‘Wil +IVD (RAgEngyuL JEN) +JYNY -VNET 4 R¥—9¢ =31
“WNHW IS - vNguw
TVIVO -¥NEW |-VIVD
41 -asmdAn +unsejqopadw
—ULLIAJOIIE] ‘+ISBISE[3-N ‘—UISUIp
*—0y wisdayres Huawaidwod ¢
*+urpiaosnze —uisdAnnue- j o ypEw
7965+ poid awkzosA| :+siso1403eyd —g4S +§Vd +ASW —OdW -a¥D
BECEHT =20av +uonewzsud uaduue UOHBTIUIIYIP QIR «— YL ‘(Flqenquu JeN) +3ENY —d TV =AIH “T'ATLH -Add Yyorse 1-dHL
uoissaidxasano
£5d (O JU uonaa
19'¢€ ‘e u voneuwio} fuojoaFutuold +ASW +OdW +IENY -¥NEd Y & [-WAS
+S¥d "—FSH -OdW
£ (+pssorisodeyd UOTIENUAIYIP OIIEW +— Yl ~FVD (qengru Jen) +JENY “I'ALLH VNEd usr €005
VOHBNUMIP
A by +IAW-2:0d 201w Iphu ol QIRW + £ MA VdL 'OSWd +§¥d —LAN +4SW +HOdW +3¥D “¥NEd Yor—<t FIImMY
uonrenuzasd uadnue yeam UOUENUALIYIP
EF0E trede up vonEULI0} Auojod/Futuo)d QIrEWOUOW +— WYT-VHd S +IVYNY (+)dDV -¥NE83 Y sy Vi-Od
UONENUJJTP OLIBW U0
Jqonpul + Y 'UCTENUIIYIP 0ON3U +— +gHS (+)Svd
6T'FC  s1soihoodeyd trede ur uoneuuog Kuojed 201 3pnu ojul PIIE 10UTRL 'OSWA 'dNYI1H +ASW +OdW +IVNY -dTV  -AIH-T-ALLH -A€3 U8+ $86-91d
+Svd “—OdW “+1¥D
8T +ssopsodeyd ERTTE o TRV T “(21qengquyui eN) +IENY +dOV auedns [/66d
+S¥d —OdW “+3¥D ‘(dgenqiyut
i +stsoniaoFeyd AEN) +FENY TV +dIV ~¥NHI uos eqoingyied
SEAIE JU0ISA|qqod Junuuo) 0w QIOS
9Tt ‘uosuadsns ul ajqeuo t+siso1isoTeyd 0 JpnU oL UONBNUSIILIP QUIS0I +— g1 '4SD-WD ~LEN "(31qeuqryut JeN) +3VNY 1ITNY-VYNO
+iodasan proe stounas
FTEL 1250[0][2AYIFW W uOIFULIO} KuDjod ~1AN "+I5H “AlH =I"ALLH -A 83 TNV
+1aN
W'z +uononposd awdzos| +sisoriaoTeyd UOHENUILIIP OI0BW +— YL “+ISW +OdI IV +JANY ‘+dIV ~¥NE 'R 74 1-OWNON
¥T'9 mede ul uoneuuoj Auaod -$Vd ‘+ASHW “-OdW (+1 VD +IVYNY =AlH -I-ALLH -AH3 uos H+ANW
UCHENUIIP
YL aso|nj|aa(41at Ul uonEwIo) Sucjod OIFTWHOUOW +— Y], "PIIe 0TI +dVUL “+OdW “+ISW =AIH ~I"'A'LLH ~AH3 Yorr-06 £-ZLNW
BRIV TTT ] awn
HEL saumie3) [euonauny [eiaadg -nrejdsirenosnay uoneuuIp Jo Anpgranpuy Ansnuaai) smeis Agq Sungnog auy 12D
(ponunuod) ¢ 2quL



249

Monocytic Cell Lines

"s10308j uonduossuen - 41, :s2u9300u0-(0j01d) — Od ‘WNIPIUI PaUONIPUOd sa1ks0yna] Jeroydued poremuns-uunni3sewsyoifyd - WOT-VHA

~LEN “+Od

oy +s1s014203eyd UONENUIYIP O1W/OUW - £ UA (HEVD "(F19e1qiyut JeN) +3JENY -VNEd 400 TN-MA
UONEAUILIP ISE[I0TNSO +—
£1-TU T+ 4SO-W ‘vonenuasayip
(sauryoda yim) QIRW - JSI-W ISD-WND
£9°6E 25012301 {12 1t wonEULIO) Au0jod “UONENUAIRYIP ONN +— JSTD —Odi “+3V) +3dNV ~dTV Y0L09 £00N
vononposd
awAzosA[ (+)serdin ‘—unsejqojakm
“—ULURJOIIE] *~asEISE|-N] ~UISUIIP -dvaL
‘—0) wsdapeD *Huawapduos —an|g JupmioL ‘+HES ‘+SVd
€D "~upromze +uisdinnue- |0 =0 P9y 110 ‘(HESW '-Od +I1D
YNYW IESE Ul UorEuLo) UOTIENUALIYID 0IULOUOL +3VD +FANY (IIGENqIYUT JEN)
65'8€'PT Auooa ou t+sisoifoadryd “+00aV €A NA VL ‘Pie dounan A-NJl  +AVNY -4V “(+)90]g U0y 4DV —AIH —I-ALLH -Agd 1 0r0g LE6N
aomu oyl Anpqe aun
P Sa1Ne) [euonouny [e1xds -lrejdsuenosiey UOHENURILIP jo Aupiqronpu] Ansnuayd0iA5) smms Agd Sungnog aulp 1D
(penunuod) ¢ 31qzf



5 2dnd jxau uo panunuoy)
~
$ payydure PN TAY
N pITUATERYD APUIDYNSUL 6L ‘padurLIed DM (L8N +IWkZosA] +TANY H+1AD +€10D +911AD — TATINY i o 69 JO NG woyy N
Q LEG-01 2u1] 1139 AN[EU U1 PRIBUIUIEINOD-SS0I3 +ISW [-SHOW
O OYIL ‘D GY2L "D ¥OI ‘T HOI ‘38 uoisty pfy-TTHW
<« (£ZBITONL 1340 X "08 *—OdIN +IENY 315 + WL +3a-VTH —41$aD PIN TAY
pazu3IIeReya Apuatoyjasul 8L'LL +EE0D 720D 610D +S1AD +H1AD +E1AD H1AD +L0D +50D —£AD +2AD ua T TV K1Y M o 60 Wody 100N
vonesapjesd Ire|WNS 4§3-W €11 4SI-WD -HHS +SVd ~OdiN -3V
3ul| (|99 BIWHNI] 10U 9L (qEnqur JEN) +TVNY +dIV +30-VTH -VAID +HrEQD +€£0D +510D +£1dD PO PI03 [EAIGUIT [BULIOU WO QUL
U] 129 BRILIYNI] 10U €L +sisoidrodeyd (sjyosdounwwy) surp 1120 Feydolsew (ULIOY pIZUNIRIRYI-|joM g woiy QuId
(4T 3a0)
LEG A1) (199 Anjeas ut “EEESHMMQG L PAzUBIIEIEYD [|am "2 *A][eanauadors Ajeard ouaydounuiun €861 U1 SN TINY Yt J 99 Jo g4 woy S-MSOf
(¥ 420) F861 W
LEG-(} U] [[22 ANTEAI U1 {PAIEUILIEINOD -550.D L PIZUIITRIRYD (|34 219 Y 80142 *Ajend rouay O OuOW-TIND Yl A LE JO Bd Wwoy W-asof
(¥ 20 861
LEG-M 01 (22 ANTEI U1 {PIIRUILIEIUOD -S501D L pazi 2 [19% 12 *A[eanauadonks Areard Yy Ul TN i I € J0 d woy M-MSOf
(T "J21)
LEG- Au1] (92 AN[EAI UL {PAIBUTLIEILOD -550D L pazt 2 (138 12 *A[E F014a A eardrouayd €861 UL pIN TINY WM o 7L J0 9d woy I¥SOf
(EL'TL "J34)
VTEH 3UN| [|39 ANE3S UT :PITRUNLIEINOI-SS0D i S TINY Wil o §Z J0 dd Wwoyj et
vouesapijosd eMWAS S
PIZUBISRIEYD AUtoyjnsul oL €1 SO SO s2onpoad H+wNYW g-4OL +HYNEW H4SO-W 610D 9L61 ut S TNV Yitm udted woyy 1-9¢
UOTENUIYIP OIITW/OU0W
4= YA L ‘UONETIUAIALIP 0NN +- PIJE M0Unal ‘'OSW H+sisoiisodeyd '+ggs
+1AN
10| Anuaredde auy 120 69 ~OdIN VNG +3VD VNV (+}dOV -LPL -8[s +4a-VTH +411dD -2dD FI T Y wuatied jo g4 woy 76°TH
(+)om1q FUIPMIOL +§Vd +OdW
+3VD
+IVNV +d TV (+)30[q U]y +d0V ~4d-VTH (+)£1@D -211aD (+M11dD SIS0M0ISRIW
Saul] (32 EHUYN3| 10U 89 SN-INEH Uy | 10U d yo uoy OFAS Aq paysyqy > NP \im W [ 10 NG oy qZ" P | -TN-WEH
UOHENUIP CIIBWOUOW +— YA | ‘ST H{+AVYNY aseyd oruayna| ut S1s014d0Ns1Y
PAZUIIBIRYD AQUILIYNSUL L9 ~dOV EA-VTH #9000 +2£0D -61aD ~910D (D (dD (+)e11dD ~2dd weuSiew i waned Jo g4 woy aa
umouyun 1-11 s2onposd st Feyd ou d (s1soudeip re)
sniels wsaud 1pazuaioereyd Apuatoyjnsul 99 uaBnue ou (qenqiyul JeN) +FVNY HAA-VTH -318/£ 41100 —£aD SIWTINY YIw PIIYa Jo g wody 11 oY
umouyun 111 s9onpaud :s1so14303eyd ou tuor d (stsoudeip ye)
SIIETs 1Us31d 1pIzuANTEReYD APUINIYINSUL 9 uaBnue ou (qENqIyul JEN) +FVNY +AA-VIH -315/42 ~q11aD —£aD SN TNV i PlIy2 Jo g woly 1 1oWY
ut (193 BN 10U 9 (sourjo1£3 *ajyosd 1) dun (199 3Teyd [euLou pazL UERICE 10UOD [EULOY QYW
umouyun -4ds 9.6l
smyess uasaud tpazuAIeIRY Ajuatoygnsur +9 +§Vd ~OdN ~¥NHZ ~3VD ~d'TV HEENY +dIV =1PL —315 +Ha-VTH -ZaD ul I TINY Wi W S JO 8d Wwosy 0Ez
o pSHRwRY 7 saunea, waned aulf 1R
% (Ja1i0 ‘payLIaA 10U “PIZLIAIORIRYD JOU ‘PIZI[EHOWWI JOU) S3UI] [[90 PIWLILUOdUN SAUT| [[30 oNAdOUON "9 21qo]



251

Monocytic Cell Lines

‘swisejdoau

TesrSo[oleway Jayi0 Io SETWANNI| IIM sjuoned WOIJ PaALISP 10U 219m Inq ‘samyes) sSeydosorw/onLo0uoWw 9ARY 0) PaqUISIp alam SIUN| [[99 sa], q
"uonduosap [eurduo sy aours paysijqnd usaq 2Aey 2ul] [[a2 STY) UO BIEP OU UMOLUN SNIE)S JUIsald 'sonauafolfd Jo/pue

s[yosdounurui ‘uonesnuUaYINe ‘eIep [BIMID SUIPA[OUT ‘SamMIe) [eNUISS3 Jo uondudsIp S SWAOU0D UONEZLIAIORIRYD JUSIOYINSUI AU ‘SIUT] [[22 1SOUI 10 5

VAL 01 aamsuodsal '—(pAS ~YNEH 2dAwisey

poBuresreal AYSHY xajdwoa 14§y ~OdI (FIGENARYUI JBN) +FENY 890D €661 Ul

U (199 BRI 10U €8 +O6AD) +££QD +5TAD ~61AD ~910D ~+1AD 110D ~80 ++AD —£4D —TAD sued|na siseLiosd pim W 7 JO €4 woly qdVA
UOTIERUAIYIP QIEW <+ £ WA

pRzuaemYd Apuataynsut % "V L 'UONENUAIYYIP 01w 200pul “uoiresaziosd ngnyut 4SO 4SO FA TINY Qo juaned jo g4 woy +210

IS H+YNYW s01daca L861
PIzUAIRIEYD AUA1ay NSl 13 Pioe 10Ut IPL (+HEAD HEEAD +61dD H1AD +E10D +80D +LAD UL PN TN s W LS JO Ed oy £ TAY/IDO

mwoI[Un 9361
snies wasaud tpazusideneyd Apusiaynsul 08 Ut N TINY v Juatred Jo g wody EW-ID0O
SRy FL saumead waned au [j19

(panunuod) 9 ajqnf



252 Drexler

at diagnosis (n = 9) or at relapse/refractory stage (n = 16). Patient material
was obtained from the peripheral blood (n = 22), bone marrow (n = 3) or
extra-hematological sites (n = 3). Cell lines were established (or when this
was not indicated, at least described) in the 1970s (n = 3), 1980s (n = 23)
and 1990s (n = 5). Authentication was provided for 14/31 (45%) cell lines.
Three types of media are used to culture these cell lines, namely RPMI 1640
(n =22), IMDM (n = 7) and @-MEM (n = 2); most lines require addition of
10-20% FBS. Four cell lines could be cultured under serum-free conditions
(AML-193, MV4-11, NOMO-1, PLB-985) (Appendix 2, p. 286). Cell lines
AML-193, MUTZ-3 and UG3 are absolutely growth factor-dependent and
will die in the absence of growth factors (Appendix 3, p. 287). Fourteen cell
lines can be obtained from major cell banks (Appendix 1, p. 284). Subclones
with variant immunological or cytogenetic features have been derived from
the parental lines ME-1 and TK-1. Sister cell lines of ML-2, MOLM-13, and
Mono Mac 6 were established from the same patient, but either at different
time points, or the original material was split prior to or very early in the cell
culture.

3. IMMUNOPHENOTYPE

Monocytic cell lines usually express the pan-myelomonocytic cell surface
markers CD13 (20725, 80%), CD15 (21/22, 95%), CD33 (22/24, 92%), and
CD68 (5/7, 62%) (Table 2). A typical monocyte-associated cell surface an-
tigen is CD14, found on 19/30 (63%) cell lines. It appears that expression
of this marker is lost during in vitro culture of the originally CD14-positive
primary AML cells [59]. The cell lines are commonly negative for typical
B-cell, T-cell and erythroid-megakaryocytic-associated antigens, except for
CD4 and CD7 which are also known to be expressed by normal monocytic
precursor cells [86]. With regard to the progenitor cell markers CD34 and
HLA-DR, 33% (5/15) and 69% (20/29) of lines, respectively, were described
as positive. Finally, most cell lines display adhesion molecules CD11b and
CD54. A typical immunoprofile of a monocytic leukemia cell line is: CD4+
CD7+ CD11b+ CD13+ CD14+ CD15+ CD33+ CD34+ CD54+ HLA-DR+,
T-antigen negative, B-antigen negative, ery-meg-antigen negative.

4. CYTOKINE-RELATED CHARACTERIZATION

The cytokine which is uniquely effective on cells committed to monocyte
differentiation is M-CSF. Several cell lines were described as responding
proliferatively to this growth factor IMS-M1, MUTZ-3, OCI/AML-2, UG3).
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The related cytokines GM-CSF and IL-3 are effective on normal monocytic
precursor cells and also induce the growth of various monocytic leukemia cell
lines (AML-193, IMS-MI, ME-1, MUTZ-3, MV4-11, OCI/AML-2, OMA-
AML-1, SKM-1, UG3) [44]. IFN-y, known as the typical in vitro inducer
of monocytic activation and differentiation, was also effective on monocytic
cell lines. Three cell lines (AML-193, MUTZ-3, UG3) are absolutely growth
factor-dependent on GM-CSF, IL-3 or PIXY-321 and will die within about
one week in the absence of growth factor (Appendix 3, p. 287).

S. GENETIC CHARACTERIZATION

The monocytic cell lines display rather complex karyotypes (Table 4). Non-
random unique translocations were found in several cell lines. Two cell lines
(KBM-5, RWLeu-4) have the Philadelphia chromosome t(9;22)(q34:;q11)
which is typical for CML, the breakpoints lying in the major breakpoint
cluster region (M-bcr) (Appendix 4, p. 288). Inversion (16)(p13q22), which
is specific for the AML subtype M4eo, occurs in the cell line ME-1. Apart
from these latter two alterations and the rare t(12;22) seen in cell line
MUTZ-3, all other cell lines with specific translocations have a breakpoint
at chromosome 11@23 involving the gene MLL: IMS-M1, ML-2, MOLM-13,
Mono Mac 6, MV4-11, THP-1, U-937, UG3 (Appendix 4, p. 288). While
11g23-involving translocations were detected in various types of ALL and
AML, monocytic AML commonly has this cytogenetic aberration [54]. Of
note also are the deletions of the P15INK4B, PI6INK4A and P53 genes, the
NRAS mutations, and the rearrangement of the RBI gene in various cell lines
[87].

6. FUNCTIONAL CHARACTERIZATION

The monocytic cell lines have somewhat longer doubling times than other
cell types, ranging from 1 to 4-5 days, mostly in the 24-48 h range (15/25,
60%) (Table 5). All cell lines tested were negative for EBV, HTLV-I/II
and HIV (Table 5). With regard to the cytochemical profile of monocytic
leukemia cell lines, the following results were reported: 8/10 (80%) ACP+,
0/5 ALP+, 26/26 ANAE/ANBE+, 13/21 (62%) CAE+, 11/25 (44%) MPO+,
17/21 (81%) MSE+, 2/7 (29%) NBT+, 9/17 (53%) PAS+, 2/5 (40%) SBB+,
2/4 (50%) TRAP+. The most prevalent monocytic enzyme marker is «-
naphthyl acetate or butyrate esterase [88], which is positive in all cell lines.
The majority of this enzymatic activity stems from one unique isoenzyme,
the so-called monocyte-specific esterase (MSE), detected in 80% of the cell
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lines tested. Importantly, this monocytic-specific activity can be inhibited by
sodium fluoride [89-91].

Various agents can induce differentiation in human monocytic leukemia
cells: including DMSO, IEN-y, retinoic acid, TPA and vitamin D3 [92].
These biomodulators induce monocytic-macrophage differentiation in most
cell lines examined (Table 5). U-937 and THP-1 cell lines provide two useful
models for investigating the mechanisms of action of these agents [92-94].
Several cell lines can be heterotransplanted into nude or SCID mice (Table
5).

Functional features specific for monocytic cell lines, in concordance with
their normal physiological counterparts [2], are phagocytosis (seen in 12 out
of 15 cell lines tested), lysozyme production (in all six cell lines tested),
and antigen presentation and antigen-dependent cell-mediated cytotoxicity.
Unfortunately, the last two features, unique to monocytic cells, have rarely
been examined.

7. UNCONFIRMED CELL LINES

The panel of cell lines requiring further characterization is large and diverse
(Table 6). There are cell lines which are cross-contaminated with U-937 or
the cervix carcinoma cell line HELA (the JOSK-series, J-111, MOBS-1).
Several cell lines have interesting features and might be useful additions to
the spectrum of available, well-characterized monocytic cell lines (e.g. OCI-
M3, OCI/AML-3, OTC-4). The cell lines remain insufficiently characterized
and in many cases their availability is not known and they might have been
lost, including 230, AMOL I, AMOL II, DD, HL-92, J6-1, KOCL-48, Na,
OCI-M3, OCI/AML-3. There are some cell lines with specific monocytic or
macrophage properties which are not derived from patients with monocytic
leukemias or hematological neoplasms, but were reported to be established
from normal monocytic cells or macrophages (see references in Table 6).
They seem to be representative in vitro models for this type of hematopoietic
cell: 2MAC, HBM-MI-1/-2, K1m, KMT-2, YAP.

The osteoclast originates from an early precursor common to the mono-
cytic and granulocytic lineages. However, tissue macrophages and monocytes
isolated from the circulation significantly differ from osteoclasts in mor-
phology, antigenic properties and other biological features. The cell line
FLG29.1 (listed in Table 1 under monocytic leukemia cell lines) is quite
unique in presenting monocyte-macrophage and osteoclast features [9]. Fol-
lowing induction of differentiation with TPA, these cells lose monocytic char-
acteristics and acquire more osteoclast-associated markers. Similarly, UG3
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cells were described as acquiring osteoclast-like features upon treatment with
cytokines [39,63].

References

. Bessis M (ed.) Blood Smears Reinterpreted, Springer, Berlin, 1977.

2. Roitt I, Brostoff J, Male D (eds.) Immunology, 3rd edn., Mosby, London, 1993.

3. Johnston RB Jr, Zucker-Franklin D. In: Zucker-Franklin D, Greaves MF, Grossi CE,
Marmont AM (eds.), Atlas of Blood Cells. Function and Pathology, 2nd edn., Fischer,
Stuttgart, pp 321-357, 1988.

4. Bennett JM, Catovsky D, Daniel MT et al. BrJ Haematol 33: 451-458, 1976.

5. Bennett JM, Catovsky D, Daniel MT et al. BrJ Haematol 51: 189-192, 1982.

6. Lange B, Valtieri M, Santoli D et al. Blood 70: 192-199, 1987.

7. Chen PM, Chiu CF, Chiou TJ et al. Gann 75: 660-664, 1984.

8. Sugita K, Sakakibara H, Eguchi M et al. Int J Hematol 55: 45-51, 1992.

9. Gattei V, Bernabei PA, Pinto A et al. J Cell Biol 116: 437447, 1992.

10. Yamamoto K, Seto M, Iida S et al. Blood 83: 2912-2921, 1994.

11. Nagamura F, Tojo A, Tani K et al. Blood 86: 150a, 1995.

12.  Andersson BS, Bergerheim USR, Collins VP et al. Exp Hematol 20: 361-367, 1992.

13.  Beran M, Pisa P, O’Brien S et al. Cancer Res 53: 3603-3610, 1993.

14.  Adachi N, Takaki K, Nakamura R et al. Pediatr Res 34: 258-264, 1993.

15. Ikushima S, Yoshihara T, Fujiwara F et al. Acta Haematol Jpn 53: 678-687, 1990.

16.  Yanagisawa K, Horiuchi T, Fujita S. Blood 78: 451-457, 1991.

17.  Yanagisawa K, Sato M, Horiuchi T et al. Blood 84: 84-93, 1994.

18. Herrmann R, Han T, Barcos MP et al. Cancer 46: 1383-1388, 1980.

19. Matsuo Y, MacLeod RAF, Uphoff CC et al. Leukemia 11: 1469-1477, 1997.

20. Ziegler-Heitbrock HWL, Thiel E, Fiitterer A et al. Int J Cancer 41: 456, 461, 1988.

21. HuZB, Ma W, Zaborski M et al. Leukemia 10: 1025-1040, 1996.

22. Kato Y, Ogura M, Okumura M et al. Acta Haematol Jpn 49: 277, 1986.

23.  Wang C, Curtis JE, Minden MD et al. Leukemia 3: 264-269, 1989.

24. Drexler HG, Dirks W, MacLeod RAF et al. (eds.) DSMZ Catalogue of Human and
Animal Cell Cultures, Tth edn., DSMZ, Braunschweig, 1999.

25. Pirruccello SJ, Jackson JD, Lang MS et al. Blood 80: 1026-1032, 1992.

26. Pirruccello SJ, Jackson JD, Sharp G. Leukemia Lymphoma 13: 169-178, 1994.

27. Hirose M, Minato K, Tobinai K et al. Gann 73: 735-741, 1982.

28. Nagai M, Seki S, Kitahara T et al. Gann 75: 1100-1107, 1984.

29. Tucker KA, Lilly MB, Heck L Jr et al. Blood 70: 372-378, 1987.

30. Bradley TR, Pilkington G, Garson M et al. BrJ Haematol 51: 595-604, 1982.

31. Lasky SR, Bell W, Huhn RD et al. Cancer Res 50: 3087-3094, 1990.

32. Wiemann M, Hollmann A, Posner M et al. Clin Res 33: 460A, 1985.

33. Kimura Y, Toki H, Okabe K et al. Jpn J Cancer Res 77: 862-865, 1986.

34. Nakagawa T, Matozaki S, Murayama T et al. Br J Haematol 85: 469-476, 1993.

35. Tsuchiya S, Yamabe M, Yamaguchi et al. Int J Cancer 26: 171-176, 1980.

36. Ohno H, Doi S, Fukuhara S et al. Int J Cancer 37: 761-767, 1986.

37. Nosaka T, Ohno H, Doi S et al. J Clin Invest 81: 1824-1828, 1988.

38. Sundstrom C, Nilsson K. Int J Cancer 17: 565-577, 1976.

39. lkeda T, Saski K, Ikeda K et al. Blood 91: 4543-4553, 1998.

40. Ohno H, Fukuhara S, Doi S et al. Cancer Res 46: 6400-6405, 1986.



256

41.
42.
43.
44.
45.
46.
47.
48.

49.
50.
5L

52.
53.

54.
55.

56.
57.
58.
59.
60.
61.
62.
63.

65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.

Drexler

Santoli D, Yang YC, Clark SC et al. J Immunol 139: 3348-3354, 1987.

Taetle R, Payne C, Dos Santos B et al. Cancer Res 53: 3386-3393, 1993.

Lyons AB, Ashman LK. Leukemia Res 11: 797-805, 1987.

Drexler HG, Zaborksi M, Quentmeier H. Leukemia 11: 701-708, 1997.

Schumann RR, Nakarai T, Gruss HJ et al. Blood 87: 2419-2427, 1996.

Blick MB, Andersson BS, Gutterman JU et al. Leukemia Res 10: 1401-1409, 1986.
Liu P, Claxton DF, Marlton P et al. Blood 82: 716-721, 1993.

Tanabe S, Zeleznik-Le NJ, Kobayashi H et al. Genes Chromosomes Cancer 15: 206-216,
1996.

Nakamaki T, Kawamata N, Schwaller J et al. BrJ Haematol 91: 139-149, 1995.
Ohyashiki K, Ohyashiki JH, Sandberg AA. Cancer Res 46: 3642-3647, 1986.
Ohyashiki JH, Ohyashiki K, Toyama K et al. Cancer Genet Cytogenet 37: 193-200,
1989.

MacLeod RAF, Voges M, Drexler HG. Blood 82: 3221-3222, 1993.

MacLeod RAF, Hu ZB, Kaufmann M et al. Genes Chromosomes Cancer 16: 144-1438,
1996.

Drexler HG, MacLeod RAF, Borkhardt A et al. Leukemia 9: 480-500, 1995.
Dreyling MH, Martinez-Climent JA, Zheng M et al. Proc Natl Acad Sci USA 93: 4804
4809, 1996.

Yanagisawa K, Hasegawa H, Fujita S. BrJ Haematol 80: 293-297, 1992.

Takeda K, Minowada J, Bloch A. Cancer Res 42: 5152-5253, 1982.

Shimamoto T, Ohyashiki K, Ohyashiki JH et al. Blood 86: 3173-3180, 1995.

Abrink M, Gobl AE, Huang R et al. Leukemia 8: 15791584, 1994.

Hamaguchi M, Morishita Y, Takahashi I et al. Blood 77: 94-100, 1991.

Kawaguchi R, Hosokawa Y, Komine A et al. Leukemia 6: 1296-1301, 1992.
Tsuchiya S, Kobayashi Y, Goto Y et al. Cancer Res 42: 1530-1536, 1982.

Ikeda T, Ikeda K, Sasaki K et al. Biochem Biophys Res Commun 253: 265-272, 1998.
Karpas A, Khalid G, Burns GF et al. BrJ Cancer 37: 308-315, 1978.

Dialynas DP, Tan PC, Huhn GD et al. Cell Immunol 177: 182-193, 1997.

Giller RH, Mori M, Hayward AR. J Clin Immunol 4: 429-438, 1984.

Kavai M, Adény R, Pasti G et al. Cell Immunol 139: 531-540, 1992.

Townsend M, MacPherson J, Krilis S et al. BrJ Haematol 85: 452461, 1993.
Salahuddin SZ, Markham PD, McCredie KB et al. Leukemia Res 6: 729-741, 1982.
Wu KF, Rao Q, Zheng GG et al. Leukemia Res 18: 843-849, 1994.

Osgood EE, Brooke JH. Blood 10: 1010-1022, 1955.

Drexler HG, Héne B, Hu ZB et al. Leukemia 7: 2077-2078, 1993.

Nelson-Rees WA, Flandermeyer RR. Science 191: 96-97, 1976.

Ohta M, Furukawa Y, Ide C et al. Cancer Res 46: 3067-3074, 1986.

Dialynas DP, Lee MJ, Shao LE et al. Blood 88: 158a, 1996.

Tamura S, Sugawara M, Tanaka H et al. Blood 76: 501-507, 1990.

Iida S, Saito M, Okazaki T et al. Leukemia Res 16: 1155-1163, 1992.

Kojika S, Sugita K, Inukai T et al. Leukemia 10: 994-999, 1996.

Kimura Y, Miura I, Hashimoto K et al. Blood 76: 289a, 1990.

Tweeddale M, Jamal N, Nguyen A et al. Blood 74: 572-578, 1989.

Wang C, Koistinen P, Yang GS et al. Leukemia 5: 493-499, 1991.

Ono Y, Iwasaki H, Otsuka T et al. Blood 84: 574a, 1994.

Hamamoto Y, Nagai K, Muto M et al. Arch Dermatol Res 288: 225-229, 1996.
Liibbert M, Koeffler HP. Blood Rev 2: 121-133, 1988.

Liibbert M, Herrmann F, Koeffler HP. Blood 77: 909-924, 1991.



Monocytic Cell Lines 257

86.
87.
88.

89.
90.
91.
92.
93.
94.

Drexler HG, Thiel E, Ludwig WD. Leukemia 7: 489-498, 1993.

Drexler HG. Leukemia 12: 845-859, 1998.

Hayhoe FGJ, Flemans RJ (eds.) A Colour Atlas of Haematological Cytology, 3rd edn.,
Wolfe, London, 1992.

Uphoff CC, Gignac SM, Metge K et al. Leukemia 7: 58-62, 1993.

Uphoff CC, Hu ZB, Gignac SM et al. Leukemia 8: 1510-1526, 1994.

Gignac SM, Hu ZB, Denkmann SA et al. Leukemia Lymphoma 22: 143-151, 1996.
Koeffler HP. Blood 62: 709-721, 1983.

Koeffler HP. Semin Hematol 23: 223-236, 1986.

Harris P, Ralph P. J Leuk Biol 37: 407-422, 1985.



Chapter 8
Erythroid — Megakaryocytic Cell Lines

Hans G. Drexler

DSMZ-German Collection of Microorganisms and Cell Cultures, Department of Human
and Animal Cell Cultures, Braunschweig, Germany, Tel: +49-531-2616-160; Fax: +49-531-
2616-150; E-mail: hdr@dsmz.de

1. INTRODUCTION

For reasons outlined below, leukemia cell lines derived from erythroid or
megakaryocytic cells are combined in this chapter. These cell lines represent
in vitro models of immature erythroid and megakaryocytic cells and their
distinct or common precursors.

Morphologically, the erythrocytic series consists of a succession of cells
which begins with a pronormoblast and ends with the erythrocyte (or red
blood cell) [1]. These circulating red cells and their precursors may be con-
sidered as a functional unit which has been designated as the erythron. The
cells of this unit are not restricted to those recognizable morphologically in
the bone marrow and in the peripheral blood, but also include elements which
are not morphologically identifiable, namely the committed precursors of the
erythroid line, the existence of which has been demonstrated by functional
assays [2].

The thrombocytic series is a succession of cells which starts with the
basophilic megakaryoblast in the bone marrow and ends with the circulating
thrombocyte or platelet [1]. In normal human bone marrow, the megaka-
ryocyte is the largest cell, measuring 20-150 um in diameter. The cells are
polyploid, but not multinucleated, in contrast to the other giant bone marrow-
derived cells, the osteoclasts. Normal megakaryopoiesis is maintained by
morphologically unidentifiable precursors which are capable of differenti-
ating into morphologically recognizable megakaryoblasts or of reproducing
themselves [3].

As both erythrocytes and thrombocytes are terminally differentiated,
anucleated end-stage cells, immature progenitor and precursor cells are con-
sidered to be the targets in the leukemogenic process. The acute myeloid
leukemias originating in these cell lineages have been termed AML M6
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(erythroid) and AML M7 (megakaryocytic) [4,5]. Erythroid and/or mega-
karyocytic cells can also represent a subpopulation of the main leukemic
population in the myeloid blast crisis of CML [6].

Over the last two decades, a large panel of erythroid-megakaryocytic
leukemia cell lines has been established from patients with AML, CML in
blast crisis or rare hematological disorders [7-9]. The features displayed by
a cell line assigned to this category are not single lineage-specific, but in
most instances extend to both lineages. Indeed, data from both normal and
malignant cells support this notion. Multiple lines of evidence underscore
the concept of a close relationship between erythroid and megakaryocytic
lineages [10]. The two share a number of transcription factors (including
NF-E2, GATA-1, GATA-2, SCL) [11-13]. Furthermore, erythroid and mega-
karyocytic cell surface markers (including GlyA, CD41, CD42, CD61) are
found on both types of leukemia cell and this dual expression is found on the
same cell [14-17]. The cytokines EPO and TPO, originally considered to be
cell lineage-specific, also have stimulatory effects on the megakaryocytic cell
system and the erythron, respectively [18-20]. The receptor for EPO, which
is the principal growth factor regulating the production of erythrocytes, has
also been detected on megakaryocytes [21]. A bipotent normal erythroid-
megakaryocytic progenitor could be isolated from human bone marrow [22].
Finally, most of the “erythroid” cell lines available display, or can be induced
to display, features of megakaryocytic differentiation. The converse is true
for cell lines initially thought to be exclusively megakaryocytic.

While a given cell line may show a preponderance of erythroid or megaka-
ryocytic features, the notion of a close lineage relationship, extended here to
the assignment of such cell lines to a common category, is borne out by the
extensive published data, summarized here in Tables 1-6. Most erythroid-
megakaryocytic cell lines were established in the 1980s (49%) and 1990s
(47%), with K-562 being the oldest cell line [45].

2. CLINICAL CHARACTERIZATION

Forty-nine cell lines with erythroid and megakaryocytic characteristics are
listed in Table 1. These cell lines were derived mainly from patients with
CML in blast crisis (41%), de novo or secondary AML M6 (14%) or AML
M7 (33%). It is of note that 4/7 AML M6 and 8/16 AML M7 cases were
either secondary to or accompanied by other hematological disorders or
(pre)malignancies. The ages of the patients ranged from 0.5 to 73 years
with 3 infants (<1 year) and 10 other children. Specimens were obtained
at diagnosis (n = 12), at relapse (n = 11) or in blast crisis (n = 20). Taking
CML blast crisis as an indicator of relapse, then 63% of these cell lines were
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established from patients with a refractory disease. Apart from tumors and
pleural effusions, peripheral blood (n = 28) and bone marrow (n = 14) were
the preferred sites from which specimens for cell culture were obtained.

While no authentication was provided for 28 cell lines, evidence for a
derivation from the assumed patient was given in 21 instances, mostly in the
form of a comparison of the patient’s and cell line’s cytogenetic profile, but
also by comparing immunoprofiles and genotypic profiles (e.g. gene band-
ing patterns in Southern blots). The media used were RPMI 1640 (n = 30),
IMDM (n = 12), (¢-MEM (n = 2), Dulbecco’s MEM (n = 2), Fisher’s (n
= 1), McCoy’s 5A (n = 1), and Ham’s F12 (n = 1). Usually, the cultures
require addition of 10-20% FBS. Cell lines said to require horse serum or
human serum (CHRF-288-11, HU-3, JK-1, MB-02) could also be adapted to
grow with FBS alone. Only two cell lines could be cultured under serum-
free conditions (MHH 225, T-33) (Appendix 2, p. 286). Several cell lines are
constitutively growth factor-dependent, undergoing apoptosis in the absence
of the respective cytokines: AS-E2, ELF-153, F-36P, GRW, HU-3, M-07e,
M-MOK, MB-02, M-TAT, TF-1, and UT-7 [89] (Table 3; Appendix 3). Most
of these cell lines can be obtained from the original investigators or cell banks
(CMK, F-36P, HEL, JK-1, K-562, KMOE-2, LAMA-84, M-07e, MEG-01,
TF-1, UT-7) (Appendix 1, p. 284).

Subclones with features significantly different from those of their par-
ental lines have been derived from several cell lines. The differences concern
mainly immunological and cytogenetic characteristics (parental lines: JURL-
MKI1, KHS88, LAMA-84, MEG-01), stage of differentiation and ability
to differentiate along a certain maturation pathway (parental lines: CMK,
LAMA-84), and responsiveness/dependence on various growth factors (par-
ental lines: F-36P, HU-3, M-07e, M-MOK, TF-1, UT-7). Of particular
interest are cell lines derived from different patient sites or at different stages
of the disease (parental lines: KMOE-2, MOLM-7).

3. IMMUNOPHENOTYPE

The erythroid-megakaryocytic cell lines display characteristic immunopro-
files (Table 2). Apart from the occasional positivity for CD4 and CD7, which
are also expressed by myeloid precursor cells [110], the cells are usually
negative for classical T-/NK-cell markers (including CD1, CD2, CD3, CD4,
CD5, CD7, CD8, CD56, CD57, TCR) and B-cell markers (including CD 10,
CD 19, CD20, CD21, Ig). Most cell lines express the two pan-myeloid surface
antigens CD 13 and CD33 and are generally negative for the granulocytic and
monocytic markers CD 15 and CD 14, respectively.
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A unique erythroid lineage-specific marker is GlyA which was detec-
ted on many cell lines (25 positive, 19 negative cell lines). The panel of
megakaryocytic surface proteins is considerably larger and includes CD31,
CD36, CD41, CD42 and CD61. These latter antigens are different types
of the so-called platelet glycoproteins. As expected, all cell lines express
at least one of these markers. The “von Willebrand Factor” antigen is also
associated with cells committed to megakaryocytic differentiation, but was
detected on only a few cell lines (on 9/18 tested, 50%). Another informative
megakaryocyte-specific marker is the platelet peroxidase (PPO) which re-
quires electron microscopic detection with specific antibodies: 18 (75%) cell
lines are positive, 6 cell lines are negative. In light of the close relationship
of immature erythroid and megakaryocytic cells with presumably a common
immunologically and functionally definable precursor, it is not surprising that
8/25 (32%) cell lines tested for both markers are GlyA+ PPO+.

Expression of the progenitor cell marker CD34 (27/41 [65%] cell lines are
positive) confirms the immaturity of the cell lines. This notion is underlined
by the detection of HLA-DR on 30/41 (73%) cell lines. Finally, most cell
lines examined express one or more surface adhesion molecules.

A typical immunoprofile of an erythroid-megakaryocytic cell line is:
T-antigen negative, B-antigen negative, CD13+, CD14—, CD15-, CD33+,
CD34+, CD41+, CD42+, CD61+, GlyA+, HLA-DR+, PPO+.

4. CYTOKINE-RELATED CHARACTERIZATION

Two cytokines uniquely associated with the erythroid and megakaryocytic
cell lineages promote survival, proliferation and differentiation at various
stages of maturation: EPO and TPO [18,20,111,112]. Appropriately, several
cell lines express the receptors for EPO and TPO, the latter also known as
MPL [20,113] (Table 3). With regard to cytokine production, PDGF mRNA
expression and protein production is of particular interest and seen in several
cell lines [16]. As most cell lines grow autonomously in culture, without the
addition of external growth factors apart from those present in the FBS, it
is no surprise that the majority of the cell lines do not respond to cytokine
exposure, either with cellular proliferation or differentiation.

An exception to the above rule are the so-called growth factor-dependent
leukemia cell lines (Appendix 3, p. 287). These cell lines will die by ap-
optosis within 1-3 days in the absence of specific growth factors, although
FBS can delay this factor withdrawal-induced cell death. Twenty-two percent
of the erythroid-megakaryocytic cell lines are constitutively growth factor-
dependent, mainly on GM-CSF or IL-3. The cytokine dependency of some
of these cell lines could be switched to TPO [42,80,89]. In addition, these
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factor-dependent cell lines are proliferatively responsive to a large panel
of other cytokines [89]. The differentiation-inducing effects of cytokines
on erythroid-megakaryocytic cell lines are rather limited, reflecting their
primary action in the enhancement of survival and proliferation.

5. GENETIC CHARACTERIZATION

Detailed cytogenetic karyotypes are available for 44 of the 49 erythroid-
megakaryocytic cell lines (Table 4). As already seen in other leukemia-
lymphoma cell lines, there are complex numerical and structural chromo-
somal aberrations. Among the many abnormalities, the occurrence of the
so-called Philadelphia chromosome stands out. The majority of the erythroid-
megakaryocytic cell lines have been established from patients with CML,
a disease which is highly associated (>90%) with the unique translocation
(9;22). This translocation and the resulting BCR-ABL fusion gene are seen
in many cell lines [114-116] (Appendix 4). The t(3;21) and the inv(3) al-
terations causing the EVII-AMLI fusion gene and EVII overexpression have
been described for cell lines MOLM-1 and SKH1, respectively. Amplific-
ations of the MLL and ABL genes in the cell lines UoC-M1 and K-562,
respectively, are of further note.

Homozygous or heterozygous deletions of the tumor suppressor genes
PI5SINK4B and PI6INK4A, both mapped to chromosome region 9p21
[117,118], have been found in several cell lines (including F-36P, HEL, JK-1,
K-562, LAMA-84, MEG-01, and UT-7). Their functional homologue genes
PI8INK4C and PI19INK4D were not deleted or otherwise altered in any of the
cell lines. Point mutations or other alterations of the P53 tumor suppressor
gene [119] were reported for cell lines CMK, CMY, F-36P, LAMA-84, MC3,
MEG-01, and UT-7.

6. FUNCTIONAL CHARACTERIZATION

The doubling times of the cell lines listed in Table 5 are mostly in the
range of 1-2 days. None of the cell lines tested is positive for EBV. In
cytochemical staining, these cell lines showed the following results: 22/24
(91%) ACP+, 2/13 (15%) ALP+, 16/24 (66%) ANAE+, 9/23 (39%) ANBE+,
8/14 (57%) benzidine+, 1/24 (4%) CAE+, 0/37 MPO+, 29/33 (87%) PAS+,
and 2/12 (16%) SBB+. Thus, the typical cytochemical profile of an erythroid-
megakaryocyte cell line is ACP+ PAS+ ANAE+ ANBE+ benzidine+ ALP-
CAE- MPO- SBB-.
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The majority of the cell lines have been subjected to induction of dif-
ferentiation using pharmacological (AraC, DMSO, sodium butyrate, TPA)
or physiological reagents (8-ALA, hemin, retinoic acid, vitamin D3). De-
pending on the inducer used and the stage of differentiation at which the
cells are arrested, the cells can be triggered to differentiate along the mega-
karyocytic, erythroid, or monocytic/macrophage cell axes. AraC, 8-ALA and
hemin induce erythroid differentiation, whereas DMSO, sodium butyrate and
retinoic acid promote either erythroid or megakaryocytic differentiation, pre-
sumably depending on the stringency of commitment to one cell lineage or
the other. Besides vitamin D3, TPA is the most effective inducer of mega-
karyocytic differentiation. However, some TPA-treated cell lines can acquire
monocytic/macrophage-associated features [120]. Bipotency with regard to
induced differentiation along the erythroid or megakaryocytic lineages was
reported for 16 cell lines (Table 5).

Nine cell lines have been reported to be heterotransplantable in nude or
SCID mice (Appendix 5, p. 289). Specific functional features of erythroid
cells are the expression of hemoglobin (detectable at the protein level by
benzidine staining or isoelectric focusing) and of the various globin chains
(at the mRNA or protein level). Of the various globin chains, the embryonic
chains predominate, including Hb Gower I/Il, Hb Bart’s, Hb Portland, and
fetal hemoglobin HbF. Rare cell lines express adult HbA. The various types
of hemoglobin are composed of heme and different globin chains, i.e. a-,
B-, y-, 8-, €- and ¢-globin. Specific morphological features of megakaryo-
cytes are a-granules and demarcation membranes. Of the cell lines that were
examined for these two specific parameters, 11/17 (64%) lines showed o-
granules and/or demarcation membranes and 19/21 (90%) lines expressed
hemoglobin or globin (Table 5). Finally, several cell lines express the GATA-
1, GATA-2 and SCL transcription factors that are associated with both cell
lineages.

7. UNCONFIRMED CELL LINES

Several cell lines with erythroid-megakaryocytic characteristics not listed in
Table 1 have been reported in the literature (Table 6). However, these cell
lines are either not sufficiently characterized, not immortalized (EST-IU),
not of leukemic origin (B-403, P-320, S-1214), or are cross-contaminated
(DAMI). For the insufficiently characterized cell lines (AML-HJ, KG-91,
KOPMK 53, MEG-J, TK-91, TW14-8), essential descriptive parameters such
as clinical data, authentication, immunoprofile, and karyotype have yet to be
published.
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8. APPENDICES

Appendix 1. Myeloid cell lines available from major cell banks

Drexler

Cell line Cell type Cell bank' Catalogue no.
AML-193 monocytic ATCC CRL 9589
CMK erythroid-megakaryocytic DSMZ ACC 392
IFO IFO 50428/30
CTV-1 monocytic DSMZ ACC40
EM-2 myelocytic DSMZ ACC 135
EM-3 myelocytic DSMZ ACC 134
EOL-1 myelocytic (eosinophil) DSMZ ACC 386
ECACC ECACC 94042252
RIKEN RCB0641
F-36E erythroid-megakaryocytic RIKEN RCB 0776
F-36P erythroid-megakaryocytic RIKEN RCB 0775
GDM-1 myelocytic DSMZ ACC 87
HEL erythroid-megakaryocytic ATCC TIB 180
DSMZ ACC 11
ECACC ECACC 92111706
JCRB JCRB 0062
HL-60 myelocytic ATCC CCL 240
DSMZ ACC3
ECACC ECACC 88120805
IFO IFO 50022
JCRB JCRB 0085
RIKEN RCB 0041
HNT-34 myelocytic RIKEN RCB 1296
IK-1 erythroid-megakaryocytic DSMZ ACC 347
JOSK-I monocytic DSMZ ACC 155
JOSK-M monocytic DSMZ ACC 30
K-562 erythroid-megakaryocytic ATCC CCL 243
DSMZ ACC 10
JCRB JCRB 0019
RIKEN RCB 0027
Kasumi-1 myelocytic DSMZ ACC 220
KG-1 myelocytic ATCC CRL 8031/CCL 246
DSMZ ACC 14
JCRB JCRB 0611
RIKEN RCB 1166
KG-la myelocytic ATCC CCL 246.1
DSMZ ACC 421

Continued on next page
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Appendix 1. (continued)
Cell line Cell type Cell bank! Catalogue no.
KMOE-2 erythroid-megakaryocytic DSMZ ACC37
KMT-2 monocytic RIKEN RCB 0712
KU-812 myelocytic (basophil) DSMZ ACC 378
ECACC ECACC 90071807
IFO IFO 50363
JCRB JCRB 0104
RIKEN RCB 0495
KU-812E myelocytic (basophil) ECACC ECACC 90071803
JCRB JCRB 0104.1
RIKEN RCB 0496
KU-812F myelocytic (basophil) ECACC ECACC 50071804
JCRB ICRB 0104.2
RIKEN RCB 0497
KY821 myelocytic JCRB JCRB 0105
LAMA-84 erythroid-megakaryocytic DSMZ ACC 168
M-07e erythroid-megakaryocytic DSMZ ACC 104
MEG-01 erythroid-megakaryocytic ATCC CRL 2021
ACC 364
IFO DSMZ IFO 50151
ML-2 monocytic DSMZ ACC 15
Mono Mac 1 monocytic DSMZ ACC 252
Mono Mac 6 monocytic DSMZ ACC 124
MUTZ-2 myelocytic DSMZ ACC 271
MUTZ-3 monocytic DSMZ ACC 295
MV4-11 monocytic ATCC ATCC 9591
DSMZ ACC 102
NB4 myelocytic DSMZ ACC 207
OCI/AML-2 monocytic DSMZ ACC 99
OCIVAML-5 myelocytic DSMZ ACC 247
P31/Fujioka monocytic JCRB JCRB 0091
P39/Tsugane monocytic JCRB JCRB 0092
PLB-985 monocytic DSMZ ACC 139
RC-2A monocytic DSMZ ACC6
SCC-3 monocytic JCRB JCRB 0115
SKM-1 monocytic JCRB JCRB 0118
SPI-801 erythroid-megakaryocytic DSMZ ACC 86
SPI-802 erythroid-megakaryocytic DSMZ ACC 92

Continued on next page
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Appendix 1. (continued)
Cell line Cell type Cell bank! Catalogue no.
TF-1 erythroid-megakaryocytic ATCC CRL 2003
DSMZ ACC 334
THP-1 monocytic ATCC TIB 202
DSMZ ACC 16
JCRB JCRB 0112
RIKEN RCB 1189
T™MM EBV+ B-LCL DSMZ ACC95
U-937 monocytic ATCC CRL 1593
DSMZ ACCS
IFO IFO 50038
JCRB JCRB 9021
RIKEN RCB 0435
UT-7 erythroid-megakaryoctic DSMZ ACC 137
YNH-1 myelocytic RIKEN RCB 1291

I ATCC - American Type Culture Collection; DSMZ — German Collection of Microorganisms
and Cell Cultures; ECACC — European Collection of Animal Cell Cultures; IFO - Institute
for Fermentation Osaka (now = HSRRB-Health Science Research Resources Bank; JCRB —
Japanese Collection of Research Bioresources; RIKEN — Cell Bank.

Appendix 2. Myeloid cell lines growing in serum-free media

Cell line Cell type Culture medium

AML-193 monocytic serum-free: IMDM + 2 ng/ml GM-CSF or
3 U/mlIL-3

GF-D8 myelocytic serum-free: RPMI 1640 + 50 ng/ml
GM-CSF or + 20% FBS]

MHH 225 erythroid-megakaryocytic serum-free: RPMI 1640 {or + 10% FBS]

KU-812-F myelocytic serum-free: RPMI 1640 [or + 10% FBS]

MV4-11 monocytic serum-free: IMDM + 5 ng/ml GM-CSF [or
+ 10% FBS without GM-CSF]

NKM-1 myelocytic serum-free: RPMI 1640 [or + 10% FBS)

NOMO-1 monocytic serum-free: RPMI 1640 [or + 10% FBS]

PLB-985 monocytic serum-free: RPMI 1640 [or + 10% FBS]

T-33 erythroid-megakaryocytic

serum-free: RPMI 1640 [or + 10% FBS]
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Appendix 3. Growth factor-dependent myeloid cell lines

Cell line Cell type Absolute dependency on cytokines
AML-193 monaocytic GM-CSFor IL-3

AS-E2 erythroid-megakaryocytic EPO

ELF-153 erythroid-megakaryocytic GM-CSF

F-36P erythroid-megakaryocytic EPO, GM-CSF or IL-3

FKH-1 myelocytic G-CSF or GM-CSF

GF-D8 myelocytic GM-CSF or IL-3

GM/SO myelocytic GM-CSF

GRW erythroid-megakaryocytic SCF

HML erythroid-megakaryocytic GM-CSF

HU-3 erythroid-megakaryocytic GM-CSF, IL-3 or TPO

IRTA17 myelocytic G-CSF, GM-CSF or SCF

M-07e erythroid-megakaryocytic GM-CSF, IL-3 or TPO

M-MOK erythroid-megakaryocytic GM-CSF or TPO

MB-02 erythroid-megakaryocytic GM-CSF

MDS92 myelocytic IL-3

M-TAT erythroid-megakaryocytic EPO, GM-CSF or SCF

MUTZ-2 myelocytic 5637 CM or SCF

MUTZ-3 monocytic 5637 CM, GM-CSF, IL-3 or PIXY-321
OCI/AML-1 myelocytic 5637 CM or G-CSF

OCI/AML-4 myelocytic grows better with GM-CSF, IL-3 or SCF
OCI/AML-5 myelocytic 5637 CM or GM-CSF or IL-3
OHN-GM myelocytic GM-CSF

OIH-1 myelocytic G-CSF, GM-CSF

SKNO-1 myelocytic GM-CSF

TF-1 erythroid-megakaryocytic GM-CSF, IL-3 or TPO
UCSD/AMLI1 myelocytic GM-CSF

UG3 monocytic GM-CSForIL-3

UT-7 erythroid-megakaryocytic EPO, GM-CSF, IL-3 or TPO
YNH-1 myelocytic G-CSF, GM-CSF or IL-3
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Appendix 4. Myeloid cell lines with translocations and fusion genes
Chromosomal abnormality Fusion genes Cell line Cell type Remarks
H1;123g25:p13) ETV6-ARG HT93 myelocytic
1 ¥;3)ig21;926) EVil HNT-34 myelocytic EVII overexpression
UCSD/AMLI myelocytic EVII overexpression
mv{3Nq2lq26) EVH Kasumi-4 myelocytic EVII overexpression
MOLM-1 erythroid-megakaryocytic EVII overexpression
MUTZ-3 monocytic
©3;7)q27.q22) EVIY Kasum-3 myelocytic EVI1 overexpression
13:21 Mg26:q22) EVII-AMLI SKHI erythrond-megakaryocytic
w4 11)g21:q2%) MLL-AF4 KOCL-48 monocytic
MV4-11 monocytic
u6:9)p23:q34) DEK-CAN FKH- myelocytic
W6:11)q27:q23) MLL-AF6 ML-2 monocytic
CTS myelocytic
U8:21)q22:q22) ETO-AMLI Kasumi-| myelocytic
SKNO-1 myelocytic
U9 (p22:923) MLL-AFY IMS-M| monocytic
Mono Mac 6 MonOCYHe
THP-1 monocytic
uG3 monoCyLc
ins(11;9)(g23;p22p23) MLL-AF9 MOLM-13 monocytic
1(9:22)(q34:41 1 )Philadelpha BCR-ABL AP-217 erythroid-megakaryocytic b3-a2 fusion
AR230 myelocytic el9/e18-a2 fusion
CML-C-1 myelocytic
EM-2 myelocytic b3-a2 fusion
GM/S0 myelocytic b3-al fusion
HNT-34 myelocytic M-ber/m-ber fusion
JK-1 erythrond-megakaryocytic b2-a2 fusion
JURL-MK1 erythroid-megakaryocytic b3-a2 fusion
K-562 erythroid-megakaryocytic b3-a2 fusion
Kasumi-4 myclocytic b2-a2 fusion
KBM-5 monocylic b3-a2 fusion
KBM-7 myelocytic b2-a2 fusion
KCL-22 myelocytic b2-a2 fusion
KHE8 erythroid-megakaryocytic b3-a2 fusion
KOPM-28 myelocytic b3-a2 fusion
KOPM 30 myelocytic el-a2 fusion
KOPM 55 myelocytic
KT-1 myelocytic b2-a2 fusion
KU-812 myelocytic b3-a2 fusion
KYO-1 myelocytic b2-a2 fusion
LAMA-84 erythroid-megakaryocylic b3-a2 fusion
MC3 erythroid-megakaryocytic b3-a2 fusion
MEG-01 erythroid-megakaryocylic b2-a2 fusion
MEG-A2 erythroid-megakaryocylic b3-a2 fusion
MOLM-1 erythroid-megakaryocytic b2-a2 fusion
RMI10 erythroid-megakaryocylic M-ber fusion
RWLeu-4 monocytic b2-a2 fusion
SAM-1 erythroid-megakaryocytic b3-a2 fusion
SKHI erythroid-megakaryocytic b3-a2 fusion
T-33 erythroid-megakaryocytic b3-a2 fusion
T89;22 erythroid-megakaryocytic b3-a2 fusion
Y-1K erythroid-megakaryocytic b3-a2 fusion
YN-1 erythroid-megskaryocytic b3-a2 fusion
YOS-M myelocytic b2-a2 fusion
Y5922 erythroid-megakaryocytic b3-a2 fusion
W10:11)pldig2d) MLL-CALM uU-937 manocytic not MLL-AF 10
(12:22)p1 341 2) ETV&/TEL-MNI MUTZ-3? monocytic
UCSD/AMLI myelocytic
H15:17Hq22;q21) PML-RARA Ei501 myelocytic
HT93 myelocytic berd fusion
NB4 myelocytic beri-2 fusion
UF-1 myclocytic
v 16)pl3q22) CBFB-MYHII ME-1 monocylic
Wi6:21)pl1:q22) TLS/FUS-ERG IRTA17 myelocytic
YNH-1 myelocytic
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Cell line Cell type Heterotransplantation
AML-CL! myelocytic into SCID mice

AML-PS! myelocytic into SCID mice
CHRF-288-11 erythroid-megakaryocytic into nude mice

CML-C-1 myelocytic into nude mice

ELF-153 erythroid-megakaryocytic into nude mice

EM-2 myelocytic into SCID mice

HL-60 myelocytic into nude mice or SCID mice
HMC-1 mast cell into nude mice

K-562 erythroid-megakaryocytic into nude mice or SCID mice
KBM-3 monocytic into nude mice or SCID mice
KBM-5 monocytic into SCID mice

KBM-7 myelocytic into nude mice

KCL-2 myelocytic into newborn hamsters

KG-1 myelocytic into nude or SCID mice
KMOE-2 erythroid-megakaryocytic into nude mice

LAMA-84 erythroid-megakaryocytic into estrone-treated nude mice
M-07e erythroid-megakaryocytic into SCID mice

MKPL-1 erythroid-megakaryocytic into nude mice

OCIM2 erythroid-megakaryocytic into SCID mice
OMA-AML-I monocytic into nude or SCID mice
P39/Tsugane monocytic into nude mice

PLB-985 monocytic into nude mice

RWLeu-4 monocytic into nude mice

I Cell lines can be maintained and serially transplanted, but do not grow long-term in vitro

Appendix 6. Cross-contaminated cell lines

Purported cell Purported cell type Subclone of Actual cell type

line cell line

DAMI erythroid-megakaryocytic HEL erythroid-megakaryocytic
J-111 monocytic HELA cervix carcinoma

JOSK-I monocytic U-937 monocytic

JOSK-K monocytic U-937 monocytic

JOSK-M monocytic U-937 monocytic

JOSK-S monocytic U-937 monocytic

LR10.6 precursor B-cell NALM-6 precursor B-cell

MOBS-1 monocytic U-937 monocytic

MOLT-15 T-cell CTV-1 monocytic

PBEIL precursor B-cell NALM-6 precursor B-cell

SPI-801 T-cell K-562 erythroid-megakaryocytic
SPI-802 T-cell K-562 erythroid-megakaryocytic
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Abbreviations

ACP - acid phosphatase

ADCC - antigen-dependent cell-mediated cytotoxicity
ALL - acute lymphoblastic leukemia

ALP - alkaline phosphatase

AML - acute myeloid leukemia

ANAE -a-naphthylacetate esterase

ANBE -w-naphthylbutyrateesterase

AraC - cytosine arabinoside

ATCC - American Type Culture Collection
ATRA - all-trans retinoic acid

AUL - acute undifferentiated leukemia

B-TG —p-thromboglobulin

baso — basophil

BC - blast crisis (of CML)

BCGF - B-cell growth factor

BCP — B-cell precursor

bFGF - basic fibroblast growth factor

BM - bone marrow

BMT - bone marrow transplantation

CAE - naphthol AS-D chloroacetate esterase
cALL - common acute lymphoblastic leukemia
CLL - chronic lymphocytic leukemia

CM - conditioned medium

CML - chronic myeloid leukemia

CMML - chronic myelomonocytic leukemia

CP - chronic phase (of CML)

CSF - colony-stimulating factor or cerebrospinal fluid
cylg — cytoplasmic immunoglobulin

D - at diagnosis of disease

&-ALA —8-aminolevulinic acid

DMEM - Dulbecco’s modified essential medium
DMSO-dimethylsulfoxide

DSMZ — Deutsche Sammlung von Mikroorganismen und Zellkulturen
dt — doubling time

EBNA - Epstein-Barr virus nuclear antigen

EBV - Epstein-Barr virus

ECACC - European Collection of Animal Cell Cultures
EDF - erythroid differentiation factor

EGF - epidermal growth factor

ELISA - enzyme-linked immunoassay

eosino — eosinophil

EPO - erythropoietin

ery — erythroid

F - female

FAB - French—-American—British morphological AML/ALL/MDS classifications

FBS - fetal bovine serum

FL - FLT3ligand

EN - fibronectin

G-CSF - granulocyte CSF

GLC -$-glucuronidase

GlyA - glycophorin A

GM-CSF - granulocyte-macrophage CSF

Drexler
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HS - horse serum

hu — human

IFN - interferon

Ig — immunoglobulin

IGF - insulin-like growth factor

IGH/K/L - immunoglobulin heavy/kappa light/lambda light chain gene
IL - interleukin

IMDM - Iscove’s modified Dulbecco’s medium
JCML - juvenile chronic myeloid leukemia
JCRB - Japanese Cancer Research Resources Bank
LCL - lymphoblastoid cell line

LGL - large granular lymphocytes

LIF- leukemia inhibitory factor

lym — lymphoid

M-male

M1 - (immature) myeloblastic AML

M2 — myeloblastic AML

M3 - promyelocytic AML

M4 — myelomonocytic AML

MS5 - monocytic AML

M6 - erythroid AML

M7 - megakaryocytic AML

macro — macrophage

M-CSF - macrophage CSF

MDR - multiple drug resistance

MDS - myelodysplastic syndromes

meg — megakaryocytic

MEM - minimum essential medium

MIP - macrophage inflammatory protein

MLR - mixed lymphocyte reaction

mono — monocytic

MPO - myeloperoxidase

MPD - myeloproliferative disorder

MSE - monocyte-specific esterase

my — myeloid

NBT - nitroblue tetrazolium

NCS - newborn calf serum

neutro — neutrophil

NGF - nerve growth factor

NHL - Non-Hodgkin’s lymphoma

NK - natural killer

OSM - oncostatin M

PAS - periodic acid Schiff

PB - peripheral blood

PDGF - platelet-derived growth factor

PE - pleural effusion

PF-4 — platelet factor-4

Ph — Philadelphia chromosome

PPO - platelet peroxidase

R - atrelapse of disease

RAEB - refractory anemia with excess of blasts
RAEBT - refractory anemia with excess of blasts in transformation
RARS - refractory anemia with ring sideroblasts
RIKEN - Riken (Japanese cell bank)

291



292 Drexler

RIA - radioimmunoassay

RPMI-RPMI 1640 medium

RT-PCR - reverse transcriptase-polymerase chain reaction
SBB - Sudan black B

SCF - stem cell factor

slg — surface immunoglobulin

T - during therapy of disease

t-AML/MDS - therapy-related AML/MDS

TCRA/B/G/D - T-cell receptor a, 8, v, 8-chain

TGF - transforming growth factor

TNF - tumor necrosis factor

TPA - phorbol ester 12-0-tetradecanoyl phorbol-13 acetate
TPO - thrombopoietin

TRAP - tartrate-resistant acid phosphatase

Tu — tumor

Vit. D3 - vitamin D3

vWF - von Willebrand factor
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Chapter 9
Non-Hodgkin’s B-Lymphoma Cell Lines

Ramzi M. Mohammad, Frances W.J. Beck and Ayad M. Al-Katib

Department of Hematology and Oncology, Wayne State University and Karmanos Cancer
Institute, Lande Research Building Room 317, 550F Canfield, Detroit, MI48201, USA. Tel:
+1-313-577-7919; Fax: +1-313-577-7925; E-mail: mohammad @ karmanos.org

1. INTRODUCTION

The non-Hodgkin’s lymphomas (NHL) comprise a group of B- or T-
lymphocytic malignancies that most commonly originate in lymph nodes.
These lymphomas are thought to represent lymphocyte populations that are
arrested at a certain stage of the differentiation pathway [3,72,77].

There are several different classification schemes for B-NHL [9,18,30,
37,52,59,63]. Until the 1960s, the classification of the NHL included the
terms reticulum cell sarcoma, lymphosarcoma, and giant follicular lymph-
oma [10]. Later, Rappaport classified lymphomas based on the cell growth
and morphology [9,10,47,89]. Other classification systems have been in-
troduced to include types of NHL which did not fit the Rappaport classi-
fication. The most widely used classification in the United States is that
of Lukes-Collins [60], which was based on the immunologic profile of the
lymphoma cell. A number of other classification schemes were reported in
Europe [18,31,52]. Recently, two additional classifications, the International
Working Formulation (WF) and the Revised European-American Lymph-
oma (REAL) have been developed [11,35,36,94]. This chapter will use the
most recent NHL classification, the REAL, but will include, where applic-
able, the older classifications, including Rappaport, Lukes-Collins and the
International Working Formulation.

In Table 1 we present the classification of non-Hodgkin’s B-lymphoma
according to the Revised European American Lymphoma (REAL) sys-
tem and compare the previous classification of the International Working
Formulations and the Rappaport classification to this present and newest
classification. In Table 2, we list the chromosomal abnormalities frequently
detected in NHL. Data listed in Tables 3-5 detail the general characteristics
of individual B-NHL cell lines based on REAL classification.
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Table 2. Chromosomal abnormalities frequently detected in NHL

Chromosome Type of Histological
No. abnormality subtypes
1 q-Armbreak Diffuse large cell
2 g-Armbreak Diffuse large cell
Trisomy Follicular mixed
t(3;14) Diffuse large cell lymphoma
6 q-Armbreak Diffuse large cell, immunoblastic
Follicular lymphomas
Trisomy Follicular large cell
8 Trisomy, Follicular mixed, small non-cleaved
t(2:8)
t(8:14)
1(8;22)
11 t(11;14) Small lymphacytic, mantle cell
12 Trisomy Small lymphocytic
14 g-Armbreak Most subtypes, follicular lymphomas
Diffuse large cell
17 I(17q) Follicular lymphomas, diffuse large cell
18 1(14;18) Follicular lymphomas, diffuse large cell
Trisomy Diffuse large cell, follicular lymphoma
21 Trisomy Diffuse large cell

The establishment of human EBV-negative (non-transformed) B-NHL
cell lines has been difficult. Fifty-nine well-characterized immortal B-NHL
cell lines will be described in this chapter. The oldest continuous B-NHL cell
line is the Burkitt’s lymphoma cell line Raji, reported in 1964 by Pulvertaft
[88], but is not listed here because it is EBV+. The oldest established EBV-
negative cell line is SKW-4, established from a diffuse histiocytic lymphoma
in 1966 [81].

2. IMMUNOPHENOTYPE

Approximately 80% of all lymphoid tumors are of B-cell origin, while the
remaining 20% are of T-cell origin [27]. The use of a large number of mono-
clonal antibodies directed against specific antigens known to be associated
with certain stages of B-NHL development has greatly contributed to the
identification and classification of NHL [6,41,86,97].
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The cell surface antigens expressed during B-cell differentiation are rep-
resented in the B-NHL cell lines. These are CD21 (B2) [96], BL4 [40] and
BL7 [13]. CDl11Ic and CD22 are two markers that were first reported in 1982
[92]. While CD11c is expressed on monocytes and CD22 on B-lymphocytes,
the co-expression of the two antibodies was initially thought to be specific
for hairy cell leukemia (HCL). Since then, however, a new subset of non-
Hodgkin’s lymphoma, the monocytoid B-cell lymphoma (MBCL), has been
described that also co-expresses CD11c and CD22 [23,78]. Both HCL and
MBCL also express acid phosphatases (AcP). However, such expression can
be inhibited by tartrate (tartrate sensitive) in MBCL but not in HCL [45].

The most common forms of NHL are follicular small cleaved cell lymph-
oma (REAL; Mantle cell lymphoma, 40%) and follicular mixed small
cleaved and large cell lymphomas (both now classified as follicular center
lymphomas, 20-40%). These lymphomas are high grade, express the B-cell
antigens CD 19, CD20 and CD22, and are CD5-negative. The expression
of other antigens varies among cell lines representing B-NHL. More than
80% of splenic lymphoma with villous lymphocytes (SLVL) are CD24+ and
FMC7+ and express membrane CD22 [65]. Mantle cell NHL is almost al-
ways CD5+ and CD43+ [98] and cell lines isolated from these patients and
some SLVL exhibit overexpression of cyclin D1, unlike other B-cell NHLs
[15]. B-NHL cell lines established from patients with various grades of B-cell
malignancy are presented in Tables 3-5.

3. GENETIC CHARACTERIZATION

The first detection of chromosomal abnormality in NHL was the demon-
stration of the reciprocal translocation of genetic material between chro-
mosomes 8 and 14. This translocation is frequent in patients with diffuse
small non-cleaved cell lymphoma of the Burkitt’s type [56,62]. Transloca-
tion (8;14)(q24;q32) is associated with small non-cleaved cell lymphoma of
Burkitt’s type; t(14;18)(q32;q21) with follicular B-NHL and trisomy 12 and
t(11;14)(q11;q32) with small lymphocytic lymphoma (Table 2). There are
correlations between the cytogenetic findings and the prognosis of patients
with NHL [54].

4. CLINICAL CHARACTERISTICS

The histopathological diversity of the NHL is also reflected in its clinical
characteristics. The natural history of NHL, clinical management and treat-
ment philosophy varies among different types of NHL. One advantage of the
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Working Formulation is the grouping of NHL into three categories based on
their clinical behavior.

S. CLASSIFICATION OF EBV-NEGATIVE B-NHL CELL
LINES ACCORDING TO THE REVISED EUROPEAN
AND AMERICAN LYMPHOMA (REAL) SYSTEM

Fifty-nine well-characterized (EBV-) B-NHL cell lines are listed in Tables 3—
5. The tables show stage, cell line name, donor age, sex, specimen site, year
established, culture medium, source, reference, doubling time, EBV status,
karyotype, and immunophenotype. For most cell lines, where there is insuf-
ficient information, this concerns descriptions of the essential features and
data collected on immunophenotypic, genetic and clinical characteristics. As
a result, we are limited in allocating such cell lines to the proper NHL stage
or category.

To represent the immunophenotypes, the notations and abbreviations are
as follows: +, over 90% of the cases positive; +/—, over 50% of the cases
positive; —/+, less than 50% of the cases positive; —, less than 10% of
the cases positive; IgH-R and IgL-R, Ig heavy/light chain genes rearranged;
smlg, surface Ig; cylg, cytoplasmic Ig; CD, cluster of differentiation.

5.1. Precursor B-Lymphoblastic Lymphoma/Leukemia (B-LBL)

Example: Karpas 1106. Rappaport: lymphoblastic and formerly diffuse
poorly differentiated lymphocytic [PDL]). Lukes-Collins: not defined. Work-
ing Formulation: lymphoblastic.

Children are more commonly affected than adults by this disease. B-
LBL accounts for less than 20% of lymphoblastic lymphoma. The Karpas
1106 cell line was established from a 23-year-old patient with mediastinal
lymphoblastic B-NHL [76].

The tumor cells are characteristically CD 19+ CD79a+ CD22+ CD20 —/+
CD10+/— HLA-DR+ smlg- cyMu—/+ CD34+/-, and may express CD13
and/or CD33 [20,44,87]. Ig heavy chain genes are usually rearranged: light
chain genes may be rearranged [49]. Karpas 1106 is a B-NHL lymphoblastic
cell line with the immunophenotype CD5—, CD10-, CD19+, IgG+, and
lambda+ (Table 5).

Cytogenetic abnormalities in B-LBL are variable [53,000]. Karpas 1106
has complex chromosomal abnormalities.
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5.2. B-Cell Chronic Lymphocytic Leukemia
(B-CLL)/Prolymphocytic Leukemia (B-PLL)/Small
Lymphocytic Lymphoma (B-SLL)

Examples: TANOUE and WSU-CLL. Rappaport: well-differentiated lymph-
ocytic, diffuse. Lukes-Collins: small lymphocyte B, B-CLL. Working For-
mulation: small lymphocytic, consistent with CLL.

The majority of the cases occur in adults, although TANOUE was estab-
lished from an 11 year old. The B-CLL comprises >90% of CLL in United
States and Europe. Most patients have bone marrow (BM) and peripheral
blood (PB) involvement and tumors can invade nodes, spleen, and liver.
Extra-nodal infiltrates may also be evident [94].

WSU-CLL and TANOUE lines were established from peripheral blood
(PB) and are relatively slow-growing cells with doubling time up to 40 hours
(Table 4). There is a shortage of B-PLL and B-SLL cell lines.

Typical tumor cells of B-CLL have faint smIgM, are smIgD+/—, (cylg
—/+), B-cell-associated antigen CD19+ CD20+ CD79a+ CD5+ CD23+
CDllc—/+ and CD10- [34,91,103]. WSU-CLL and TANOUE cell lines
are CD5- and CD10+ (Table 5). Cases of B-PLL may be CDS5-, have strong
smlg and more often express CD22 [8]. Ig heavy and light chain genes are
rearranged.

5.3. Lymphoplasmacytoid Lymphoma/Immunocytoma

Examples: Nu-DHL-1, SK-DHL-2, SKW-3, SU-DHL, FM. Rappaport: well-
differentiated lymphocytic, plasmacytoid, diffuse mixed lymphocytic and
histiocytic. Lukes-Collins: plasmacytic-lymphocytic. Working Formulation:
small lymphocytic, plasmacytoid, diffuse mixed small and large cells.

These tumors involve BM, lymph nodes and spleen, and less frequently
PB or extranodal sites. Most of the patients have a serum spike of monoclonal
IgM. 17 cell lines are listed, most of which were established from patients
with diffuse histiocytic lymphocytic (DHL) lymphoma, aged between 17 and
73 years. Generally, the disease is well represented by the cell lines.

The cells have surface and in some types, cytoplasmic Ig, usually of IgM
type. Cells usually lack IgD, but are B-cell-associated antigens+ (CD 19, 20,
22, 79a). CD5- CD10- CD43+/- and CD11c may be faintly positive in
some cases [34,91,103]. A lack of CD5 and the presence of strong cylg are
useful to distinguish them from B-CLL. The Ig heavy and light chain genes
are rearranged, although no specific abnormality is known.

The main cytogenetic abnormalities involve chromosomes 8 and 14.
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54. Mantle Cell Lymphoma

Examples: JeKo-1, SP-53, HF-4. Rappaport: intermediate or poorly differen-
tiated lymphocytic, diffuse or nodular (ILL/IDL/PDL). Lukes-Collins: small
cleaved follicular center cell (FCC). Working Formulation: small cleaved
cell, diffuse or nodular; rarely diffuse mixed or large cleaved cell.

The tumor occurs in older adults with a high male to female ratio. Sites
involved include lymph nodes, spleen, BM, PB (from which JeKo-1 and SP-
53 were derived) and extra nodal sites such as the gastrointestinal tract [83].
The growth pattern of mantle cell lymphoma is usually diffuse or vaguely
nodular. The well-defined follicles characteristic of follicular lymphomas are
rarely seen.

The tumor cells are smIgM+, usually IgD+, A > «, B-cell-antigen+;
CD5+ CD10-/+ CD23- CD43+ CDl1l1c-. The absence of CD23 is use-
ful in distinguishing mantle cell lymphoma from B-CLL. CD5 is useful in
distinguishing mantle cell lymphoma from follicle center and marginal zone
lymphomas. Two of the three cell lines are CD5+ and have a low level of
CD10 expression. The JeKo-1 cell line is CD23— and smIgM+.

t(1 1;14) involves the Ig heavy chain locus at bcl-1 locus on the long arm
of chromosome 11, and this translocation is present in the JeKo-1 and SP-53
cell lines.

5.5. Follicle Center Lymphoma, Follicular

Examples: CJ; (grade I); WSU-FSCCL, FL-18, ONHL-1 (grade II);
WSU-NHL, JC (grade III). Rappaport: nodular PDL mixed lymphocytic-
histiocytic, or histiocytic. Lukes-Collins: small cleaved, large cleaved or large
non-cleaved FCC, follicular. Working Formulation: follicular, small cleaved,
mixed, or large cell.

The terms follicular lymphoma, grades I, II and III are analogous to
the terms used to classify other tumor types. The pattern of growth can be
follicular or follicular and diffuse, and is of prognostic significance.

The cell lines are CD19—, CD34—, CD 13+ and CD33+ for grade I and
CD10+ and CD19+ for grade-1III.

Cytogenetic abnormalities mostly involve chromosomes 10, 11 and 14.

5.6. Follicle Center Lymphoma, Diffuse

Examples: BALM-3, BALM-4, BALM-5. Rappaport: diffuse poorly differ-
entiated lymphocytic. Lukes-Collins: diffuse small cleaved FCC. Working
Formulation: diffuse small cleaved cell.
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Follicle center lymphoma, diffuse, affects predominantly adults, with
equal male/female incidence [94]. This disease accounts for 40% of adult
NHL in the United States [53].

BALM-3,4 and 5 are slow-growing cell lines with doubling time from 36
to 72 hours.

The tumor cells are usually smlg+ (smIgM+/— IgD>IgG>IgA), B-cell-
associated antigen +, CD10+/- CD5- CD23-/+ CD11c-. BALM-3, 4 and
5 cell lines show sm/cylg+ and CD 10-. A lack of CDS and CD43 is useful
in distinguishing follicle center lymphoma from mantle cell lymphoma, and
the presence of CD 10 can be useful in distinguishing it from marginal zone
cell lymphomas.

All the cell lines have t(14;18). This translocation, involving a rearrange-
ment of Bcl2, is present in 70 to 95% of the cases [39,66]:

5.7. Extranodal and Nodal Marginal Zone B-Cell Lymphoma

Example: none. Rappaport: (not specifically listed) well-differentiated
lymphocytic (WDL) or WDL-plasmacytoid, IDL, ILL, PDL, mixed
lymphocytic-histiocytic (nodular or diffuse). Lukes-Collins: small lympho-
cyte B, lymphocytic-plasmacytic, small lymphocyte B, monocytoid. Working
Formulation: (not specifically listed) SLL (some CLL, some plasmacytoid),
small cleaved or mixed small and large cell (follicular or diffuse).

There are two major clinical presentations. (1) Extranodal marginal
zone lymphomas (low grade marginal zone or MALT type) are tumors of
adults. Many of the patients have a history of autoimmune disease such as
Sjogren’s syndrome or Hashimoto’s Thyroiditis and (2) Nodal marginal zone
lymphomas. There are no representative cell lines for this type of B-NHL.

Typically, the tumor cells express smlg (M>G or A), lack IgD, and about
40% are cylg+. B-cell-associated-antigens are expressed and the tumors are
CD5- CD10- CD23- CD43—/+ CD11c+/-.

No rearrangements of bcl-2 or bcl-1 are seen [85]. Trisomy 3 chromo-
some or t(I 1;18) have been reported [4,26].

5.8. Splenic Marginal Zone B-Cell Lymphoma

Example: none. Rappaport: (not specifically listed) well-differentiated
lymphocytic (WDL) or WDL-plasmacytoid. Lukes-Collins: small lympho-
cyte B, lymphocytic-plasmacytic, small lymphocyte B, monocytoid. Working
Formulation: (not specifically listed) SLL.

Patients with this B-NHL have BM and PB involvement. The course
of the disease is indolent, and splenoctomy may be followed by prolonged
remission. There are no cell lines derived from this disease.



Non-Hodgkin’s B-Lymphoma Cell Lines 317

Tumor cell antigen expression is similar to that of extra-nodal and nodal
marginal zone B-cell lymphomas.

No molecular genetic changes have been identified, as the tumors are not
well studied.

5.9. Diffuse Large B-Cell Lymphoma

Examples: HBL-1, KAL-1, LNPL, WSU-DLCL, WSU-DLCL2. Rappa-
port: diffuse histiocytic, occasionally diffuse mixed lymphocytic-histiocytic.
Lukes-Collins: large cleaved or large non-cleaved FCC, B-immunoblastic.
Working Formulation: diffuse large cell cleaved, non-cleaved or immuno-
blastic; occasionally diffuse mixed small and large cell.

Large B-cell lymphomas constitute 30-40% of adult NHLs. Patients typ-
ically present with a rapidly enlarging, often symptomatic, mass at a single
nodal or extranodal site. LCL are aggressive but potentially curable [94].

The tumor cells are smlg+/—, cylg—/+, B-cell-associated-antigens+
CD45+/- CD5-/+ CD10—/+ [21]. Most of the cell lines listed under this
stage are CD5- and CD10+/- with B-cell-associated antigens+.

The bcl-2 gene is rearranged in about 30% of these tumors [57,99]. C-
myc is reported to be rearranged in some cases [102]. The cell lines carry

t(8;14) and t(14;18).
5.10. Burkitt’s Lymphoma

Examples: BJAB, BL-41, CA-46, WSU-BL. Rappaport: undifferentiated
lymphoma, Burkitt’s type. Lukes-Collins: small non-cleaved FCC. Working
Formulation: small non-cleaved cell, Burkitt’s type.

Burkitt’s lymphoma is most common in children, and 7 of the 11 cell lines
were derived from tumors in children. Adult cases are often associated with
immune deficiency. The tumor is very aggressive, but potentially curable.

The established cell lines provide a good representation of Burkitt’s
lymphoma. The cell doubling time is short, less than 24h in 6 of the 12 cell
lines in which it was measured.

The tumor cells are smIgM+, B-cell-associated-antigens+ CD10+ CD5—-
CD23- [29]. The cell lines are smIg+/— (may have cylg), B-cell-associated-
antigens+ (11/11 of cell lines tested).

Most cases have a translocation of c-myc from chromosome 8 to the Ig
heavy chain region on chromosome 14 (t(8;14), which is present in 7 of 11
cell lines. Less commonly, c-myc is translocated to light chain loci on 2 [t(2,8)
or 22 1(8,22)]. Epstein-Barr virus genomes can be demonstrated in the tumor
cells in most Burkitt’s lymphoma arising in Africans and in 25% to 40% of
cases associated with acquired immune deficiency syndrome [5,32,67].
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5.11. High Grade B-Cell Lymphoma, Burkitt’s-like

Example: MCI116. Rappaport: undifferentiated; non-Burkitt’s. Lukes-
Collins: small non-cleaved FCC. Working Formulation: small non-cleaved
cell, non-Burkitt’s.

Tumors in this category are relatively uncommon and occur mostly in
adults, sometimes with a history of immunosuppression. Cases in children
appear to behave similarly to classic Burkitt’s tumor [42], whereas in adults
they appear to be highly aggressive.

Tumor cells are smlg +/— (may have cylg), B-cell associated antigens+
CD5-, and usually CD 10+ [29].

C-myc is rearranged in approximately 30% of cases [101].
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1. INTRODUCTION

Malignancies of mature, post-thymic T-cells are rare in comparison with their
B-cell counterparts and are highly heterogenous. They continue to pose major
clinical problems both in terms of diagnosis and management. This is in
part due to their rarity, but also to the fact that diagnosis requires detailed
immunophenotypic and genotypic analyses to demonstrate lineage, clonal-
ity and stage of differentiation. In many cases, these data are not available.
More extensive study of the pathogenesis of the various types of malignancy
remains hampered by the lack of suitable cell lines.

The purpose of this chapter is to review some of the functions of mature
T-cells and advances in our understanding of the different forms of mature T-
cell malignancy, to describe some of the derived cell lines and to place these
in the current scheme of classification.

2. FUNCTIONS OF MATURE T-CELLS

T-lymphocytes derive from hematopoietic precursor cells within the bone
marrow, which initially migrate to the thymus. Here, the T-cell receptor for
antigen (TCR) proteins are first expressed following TCR gene rearrange-
ment. A complex process of both positive and negative selection of antigen-
and self-reactive T-cells occurs through interaction of the T-cell precursors
with thymic stromal and antigen presenting cells. Two different T-cell lin-
eages can be identified on the basis of their expression of TCR proteins
composed of either TCRa /g or TCRy /§ heterodimers. These lineages have
different functions and tissue distributions. In clinical specimens, affiliation
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to either lineage can be ascertained either by the use of monoclonal anti-

bodies (MAB) specific for constant epitopes within the TCR proteins or by

using DNA methods to detect clonal rearrangements within the TCR genes.
The TCRé gene segments are located entirely within the TCRa complex and
rearrangement of TCRa results in complete deletion of the TCRS sequences.
Mature T-cells of the TCRy /8 lineage comprise about 5% of total peripheral
blood T-cells and malignancies of this lineage are uncommon and have some
distinct properties, as discussed below.

On emerging from the thymus, mature T-cell subpopulations express a
panoply of surface membrane proteins that reflect their functions. The func-
tions of many of these proteins have now been identified. Some of those
that have been used clinically are shown in Table 1 (reviewed in Barclay
et al. 1998). These molecules can be used to differentiate the malignancies
of T-cell precursors (T-cell lymphoblastic leukemias and lymphomas) from
the various malignancies of post-thymic T-cells and from malignancies of
other related lineages, notably malignancies of natural killer (NK) cells.
Some forms of T-cell malignancy may co-express both T-cell and NK lineage
markers. Clinically, the most widely utilized of these proteins are the CD4
and CD8 molecules, which broadly divide mature T-cells into those which
mediate B-cell “help” and those which mediate T-cell cytolysis respectively.
In contrast to thymic malignancies that are often CD4/CD8 double posit-
ive, mature post-thymic T-cells usually express only one or other of these
molecules, although in some instances, notably in T-cell prolymphocytic
leukemia, co-expression of CD4 and CD8 may be observed. Assessment of
the expression of the nuclear enzyme terminal deoxynucleotidyl transferase
(TdT) may be necessary to distinguish malignancies of T-cell precursors from
those of mature T-cells.

Mature T-cells migrate to a number of peripheral lymphoid sites, includ-
ing spleen and lymph nodes, but also to more “specialized” sites such as
the skin and intestinal epithelia; T-cells in these sites may differ from those
elsewhere. They are competent to perform a number of different effector
functions including mediation of:

* B-cell “help” to produce specific antibodies (predominantly a function
of CD4+ subpopulation).

* Cytolysis of virally infected/bacterially infected cells as well as al-
logeneic and malignant cells (predominantly a function of CD8+
subpopulation).

 Stimulation of monocytes/macrophages in the inflammatory response.

These subjects are discussed in detail in Paul [37].
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Table 1. Clinically utilized T-cell and NK differentiation antigens
CD No. Cellular distribution Functions
1 Cortical thymocytes Antigen presentation
2 Thymocytes and mature T-cells Adhesion molecule — binds CD58
3 Thymocytes and mature T-cells Component of the antigen receptor
4 Thymocytes/mature T-cell subsets Component of TCR/coreceptor for
MHC class Il
5 Thymocytes, T-cells, some B-cells T-cell activation — binds CD72
7 Thymocytes and mature T-cells Unknown
8 Thymocytes/mature T-cell subsets Component of TCR/Coreceptor for
MHC class [
25 Immature thymocytes/activated T-cells Component of IL-2R
28 Thymocytes and mature T-cells T-cell activation — binds B7.1/2
52 All lymphocytes Unknown
56 NK cells Adhesion molecule - NCAM
isoform
57 NK cells, some mature T-cells Unknown
TdT Lymphoid precursors Adds in non-templated nucleotides
during recombination
HLA-DR  Mature/activated T-cells Antigen presentation

4 Surface CD3 expression seen in most mature T-cell malignancies in vivo, whereas expression
is limited to the cytoplasm in malignancies of T-cell precursors.

3. CLASSIFICATION OF MATURE T-CELL
MALIGNANCIES

Malignancies of mature T-cells can be objectively diagnosed with MAB spe-
cific for T-cell differentiation antigens and PCR or DNA blot methods for
the detection of clonal TCR gene rearrangements. Using these techniques,
a number of distinct clinical entities have been recognised. These can be
divided into those that present with a primarily leukemic picture and those
that present with primarily lymph nodal or extra-nodal infiltration (Table 2).
The interested reader is referred to a monograph [28] and to several papers
[4,20,39].

Given the distinctiveness of the individual diseases, the cell lines are
described within the most appropriate clinical entity. Only those diseases
from which cell lines have been derived are mentioned in detail below. T-cell
prolymphocytic leukemia is also discussed as this disease, despite its highly
aggressive nature, has repeatedly failed to yield cell lines, and the lack of
such lines remains a major deficiency.
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Table 2. Classification of mature T-cell malignancies

(A) Predominantly leukemic
Adult T-cell leukemia/lymphoma (ATLL)
T-cell prolymphocytic leukemia (T-PLL)
T-cell large granular lymphocytic leukemia (T-LGL)

NK/T-cell leukemia/lymphoma

(B) Predominantly nodal
Nodal peripheral T/NK cell lymphoma unspecified
Anaplastic large cell lymphoma
Angioimmunoblastic T-cell lymphoma

(C) Predominantly extranodal
Mycosis fungoides/Sézary syndrome (MF/SS)
Enteropathy-associated intestinal T-cell lymphoma
Primary cutaneous CD30+ve lymphoproliferative disorders
Subcutaneous panniculitis-like T-cell lymphoma
NK/T-cell lymphoma — nasal type
Hepatosplenic T-cell lymphoma
Extranodal peripheral T-cell lymphoma unspecified

3.1. Mature T-Cell Leukemias

A comparison of the typical immunophenotypes of the mature T-cell leuk-
emias is shown in Table 3. Distinction from malignancies of T-cell precursors
is usually made from the cytological appearances in conjunction with ex-
pression of surface membrane CD3 and HLA-DR and absence of CD1 and
TdT.

Table 3. Comparison of the common immunophenotypes of mature, post-thymic T-cell
leukemias

Disease sCD3 TCRa/f CDS CD7 CD4+/CD8— CD4+/CD8+ CD4—/CD8+ CD25

TPLL ++ ++ ++  ++ ++ + - -
TLGL ++ ++ ++ 4+ - - 4 -
ATLL  +/— +/- ++  H- [ - - ++

MF/SS ++ ++ ++ - - - - -
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3.1.1. Adult T-Cell Leukemia/Lymphoma (ATLL)

This disease is intimately associated with the human retrovirus, HTLV-1,
although the role of the virus in the etiology of the disease, like EBV in
the pathogenesis of Burkitt lymphoma, remains obscure. ATLL is clustered
within regions in which HTLV-1 is endemic, including south-western Japan
and the Caribbean basin. All cases show clonal HTLV-1 proviral integration
and have serological evidence for HTLV-1 infection. About 60% of patients
present with a leukemic form of the disease, whilst the remainder present
with lymphomatous disease. Hypercalcemia is common at presentation. A
characteristic feature is high expression of CD25, a component of the IL-2
receptor.

Many cell lines used in the study of HTLV-1 infection and its role in
neoplastic transformation of T-cells were produced by the co-culture of un-
infected lymphocytes with virus-producing cells (for example, Miyoshi et
al. [31]). These cell lines, which include MT-2, are not discussed further.
There is also in the literature a large number of cell lines derived directly
from patients with leukemia and lymphoma, predominantly from Japanese
patients (see for example Nakao et al. [34] and references therein; Morita
et al. [33]; Sagawa et al. [41]). Most of these are poorly characterized. In
contrast, the HUT-102 cell line has been extensively studied. This cell line
was derived from the primary culture of lymph node cells from a patient with
ATLL, initially in the presence of IL-2. The origin of this cell line and the
HUT-78 cell line and their uses in the isolation and characterization of the
HIV and HTLV-1 have been reviewed recently (Bunn and Foss [7], both cell
lines originally described in Gazdar et al. [16]).

The ATLL cell line MU is of some interest [24]. Despite being derived
from the peripheral blood of a patient with ATLL in leukemic phase, the
cell line fails to express any of the anticipated range of T-cell differentiation
antigens in vitro. The only evidence that this cell line was derived from
the leukemic cells is the presence of identical TCRB rearrangement in both
the primary cells and the derived cell line. There is also another interesting
cell line, KHM-3S, derived from a Japanese patient with small cell lung
cancer, which nevertheless expresses CD25 and CD56, but is otherwise neg-
ative for all other hematopoietic markers such as CD45 [26]. This cell line
shows monoclonal proviral integration, but most surprisingly, clonal T7CR
rearrangements. The tropism of HTLV-1 is not limited to T-cells alone and
the cell of origin of both cell lines is not obvious. The presence of the clonal
TCRP rearrangements would suggest a T-cell origin but the complete lack of
expression of all T-cell differentiation antigens is unusual.

In contrast, an rIL2-dependent cell line from a patient with apparent ATLL
(WHN2) has been described which, despite retaining the phenotype, karyo-
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type and clonal TCR gene rearrangements of the primary tumor, failed to
demonstrate any clonal HTLV-1 proviral integration [21].

3.1.2. T-cell Prolymphocytic Leukemia (T-PLL)

T-PLL is a very aggressive disease which typically presents in the sixth
or seventh decade with extremely high white cell counts (up to 10"litre),
organomegaly, usually splenomegaly and lymphadenopathy [21,28]. The
disease is often completely resistant to intensive chemotherapy but fre-
quently remits with the humanized Mab, CAMPATH-1H [38]. A disease with
identical cytology, immunophenotype, karyotype and molecular features has
been seen in adult patients with ataxia-telangiectasia [45].

Cytogenetically, T-PLL is characteristically associated with rearrange-
ments of chromosome 14 involving the TCRa/8 locus at 14ql1.2 and the
TCLI locus at chromosome 14q32.1, centromeric of the /GH locus, which
is located at the telomere at 14q32.3. These rearrangements take the form of
either t(14;14)(q11.2;q32.1)or inv(14)(q11.2;q32.1). They are not, however,
specific for T-PLL, and identical translocations and inversions have been
reported in T-cell precursor ALL. Cases which lack rearrangements of the
TCLI locus may exhibit rearrangement of the MTCPI gene, a protein homo-
log of TCL1, on chromosome Xq28 as either t(X;14)(q28;q11.2) or involving
the TCRp locus on 7q35 as t(X;7)(q28;q35). Acquired abnormalities within
the ataxia telangiectasia or ATM gene are common in T-PLL, and homozyg-
ous mutations and structural rearrangements within the gene may be seen in
most cases of sporadic T-PLL [46,47].

Despite the aggressive nature of the disease, there are no cell lines avail-
able from T-PLL. SKW-3 was derived from a 68-year-old Japanese man
with some form of mature T-cell leukemia, but whether or not this truly
represents T-PLL cannot be determined. There is no reference available that
describes the establishment of this line. Initially, SKW-3 co-expressed CD4
and CDS, as is seen in some cases of T-PLL, but with further in vitro growth,
expression of these molecules has been lost (Larsen et al. [25] and references
therein). This cell line is of some interest as it has a t(8;14)(q24.1;q11.2)
chromosomal translocation involving the MYC oncogene on chromosome 8
with the TCRS/« locus on chromosome 14 [15,29,44]. This translocation is
therefore a variant of the MYC translocations involved in Burkitt and other
forms of mature B-cell malignancy that involve MYC with the various im-
munoglobulin loci. Chromosome abnormalities of chromosome 8, but not
usually translocations involving MYC, are seen commonly in T-PLL.

A related cell line may be the Kit-225 cell line, which was also derived
from an elderly Japanese man with T-cell lymphocytosis [19]. This cell line is
rIL2 dependent and has a complex karyotype with, like SKW-3, a breakpoint
on chromosome 3q27. Both Kit-225 and SKW-3 are HTLV-1 negative.
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We have examined some of the derived T-cell precursor
ALL/lymphoblastic lymphoma cell lines with either inv(14) or t(14;14)
to determine if any of these might have been derived from patients with
T-PLL. SUP-T11 (Chapter 4) for example was derived from a 78-year-old
man in whom the diagnosis of T-PLL might be anticipated. However, this
cell line has the phenotype of TCP-ALL. HT-1 is another TCP-ALL cell line
with inv(14) [1]. It has been claimed that it is possible to grow T-PLL cells
in immunodeficient mice although, despite repeated attempts, we have been
unable to grow xenografts. The development of a T-cell lymphoproliferative
disorder similar to T-PLL in mice transgenic for the TCLI oncogene may
allow further advances in our understanding of this disease.

3.1.3. T-Cell Large Granular Lymphocytic Leukemia (T-Cell LGL)
This disease is characterized by the cytological appearances of the malig-
nant cells within the blood and marrow. There are T-cell (sCD3+ve) and NK
(sCD3-ve) forms of the disease. Patients present with only mild lymphocyt-
osis and often with cytopenias. Lymphadenopathy is uncommon. Clonality
studies are therefore essential to demonstrate this leukemia. The disease
usually follows an indolent course, although the NK form may be more
aggressive. There has been no consistent cytogenetic abnormality detected.

No typical human T-cell LGL cell lines have been reported, although cell
lines with an NK-LGL phenotype exist (Chapter 4). Interestingly, 50% of
the Fisher strain of laboratory rats develop T-cell LGL and cell lines have
been derived. The nature of the genetic abnormalities underlying this remains
unknown. One IL-2 dependent cell line (EBT-8) has been derived from a pa-
tient with Epstein—Barr viral-associated disease. Although described as LGL
and although the phenotype of the cells is consistent with this diagnosis, the
presence of EBV in the cells is not characteristic.

3.14. NK/T-Cell Leukemia/LLymphoma

These malignancies co-express differentiation antigens of both T-cell and NK
lineages. Some of these are EBV positive and are mentioned below. Others
are EBV negative and often pursue an aggressive and leukemic pattern. They
can be distinguished from malignancies of the NK lineage by the presence
of clonal TCR gene rearrangements. A cell line (MTA) from one such patient

has been described and may be useful in determining the pathogenesis of this

disease [13]. This cell line co-expresses CD2, sCD3, CD4 and CD56 and has
clonal TCR rearrangements.
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3.1.5. Sézary-Cell-Like Leukemia
This disease is very rare and related to T-PLL. No cell lines are known to
exist, although the HUT-78 cell line, with its highly complex karyotype, may
have been derived from such a patient.

3.2. Nodal T-Cell Lymphomas

3.2.1. Nodal Peripheral T-NHL - Unspecified

This is something of a “waste-basket” for T-cell lymphomas that do not
readily fit into a more specific category and, unfortunately, is the largest
diagnostic group. There are no consistent immunophenotypic, cytogenetic
or molecular features. CD4 expression is more common than CD8, but ex-
pression of this and other T-cell differentiation antigens can change during
the course of the disease; loss or lack of expression of CD7 is common. Most
of the described T-cell lines fall into this category, although it should be noted
that the description of the cell lines is in nearly all cases inadequate in one or
more aspects and limited to a single report.

3.2.2. Anaplastic Large Cell Lymphoma (ALCL)

ALCL are characterized by chromosomal translocations involving the ALK
gene that encodes a tyrosine kinase and is located on chromosome 2p23.
The most common translocation is the t(2;5)(p23;q35), which involves ALK
with the nucleophosmin or NPM gene on chromosome 5. Unlike most other
translocations that are specific for one hematopoietic lineage and often for
one specific disease, ALK translocations are seen in lymphomas of both B and
T-cell lineages. There are several ALK+ve T-cell lines available: these are dis-
cussed in Chapter 11. It is noteworthy that the cell line HPB-MLp-W, derived
from a patient with a poorly characterized T-NHL, expresses CD30. This cell
line does not appear to show the karyotypic changes typical of ALCL, but it
has not been studied with modern cytogenetic methods. Whether it expresses
ALK has not been established.

3.3. Extranodal T-Cell Lymphomas

3.3.1. Miycosis Fungoides/Sézary Syndrome

This is primarily a cutaneous disorder. Mycosis fungoides often presents with
localized skin lesions and pruritus. Sézary syndrome may be considered as
the leukemic manifestation of Mycosis fungoides, although there may also be
lymph nodal involvement. Transformation to large-cell T-NHL may occur in
about 10% of patients. Most, if not all cases are CD4+ve and lack expression
of CD25. Association of MF/SS with retroviruses has been claimed, but has
not been confirmed in large studies.
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The HUT-78 cell line was derived from a patient with typical Sézary syn-
drome and exhibits a number of interesting features. It is the only malignant
lymphoid cell line to express large amounts of the CAMPTH-1 (CD52) anti-
gen. This molecule, whose functions are unknown, is expressed at very high
levels (> 5 x 10° molecules per cell comprising about 2% of the cell surface)
on nearly all malignant lymphocytes of both T-cell and B-cell lineages and
has been used as a target for antibody therapy. However, for reasons which
remain obscure, the protein is lost during in vitro culture in most cell lines
with the exception of HUT-78, which retains levels of expression comparable
to those seen in vivo. HUT-78 is therefore useful in modelling therapy with
CD52 antibodies.

HUT-78 exhibits an extermely complex karyotype which has not yet been
adequately studied [9]. Nevertheless, molecular studies have shown a number
of interesting abnormalities, although none are characteristic of “regular”
Sézary syndrome. Firstly, HUT-78 exhibits a potent synergistic combination
of deregulated MYC expression and p53 mutation [10] that may explain
the rapid growth of the cells. The MYC expression derives from a chro-
mosomal translocation t(2;8)(q34;q24) involving the MYC oncogene with a
novel locus, TCL4 on chromosome 2q34 [14]. Both the MYC translocation
and the p53 mutation (analogous to that seen in Burkitt lymphoma) appear
to be unusual events in the pathogenesis of MF/SS and indeed of all T-cell
malignancies. The possible involvement of the TCL4 gene in other T-cell
malignancies remains to be determined.

HUT-78 also exhibits carboxy-terminal deletion of two molecules in-
volved in signal transduction. The NFkB2/Lyt-10 gene, which maps to
chromosome 10q24, was cloned through its direct involvement in the
t(10; 14)(q24;q32) seen in a subset of aggressive B-cell lymphomas (reviewed
in Neri et al. [35]). HUT-78 exhibits a carboxy-terminal truncation of this
molecule [48]. c-CBL, a ring-finger gene that maps to human chromosome
11g23.3 has also been shown to undergo deletion through rearrangement with
unknown sequences [6]. Neither genetic rearrangement appears to be com-
mon. Further molecular genetic dissection of the chromosomal abnormalities
of HUT-78 is warranted.

3.3.2. Enteropathy-Associated Intestinal T-Cell NHL

This disease is strongly associated with celiac disease (gluten-sensitive en-
teropathy) and appears to arise from T-cells present within the mucosa which
are predominantly CD8+ve/CD103+ve. Disease is usually localized to the
small bowel and patients may present with perforation or obstruction. At
least one cell line, (OCI-Ly 17) has been derived from a patient with this
disease, but it is poorly characterized and the clonal relationship with the
primary tumor was not demonstrated.
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3.3.3. Hepatosplenic T-NHL

Historically, this disease was described as a disease of T-cells of the TCRy /8
lineage although cases of the «/ 8 lineage have now been reported [11]. This
disease occurs mostly in young males, with marked hepatosplenomegaly
occurring in the absence of significant lymphadenopathy. There is a char-
acteristic immunophenotype: CD2+, CD3+, CD7+, CD56+ with expression
of TCRy /8 proteins. Isochromosome 7q(iso(7q)) has been suggested to be
a recurrent event [42,43]. One cell line (HPB-MLp-W) with this cytogenetic
abnormality, on the background of a highly complex karyotype, has been
reported. However, from the clinical data presented it is very unlikely that
the cell line was derived from a case of hepatosplenic T-NHL.

34. EBV-Related T-Cell Lymphomas

Although in lymphocytes EBV has been classically associated with infec-
tion of B-cells, it is now clear that EBV can infect T-cells through low
level expression of CD21 on these cells. In some cases this can give rise
to EBV-associated lymphomas. Syndromes include:

 Post-transplant T-cell lymphoproliferative disorders, although these
remain rare in contrast with their B-cell counterparts [17].

* Nasal T-cell/NK lymphomas are strongly associated with EBV. These
occur primarily in the Orient. There is one recently described cell line
(HANK-1), although from the presence of the germline 7CR genes it is
likely that the cell line belongs to the NK rather than the T-cell lineages
[22].

» Severe chronic active EBV infection leading to EBV-positive T-NHL
[22].

EBV positive normal T-cell lines have been described. The EBV-
associated LGL cell line EBT-8 has been mentioned above. Details of the
EBV-positive DEGLIS cell line which co-expresses T-cell and B-cell lineage
antigens and exhibits a most unusual combination of TCR and IG gene re-
arrangements are given in the tables. The cell of origin of this apparently
unique cell line is not known, but the authors suggest that it arose in a “cell
broadly committed to the lymphoid lineage”.

4. CELL LINES DERIVED FROM PATIENTS WITH
MATURE T-CELL MALIGNANCIES

There are at least two problems in discussing cell lines derived from patients
with mature T-cell malignancies. Firstly, the classification presented above
is recent, and therefore the precise categorization of cell lines established
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several years ago may not be possible. Thus, there may be some confusion
between cell lines derived from patients with T-cell precursor ALL, T-cell
lymphoblastic lymphoma and post-thymic T-cell leukemia. Although im-
munophenotypic studies may allow clarification, changes associated with in
vitro culture may obscure the precise derivation. Some T-cell malignancies
lose surface antigen expression with in vitro culture (see for example Ohno
et al. [36]). As with B-cell malignancies, loss of surface antigen receptor
expression due to ongoing rearrangements or mutations at the TCR loci may
result in loss of surface CD3 expression and may cloud the issue. Secondly,
many of the cell lines listed have been inadequately studied both in terms of
expression of T-cell differentiation antigens and TCR gene rearrangements.
The latter demands the use of a series of probes to both the constant and join-
ing gene segments; a single probe is insufficient. Thus, in many cases, it is not
possible to determine the precise stage of T-cell differentiation from which
the cells are derived. In the case of PFI-285 and ST-4 it seems likely from
the immunophenotype (CD1 positivity and lack of HLA-DR expression) that
the cell lines were derived from a lymphoblastic lymphoma/ T-cell precursor
ALL rather than a mature T-cell malignancy.

Finally, most of the cell lines described have been derived from Oriental
patients where the pattern of T-cell disease differs substantially from that in
the Occident, are the subject of only a single report and their availability in
some instances is not known. There remains a requirement for cell lines from
many of the recently recognised diseases of mature T-cells.
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Chapter 11
Hodgkin’s Disease

Andrea Staratschek-Jox, Jiirgen Wolf and Volker Diehl
Department of Internal Medicine 1, HS16, University of Cologne, D-50924 Cologne,
Germany. Tel: +49-221-478-4400; Fax: +49-221-478-5455

1. INTRODUCTION

The microscopic appearance of Hodgkin’s disease (HD) tissue is a small
number of lymphoma cells, the so-called Hodgkin and Reed-Sternberg (H-
RS) cells, surrounded by a non-neoplastic cellular environment consisting
mostly of T-lymphocytes [47].

The first cell line (L428) was derived from a pleural effusion obtained
from a 37-year-old woman with relapse of nodular sclerosing Hodgkin’s
disease [52]. The L428 cell line was considered to be of H-RS cell origin
for the following reasons: the clonal cell population expressed the H-RS cell-
associated clusters of differentiation CD 15 and CD30, cytogenetic analysis
revealed a grossly aberrant karyotype, the cell line did not harbor EBV and
tumor development was observed in nude mice after intracranial inoculation.
These four criteria are used to judge whether the continuous cell line was
established from the HD cells. The establishment of such lines is a rare
event and only 17 cell lines have been described. One of these, known as
Co or Cole, is cross-contaminated and is in fact the T-ALL derived cell line
CCRF-CEM [15].

A cell line that grows out from a culture of HD affected tissue or effu-
sion does not, as a rule, represent an H-RS cell population, since other cells
present can give rise to a continuous cell line. For only one cell line, L1236
[69] was derivation from H-RS cells unequivocally demonstrated by ampli-
fication of identical Ig gene rearrangements from the cell line and from single
H-RS cells microdissected from a section of a bone marrow biopsy from the
patient [31]. For all of the other cell lines, there is no such authentication.

From one cell line (SBH-1), the histology of the lymphoma tissue was not
available [6], and thus there is no proof that the patient suffered from HD.
Another cell line, (HKB-1), was derived from a recurrence of HD in a patient
who initially presented with a large cell anaplastic lymphoma at the same

339

J.R.W. Masters and B.O. Palsson (eds.), Human Cell Culture Vol. III, 339-353.
© 2000 Kluwer Academic Publishers. Printed in the Netherlands.



340 Staratschek-Jox et al.

site [66]. Consequently, the cell line may have been derived from the ALCL,
rather than the HD.

The clinical characterization, immunophenotype, cytokine expression,
chromosomal aberrations and growth characteristics of the 16 cell lines
which may represent HD cells are summarized in Tables 1-5 and discussed
below.

2. CLINICAL CHARACTERIZATION

Two further cell lines (L591, L540) were established from HD by the same
group that developed 1428 [8]. The three lines were derived from pleural
effusions or bone marrow aspirate obtained from young women with pro-
gressive HD of nodular sclerosis subtype. A further 13 HD derived cell lines
have been reported, 11 of which were derived from young patients suffering
from nodular sclerosis HD, and in the other 2 cases, the line was derived
from HD of mixed cellularity. This reflects the incidence of the histological
HD subtypes among young adults, with most having nodular sclerosis HD
[2]. Like the first three cell lines, most of the subsequent lines grew from
HD-affected material obtained from pretreated patients during relapse or
progressive disease. Eleven cell lines were established from either pleural
effusion, pericardial effusion or peripheral blood (see Table 1).

3. IMMUNOPHENOTYPE

The vast majority of H-RS cells and the HD cell lines express CD30.
This antigen is also expressed on activated or transformed (with human T-
lymphotrophic virus-1 or Epstein—Barr virus) T and B lymphocytes [55],
activated [45] and differentiated macrophages [1], and on the tumor cells
of anaplastic large cell lymphoma (ALCL), which can also be called Ki-
1-lymphoma [43]. This reaction pattern makes CD30 antibodies a valuable
diagnostic tool. The CD30 antigen is a 120 kDa, membrane-bound, phos-
phorylated glycoprotein with a non-phosphorylated, 84 kDa, intracellular
apoprotein and a 90 kDa degradation residue released into the supernatant
[21]. Additionally, an independently synthesized 57 kDa intracellular mo-
lecule has the same antigenicity. The gene coding for CD30 has been cloned
and identified as a member of the TNF-receptor superfamily [16]. The CD30
ligand has also been cloned [57]. The interaction of CD30 with its ligand
is thought to be involved in the regulation of apoptosis and proliferation of
activated lymphatic cells.
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In addition to CD30, most of the H-RS cell lines express CD 15 and the
transferrin receptor (CD71) (see Table 2). Besides these, no characteristic
pattern of marker expression can be defined either for classical H-RS cells
or for the cell lines. 11 of the HD derived cell lines appear to be of B-cell
origin, while 3 of the lines show a T- cell phenotype, as defined by Southern
blot analysis of rearranged Ig or T- cell receptor (TCR) genes or expression
of the respective rearranged genes (see Table 1). One cell line, HDMyz, has
neither an Ig gene rearrangement nor a TCR rearrangement. In only 5 of
the 11 B-cell derived cell lines was expression of at least one B-cell marker
(such as CD 19, CD20 or CD21) and/or expression of Ig heavy and/or Ig light
chain constant region genes detected. In addition, most of the T- cell lines
do not express T- cell associated markers (such as CD3, CD4, CD5 or CD8).
In conclusion, in most cases, immunophenotype analysis does not define the
cell of origin either of H-RS cells or their cell lines.

4. CYTOKINE RELATED CHARACTERIZATION

HD shares many of the clinical and biological characteristics of an inflam-
matory process, including fluctuating fever, nightsweats and elevated serum
levels of IL-2 receptor [20]. In affected lymph nodes the H-RS cells are
surrounded mostly by T-lymphocytes [47]. This observation led to the hy-
pothesis that T-cells are attracted by cytokines secreted from H-RS cells. In
support of this observation, TARC expression was detected in 4 HD lines
[64]. TARC is a chemokine that attracts TH2-cells and its expression in H-RS
cells might account for the T-cell infiltration.

Cytokine expression in HD-derived cell lines is heterogenous, and most
cytokines are undetectable (see Table 3). Most H-RS cells and HD cell lines
do express IL-2R. Binding of IL-2 to the IL-2R leads to activation and cell
proliferation. Expression of TNFa and TNFB was observed in some of the
cell lines, and might account for the symptoms. TGFg is expressed in some
cell lines, and in H-RS cells in vivo may result in suppression of T helper cell
function.

S. GENETIC CHARACTERIZATION

Primary H-RS cells show numerical and structural chromosomal aberrations
in most cases [67]. However, no H-RS cell specific chromosomal aberration
has been detected [54,60,61], although cytogenetic analysis is difficult to
perform due to the scarcity of the cells. Cytogenetic analysis of most of the
HD derived cell lines has found grossly aberant karyotypes (see Table 4).
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In addition, many of the chromosomal partners involved in translocations
could not be identified using standard banding techniques. Since H-RS cells
are usually derived from germinal center B cells, the frequent occurrence
of chromosomal breaks within the chromosomal region 14q32 in both H-
RS cells [4,47] as well as in B-cell HD derived lines may be important.
The detection of chromosomal breaks affecting this region carrying the Ig
heavy chain locus is also a common feature of other lymphomas (for ex-
ample Burkitt’s lymphoma [58] and follicular lymphoma [63]. The changes
lead to oncogene deregulation; for example, c-myc in Burkitt’s lymphoma [5]
and bcl-2 in follicular lymphoma [62]. The characterization of translocations
involving 14q32 in H-RS cells may provide new insights into the mechanism
of transformation of H-RS cells.

6. FUNCTIONAL CHARACTERIZATION

In thymus aplastic T-cell deficient nude mice, HD-derived cell lines only
grow after intracranial inoculation [9] (see Table 5). In contrast, most of
the HD-derived cell lines grow in SCID (severe combined immunodencient)
mice after subcutaneous inoculation [65]. SCID mice, due to a genetic re-
combinase defect, lack functional T- and B-cells. The HD-derived cell lines
L540 [32], HD-MyZ [3] and L1236 [69] disseminate intralymphatically after
inoculation into SCID-mice. This experimental model for the in vivo growth
of H-RS cells has been used for the preclinical testing of new immuno-
therapeutic modalities, such as immunotoxins [68]. The histology of the
xenografts in SCID mice resembles that of anaplastic large cell lymphoma.
The typical features of HD, a few tumor cells surrounded by a large excess of
reactive cells, are not present. This difference is probably due to the absence
of T-cells in SCID mice, and is a major limitation of the model for HD.
The transplantation of biopsy tissue into SCID mice was unsuccessful, since
outgrowth of H-RS cells was never observed [33].

All HD derived cell lines but one (L591) are negative for the Epstein—Barr
virus (EBV) (see Table 5). This is in contrast to the detection of EBV in H-RS
cells in about half the cases of HD in industrialized countries [24].

7. PERSPECTIVES AND CONCLUSIONS

Microdissection of single H-RS cells from frozen lymph node sections and
the subsequent analysis of these single cells using polymerase chain re-
action (PCR) is allowing H-RS cells to be characterized genetically [36].
Analysis of rearranged immunoglubulin (Ig) genes shows that H-RS cells
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are clonally derived from germinal center B-cells in most cases [35]. Also,
somatic mutations have been detected, rendering potentially functional Vy
gene rearrangements non-functional, thus preventing Ig gene expression in
H-RS cells [35]. Since B-cells that do not express an antibody undergo
apoptosis within the germinal center, it was speculated that H-RS cells are
“crippled” germinal center B-cells that escape programmed cell death by a
yet unidentified mechanism.

The Ig gene rearrangement has been used as a clonal marker to detect H-
RS cells belonging to the same clone in other tissues obtained from the same
patient during the course of the disease. Using this approach, it was demon-
strated that H-RS cells clonally expand, leading to disseminated disease and
to relapse of the lymphoma after clinical remission. This approach was also
used to show that [.1236, which grew from the peripheral blood of a patient
suffering from relapse of mixed cellularity HD [69], is unequivocally derived
from the H-RS cells in that patient. Sequence analysis of the rearranged Ig
genes showed that Ig gene expression in L.1236 cells as well as in the H-RS
biopsy is prevented by a somatic mutation within the promoter region of the
potentially functional Vy gene rearrangement [27].

H-RS cells, in most cases, represent clonal B-cells. Therefore, the origin
of HD derived cell lines with a T-cell genotype remains to be elucidated.
Some T-cell derived HD have been described [37,56], although the finding of
rearranged T-cell receptor genes in H-RS cells is rare, even in those HD tis-
sues in which the H-RS cells express several T-cell associated marker genes
[37,56], Thus, the T-cell HD cell lines could also be derived from T-cells
surrounding H-RS cells.

The derivation of the cell line HD-Myz, which shows a non-T, non-B cell
phenotype [3], from H-RS cells is unlikely, since a myeloid derivation of
H-RS cells has never been proven.

The B-cell genotype by itself does not provide unequivocal evidence for
the derivation of HD derived B-cell cell lines from B-cell H-RS cells. It is
essential to show clonal derivation of each cell line from the H-RS cells of
the HD tissue of the patient from whom the cell line was derived.

Enrichment of H-RS cells has been achieved, providing viable purified
H-RS cell populations for analysis [25], and reducing the need for cell lines.
The broader application of molecular analysis of single microdissected H-
RS cells will provide new insights into the pathogenesis of HD and avoid the
possible disadvantages of analyzing cell populations that have been selected
during in vitro culture.
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1. INTRODUCTION

In the late 1970s, the application of the monoclonal antibody Ki-1 (CD30)
to anaplastic malignancies led to the recognition of a new entity of malig-
nant lymphomas, CD30 (Ki-1 antigen)-positive anaplastic large cell lymph-
oma (“Ki-1 lymphoma”, ALCL) [52,53], On the basis of conventional
histology alone, ALCL had previously been diagnosed as Hodgkin’s sar-
coma, malignant histiocytosis, malignant fibrous histiocytoma, or even as
non-hematopoietic malignancies such as undifferentiated sarcoma, undif-
ferentiated carcinoma, or amelanotic melanoma. These lymphomas were
recognized as a distinct entity of high grade B- and T-cell lymphomas in
the updated Kiel classification of non-Hodgkin lymphomas (NHL) [51] and
are included in the Revised European-American Lymphoma (REAL) clas-
sification as a type of high grade T-/null-cell lymphoma and as a variant of
diffuse large cell lymphomas of B-cell type [23]. As there is some overlap
with Hodgkin’s disease (HD), distinguishing ALCL with features of HD from
lymphocyte depleted HD is a matter of ongoing debate.

2. CHARACTERISTICS OF ALC LYMPHOMAS

Clinically, ALCL presents most frequently in lymph nodes, often with sub-

sequent infiltration of extranodal tissue. Among primary extranodal ALCL,

cutaneous lesions are the most prevalent. ALCL may arise secondary to HD,

lymphomatoid papulosis, mycosis fungoides, pleomorphic T-cell lymphoma
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or T-cell lymphoma of angioimmunoblastic (AILD) type. The age distribu-
tion of primary ALCL revealed a bimodal pattern similar to HD, whereas
ALCL arising simultaneously with or subsequent to other lymphomas
showed a single peak in the fifth decade [52,53].

Histologically, the tumors are characterized by a preferential perifollicu-
lar involvement of lymph nodes by tumor cells often growing in coherent
sheets with initial sparing of germinal centers, sinusoidal dissemination, and
occasional foci of necrosis. The tumor cell morphology comprises a spec-
trum ranging from large pleomorphic cells with abundant, often basophilic,
cytoplasm and irregularly shaped nuclei containing multiple small nucleoli
or a single prominent, often rod-shaped nucleolus, to cells with more regular,
rounded nuclei frequently containing a single nucleolus. The cells have a
high mitotic rate and in many ALCL cases multinucleated tumor cells, often
resembling Reed-Sternberg cells, may be found [52,53].

Unlike HD, where CD30 staining is a useful but not absolutely necessary
diagnostic adjunct, the diagnosis of ALCL by definition requires the expres-
sion of the CD30 antigen in all of the tumor cells. Other activation antigens
such as the low-affinity interleukin-2 receptor (CD25), class II histocom-
patibility antigens (HLA-DR), CD70 and proliferation-associated antigens
such as the transferrin receptor (CD71) are usually found on ALCL tumor
cells. Because activation antigens are not lineage specific markers, interest
has centered on the study of cell type characteristic molecules. Similar to
antigen- or mitogen-activated peripheral blood lymphocytes, which cease to
express CD45 molecules, the three forms of the leukocyte common antigen
(CD45, CD45RA, and CD45R0O) are variably expressed on ALCL cells.
Early lymphoid antigens present on precursor B- and T-cells, such as CD 10 or
terminal nucleotidyl transferase (TdT), or macrophage antigens, are usually
not expressed by CD30+ malignancies. ALCL of T-cell type occurs more
frequently than ALCL of B-cell type, and few cases do not express B- and
T-lymphoid marker molecules if a sufficient panel of antibodies is applied.
Primary cutaneous ALCL are generally of T-cell type [27]. T- and null-cell
ALCL have a phenotype of cytotoxic cells with expression of granzyme B,
T-cell-restricted intracellular antigen (TIA)-1 and granule membrane (GMP-
17) proteins as well as perform transcripts [19]. The clinical relevance of
these phenotypic details has been challenged by the finding of a generally
better outcome in primary ALCL of either T- or B-cell type, i.e., independent
of the immunophenotype, in adults as compared to other diffuse large cell
lymphomas [56].

In contrast to HD, which appears to be a neoplasm of constitutively
cytokine-secreting cells, a limited body of data is available on the expres-
sion of cytokines in ALCL. Although CD25 (IL-2 receptor)-positive, these
lymphomas do not express IL-2 [43], thus excluding the possibility of an
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autocrine regulatory loop involving that interleukin. Similar to HD, IL-6
expression is a common finding in ALCL [36]. IL-9 expression has been
found in a large proportion of HD cases and ALCL in the tumor cells, but
not in other lymphoid malignancies [37]. IL-9 expression has been con-
sidered a characteristic feature of CD30-positive lymphomas with possible
implications for autocrine growth control.

T-cell receptor gene rearrangements are the most frequent finding in
ALCL. A minority of cases show rearranged immunoglobulin genes, and
a few cases show rearrangements within both T-cell receptor and immuno-
globulin loci. However, in approximately 30% of the cases, antigen receptor
genes were found in germline configuration, although the cases had a tumor
cell content sufficient for reliable analysis of DNA extracts, suggesting that
some ALCL may represent genotypically immature lymphomas despite their
display of an activated lymphoid phenotype [27].

It is not surprising that a number of ALCL cases, usually of B- or T-cell
type respectively, are associated with the lymphotropic viruses, Epstein—Barr
virus (EBV) and HTLV (human T-lymphotropic virus)-I, because both vir-
uses are strong inducers of CD30 in lymphoid cells [3,25,28]. Moreover, the
predominantly perifollicular distribution of EBV-infected cells in infectious
mononucleosis tonsils mirrors the distribution of ALCL cells in early lesions.
The expression of the latent protein (LMP)-1, an EBV gene product with
transforming potential, and even of the nuclear antigen, EBNA-2, in occa-
sional cases of B-ALCL, suggested a potential etiological role for the virus
in a proportion of ALCL [25,33].

Cytogenetic analyses revealed involvement of a site at 2p23, often in a
reciprocal translocation involving chromosome 5 [t(2;5)(p23;q35)], unique
to ALCL associated with a T- or null-cell phenotype and genotype. The t(2;5)
fuses the ALK (anaplastic lymphoma kinase) and the NPM (nucleophosmin)
genes, leading to the formation of a chimaeric NPM-ALK-protein (p80) con-
sisting of the terminal portion of NPM linked to the cytoplasmic domain
of the neural receptor tyrosine kinase ALK [29,40]. It was subsequently
shown that retrovirus-mediated gene transfer of NPM-ALK causes lymph-
oid malignancies in mice, indicating that the translocation indeed resulted
in a dominant acting oncogene [32]. Moreover, the cloning of this novel
breakpoint provided the basis for detecting the t(2;5) by reverse transcription
of transcripts and subsequent polymerase chain reaction (RT-PCR) as well
as of truncated ALK transcripts and protein by in situ hybridization with
ALK-specific probes and immunohistology using polyclonal and monoclonal
antibodies, respectively. The occurrence in HD of the t(2;5) and transcripts
derived from the fused genes are a matter of scientific debate. On balance,
if it occurs in this context, the t(2;5) is a very rare finding in HD. The same
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seems to be true for lymphomatoid papulosis and primary cutaneous ALCL
[26].

Recently, variants of the t(2;5) were described which involve genes other
than NPM as partners for ALK, namely a t(1;2)(q25;p23), t(1;2)(q21;p23),
and t(2;3)(p23,921), all of which produce specific transcripts containing
a truncated form of ALK [39,47]. The cryptic inv(2)(p23q35) abnormal-
ity was found to define another subtype of ALK-positive ALCL [59]. In
t(1;2)(q25)(p23), the fusion partner was characterized as tropomyosin-3
(TPM3), which was previously found in papillary thyroid carcinomas where
it forms a fusion with the TRK kinase gene [34]. Moreover, using ALK-
specific antibodies, a novel subtype of diffuse large-cell lymphoma was
defined which displays expression of the full-length ALK kinase, but lacks
both the t(2;5) and CD30 expression [14].

3. DEFINITION OF ALCL CELL LINES

The phenotypic heterogeneity of ALCL calls for a restrictive approach to as-
signing a cell line to the group of bona fide ALCL cell lines. First, such lines
should display strong expression of CD30 protein. However, this feature is
shared with numerous leukemia and lymphoma cell lines, mitogen activated
lymphocytes as well as EBV—, HTLV-I/II-, and HHV-8-positive cell lines,
and is therefore not a sufficient criterion. Second, these lines should display
the t(2;5) or an equivalent variant translocation resulting in a constitutive
activation of the ALK gene. Because of the specificity of this abnormality
for ALCL, a cell line may be considered an ALCL cell line even if biopsy
material is not available for review. This could apply to a number of cell
lines derived from tumors diagnosed in the past as malignant histiocytosis
according to now obsolete classification schemes.

ALK-positive ALCL is a subset within the spectrum of these lymphomas.
Therefore, cell lines corresponding to ALK-negative ALCL without genetic
changes involving 2p23 presumably exist. However, in these cases the histo-
logical and phenotypic details should unequivocally meet all of the criteria
for the histological diagnosis of ALCL, and the cell elements in vitro should
closely mirror the phenotypic, genotypic and karyotypic characteristics of the
tumor cells in vivo.

4. ALCL CELL LINES

Similar to the HD-derived cell lines, the ALCL cell lines listed in Tables
1-5 were obtained mainly from effusions rather than from cultivation of
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disaggregated solid biopsy material. AMS3 was derived from a solid tissue
biopsy that was heterotransplanted into nude mice and passaged several times
prior to in vitro cultivation [50]. Many cell lines lead to tumor formation
when heterotransplanted into nude or SCID mice. For many of the cell lines
the currently published body of information is fragmentary. For example,
UCONN-L2 and L82 were briefly mentioned in reports focusing on cloning
of the t(2;5) breakpoint and on its expression in HD, respectively [40,41].
All of these cell lines share the characteristic translocation t(2;5)(p23;q35)
as evidenced by karyotypic analysis and/or, in cases of a cryptic t(2;5),
by analysis of NPM-ALK chimaeric gene transcripts. Moreover, expres-
sion of ALK gene products was also verified by in sifu hybridization with
ALK-specific RNA probes, and immunocytochemistry using ALK-specific
antibodies [24,46]. The cell lines lack all of those translocations frequently
found in germinal center cell, mantle cell, diffuse large B-cell, and Burkitt’s
lymphomas, such as t(14;18), t(11;14), t(3;14), t(3;22), t(8;2), t(8;14) and
(8;22).

5. IMMUNOPHENOTYPE

ALCL cell lines, by definition, express the CD30 antigen (“Ki-1"-antigen),
a member of the TNF receptor superfamily and receptor to the CD30 ligand,
CD30L. Paralleling the phenotype of Hodgkin- and Reed-Sternberg (HRS)
cells and HD-derived cell lines, other markers characteristic for mitogen-
activated lymphocytes (“activation markers”) are regularly found on ALCL
cell lines such as the IL-2 receptor (CD25, Tac antigen), the CD70 antigen
(“Ki-24”-antigen, a member of the TNF family and ligand to CD27), and
HLA class II-antigens (HLA-DR) (Table 2). The transferrin receptor (CD71),
a widely expressed proliferation-associated marker, is also found on virtually
all ALCL cell lines. CD40, another member of the TNF receptor superfam-
ily, is expressed by Karpas 299, but may not be common to all ALCL cell
lines because, and in contrast to HRS cells, less than 40% of ALCL biopsies
display CDA40 protein [9]. CD80 (B7 antigen), a co-regulator of T-cell activ-
ation in concert with CD86, was not expressed on three cell lines studied,
despite its apparently regular expression in ALCL as previously suggested
by Delabie et al. [12].

Although fragmentary in some instances, the published phenotypes of the
11 cell lines listed in Tables 1-5 reflect heterogeneous expression of T-, B-,
and/or myelomonocytic markers. CD3 and T-cell receptor (TcR) transcripts
or proteins are found in only a few of the lines, in some instances requiring
stimulation by phorbol esters, such as SR786 [54]. There are a number of dis-
crepancies between published phenotypic details and those evaluated at the



"PaIR[ap — ( ‘ouljuuaf — ) ‘paduerresr - y

Herbst and Drexler

uoIsnyy
83 O HS1 I g¥dL [enad TOTV pasdejos d+T 781
4 $2d %01 + 0r91 INdY apou ydwi| TOTV-L Arewud 8l TOTIV-NSM
«Joeq ay ut
0S o @IS Ul A[uo smos3  Jowm wo g X G, 10TV WEE ESINV
or $2d %S + Ve S,A0D0N TV pasdejas TT-NNODN
_.—o“mﬂ.r_.u
6v O HF[ 'O 9oL §2d %01 +0¥91 INdYI [eanafd suou 10V PIYD (b
o/ ¥7181 'O/ H3I s1s01490051Y
0Ty ‘00 FYL SOd %I+ 0v91 INdY auou leuSiew W/is gele]
pooiq
13 O H3[ ¥ FudL S04 %S1 + 0¥91 INdY [essydusd paoueApe “1DTV Wrtl odr
9/0 H31 'D/D TIdL py (dOHD) sisoifaonsiy
6¢ W 19E0L jewdsoiqued  Adesoyiowayd weusifew 46 IW-dNS
uolsny? ewoydwAj [[22-L
¥S'S D H31 Y d¥L SO %S1 + 0P91 INdY [ernapd agre] +1-1y Wil 89L4S
uorsnga Adespowayd ewoydwA] [j29-1
8l bR AN S2d %S1 + 0191 INdY Jeanapd QAISUXI opeI3 Y3y +1-1y W ST 66 sedrey|
0/0 HII'O/Y Z9¥oL uoIsnja (uoneuasaid paaes[d-uou ‘ewoyduwL]
6€°L191 ‘o 19921 S04 %01 + 0¥91 INdY (eanad 18) auou (122 a3ureg asnyip Wolt I-THA-NS
Jal SmEs ans Juaunean xas/a3e
Arewng awadueLear ¥y 1, ‘-3 wnipaw aimn) usunaadg SNOIA2LJ sisoudel(] wsney 12D
UONBZLIAIIRIBYD [RDIUI[D (SO [[22 TV ‘T 21912

360



361

CD30-Positive Anaplastic Large Cell Lymphoma Cell Lines

28pd 1xau uo panunuo?)

- + + + +++ A ans A + + 871
e + o+ +++ i+ — 4+ + + 1DIV-NSM
— — + + = +H+ H+ + + ESNY
_ - - 4+ +++ ++ + +  TT-NNODN
_ _ e e + - A+ . e + + A
_ _ _ — — - - + -+ + ++ A+ +++ + - + 1ad
_ _ _ + _ — . - A + & + 9df
i e - -+t HE b + + TN-dNS
s s - ¥ e - + + e, -+ +44 + + 98L4S
++ - — o+ + - - + -+ - s T s = +  + 667 sedrey
- - 4+ — — - i+ - 4+ =+ + + +  ITHA-NS

dSyad  eydD 8AD LD SAD  ¥AD  tdD  TdD SPAD MA-VIH 08AD [1LAD 0LAD STAD 0€dDd WiV (HSD (HD
SIayIew [[20-L SIayIewW sIjIewW uoneANDY  -WAN NIV 08d autf [[20

proydwA

1129 DTV Jo sonsuaereyo odfouayd 7 2qur



~
m uonesunwwod reuosiad ‘W "H [1+] 81
S szl TOTV-nSm
Jm [og] £SNV
m aseqeiep ZIWSA [1+'S1]  TT-NNODJN
S aseqeIep ZIWSA [6¢'S1] M-I
W aseqerep ZINSA ‘[Si'y] 13a
aseqerep ZINSJ ‘uonedmunwiwod reuosiad ‘doing H (vT's1] 9dr
l6€'s€] tN-dNS
[ps'si's) 98LYS
aseqEIBp ZNS( ‘uonediunwwod [euosiad ‘'doxingy ‘H (pZ'81'sI 667 sedrey
9SEqEIEp ZSJ ‘Uonedrunwwod reuosiad ‘doyma “H 6€'vT's1]  1-THA-NS
saoudIRYIY aul| 2D
31
- ++ - = - = = - TOTV-NSM
- - - ESINY
- - = - = = ++ + - TT-NNOON
- - ++ + - +++ - -+ b IR b |
- - ++ + - + = = - - - - 1ada
= = - ++ - = —/+ - odr
+ - - - - - - - IN-dNS
- - =+ + - + +++ - - + 93LUS
+ = - - = = - ++ + - - - - = - - 66C sedey
+ = = = B - - - - = = = - [FITHA-NS
YN Pedd 010D Y940 ££dD SIAD +#idD £I1dD 211dD qI1dD VISydo €2dD Tedd 1TdD 0zdd 61dD
SIajreW a0 sIjIEW Jojuagoly s1ajrew MAOUCWORAR sIyIeW [[20-g aulj (2D

362

(penunuod) -z aiqng



363

CD30-Positive Anaplastic Large Cell Lymphoma Cell Lines

(49

7 7129 “2Aw-2 TOTV-NSM
ESINY

v 40H Pw->  ZT-NNOOI{

6v'1 g1 A-TA
07’  ses-y ‘und-o ‘odw-o ‘gAwr-2 18J-2 ‘9-[9q swy-2 ‘0y-7-11I T4a

| A-PINL “H-9-T “0Y-C-T1 110 odr

I Swy-0 Y-0INL “9-9-11 ‘0d-T-11 “¥-1-T1 CN-dNS

SS'vS Sy sel-H ‘0Aw-d YD ‘vEDD UOH ‘FADL ‘T Pw-d ‘0Y-Z-TI 89L¥S
LS'SY'8 9-1°q 4OH PW-O ‘DY 66T sedrey
8l 9-1°9 OANL O~ L~ F1-1 Su-d “Y-0ANL “Y-9-T1 ‘0¥-2- T Y- 1-1T1 [-THA-NS
EN | sauagd Ju0-2 I9Yi0 Jo uoissardxy uo1ssa1dxa ouUad UML) uoissaidxa auag 101dadas sunjo1f) aul [12D

s1onpoid auag ouo-> pue J03dadal UNOIAD ‘JUTHOIAD 1S3UI| {10 DTV £ 21901



Herbst and Drexler

781
z —dor‘sy  TOTIV-NSM
0s (€zbe1b)9)Iop (sebiezd)(siTn AX ‘op ESNV
TT-NNODN
6y ($*7) ondA1d °zg Jo -ou [epour yim projdenaiopnasd T
(€1d)(61) ppe (€zb)(91)ppe ‘Tx(prbiizb) (eI (T 1d: 1ZbXE 1 N1 )10p
aseqeiep ZIWSA T-IX (1ZDXOT) PPE “Tx (1Tdiseb)(9I6N 0T+ ‘§1— ‘EI+ ‘01— ‘L+ ‘O+ 'S+ ‘C+ '€+ T+ ‘AXX<UE> (LL-bL) ¥L 194
(ODb(TD “(11bZED) 17 TN(12)19P
W ‘otb)sppe g1+ g+ “(sebigzd)cin(omop (11w Ib)(1zioMsEbiezdS TP I+ 'AX ‘6t 9dr
6€ (sebtezd)(G:on “(PEd)1IOP (3 pPb)E 11 oP+ ‘6— X+ ‘XX ‘Lt TN-dNS
(Z2DY1DPRP “TXE TIDXG Y 1E)9p/1 1d)(P1)PPE ‘(1€bEIB)(ET)Iop
TIXCLIbZEHTbNE L TDNZ1)I9P “Tx(4Td: 1 1D)(6: 1)1(6)19P (1Zb)(L)Iep ‘7x(sebiczd) (TS )1op
(ZTb)(W)1ep ‘Tx(+ 1bgzd)(@)aun(cebtezd) (S T)IoP (& 11D DWIap/T 1) 1IRp ‘(1 1b)(1)pPE
aseqelep ZWSd TRWG-Q+ ‘TT+ 61+ ‘81— ‘PI+ ‘€1~ ‘C1— B+ 'L+ 9+ 'S+ ‘p— T+ [+ XX<UE>HS-0L 89L¥S
I'1ib-zidzz(zomep:ggrew ([ 11biz1d)(zTip I Heibizrd)siicin
81 (ggidigzd)gien doa (g gebigezd)(gion doa (g 11d 1gd) (L1410 do1 72— ‘01— ‘AX ‘¥ 66¢ sedrey
(5t2n padue|eq jo sardoo omi sawwres (g 1bigTb)61:ZI)NZI)9p Yam [ps t(xa1b ¢ [b)(61)dnp ‘()91 )ppe
‘@idrDepe ‘Feb)znppe (Fid)onep (1zd)e)ppe “(z1d)(g)Ppe ‘z-1x(€Zb)9)Pp ‘zX(sebiczd)(sion
aseqeiep ZINSA ‘6€ (zd(DPp rwg+ ‘Iz+ ‘07— 61+ ‘81— ‘Ol— ‘TI+ ‘L— ‘G+ ‘¢+ ‘T+ I+ ‘KA— ‘XX<UE>(SL-LOWL [-THA-NS
‘Joy adK1oArey aanejuasaidoy aury (2D

364

uonBZURIORIRYD IN2U3T SauUl| 92 TV # 21981



365

CD30-Positive Anaplastic Large Cell Lymphoma Cell Lines

-asejeydsoyd proe JuejsisaI-alente] — Sy L Yoe|q uepns — ggs

taseprxoradofakui — QW ‘ouruoikd usaid [Ayow — O ‘asepruomon(3-g — DO (Pyos-proe orpouad — gvd ‘asepixosadoahw — QA aseIa1se 211208
-0I0Yd — gV7) toseralsa ayerkingiAyiydeu-eydie — gENV ‘oseimse aereoepAyiydeu-eydpe - Ty NV tosmeydsoyd sureype — 4Ty ‘esereydsoyd pioe — JOv

81
TOIV-NSM
anssn Jown) pajueid
0s -SuenolARY woy  paysiqeis? SNV
TT-NNODN
314 201w 2pnU Ul Pmoid Jowm + 2wzosA] ‘+ ANV (Y994 ‘TYNEd ‘[dN'D +Agd Y TL Ar-IA
(+) svd —IVTATLH
+0 pa1 [0 ‘-OdN ‘—3VD ‘—AIH ‘—8-AHH —ADH
aseqeiep ZWSA 301 PNU Ul PMOIT Jown (DAYNY ATV OV ‘~AgH ‘(—¥dgd3) -—A"d 4 0£-8I 1aa
aseqeiep ZWSA 201w IS Ul Ymoi3 Jowrm (—y399) —Ag3 8l odr
3y 81-¢1 TN-dNS
—I/T'ATLH ‘—AIH -8
Iseqerep ZINSA ‘AHH ‘—ADH "—A€H "—Agd 4 0g 89L4S
‘—JSEPIUIWEINW ‘—3SBISE]D I'AILH
‘—€4ds + SVd ‘—OdW ‘—3VD ‘—8-AHH ‘—~ADH ‘—Ag9H
Iseqelep ZIWSA ‘81 + HANV + VYNV + dOV (—dggd ‘-VNgd) —Agd 81 66 sedrey
—dVdl —4dds +Svd
+ OdI ‘+ dOW ‘—auikzosA] —IVT'A'LLH
+ 01D "-EAVD 4+ daNV ‘~AIH ‘—8AHH '—ADH
aseqeiep ZWSA 3011 apnu ul y1moIs Jowrm) 4+ HVYNV ‘—dTV + dOV ‘—AgH (—¥ddd) —Adgd Ty 81-S1 [-THA-NS
221w ol awn
3oy uonmuejdsuenoinsy AnsSnuayooi) SISO Sutiqnog aul 1)

UONEZLIDIORIRYD [BUOIIOUNJ SAUI[ [[32 )TV °C 21981



366 Herbst and Drexler

DSMZ. In part, these discrepancies may be related to differences in culture
conditions, such as differences in fetal bovine serum (FBS) supplementation,
and may merely reflect inducibility of certain genes.

Rearrangements of TcR genes are observed in most cell lines and correlate
with TcR gene expression in SR786 and Karpas 299. Expression of B-lineage
antigens CD 19 and CD20 is restricted to three of the lines, UCONN-L2,
KI-JK, and SR786; in the latter two, on a background of CD3 expression.
Immunoglobulin heavy or light chain expression was not observed, even in
DEL which carries a monoallelic IgH gene rearrangement [20]. Many of
the cell lines display a spectrum of myelomonocytic markers, most notably
CD11b (integrin M, CR3), CD 13 (aminopeptidase M), and CD33 (gp67
sialoadhesin). CD 15 (Lewis X antigen, X hapten) expression, which is de-
scribed as a distinguishing immunohistological feature of HRS cells, but not
of typical ALCL, is surprisingly found in the majority of the ALCL cell lines.
On balance, most lines can be assigned to a lymphoid, mainly T-cell lineage
on the immunophenotypic and gene rearrangement data.

Among markers typically expressed in ALCL biopsy material is epithelial
membrane antigen (EMA), an epithelial sialomucin encoded by the MUC1
gene on chromosome 1. It has been suggested that the t(2;5) might promote
in lymphoid cells, by an unknown mechanism, expression of EMA and of
CD30, also encoded on chromosome 1 [6].EMA is expressed on SU-DHL-I,
Karpas 299 and SUP-M2. Restin (Reed-Sternberg-cell intermediate filament-
associated protein) is found in HRS cells and ALCL in most instances, and
was also detected in Karpas 299 cells [13].

6. CYTOKINES, CYTOKINE RECEPTORS, C-ONC GENES

In contrast to HD-derived cell lines, few studies have described the expres-
sion of cytokines and cytokine receptors (with the exception of CD25, CD30,
CD40, CD70, see above) by ALCL cell lines (Table 3). Expression of inter-
leukin (IL)-2 was demonstrated for SR768 and may result in an autocrine
stimulatory loop. The same may be true for HGF (hepatocyte growth factor,
scatter factor) and its receptor, c-Met, in Karpas 299, SR768, and UCONN-
L2 [45]. Although the frequent expression of IL-6, IL-9 and IL-10 in HRS
cells and ALCL biopsy material might suggest that expression of these cy-
tokines may be a regular finding in ALCL cell lines, published data are
limited to a report of expression IL-10 transcripts in no more than 1% of SU-
DHL-1 cells [7], and to a paper describing the presence of IL-9 transcripts
in an ALCL cell line designated SKA (perhaps identical to SR768) [37].
Several ALCL cell lines, among them Karpas 299, JB6 and SUP-DHL-1,
were tested for CD30 ligand (CD30L) expression [21]. These lines did not
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express CD30L. However, some of the cell lines listed as ALCL lines were
probably EBV-positive lymphoblastoid cell lines obtained from ALCL tissue
(H. Merz, personal communication). In contrast to HD-derived cell lines, it
was found that CD30L produced antiproliferative effects in ALCL cell lines
that could be blocked by addition of soluble CD30 [22].

Among receptors that may engage in paracrine loops is the proto-
oncogene c-fms (CSF-1 receptor), displayed by SU-DHL-1 and DEL, and
the chemokine receptors CCR4 and CCRS, present on Karpas 299 [57]. The
cell line DEL has been studied more extensively for its expression of proto-
oncogenes, and c-fgr, Ki-ras, c-myb, and c-myc have been found [20]. The
significance of these findings is not clear. However, the expression of c-fgr
has been claimed to point to a histiocytic origin for DEL. c-kit, encoding
a membrane receptor tyrosine kinase, has been found in 11 of 16 ALCL
biopsies [44] and seems to be exclusive to this lymphoma and HRS cells
of HD. Corresponding data on ALCL cell lines are not yet available.

Interestingly, the zinc-finger protein Bcl-6, which has been identified in
a proportion of diffuse large B-cell lymphomas by virtue of its involvement
in translocations affecting chromosomal band 3q27, is often expressed by
ALCL, and has been demonstrated in Karpas 299, SU-DHL-1, and DEL [8].
The biological significance of Bcl-6 expression, which is physiologically re-
stricted to a small fraction of normal, resting CD4-positive T lymphocytes, is
currently unknown. It is speculated that it may be related to the maintenance
of the activated state [8]. Alterations of the PTEN tumor suppressor gene
were not observed in Karpas 299, JB6, SR786, or KI-JK, indicating that
abnormalities of the PTEN gene may not be relevant for ALCL [48].

7. VIRUSES

The association of ALCL with EBV has been documented by a number of
studies. EBV gene expression in rare cases of T-ALCL, virtually never t(2;5)-
positive, seems to be largely restricted to the EBV-encoded small nuclear
RNA transcripts, EBER-1 and -2, whereas B-ALCL additionally express
LMP-1. This is complemented by expression of EBNA-2 in a few cases, pro-
ducing the phenotype of EBV-immortalized lymphoblastoid cell lines (type
III latency). Unexpectedly, the cell line KI-JK, established from an ALCL of
a child, displayed the full spectrum of latent EBV gene expression as well as
NPM-ALK fusion transcripts and p80-specific immunostaining [15,49]. This
finding underlines previous suggestions that EBV may be an etiologic factor
relevant for at least a proportion of ALCL cases.
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8. ALK-NEGATIVE ALCL CELL LINES

Few cell lines that have been considered to represent in vitro equivalents of
ALCL have been reported, and none have been widely used. The cell lines
McG-1 and McG-2 (also known as Mac-1 and Mac-2; [10]) were estab-
lished from a patient with CD30-positive cutaneous T-cell lymphoma [31].
For the two cell lines, FE-PD and HKB-1, the derivation from either ALCL
or HRS cells is not clear. FE-PD displays a t(1;8) and carries, with its im-
munoglobulin genes in germline configuration, a TcRA rearrangement [11].
HKB-1 has been mentioned in the previous chapter on HD-derived cell lines
[58]. These lines should be used with hesitation when drawing conclusions
as to the distinguishing features of HD and ALCL. The cell line Michel, cited
in several papers by Gruss and co-workers, is (though CD30-positive) not an
ALCL cell line. Rather, it is an EBV-positive lymphoblastoid cell line (H.
Merz, personal communication), and conclusions drawn from published data
on the use of this cell line require particular caution.

9. CONCLUSION

ALCL cell lines have been instrumental for cloning of the genes involved
in the t(2,5) and have served as controls for subsequent studies on biopsy
material. Future studies may center on the definition of differences from
HD-derived cell lines that may ultimately help to elucidate the molecular
mechanisms leading to the diverse morphology and clinical presentation of
the CD30-positive malignancies, HD and ALCL [27].
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Chapter 13

Authentication and Characterization

Roderick A.F. MacLeod and Hans G. Drexler
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38124 Braunschweig, Germany. Tel: +49-531-2616-160; Fax: +49-531-2616-150;
E-mail: rml@dsmz.de

1. BACKGROUND

Despite their many and varied origins from different stages and pathways of
differentiation, human hematopoietic tumor cell lines outwardly betray little
of their individual characteristics. These characteristics must be elucidated
by performing a battery of assays before the derivation can be confirmed and
the potential value of the cell line assessed. In addition, given the unaccept-
ably high incidence of cross-contamination occurring among new cell lines
[22,57], originators must prove authenticity.

The most versatile and informative tests for hematopoietic cell lines are
immunophenotyping and cytogenetic analysis. While some characteristics of
tumors are almost invariably retained by derived cell lines (such as primary
chromosome rearrangements), others may change during disease progression
or undergo apparent modification in vitro (such as immunoprofiles, which
may not coincide in every detail). Thus, rather than passively adopting the
diagnosis provided for the donor patient, classification of hematopoietic cell
lines must take into account the results of characterization, possibly resulting
in subsequent reassignment to a different lineage.

The emergence of a correlation between the morphological French-
American-British (FAB) system subdividing AML [3] and the results of
cytogenetic investigation encouraged the subsequent scheme widely adop-
ted for classifying lymphoid malignancies — Morphologic, Immunologic,
Cytogenetic (MIC) — to incorporate chromosomal findings. Where a particu-
lar chromosome rearrangement exhibits unusual consistency and specificity,
the existence of that rearrangement (whether diagnosed cytogenetically or
by PCR) is the main diagnostic criterion, as for example the presence of
t(11;14)(q13;q932) in mantle cell lymphoma, or t(2;5)(p23;q35) in anaplastic
large cell lymphoma (ALCL).
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The presence of a particular chromosome change provides strong evid-
ence that the original tumor and its derived cell line share common ancestral
origins. By the same token, the failure of a cell line to retain a primary chro-
mosome change previously detected in the donor patient makes a common
origin highly unlikely, thus permitting reactive host and neoplastic cells to be
distinguished.

It is seldom sufficiently appreciated that a significant number of cell
lines have been misclassified or misidentified completely due to cross-
contamination by another cell line. Provision of adequate evidence of authen-
ticity is often crucial to understanding the significance of findings obtained
using cell lines. For instance, the most frequently cited human endothelial
cell line, ECV-304, is spurious, having been cross-contaminated by the
bladder cancer cell line, T-24 [15].

Cell lines bearing rarer recurrent chromosome translocations constitute
an irreplaceable resource for cloning the genes involved and mapping re-
arrangements at the molecular level. Analysis of cell lines described prior to
the advent of molecular cytogenetics has identified several such lines.

This chapter will deal with the detection and identification of false cell
lines using both DNA profiling and cytogenetic methods, and illustrate some
uses of cytogenetics in characterizing human hematopoietic tumor cell lines.

2. AUTHENTICATION

A chronic problem in cell culture, which extent is seldom fully appreciated,
is the cross-contamination of one cell line by another [58]. According to
a recent survey, performed using the most sensitive identification methods
currently available, approximately one in six new human tumor cell lines are
impostors, having been cross-contaminated by other cell lines [57]. Although
the problem among human hematopoietic cell lines is of comparable mag-
nitude, the greater availability and informativeness of karyotypes among this
group may facilitate the speedier detection and removal of false examples
[22]. The vast majority of cross-contaminations in our survey involved in-
traspecies contamination of one human cell line by another. Another survey
concluded that about a third of cell lines in circulation were false [39].

The number of human leukemia-lymphoma cell lines is estimated at more
than one thousand [19], indicating the high level of sensitivity to be deman-
ded of any system adopted for detecting and identifying cross-contamination
by recipients of cell lines. Unfortunately, the number of cell lines which
may be confidently identified from published references is limited. Rapid ad-
vances in molecular genetics have hitherto hampered the general adoption of
standardized DNA fingerprinting methods for cell line authentication, and in-
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formative published DNA fingerprints are still conspicuously rare. Although
detailed karyotypes are increasingly provided for many cell lines, most pre-
date the advent of sensitive molecular methods such as fluorescence in situ
hybridization (FISH) needed for interpreting all but the most straightforward
structural chromosome rearrangements. As a result, karyotypes of a signific-
ant number of the older cell lines may be incomplete or even misleadingly
inaccurate.

The paucity of reports documenting the provenance or authenticity of
cell lines suggests a lack of general awareness of the extent of cross-
contamination among contributors and editors alike. Confirming this view,
and despite the rapid expansion in the numbers and varieties of available
cell lines, many of the same contaminants are involved as when the prob-
lem was first encountered some twenty years ago. The vast majority of
cross-contamination occurs intraspecies, with a distinct tendency for the
contaminating cell lines to mimic the supposed attributes of their targets,
While deliberate fraud cannot be excluded, our experience indicates that
carelessness prevails over deceit as the main cause of the problem.

2.1. Distortions Attributable to Cross-Contaminated Cell Lines

U-937, a misidentified cell line masquerading as a representative in vitro
model of macrophage-monocyte differentiation, was widely distributed be-
fore cross-contamination by the chronic myeloid leukemia (CML) cell line
K-562 was discovered [77]. Misidentified samples of U-937 and many other
cell lines have been used in countless published studies, but in contrast to
other types of scientific fraud, reports are rarely retracted or publicly qualified
in the light of the use of the false cell line.

A second type of error occurs when misidentification involves mischar-
acterization. This error is most problematic when the disease has few in
vitro models, and so the reporting of inconsistent data is less apparent.
For example, one study of Hodgkin’s disease (HD) was in fact carried out
using a T-cell acute lymphoblastic leukemia (ALL) cell line [30] and an-
other contamination involved the well-known acute megakaryocyte leukemia
(AMegL) cell line, DAMI [32], now known to have been cross-contaminated
at initiation [56] by the classic erythroleukemia cell line, HEL [59]. Unfortu-
nately, at the time, DAMI was one of few AMegL cell lines freely available,
having been deposited by its originators with the ATCC, resulting in its rapid
and widespread distribution. DAMI continues to be used despite its fictitious
claim to represent AMegL, registering more than 100 retrievable citations
on Evaluated Medline, which is an underestimate of the actual usage. Given
their close developmental proximity, it is likely that many findings performed
using erythrocytic cells are indeed applicable to megakaryocytes: hence, it is
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doubly unfortunate that, had its true origin been known at the time, the valid-
ity of many experiments inadvertently performed using the DAMI-subclone
of HEL would have remained untainted.

Misclassification may also occur in the absence of cross-contamination.
Perhaps the most widely used and best-known hematopoietic cell line is HL-
60, described as originating from a case of acute promyelocytic leukemia
(AML-M3) [10,29] — a misclassification which persists despite having been
revised on morphological grounds to AML-M2 by the original investigators
[11]. This reassignment gains crucial support from the results of cytogenetic
investigations confirming the absence of t(15;17)(q22;q21), a rearrangement
confined to AML-M3 and now known to occur in practically all cases with
this disease subtype [5,49].

A further type of distortion occurs with the unwitting use of misidentified
subclones. For example, the observation of induction of RALDH?2 expression
by TALI in T-cell leukemia was based on inducibility in “both” CCRF-CEM
and MKB-1 cell lines [74] the latter being, unknown to these authors, a sub-
clone of the former (Table 1). This type of distortion may lead to ill-founded
conclusions. For example, a novel leukemia subtype was identified by the
occurrence of molecularly identical chromosome translocations in three sup-
posedly independent acute leukemia cell lines NALM-6, PBEI and LR10.6
[94], subsequently shown to be genetically identical by both karyotyping and
DNA profiling [22,57]. Thus, both PBEI and LR10.6 are cross-contaminants
of NALM-6, the first of the three to be established and, thereafter, widely
distributed.

It is a cause for concern that false cell lines should remain undetected for
so long despite yielding inappropriate data. Is is likely that negative results
go unreported or, if reported, simply ignored. Those least likely to learn of
doubts concerning particular cell lines, such as beginners or associates, are
also those least empowered to act as “whistleblowers”, and there appears to
be a conspiracy of silence over this form of passive scientific fraud. Thus,
it is often left to cell repositories like the ATCC or DSMZ, which perform
multiparameter cell line authentication, to pronounce on matters concerning
the true identity of cell lines with any degree of objectivity [54].

Restrictions on distribution are also a barrier to authenticating cell lines.
By sidestepping checks by other users or cell repositories, restricted cell lines
may evade authentication altogether. For example, the singular and restricted
cell line AG-F [30], was purportedly established from an HD patient after
previous treatment for high grade neuroblastoma. Uniquely among hema-
topoietic cell lines, it was reported to retain the MYC-N amplification seen
in the tumor of origin, despite displaying a typical T-cell immunoprofile. The
well-documented karyogram accompanying the original description of AG-
F reveals a tetraploid karyotype which is an almost exact two-fold iteration
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Table 1. False or misidentified cell lines

False cell lines Actual cell lines
Name Classification Name Classification

(a) Cross contaminations occurring in originators’ laboratories:

207* BCP-ALL REH BCP-ALL

AG-F Hodgkin’s disease CCRF-CEM T-ALL

DAMI AML-M7 HEL AML-M6

ECV-304 endothelial T-24 bladder carcinoma
F2-4B6, F2-4E5 thymic epithelial SK-HEP-1 liver carcinoma

FQ, Rb, SpR Hodgkin’s disease monkey ?

HS-SULTAN multiple myeloma Jiyoye Burkitt’s lymphoma
J-111 monocytic leukemia HelLa cervix carcinoma
JOSK-I AML-M4 U-937 histiocytic lymphoma
JOSK-K AML-M5 U-937 histiocytic lymphoma
JOSK-M CML-BC U-937 histiocytic lymphoma
JOSK-S AML-M5 U-937 histiocytic lymphoma
LR10.6 BCP-ALL NALM-6 BCP-ALL

MKB-1 T-ALL CCRF-CEM T-ALL

MOLT-15 T-ALL CTV-1 AML-MS5
OCI-AML-12 AML OCI-AML-1 AML-M4

P1-4D6, P1-4ES thymic epithelial SK-HEP-1 liver carcinoma
SPI-801/802 T-ALL K-562 CML-BC

(b) Cross-contaminations occurring subsequently:

207§ BCP-ALL CCRF-CEM T-ALL

co Hodgkin's disease CCRF-CEM T-ALL

KE-37§ T-ALL CCRF-CEM T-ALL

KM-3 BCP-ALL REH BCP-ALL

MB-02§ AML-M7 HU-3 AML-M7

RC-2A AML-M4 CCRF-CEM T-ALL

The table lists some false cell lines of hematologic interest and the authentic prototypes from
which they are derived. Part (a) lists spurious cell lines, i.e. cross-contaminations known to
have occurred in originators’ laboratories and except where indicated (*) may be taken to
affect most or all stocks in circulation. Part (b) lists subsequent misidentifications probably
occurring in recipient laboratories, although only for those labelled (§) can the existence of
authentic stocks be confirmed. In most intraspecies contaminations, identities were confirmed
by both DNA profiling and cytogenetics. Modified from Drexler et al. [22] and MacLeod et
al. [57].
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of the major diploid clone present in the “classic” T-cell line CCRF-CEM
established some thirty years earlier and widely distributed [57]. CCRF-CEM
and AG-F are the only two cell lines reported to display t(8;9)(p11;p24),
pointing again to cross-contamination.

In the absence of a central register of cell line descriptors (DNA pro-
files and karyotypes), which might enable originators of cell lines and those
reviewing manuscripts to check for untoward matches indicative of cross-
contamination, false cell lines will continue to be described. There also
seems to be an information barrier concerning the existence of false cell
lines, perhaps because publication of cross-contamination incidents occurs
haphazardly and in specialist journals [58]. For this reason, the DSMZ will,
in future, list false cell lines on its website (www.dsmz.de). Secondly, even
widespread publicity may be insufficient in itself. Despite repeated alerts to
the risks of HeLa contamination and the availability of a variety of methods
for its detection, our data show it remains the most prolific contaminant,
at levels comparable to those reported 15 years ago. Thirdly, most reports
describing new cell lines lack DNA profiling to document identity with the
biopsy material, and detailed karyotypes are provided in few cases.

2.2. Prevention of Cross-Contamination

Some obvious precautions may be adopted to reduce the risks of receiv-
ing false cell lines. Cell lines are usually obtained from three different
sources: friends and colleagues, cell repositories, and the orginators them-
selves. While the originators might be thought to offer the most impeccable
provenance, this is the very group least likely to suspect cross-contamination.
Furthermore, cell lines obtained from originators are in about a third of all
cases contaminated with mycoplasma [90]. Cell lines obtained from friends
or colleagues compound the problems caused by originators by adding to
the risks of misidentification and cross-contamination at each remove. For
cell repositories, the obvious consequences of late discovery means that the
risks of cross- contamination among stocks distributed to investigators must
be kept to a minimum. This awareness has led such institutions to undertake
systematic identity testing programs among cell lines [35].

The risks of cross-contamination may be enhanced among unpublished
cell lines. Those expecting to acquire for the first time new or untested cell
lines from the originators can, and should, check if their genetic identity
with biopsy material has been confirmed. Failing that, a well-documented
karyotype, with accompanying karyogram, should be made available. Re-
ports claiming unprecedented success in establishing cell lines where others
have repeatedly failed should raise the suspicion of cross-contamination. For
example, the reported establishment of a large series of thymic epithelial cell
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lines by “spontaneous immortalization” [26] have now all been shown to
be identical cross-contaminants [57]. Reports describing the serial establish-
ment of several cell lines from the same type of tumor should be treated
with similar caution. In the same study, we found that multiple instances
of cross-contamination appeared to be clustered within certain institutions,
more than half arising within six laboratories. Untoward cytogenetic similar-
ities among cell lines of shared provenance is a further ground for suspicion
as, with few exceptions, notably t(8;14)(q24;q32) in cell lines derived from
Burkitt’s lymphoma and other B-cell neoplasms, or t(9;22) in CML cell lines
[18,20,21], recurrent chromosome changes usually occur too rarely in cell
lines to be a conspicuous feature. Reports describing consistent chromosome
changes should be treated with scepticism unless cross-contamination has
been excluded by DNA fingerprinting. The similar rearrangements described
in the four monocytic leukemia cell lines, JOSK-I/K/M/S, [72] were due to
multiple cross-contamination by U-937 rather than the operation of consist-
ent primary chromosome change. Instructively, the only sizeable panel of cell
lines whose establishment was verified by DNA profiling passing through our
hands [82] was also the only example totally free from cross-contamination
when retested by us.

2.3. Detection of Cross-Contamination

A further problem contributing to the difficulty of detecting intraspecies
cross-contamination is that, until recently, the necessary methods for its
accurate detection were unavailable. The first breakthrough came with the
discovery of stably inherited polymorphic variant satellite DNA regions
which led eventually to the development of forensic DNA profiling [42]. Spe-
cific probes for polymorphic single loci were used for cell line identification
by Masters et al. [60]. DNA profiling has three advantages. Firstly, it may
be used by originators of new cell lines to confirm the identity of a new cell
line with the primary culture or the biopsy material. Secondly, it may be used
to confirm that subsequent passages remain free from cross-contamination by
the simple expedient of comparing their DNA profiles with those of standards
prepared fom early passage material. Thirdly, it is now being used at the
DSMZ to detect false cell lines by comparing DNA profiles of candidate
cell lines during accession with those already held. The effectiveness of such
positive vetting relies on the construction of a searchable databank compiled
from DNA profiles stored on disk after digitization which is being made
freely available to assist other investigators wishing to check the identity of
their cell lines [16].
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2.4. DNA Profiling

A number of routine DNA profiling methods available for cell line authen-
tication rely on either Southern blotting or electrophoresed PCR products,
which detect one or more polymorphic loci to reveal “signature” profiles.
Traditional multilocus profiling by Southern analysis detecting restriction
fragment length polymorphisms (RFLP) potentially offers the highest levels
of discrimination but is relatively slow, requires more DNA, and is less repro-
ducible and more resource-consuming than PCR fingerprinting. In addition,
the multilocus profiles so generated are ill-suited to the automation essen-
tial for archival comparison, and important information conveyed by band
intensity levels may be lost on digitization, and undue weight automatically
attached to invariant high molecular weight bands. Single-locus profiling, on
the other hand, is flexible, as the desired sensitivity level may be tailored to
the needs of the user by judicious choice of allele number and, in addition,
the band profiles are ideally suited to digitization.

Before choosing a particular profiling system, two problems peculiar to
tumor cell culture must be considered. First, loss of heterozygosity (LOH),
taken to indicate the presence of tumor suppressor genes in the region af-
fected, is known to occur widely in many different types of tumor and derived
cell lines and, if chromosomally generated (for example by deletion or sis-
ter chromatid exchange), is likely to affect neighboring loci. A polymorphic
locus favored in identity testing, D17S5 (YNZ22), is located on the short-arm
region of chromosome 17 and may be lost together with TP53. Enhanced
LOH simultaneously reduces the numbers of alleles available for compar-
ison, encouraging “false positive” type errors. In addition, some cell lines
may be prone to LOH, as we and others have observed among different
samples of U-937 cells [57,84]. Curiously, the LOH we observed in U-937
occurred in samples obtained directly from its originator and affected all
four polymorphic loci tested: D1S80 at 1p35-36, ApoB at 2p23-24, D2S44
at 221, and D17S5 at 17p13.3, whereas indirectly sourced material (from
Japan) had retained heterozygosity at both D1S80 and D2544.

A second problem concerns the instability experienced by microsatellite
repeat loci in some tumor cells. It has been observed recently that microsatel-
lite instability and frameshift mutations in BAX and transforming growth
factor-g RII genes, though relatively uncommon in leukemias, may arise
within hematopoietic cell lines at establishment or during subsequent culture
[66]. We have observed significant variation in DNA profiles of (GTG)s
microsatellite loci between subclones of some cell lines, confirming that
instability may complicate identification based on microsatellite loci. In con-
trast to LOH, microsatellite instability tends to cause “false negative” errors
by disguising similarities between subclones. In the cross-contamination in-
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volving subclones of NALM-6 referred to above, microsatellite instability is
thought to have hidden the common identities of the cell lines involved (P.
Marynen, personal communication).

Taking these and other difficulties into account, for routine DNA pro-
filing of cell lines, we have adopted a system measuring RFLP affecting
minisatellite variable number tandem repeat (VNTR) loci by multiplexed
PCR amplification [16] based on the work of King et al. [45]. In this sys-
tem the number of polymorphic loci chosen for testing is tailored to the
required degree of sensitivity. The four VNTR loci used for routine DNA
profiling at the DSMZ are described in Table 2. Positive matches can arise
between candidate cell lines undergoing authentication and those previously
validated, usually suggesting cross-contamination of the former by the latter.
“False positives” are excluded by multilocus fingerprinting using the (GTG)s
microsatellite probe and by comparison with the results of karyotyping which
is carried out in parallel, principally for reasons of authentication.

In our experience, multiparameter authentication of human cell lines com-
bining cytogenetics with DNA profiling is not only prudent but, because the
two methods are complementary, may be the only way to detect and identify
the culprit cell line [31]. The principal objection to using cytogenetic meth-
ods for authentication, its lower cost-effectivness when compared to DNA
profiling, disappears if it is being used for characterization.

2.5. Cytogenetic Authentication

The human haploid karyotype has about 300 bands even in mediocre chro-
mosome preparations. Allowing for an observer error of plus/minus one

band, this resolves to about 100 microscopically distinct zones. Thus, a

conservative estimate of the number of different two break chromosome
rearrangements involving different chromosomes (i.e. most chromosome
translocations) that can be detected is in the order of 100 x 100 (i.e. 10,000).

Therefore, the chance of identical non-primary translocations arising by

chance in different cell lines is in the order of 0.01 % (1 in 10,000). In addition
to being invaluable for identifying cell lines and cross-contamination, it is

also possible to identify secondary translocations present in subclones, as
seen with CCRF-CEM (Table 1). This permits the subclones to be distin-

guished cytogenetically and is an advantage over DNA fingerprinting and
profiling.

The classic CML cell line, K-562, uniquely carries two marker chromo-
somes in which BCR-ABL fusion effected by t(9;22)(q34;ql1) is amplified
in tandem [18,21]. Their occurrence, therefore, in another pair of cell lines,
SPI-801 and SPI-802 [22], supposedly derived from T-ALL, is spurious and
actually due to cross-contamination by K-562 [31]. Unsurprisingly therefore,
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excluding autologous cell lines derived from the same patient and those with
near-normal karyotypes, no two tumor cell lines in the DSMZ collection are
karyotypically identical.

The main hindrances to using cytogenetics for identification are both tech-
nical and interpretational. Unlike DNA extraction and purification, for which
standard methods apply irrespective of cell type, those intending to obtain
usable chromosome preparations from cell lines must be prepared to try a
variety of methods (for example, the use of different hypotonic treatments).
Only after obtaining adequate chromosome preparations may the problems
of analysis be addressed. Cell lines show many different types of altera-
tion: primary changes affecting specific oncogene rearrangements, secondary
changes whose molecular consequences may be unknown but which are be-
lieved to promote tumor progression, random changes (for example due to
DNA instability), and those possibly associated with adaptation to growth in
culture. The most complex karyotypes among lymphomas and leukemias are
those derived from HD or AML-M7, respectively, in which full analysis may
be impractical even when augmented by FISH.

Under the common notation used for transcribing pictorial karyograms
into written format, the International System for Chromosome Nomen-
clature (ISCN), chromosome rearrangements (markers) unidentifiable by
banding analysis are binned together as “mar”, irrespective of size, shape
or form, reducing their informativeness for subsequent detection of unto-
ward karyotypic similarities (indicative of cross-contamination). Although
the compositions of marker chromosomes are theoretically solvable with the
help of FISH, in the absence of additional clues, trial and error may require
an impractical number of repeated attempts before the correct informative
combination of chromosome painting probes is arrived at.

However, the latest technical developments spawned by FISH obviate at
a stroke the necessity for such laborious and frustrating procedures. These
methods generally involve hybridizing chromosomes with sets of whole
chromosome (painting) probes combinatorially labelled so that each homo-
log (or part thereof) is identifiable via a unique spectral signature. This
requires the use of sensitive cameras and optical devices for distinguish-
ing the labelling spectra as well as specialized computer software. Spectral
karyotyping (SKY) utilizes interferometry and Fourier analysis of a spec-
troscopic image to assess the color composition of individual light pixels
[80]. Multiplex FISH (M-FISH) involves merging images for each of five
or more fluorochromes collected separately through the appropriate pass-
band filter sets [83]. In both systems, material originating from the different
homologs are pseudocolored to highlight their differences for subsequent
manipulation and documentation. Among more complex karyotypes, weeks
or even months of work and the materials needed for scores of experi-
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ments are therefore replaced by a single procedure. The relative advantages
and disadvantages of both systems have been discussed elsewhere [52].
Neither system dispenses with the need for conventional banding analysis,
however, as the chromosome painting probes used are not informative re-
garding the intrachromosomal locations of the rearrangements detected, and
although a multicolor FISH system with band-specific probes (exploiting
cross-hybridization with prosimian chromosome painting probes) has been
recently developed [68,69], it is probably unsuitable for tumor cell karyotyp-
ing as breakpoints juxtaposed by translocation may share common syntenic
origins and spectral signatures.

A second problem concerns so-called “chromosome instability”. Al-
though vanishingly few of the necessary longitudinal studies using cloned
cell lines have been reported, the charge of instability is widely voiced re-
garding cell lines. The existence in a tumor cell line of a complex series of
chromosome rearrangements, while often taken as evidence of “instability”,
is, of course, no proof that the rearrangements in question actually arose
in vitro. In fact, comparison of three highly complex cell lines (HDLM-
1/2/3) established independently from a patient with HD has revealed a
high degree of similarity indicating relative stability in vitro [57a]. It is
therefore probable that many instances of supposed chromosome instabil-
ity may be due to the differential expansion of clones which had acquired
their distinctive features in vivo. After comparing several subclones of the
classic T-ALL cell line, CCRF-CEM [28] whose identities were all con-
firmed by DNA fingerprinting, we observed minor distinctions between the
karyotypes in all examples except in one case (MKB-1) where the differ-
ences were extensive. MKB-1 is near-tetraploid and was reported to display
a complex series of changes: 89, XX, -X, -X, -2, -4, t(5;6)(q13;921-
23), add(7)(q35), del(7)(q22), -9, inv del(9)(ql?3-pl?3::ql?73-qter)[sic],
t(10;14)(q24;q11.2), del(12)(g21), del(13)(q12), dup(13)(g22qter), —16,
=20, 421, der(2Dt(21;21)(p11;q11), +22, del(22)(q11) by its originators
(renotated from Matsuo et al. [61]). On the other hand, CCRF-CEM and its
remaining subclones masquerading as 207, AG-F, KE-37, RC-2A, though
distinct, display relatively simple, closely related karyotypes including a
common change, t(8;9)(p11;p24) which is absent from MKB-1 (Table 1).
This discrepancy prompted our examination of early-passage stocks of
CCRF-CEM which revealed the presence of two distinct subclones, with
and without the t(8;9), which had expanded differentially to give rise to the
two families of subclones. Interestingly, Molenaar et al. [66] have shown
that MKB-1, unlike the parent CCRF-CEM, exhibits microsatellite instabil-
ity, suggesting a possible mechanism underlying its apparent chromosome
instability. It remains to be ascertained whether this is a general mechanism
leading to the acquisition of additional chromosome changes in vitro.
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Chromosome instability may not be a general feature of hematopoietic
cell lines, but some types of cell line, not necessarily those established the
longest, do have both aneuploid and structurally rearranged karyotypes. Our
experiences suggest that in the different lineages of hematopoietic tumor
cell lines, control of numerical and structural rearrangement has been relin-
quished differentially. Of all types of cell line, those derived from mature
B-cells retain the most stringent control of both ploidy and chromosome
structure, followed by T-cell lines which, though often tetraploid at later
passage, display relatively few structural rearrangements, while myeloid cell
lines tend to lose control of both — the most extreme karyotypic deviants
being those assigned to the erythoid-megakaryocytic pathway. Recent studies
have shown that numerical chromosome change, as well as structural changes
targeted at specific oncogenes, may be a key step in carcinogenesis [8,50,51].

The third main difficulty is that because of their complexity and unavoid-
able ambiguity in some cases, ISCN karyotypes resist digitization, preventing
the karyotypic identification of false cell lines by computer. The problems
inherent in the computerized “understanding” of written hematopoietic tumor
karyotypes have been summarized by Anthony Moorman who has written
some programs ([67]; A. Moorman, personal comm.).

The singular virtue of cytogenetics as applied to authentication is that
karyotypes, unlike DNA profiles, are increasingly published for new cell
lines by their originators and sometimes updated for older cell lines. Recently
published guidelines for describing newly established cell lines [23] stress
the importance of adequate cytogenetic documentation. By comparison of
the detailed and accurate karyotype prepared by its originators for the false
DAMI cell line [32] we were able to confirm that samples of DAMI held by
the DSMZ and ATCC truly represented the material described by its originat-
ors, thus proving that the similarity of DAMI to the classic HEL cell line [59]
shown by DNA profiling was due to cross-contamination by its originators
[56]. In this way, comparative cytogenetics was able to fill the gap occasioned
by the loss of stored early passage ampoules of DAMI which its originators
claimed was caused by the untimely breakdown of a storage freezer.

2.6. False Cell Lines

In our experience, the most likely contaminants to invade and take over
primary cell cultures are well known, long-established “classic” cell lines
[57]. It is scarcely coincidental that the “classic” T-cell line, CCRF-CEM,
has been instrumental in spawning so many impostors (Table 1). In addi-
tion to the above-mentioned karyotypically and genetically distinct MKB-1,
a further authenticated subclone is available which grows adherently, al-
most unprecedented among hematopoietic cell lines. In addition to seniority



384 MacLeod and Drexler

and ubiquity, CCRF-CEM displays the unusual, though dubious, virtue of
thriving at clonal cell densities, heightening the risk of transmission by, for
example, aerosols. Other prolific cross-contaminants affecting cell lines of
interest in hematology (Table 1) include U-937 and the SK-HEP-1 liver
cancer cell line, which we have shown to be the source of a large series of
supposed thymic epithelial cell lines [57].

In the absence of previously published data, information relevant to au-
thentication is also afforded by characterization (see below). Table 3 lists
hematopoietic cell lines with recurrent primary chromosome changes and
shows how, within the limits of incompleteness, some recurrent transloca-
tions are sufficiently rarely represented to be of value in identification.

2.7. Interspecies Cross-Contamination

Among the earliest well-known instances of cross-contamination affecting
hematopoietic cell lines is the curious case of several purported HD cell lines,
FQ, Rb, and SpR, which were subsequently instead shown to be of simian
origin [34]. According to our survey, although the vast majority of cross-
contamination affecting human tumor cell lines occurs intraspecies, there
is some evidence that interspecies contamination may come to predominate
downstream when a greater variety of cell lines than those present within the
parent laboratory may be encountered [39]. Equally, interspecies contamin-
ation should be easier to detect than that occurring intraspecies. A simple
and relatively inexpensive method for its detection by isoenzyme analysis
is discussed by Steube et al. [85]. As with most electrophoretic methods,
the cost effectiveness of isoenzyme analysis disappears unless batch test-
ing is performed. For those wishing to detect individual instances therefore,
cytogenetics is the obvious alternative, though some familiarity is required
with the chromosome banding patterns of human and the more common
animal cell lines, including rodent, ungulate and primate. Murine cell lines
are statistically the most likely animal contaminant: mouse chromosomes
distinguish themselves from human chromosomes at a glance by virtue of
their morphology: telocentric (or Robertsonian fusions thereof) with unmis-
takeably dense G-band positive paracentromeric heterochromatin, apparent
after G-banding [81].

3. CYTOGENETIC CHARACTERIZATION

The notion that tumor cells tend to carry chromosome changes long predates
the advent of molecular cytogenetics. Over a century ago, von Hansemann
proposed that aberrant mitoses might be typical of cancer cells [92]. The
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introduction of chromosome banding in the 1970s soon revealed the identit-
ies of consistent chromosome changes identified in the previous decade in
CML and the precise localization of the chromosome breakpoints involved.
With hindsight, it is clear that those who looked for consistent chromosome
changes among hematopoietic malignancies were fortunate in their choice of
disease as, along with tumors of the nervous system, these display specific
changes with the greatest frequency and consistency [36]. It seems that one
class of consistent chromosome rearrangement, the balanced translocation,
whereby material is reciprocally exchanged between chromosomes from
different homologous pairs with highly conserved breakpoints on each of
the two chromosomes involved, is typical of hematopoietic neoplasms [64].
Investigation of these translocations (including the functionally equivalent in-
versions) has illuminated the central role played by genie alteration in cancer.
Recurrent translocations effect the fusion of specific pairs of oncogenes, one
of which is usually a transcriptional activator. These translocations exhibit
remarkable specificity for hematopoietic cells blocked at different stages of
differentiation [53], explaining the special power of cytogenetics in char-
acterizing this class of cells. A list of cell lines known to carry recurrent
translocations leading to known gene fusions is presented in Table 3.
Two types of fusion may be distinguished:

(a) juxtapositional, whereby proteins (typically transcription factors) are ac-
tivated by being brought under the influence of the promoter regions
of constitutively active genes. Examples are the immunoglobulin heavy
chain genes — at 2p12 (IGK), 14932 (IGH), or 22q11 (IGL) — in B-cell
leukemia-lymphoma, and the T-cell receptor genes — at 7q35 (TCRB) or
14q11 (TCRA/D) - in T-cell leukemia-lymphoma.

(b) chimeric, whereby some of the exons from both participant genes are
transcribed into a single mRNA and translated into a single novel pro-
tein. The latter are found across a wide variety of hematopoietic, and
a few solid, tumors and derived cell lines. Examples are REH with
t(12;21)(p12;921) causing TEL-AMLI fusion in BCP-ALL [89]; MONO-
MAC-6 with t(9;11)(p21;q23) causing MLL-AF9 fusion in AML FAB-
MS [55]; and KARPAS-299 with t(2;5)(p23;q35) causing NPM-ALK
fusion in ALCL [14].

The simultaneous demonstration of identical recurrent chromosome re-
arrangements in both the biopsy and in a derived cell line is overwhelming
evidence of a shared clonal relationship. The availability of hematopoietic
malignant cell lines bearing recurrent translocations has played an important
role in advancing these studies. In some cases, cell lines known to carry the
chromosomal rearrangement in question were used for cloning the translo-
cation breakpoints. Examples are K-562 for BCR-ABL in t(9;22)(q34;q11)
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[37], NB-4 for PML in t(15;17)(q22;q12-21) [24], and KASUMI-1 for ETO
in t(8;21)(q22;q22) [65].

It is not possible to discuss how cytogenetic characterization has contrib-
uted to the characterization of all types of cell line listed in Table 3. However,
consideration of one of the largest cytogenetic groups, cell lines with t(9;22),
a typical cytogenetic feature of two distinct neoplasms, CML and ALL, is
instructive and illustrates how the characterization of hematopoietic cell lines
is related to chromosome and related gene changes [21]. In addition, the way
in which cytogenetics may be used to characterize cell lines derived from
tumors in which no recurrent change is known is discussed with reference
to Hodgkin’s disease. Finally, some cell lines which have been incorrectly or
incompletely characterized cytogenetically are referred to briefly.

3.1. t(9;22)(q34;q11) Cell Lines as Models

An example of a cytogenetic change occurring in more than one distinct
category of hematopoietic neoplasm is the t(9;22) which, together with
t(8;14)(q24;932) in B-cell leukemia- lymphoma, is the translocation studied
in most detail at the molecular level. The der(22) partner of this reciprocal
translocation was the first somatic chromosome change specifically associ-
ated with any tumor [71] and designated the “Philadelphia chromosome”
(Ph). However, it was not until the advent of chromosome banding that
the rearrangement was seen to be a reciprocal translocation [79], marking
a milestone in cancer cytogenetics.

(9;22) is primarily associated with CML and occurs in more than 95%
of all cases, including a minority where the translocation may be cryptic
(due to a genomic insertion) or masked by the involvement of one or more
additional chromosomes [43]. However, the t(9;22) rearrangement is also
the single most frequent acquired cytogenetic alteration in ALL [4] and
has been also recorded in rare cases of AML (Table 3). In addition, two
B-lymphoblastoid cell lines with t(9;22) have been described: SD-1 from
blood taken from a patient at diagnosis of ALL [13], and PhB1 from a pa-
tient with CML in blast crisis [47]. No other leukemic translocation targets
such a wide variety of cells, implying the occurrence of t(9;22) at primitive
stages during hematopoietic differentiation, a conjecture supported by the
observation that transgenic mice with BCR-ABL may develop either myeloid,
or B/T-cell lymphoid leukemias [75]. This lineage diversity is also an indic-
ation that BCR-ABL fusion is in itself insufficient to induce full neoplastic
transformation with differentiation arrest.

Following the results of molecular investigation, we now know that it is
possible to distinguish three different types of t(9;22) based on the breakpoint
cluster region (BCR) location of the breakpoints in chromosome 22 band
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ql1: M(ajor)-BCR, m(inor)-BCR and u-BCR are translated into proteins of
210, 190 and 230 kDa, respectively [62]. By means of RT-PCR, these vari-
ous possibilities may be readily distinguished, while cytogenetic probes are
commercially available to identify the M/m-BCR variants. Following such
studies, it has become clear that BCR-ABL variants are unequally partitioned
between CML and ALL and derived cell lines. Almost all CML, about half
of all ALL and some AML patients carry M-BCR. A few CML, about half
of all ALL and remaining AML patients carry m-BCR, while u-BCR has
only been recorded so far in a subtype of CML, termed “chronic neutrophilic
leukemia”. As far as cell lines are concerned, more than 40 have been es-
tablished from CML and more than 20 from ALL, while only three have
been established from AML [21]. CML-derived cell lines have been shown
to reflect the distribution of the different BCR breakpoints in vivo, almost
all carrying the M-BCR breakpoint, the exceptions including AR230 with
#-BCR [93]. In contrast only 2/17 molecularly characterized ALL-derived
cell lines carry M-BCR, less than a quarter of the number expected. These
are ALL-1 [48] and the autologous pair NALM-27/28 [1]. Of the Ph positive
B-LCL, SD1 carries m-BCR and PhB1 M-BCR. It should be noted that in
the best known BCR- ABL positive cell line of all, K-562, the original Ph
is no longer recognizable, having undergone secondary rearrangement, res-
ulting in an approximate thirty-fold coamplification of the fusion gene via
tandem duplication. This rearrangement is unprecedented in both patients
and cell lines. SPI-801/802, which also carries this change, is now known
to be merely a subclone of K-562 (Table 1). The rearrangement has been
recorded in several independent samples of K-562 [18,78,96], implying its
origin in vivo or at early passage.

A less obvious feature of t(9;22) cell lines concerns the numbers of Ph-
fusion genes present and their relationship to unrearranged alleles of ABL
and to ploidy levels. The question is more than of theoretical interest. For
example, where cell lines are being employed as positive controls for cyto-
genetic or PCR detection of BCR-ABL, it is important to know whether, or
how many, rearranged and unrearranged copies of each allele are present,
particularly for cytogenetic detection among interphase cells. In addition, it
has been sugggested that ABL and BCR-ABL may act antagonistically [33],
reminiscent of TEL-AMLI fusion in BCP-ALL accomplished via the recur-
rent t(12;21)(p12;q12). The latter rearrangement is normally accompanied
by deletion of the remaining allele of TEL [76], and this antagonistic pairing
has been also observed in a t(12;21) BCP-ALL cell line, REH [89]. Similarly,
loss of the unrearranged allele of ABL has been noted in some BCR-ABL cell
lines (R.A.F. MacLeod, unpublished). Among BCR-ABL cell lines (excluding
the B-LCL which tend to undergo tetraploidization at late passage irrespect-
ive of their origins), all 20 examples established from patients with ALL
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remain diploid, while 14/40 cell lines established from CML patients are trip-
loid or tetraploid [21] refuting the assertion that BCR-ABL promotes genetic
instability per se. In primary CML, the t(9,22) is present at disease onset.
Nevertheless, none of the forty-odd available CML- derived cell lines was
established prior to blast crisis, revealing a second type of representational
disparity when compared to the primary disease.

3.2. Hodgkin’s Disease

Hodgkin’s disease is the most enigmatic of all hematopoietic neoplasms on
account of unresolved questions regarding the origin of the Hodgkin/Reed-
Sternberg (H-RS) cell and its relationship to other hematopoietic lineages. It
might be expected that continuous HD cell lines could play a valuable role,
and the relatively small number of HD cell lines are, indeed, the subjects
of much inquiry [17]. Yet their relevance is controversial. In addition to the
cross-contaminations discussed above, several so-called HD cell lines have
been misclassified. Establishment of continuous cell lines from tumor mater-
ial taken from HD patients is difficult, and many of the cell lines resulting are
lymphoblasts immortalized by EBV. Unfortunately, several of the cell lines
described as having originated from HD are merely B-LCL, including HS-
445 and RPMI-6666. Nevertheless, these continue to be cited as HD in some
publications.

The major problem in characterizing HD cell lines is that, unlike all other
major common hematopoietic neoplasms, no consistent chromosome trans-
location has been identified. This is attributed to the difficulty of isolating
scarce H-RS cells from reactive normal tissue. In the absence of any recurrent
primary translocation to identify the malignant clone and allow cloning of a
putative oncogene target, cytogenetics has added little to the positive iden-
tification of the putative HD precursor. While immunological studies have
implicated a lymphocyte precursor, molecular biological studies at the level
of single cells have suggested that a substantial fraction of cases of classical
HD may represent clonal expansion of B-cells in which immunoglobulin
expression is disabled by mutation during the germinal center reaction. A
minority of cases are derived from T-cells, in contrast to the HD cell lines
where both T- and B-cell phenotypes are equally represented. A second
problem is the sheer karyotypic complexity of H-RS cells, in which subtle
rearrangements might be unnoticed and for which the technical advances
necessary for their analysis, such as M-FISH and SKY (discussed above), are
only now becoming available. Nevertheless, with every patient series failing
to reveal the existence of a common translocation, it is becoming increasingly
likely that some other kind of primary tumorigenic change may underly HD,
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such as the tumor suppressor gene deletions commonly found in epithelial
solid tumors.

A number of cell lines have been established from HD and made avail-
able to other investigators, such as HDLM-1/2/3, HD-MyZ, KM-H2, L-480
[20]. Given the possibility that host cells become immortalized by EBV often
present, candidate cell lines should be characterized thoroughly prior to being
accepted as suitable in vitro models for HD. As cytogenetics is uninformat-
ive in HD, evidence linking the cell lines to putative H-RS precursors has
mainly rested on immunophenotyping. In particular, to be classed as HD,
cell lines should constitutively express CD30 (Ki-1) at high levels without
evidence of monocytic differentiation. On this criterion alone, the affinity
with H-RS cells of the Ki-1-negative HD-MyZ cell line, which has a mono-
cytic phenotype, is questionable, whereas those of HDLM- 1/2/3, KM-H2
and L-428 are reinforced. All HD cell lines exhibit extremely high levels of
cytogenetic rearrangement. According to our initial findings, this appears to
follow a non-random pattern resembling that reported among HD patients
[2,63], inviting the conjecture, supported by twin studies, that HD may be a
type of chromosome instability disease, as recently proposed [25]. We have
observed “jumping translocations” involving certain types of DNA repeat
in HD cell lines [57a]. HDLM-1/2/3, KM-H2, and L-428 all display sev-
eral landmark bands recurrent in HD [57a]. On the other hand, HD-frequent
breakpoints were no more likely than HD-infrequent breakpoints to be re-
arranged in other types of hematopoietic cell lines, whose breakage patterns
HD-MyZ resembled. Consistency between the results of immunophenotyp-
ing and cytogenetics serves to confirm the validity of HDLM-1/2/3, KM-H2
and L-428, and suggests that when full and accurate karyotyping of HD
becomes feasible by the routine application of SKY and M-FISH, suffi-
ciently strong non-random patterns of breakpoints may emerge tojustify their
molecular cloning, perhaps with the help of these very cell lines.

3.3. Cell Lines with Revised Karyotypes

Several cell lines, more particularly those described prior to the routine use of
image analysis and molecular cytogenetic methods, have been subsequently
shown to carry recurrent primary chromosome translocations [20,55]. Some
of these are listed in Table 4. In most cases the rearrangements are quite
subtle, for example t(9;11) as in MONO-MAC-1, MONO-MAC-6, and THP-
1, which is notoriously difficult to spot in suboptimal preparations. t(12;21),
as present in REH, involving the reciprocal exchange of visually identical G-
banding regions, is undetectable without FISH. An additional factor which
hampers detection of subtler changes in myeloid leukemias is their ka-
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ryotypic complexity, combined with the variety and number of different
translocations effecting gene fusions within this group.

4. CONCLUSION

Amongst the various ways of detecting and identifying cross-contamination,
cytogenetics displays unique versatility, complementing both DNA profiling
(intraspecies) and isoenzyme analysis (interspecies). It combines with im-
munophenotyping to enable the characterization of hematopoietic cell lines
to an unrivalled degree.

Abbreviations

ALCL - anaplastic large cell lymphoma;

ALL - acute lymphoblastic leukemia;
AMegL—acutemegakaryocyticleukemia;

ATCC - American Type Culture Collection;

AML - acute myeloid leukemia;

B-LCL - B-lymphoblastoid cell line;

BCP - B-cell precursor;

BCR - breakpoint cluster region;

CML - chronic myeloid leukemia;

DSMZ - Deutsche Sammlung von Mikroorganismen und Zellkulturen;
EBV - Epstein-Barr virus;

FISH - fluorescence in situ hybridization;

HD — Hodgkin’s disease;

H-RS - Hodgkin’s/Reed-Sternberg;

ISCN - International System for Human Chromosome Nomenclature;
LOH - loss of heterozygosity;

NHL - non-Hodgkin’s lymphoma;

PCR - polymerase chain reaction;

RFLP - restriction fragment length polymorphism;
RT - reverse transcriptase;

SKY - spectral karyotyping;

VNTR - variable number tandem repeats.
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