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The establishment of a cell culture system for the clonal development of haemopoietic cells made it possible to
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the molecular basis of normal and abnormal development in blood-forming tissues. These regulators include cytokines
now called pnlnnv chrnnlnhnc factors ( C SFs) and interleuking (ILs). Different cytokines can induce cell vmhllltv

multiplication and dlﬂ'erentlatlon, and haemoponesns is controlled by a network of cytokme interactions. The multlgene
network includes positive regulators such as CSFs and ILs and negative regulators such as transforming growth factor
B and tumour necrosis factor. The cytokine network which has arisen during evolution allows considerable flexibility
depending on which part of the network is activated and the ready amplification of response to a particular stimulus.
The CSFs and ILs induce cell viability by inhibiting programmed cell death (apoptosis). Programmed cell death is
also regulated by the genes wild-type and mutant p 53, c-myc and bcl-2, and suppression or induction of this
programme can result in tumour promotion or tumour suppression. Cytokines that regulate normal haemopoiesis can
control the abnormal growth of certain types of leukaemic cells and suppress malignancy by inducing differentiation.
Genetic abnormalities that give rise to malignancy in these leukaemic cells can be by-passed and their effects nullified
by inducing differentiation and programmed cell death. The haemopoietic cytokines discovered in culture are active
in vivo and are being used clinically to correct defects in haemopoiesis.
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INTRODUCTION
THE DESCRIBED cultures thus seem to offer a useful system for a
quantitative kinetic approach to haematopoietic cell formation and
for experimental studies on the mechanism and regulation of
haematopoietic cell differentiation [1].

In order to analyse the controls that regulate viability, multipli-
cation and differentiation of normal haemopoietic cells to different
cell lineages and the changes in these controls in disease, it is
desirable and convenient to study the entire process in cell culture
starting from single cells. Analysis of the molecular control of
different types of haemopoietic cells, therefore, began with the
development of a cell culture system for the cloning and clonal
differentiation of different types of normal haemopoietic cells. This
cell culture system was then used to discover a family of cytokines
that regulate cell viability, muliiplication and differentiation of
different haemopoietic cell lineages, 1o analyse the origin of some
haematological diseases, and to identify ways of treating these
diseases with normal cytokines. I will mainly discuss cells of the
myeloid cell lineages which have been used as a model system.

Correspondence to L. Sachs at the Department of Molecular Genetics
and Virology, Weizmann Institute of Science, Rehovot 76100, Israel.

CLONAL DEVELOPMENT OF NORMAL
HAEMOPOIETIC CELLS IN CULTURE

In the cell culture system that was developed, normal cells from
blood-forming tissues from mice were first cultured with feeder
layers of other cell types such as normal embryo fibroblasts. These
other cell g ypes were chosen as lJ\JO\)lblL candidates for cells that
produce the regulatory molecules required for the cloning and
differentiation of different haemopoietic cell lineages. The first
such system [1, 2], using cells cultured in liquid medium (Figure
1, Table 1), showed that it was possible to obtain by this procedure
clones containing mast cells or granulocytes in various stages of
differentiation. To make it simpler to distinguish and isolate
separate ciones, ilus sysiem was then appiied to the cioning of
different cell lineages in semi-solid medium containing agar [3-5].
Analysis of the first types of clones obtained in agar with these
feeder layers showed clones containing macrophages, granulocytes,
or both macrophages and granuloyctes, in various stages of differen-
tiation. The macrophage clones in agar contained many metachro-
matic granules giving them an apparent morphological resemblance
to mast celis {3-5]. However, these granuies were not present
when the cells were cloned in methylcellulose [4], and electron

microscopy also demonstrated that these cells in agar were really
MICroscopy ais¢ aemonstrate 1at LSSE CCLS I agar were reauy

macrophages that had phagocytosed agar [6]. The experiments also
showed that these clones could originate from single cells [3-5, 7].
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Figure 1. Cell culture system for cloning and clonal differentiation of normal haematopoietic cells. (a) Culture of mouse mast cells that have
multiplied and differentiated on a feeder layer of mouse embryo cells [1]. (b-d) Clones of macrophages and granulocytes in cultures of normal
haemopoietic cell precursors incubated with the appropriate inducer in semi-solid medium containing agar. (b) Petri dish with clones [3]. (¢)
Granulocyte clone and (d) macrophage clone [4].

Table 1. Establishment of the cell culture system for cloning and clonal differentiation of normal haemopoietic cells and the use of these
cultures to discover colony stimulating factors

Cloning and differentiation in liquid medium (mast cells and granulocytes) [1]

Cloning and differentiation in agar (macrophages and granulocytes) [3-5)]

Cloning and differentiation in methylcellulose (macrophages and granulocytes) {4]

Inducers for cloning and differentiation secreted by cells [3)]

Inducers for cloning and differentiation in cell culture supernatants (macrophages and granulocytes) [4, 7]

This assay in agar [3-5] or methylcellulose [4] (Figure 1, Table 1)
was then applied to cloning and clonal differentiation of normal
human macrophages and granulocytes [8, 9] and to the cloning of
all the other blood cell lineages, including erythroid cells [10], B
lymphocytes [11] and T lymphocytes [12].

THE DISCOVERY OF COLONY STIMULATING
FACTORS: CYTOKINES THAT CONTROL
DEVELOPMENT OF DIFFERENT CELL LINEAGES

When blood-forming cells were cloned in a semi-solid substrate
such as agar, another more solid agar layer was placed between the
feeder layer cells and the cells seeded for cloning. This showed that

the inducer(s) required for the formation of macrophage and
granuloycte clones was secreted by the feeder layer cells and could
diffuse through agar [3]. This finding led to the discovery (Table
1) that the inducers required for the formation of macrophage and
granulocyte clones are present in conditioned medium produced
by the feeder cells [4, 7). These inducers were found in the
conditioned medium from different types of normal and malignant
cells (reviewed in (13, 14}). These media were then used to purify
the inducers [15-19]. A similar approach was later used to identify
the protein inducers for cloning of T lymphocytes [20] and B
lymphocytes (reviewed in [21]). When cells were washed at various
times after initiating the induction of clones, there was no further
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development of either macrophage or granulocyte clones unless the
inducer was added again [22]. The development of clones with
differentiated cells thus requires both an initial and continued
supply of inducer.

In cells belonging to the myeloid cell lineages, four different
proteins that mduce cell multiplication and can thus induce the
formation of clones (colony inducing proteins) have been identified

(reviewed in [23-27]). The same proteins have been given different

names. After they were first discovered in cell culture supernatant
fluids [4, 7], the first inducer identified was called mashran gm from
the Hebrew word meaning to send forth with the initials for
granulocytes and macrophages [28]. This and other growth-
inducing proteins were then re-named inciuding macrophage and
granulocyte inducers (MGI) [15] - type 1, (MG1-1), are now called
colony stimulating factors (CSF) [29], and one protein is called
interleukin-3 (IL-3) [19] (Table 2). Of these four CSFs, one
(M-CSF) induces the development of clones with macrophages,
another (G-CSF) clones with granulocytes, the third (GM-CSF)
clones with granulocytes, macrophages, or both macrophages and
granulocytes, and the fourth (IL-3) clones with macrophages,
granulocytes, eosinophils, mast cells, erythroid cells or megakary-
ocytes (Figure 2, Table 2). The CSFs induce cell viability and
cell multiplication (reviewed in [25-27, 30, 31]) and enhance the
functional activity of mature cells (reviewed in [29]). Cloning of
genes from mice and humans for IL-3, GM-CSF, M-CSF and G-
CSF has shown that these proteins are coded for by different genes
(reviewed in [32]). Since the discovery of CSFs, other cytokines
have been found, including various ILs and stem cell factor.

It appeared unlikely that a CSF that induces cell multiplication
is also a differentiation inducer whose action includes stopping cell
multiplication in mature cells. Indeed, a protein that acts as a
myeloid cell differentiation inducer and does not have colony
stimulating activity was identified and called macrophage and
granulocyte inducers - type 2 (MG1-2) (reviewed in [24-26]).
Studies on amino acid sequence of the purified protein, neutralis-
ation by monoclonal antibody and myeloid cell differentiation-
inducing activity of recombinant protein have shown that MG1-2
is interleukin 6 (IL—6) [26] and there are presumably other normal
haemopoietic cell differentation inducers. Studies on myeloid
leukaemic cells have identified other differentiation-inducing pro-
teins called D factor and differentiation-inducing factor (DIF)
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Figure 2. Myeloid haemopoietic precursor cells can be induced to
form colonies by four different colony stimulating factors (CSFs).
One (IL-3) induces the development of colonies in precursors that can
develop into six cell types; the second (GM-CSF) the development of
colonies in precursors that develop into two cell types; and the third
(G-CSF) and fourth (M-CSF) in precursors that develop into one cell

type.

(reviewed in [26]). D-factor was identified as a protein that has also
been called LIF and HILDA, and DIF was found to be a form of
tumour necrosis factor (TNF). IL-6 can induce viability and
differentiation of normal myeloid precursors, but LIF and TNF,
which induce differentiation in certain clones of myeloid leukaemic
cells, do not induce viability or differentiation of normal myeloid
cells (reviewed in [26]) (Table 2).

CYTOKINE EVOLUTION
What one finds in nature today are the consequences of biological
evolution. What is present is not only what the body uses today,
but also what may be useful for further evolution. The production
of different types of haemopoietic cells with a limited lifespan, both

Table 2. Induction of growth and differentiation of normal myeloid precursor cells by different haemopoietic

cytokines
Location on Induction Induction of
chromosome of differentiation
colonies*

Nomenclature Mouse Human Direct Indirect?
MGI1-1 M =CSF-1=M-CSF 3 5 +(M) - +
MGI1-G =G-CSF 11 17 +(G) - +
MG1-1GM =GM-CSF 11 5 +(G,M) - +
IL-3 11 5 +(G,M,others) - +
MGI1-2 =I1L-6 5 7 - +(G,M,Meg) -
IL-1 2 2 - - +(G,M,Meg)
D-factor =HILDA=LIF 11 22 - CD CD
DIF =TNF 17 6 - CD CD

*Colonies with macrophages (M), granulocytes (G), granulocytes and macrophages (G,M) and granulocytes,
macrophages, eosinophils, mast cells, megakaryocytes or erythroid cells (G,M, others), megakaryocytes (Meg)."The
four CSFs, including IL-3 and IL-1, induce production of IL-6. CD, cell death. References in [26].
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under normal conditions and in different emergency situations,
such as infections, wound healing and various diseases, requires a
system with considerable plasticity. The development of a multig-
ene family of different interacting cytokines during evolution is,
therefore, more useful for the functions required today and for
adaptation to functions that may be required in the future, than
the existence of only single cytokines with high specificity where a
lack of function and lack of flexibility would be lethal. The
evolution of a family of cytokines, some of which have overlapping
functions, is thus a useful safeguard so that if one cytokine does
not function effectively under certain conditions, another can take
over.

The multigene family of proteins including the CSFs, ILs and
erythropoietin, originating from ancestral gene(s), which now
exists to regulate the development of haemopoietic cells in health
and disease, is an effective system that contains such safeguards.
For example, with the four CSFs, each of which is now coded for
by a different gene, the production of macrophages can be initiated
by M-CSF, GM-CSF or IL-3, and the production of granulocytes
can be initiated by G-CSF, GM-CSF or IL-3 (reviewed in
[23-26, 29]). All four CSFs can induce the production of IL-6
which does not induce the formation of colonies but can induce
among myeloid cells their differentiation to macrophages, granulo-
cytes or megakaryocytes [23-26, 33]. In a colony with differen-
tiated cells, induction of growth by the CSFs is thus followed by
production of another cytokine, IL-6, which can induce differen-
tation of different cell lineages. This induction of a differentiation
factor by a growth factor serves as an effective mechanism to couple
growth and differentiation (Figure 3). There are thus safeguards
and economy in this system. IL.-6 may switch on other, so far
unidentified, factors that are required to determine the specificity
of the final cell type. Another example of economy and safeguards
is that the four CSFs and other cytokines, such as IL-1 and IL-6,
which do not induce colonies, all function as viability factors by

Mature

Mature
macrophage

granulocyte

Differentiation-inducing proteins

ﬁ<—-— Growth-inducing proteins

Normal
myeloid
precursor
cell

Figure 3. The four CSFs can induce growth of normal myeloid
precursor cells to form colonies. They also induce in these cells
production of another cytokine, IL-6, that induces differentiation.
The induction of a differentiation inducer by the CSFs provides a
mechanism to couple the multiplication of normal precursor cells and
their differentiation.

855

inhibiting programmed cell death (reviewed in [24-26, 31]), and
that the CSFs, in addition to inducing cell viability and growth to
form colonies, also enhance the function of mature cells (reviewed
in [29]). There are different pathways for inducing viability by
preventing programmed cell death [30, 31]. The use of alternative
pathways to prevent programmed cell death provides a useful
safeguard to regulate the number of cells in haemopoiesis.

A good way to obtain flexibility would be for different factors to
function within a network of interactions and this is what the
haemopoietic cytokines actually do (reviewed in [26, 34-36)).

NETWORK OF HAEMOPOIETIC CYTOKINES

Production of specific cell types has to be induced when new
cells are required and has to stop when sufficient cells have been
produced. This requires an appropriate balance between inducers
and inhibitors of development. The network of interactions
between haemopoietic cytokines (Figure 4) therefore, also includes
cytokines that can function as inhibitors, such as tumour necrosis
factor (TNF). Another inhibitory cytokine, transforming growth
factor 81 (TGFB1), which is also part of this network, can
selectively inhibit the activity of some CSFs and ILs. It can
also inhibit the production of some of these cytokines [37].
An important function of the network is to selectively control
programmed cell death.

Parts of this network function not only within the haemopoietic
cell system but also for some non-haemopoietic cell types. For
example, in endothelial cells that make blood vessels there is an
induction of IL-6 when new blood vessels are being formed and
the production of IL-6 is switched off when angiogenesis has been
completed [38]. The transient expression of IL-6 in the endothelial
cells indicates a role for IL-6 in angiogenesis, in addition to its
role in regulating the development of myeloid and lymphoid
haemopoietic cells. IL-6 can also induce the production of acute
phase proteins in liver cells [21]. The pleiotropic effects of a
cytokine such as IL-6 raise the question whether these effects on
different cell types are direct, or are indirect by IL-6 switching on
production of other regulators that vary in the different cell types.
Interpretation of experimental data on the effect of each cytokine,
therefore, has to take into account that the regulator functions in a
network of interactions, so as to aveid an incorrect assignment of a
specific effect to a direct action of a particular cytokine. This
network has also to be taken into account in the clinical use of these
cytokines. What can be therapeutically useful may be due to the
direct action of an injected cytokine, or to an indirect effect due to
other cytokines that are switched on in vivo.

A network of interactions allows considerable flexibility,
depending on which part of the network is activated. It also allows
a ready amplification of response to a particular sumulus such as
bacterial lipopolysaccharide (LLPS) {26, 36]. This amplification can
occur by autoregulation and by transregulation of genes for the
haemopoietic cytokines [26]. There is also a transregulation by

Figure 4. The network of interactions between heamopoietic cyto-
kines [27].
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to the flexibility of this network both for the response to present-
day infections and to infections that may develop in the future, a
network may also be necessary to stabilise the whole system.
Haemopoietic cytokines induce during differentiation sustained
levels of transcription factors that can regulate and maintain
gene expression in the differentiation program [40]. Interactions
between the network of haemopoietic cytokines and transcription
factors can thus ensure the production of specific cell types and

stability of the differentiated state
Staciily O1 nd QiiGerénuaica siaic,

CONTROL OF LEUKAEMIA BY CYTOKINES THAT
CONTROL NORMAL HAEMOPOIESIS

Can myeloid leukaemic cells still be induced to differentiate to
mature non-dividing cells by cytokines that induce differentiation
in normal myeloid cells? This question has been answered by
showing that there are ciones of myeioid ieukemic celis that can be
induced to differentiate to mature macrophages or granulocytes
through the normal sequence of gene expression by incubation
with the normal myeloid differentiation-inducing protein IL-6
(Figure 5). These are called D* clones (D for differentation). The
mature cells, which can be formed from all the cells of a leukaemic
clone, then stop multiplying like normal mature cells and are no
longer malignant #n zivo. In addition to D* clones that can be
induced to differentiate by IL-6, there are other D* clones from

uu1c1 xuycwlu lCU.l\dClludb Lhd.l. Can UC uxuu\,cu lU Luucu:uualc Uy
incubation with GM-CSF, IL-3 or G-CSF (Table 3) (reviewed in
[24-26)). In these clones the growth inducers presumably induce
production of an appropriate differentiation inducer. D* leukaemic
cells that respond to IL-6 can also be induced to differentiate
by IL-1a and IL-1B, and this is mediated by the endogenous
production of IL-6 [26].

Studies in animais and humans have shown that normai differen-
tiation of D* myeloid leukaemic cells to mature non-dividing cells

can be induced not nn]n in culture but alsg in 2ivo. These

leukaemias, therefore, grow progressively when there are too many
leukaemic celis for the normal amount of differentiation inducer in
the body. The development of leukaemia can be inhibited in mice
with these D* leukaemic cells by increasing the amount of
differentiation-inducing protein, either by injecting it or by
iniecting a compound that increases its production by cells in the
Uuuy l"l—‘f.‘) J and reviewed in [L"—LD J Induction of differentiation
in vivo like n vitro can occur directly, or by an indirect mechanism
that involves induction of the appropriate differentiation-inducing
protein either by the same cells or by other cells in the body. After
injection of myeloid leukaemic cells into fetuses, D* leukaemic cells
can participate in haemopotetic cell differentiation in apparently
healthy adult animals [44, 45].

The D" myeioid ieukaemic ceils have an abnormai chromosome
composition, and suppression of malignancy in these cells was not

associated with chromosome changes. It was obtained by induction
1C: 1anges. A\iwas oo QG Oy InGuclon

of the normal sequence of cell differentiation by a normal myeloid
regulatory protein. In this suppression, the stopping of cell multi-
plication by inducing differentiation to mature cells bypasses
genetic changes that produced the malignant phenotype [46], such
as changes in the requirement for a normal cytokine for viability
and growth, and a block in the ability of growth inducer to induce

Tha etridy ~F Aiffne ~la of e A
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differentiation inducer.
leukaemic cells has also shown that in addition to D* clones there
are differentiation-defective clones called D~ clones. Some D~
clones are induced by a normal myeloid cytokine to an intermediate
stage of differentiation which then slows down the growth of the

cells, and others could not be induced to differentiate even to this

L. Sachs

Figure 5. Differentiation of myeloid leukaemic cells to non-malig-
nant mature macrophages or granulocytes by normal myeloid differ-

entiation-inducing protein IL-6 (a) Leukaenuc cell; (b) macrophage,
(c) colony of cells with macrophages; (d-g) stages in differentiation to

granuiocyies ll"]

intermediate stage (Figure 6). Since a normal differentiation
inducer can induce differentiation to mature non-dividing cells in
the D™ clones, it has been suggested that D* clones are the early
stages of leukaemia and that the formation of D~ clones may be
later stages in the further progression of m malignancy (reviewed in
[24-26]). Genetic changes which make cells defective in their
ability to be induced to differentiate by the normal differentiation
inducer thus occur in the evolution of myeloid leukaemia. Buteven
these D~ cells can be induced to differentiate by other compounds,
either singly or in combination, that can induce the differentiation
program by alternative pathways. The stopping of cell multipli-
cation by inducing differentiation by these alternative pathways
bypasses the genetic changes that inhibit response to the normal
differentiationinducer (reviewed in [24-26]). Studies on the genetic
changes in D~ clones of myeloid leukaemias have shown that
differentiation defectiveness may be due to changes in homeobox
genes. These include re-arrangement of the Hox-Z2.4 homeobox
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Table 3. Differentiation of myeloid leukaemic cells by different haemopoietic cytokines

Myeloid leukaemia Differentiation after culture with

IL-6 IL-1 D-factor/LIF TNF IL-3 GM-CSF G-CSF M-CSF
MI-clone 11 + +* — — — _ +* _
M1-clone T22 + +* 4 * - — - % _
7-M12 - - - ~ e L B _
WEHI-3B - - - - _ _ ¥ _
HL-60 - - — +* — — +* _

*IL-1 induces differentiation indirectly in clone 11.

It is suggested that the induction of

differentiation in WEHI-3B by G-CSF, in clone 7-M12 by GM-CSF or IL-3, in clone T22 by D-
factor/LIF, in HL-60 by TNF and partial differentiation by G-CSF in some clones may also
indirect. +, induced to differentiate; —, not induced to differentiate; +, partial differentiation.

References in [26].

gene which results in abnormal expression of this gene in the
leukaemic cells [47]. This abnormal expression inhibits specific
pathways of myeloid cell differentiation [48]. In other leukaemias
with a deletion in one chromosome 2 [49] there is a deletion of one
copy of Hox-4.1 [50].

Studies with a variety of chemicals other than normal haemopo-
ietic cytokines have shown that many compounds can induce
differentiation in D* clones of myeloid leukaemic cells. These
include certain steroid hormones, chemicais such as cytosine
arabinoside, adriamycin, methotrexate and other chemicals that
are used today in cancer chemotherapy, and irradiation. At high
doses these compounds used in cancer chemotherapy and
irradiation kill cells by inducing programmed cell death, whereas
at low doses they can induce differentiation. Not all these com-
pounds are equally active on the same leukaemic clone [51, 52]. A
variety of chemicals can also induce differentation in clones that
are not induced to differentiate by a normal haemopoietic cytokine,
and in some D~ clones induction of differentiation requires
combined treatment with different compounds [52]. In addition to
certain steroids and chemicals used today in chemotherapy and
radiation therapy, other compounds that can induce differentiation
in myeloid leukaemic cells include insulin, bacterial lipopolysacch-
aride, certain plant lectins, tumour-promoting phorbol esters and
retinoic acid [24, 51-53]. In addition to the normal myeloid
cytokines, the steroid hormones, insulin and retinoic acid are
physiological compounds that can induce differentiation. It is
possible that all myeloid leukaemic cells no longer susceptible to
the normal haemopoietic cytokines by themselves can be induced
to differentiate by the appropriate combination of compounds.

o
4

Leukaemic
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.
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@+@-
&+®
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Figure 6. Classification of different clones of myeloid leukaemic cells
according to their ability to be induced to differentiate by normal
haemopoietic cytokines. Some differentiation-defective (D) clones
can be induced by these cytokines to intermediate stages by differen-
tiation, whereas other D~ clones are not induced to differentiate by
these cytokines even to an intermediate stage [24, 52).

Table 4. Control of programmed cell death by a tumour suppressor
gene and oncogenes

Deregulated Programmed cell death
expression of

Induction  Enhancement Suppression
Wild-type p53 + - -
c-myc - + -
Mutant p33 - - +*
bel-2 - - +

*Mutant p53 suppresses the enhancement of programmed cell death by
deregulated c-myc [62]. Other references in [31].

REGULATION OF PROGRAMMED CELL DEATH

Normal myeloid precursor cells depend on haemopoietic cytok-
ines for viability, multiplication and differentiation (reviewed in
[24-26, 31]). Withdrawal of these cytokines leads to death by
programmed cell death [54] (apoptosis) [S5]. Although viability
factors such as the CSFs are also growth factors, viability and
growth are separately regulated (reviewed in {31}). Certain myeloid
leukaemic cells are growth factor-independent and do not require
an exogenously added cytokine for cell viability and growth.
Induction of differentiation in these leukaemic cells with IL-6
induces in the differentiating cells a growth factor-dependent state
so that the cells lose viability by apoptosis following withdrawal of
1L.-6 [30, 39, 56-58]. This induction of the program for cell death
occurs before terminal differentiation, and the differentiating cells
can be rescued from apoptosis and continue to multiply by re-
adding IL-6, or by adding IL.-3, M-CSF, G-CSF or IL-1 [39]. The
differentiating leukaemic cells can also be rescued from apoptosis
by the tumour-promoting phorbol ester 12-O-tetradecanoylphorb-
ol-13-acetate (TPA) but not by the non-promoting isomer 4-a-
TPA [30]. TPA rescued the differentiating cells from apoptosis by
a different pathway than rescue with these cytokines. TPA can
thus act as a tumour promoter by inhibiting programmed cell death
[30]. The programme for cell death is present in normal myeloid
precursor cells and in more differentiated cells including mature
granulocytes and macrophages. Induction of programmed cell
death in myeloid leukaemic cells is a physiological process that can
be used to suppress leukaemia.

Programmed cell death can also be induced in myeloid leukaemic
cells without inducing differentiation. Wild-type pS53 protein is a
product of a tumour suppressor gene which is no longer expressed
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Figure 7. Thymocytes from mice deficient in wild-type p53 are more resistant to induction of programmed cell death by v-irradiation but not
by dexamethasone. pS3-deficient homozygous mice (@), p53-deficient heterozygous mice (O) and normal mice (A) [61].

in many types of turnours, including myeloid leukaemias (reviewed
in [59]). There is a clone of myeloid leukaemic cells that completely
lacks expression of p53 protein and mRNA [60]. This p53-negative
clone of myeloid leukaemic cells was transfected with DNA
encoding a temperature-sensitive p53 mutant (Ala to Val change at
position 135). The Val 135 mutant behaves like other p53 mutants
at 37.5°C but like wild-type p53 at 32.5°C. There was no change in
the behaviour of the transfected cells at 37.5°C but activation of the
wild-type p53 protein at 32.5°C resulted in apoptotic cell death.
This induction of apoptosis was not associated with differentiation
[60]. Apoptosis can, therefore, be induced in myeloid leukaemic
cells not only by a differentiation-associated process, but also by
expression of wild-type p53 (Table 4) in undifferentiated leukaemic
cells. This induction of apoptosis by wild-type p53 was inhibited
by IL-6 [60]. These results show that wild-type pS53-mediated
apoptosis in these myeloid leukaemic cells is a physiological
process. Experiments with pS3 knock-out mice have shown that
wild-type p53 is also involved in mediating apoptosis in normal
myeloid precursors deprived of the appropriate cytokine concen-
tration required for cell viability [61]. The induction of apoptosis
in myeloid leukaemic cells by various cytotoxic agents can be
enhanced by deregulated expression of c-myc [62]. The oncogene
mutant p53 [62] and bcl-2 ([63-64] and reviewed in [65]) (Table 4)
suppress the enhancing effect on cell death of deregulated c-myc,
and thus allow induction of cell proliferation and inhibition of
differentiation which are other functions of deregulated c-myc. The
suppression of cell death by mutant p53 and bcl-2 increases the
probability of developing tumours. Treatments that downregulate
the expression or activity of mutant p53 and bcl-2 in tumour cells
should be useful for cancer therapy [31]. Experiments with p53
knock-out mice have also shown that there are wild-type p53-
dependent and p53-independent pathways of inducing apoptosis
[61, 66, 67] (Figure 7). These and other experiments have shown
that there are alternative pathways to apoptotic cell death [31].
Alternative pathways to regulate apoptosis can be useful to control
selective cell viability.

CLINICAL USE OF HAEMOPOIETIC CYTOKINES
Identification of the myeloid cell regulatory cytokines has sug-
gested novel possibilities for therapy [23-26, 51, 68-70]. The
concentration of these proteins can be increased in v1vo either by
injecting one of these cytokines or by injecting a compound that
induces their production (reviewed in [26]). Injection of a CSF
such as G-CSF or GM-CSF stimulates myelopoiesis under normal

circumstances and after suppression of myelopoiesis induced by
compounds used in chemotherapy, irradiation therapy and treat-
ments used for immune depression such as cyclosporine A. In
non-malignant haematological abnormalities, myeloid regulatory
cytokines were shown to be clinically useful in restoring quicker the
normal number and function of the myeloid blood cell population in
patients with suppressed myelopoiesis which occurs after cytotoxic
cancer therapy and immune suppression used for transplantation.
These treatments destroy cells that produce these cytokines and
suppress myelopoiesis. Addition of these cytokines in vitro to bone
marrow cells before grafting and/or their injection in vivo can also
increase the success of bone marrow transplant grafts, and increase
survival in patients deficient in these proteins and the cells that
produce them. Because of the important functions of mature cells
such as granulocytes and other myeloid cells, the increased function
of mature cells induced by CSFs can also be clinically helful to
patients with deficiencies in myeloid cell functions (reviewed in
[26]). The finding that granulocyte development can be induced in
culture in cells from patients with infantile genetic granulocytosis
[8, 71] has led to promising clinical results with G-CSF in children
with this genetic disease. It has also been shown that injection of
erythropoietin, which stimulates the development of erythroid
cells, can correct the anaemia in patients with end-stage renal
disease of progressive renal failure (reviewed in [26]).

CSFs and interleukins such as IL-1 and IL-6 can control the
abnormal growth of certain types of leukaemic cells and suppress
malignancy by inducing differentiation (reviewed in [24-26, 51]).
Induction of programmed cell death in leukaemic cells, either with
[30, 31] or without [31, 60, 72] inducing differentiation, is also a
process that can be used to suppress malignancy. Induction of a
requirement for one of these cytokines for viability of the leukaemic
cells followed by withdrawal of the cytokine {30, 39, 56-58] causes
death of the leukaemic cells, and this would also be useful for
therapy. The existence of the cytokine network has to be taken
into account in the clinical use of cytokines [26, 36, 72].

It can be concluded that starting with the original cell culture
assays [1-5] for the clonal development of haemopoietic cells and
discovey of the myeloid haemopoietic cytokines in cell culture
supernatants [4, 7], the study of these cytokines has now pro-
gressed to their clinical use for therapy.

1. Ginsburg H, Sachs L. Formation of pure suspension of mast cells
in tissue culture by differentiation of lymphoid cells from the mouse
thymus. 7 Natl Cancer Inst 1963, 31, 1-40.



10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Control of Haemopoiesis and Leukaemia

. Sachs L. The analysis of regulatory mechanisms in cell differen-

tiation. In Sela M, ed. New Perspectives in Biology. Amsterdam,
Elsevier, 1964, 246-260.

. Pluznik DH, Sachs L. The cloning of normal ‘mast’ cells in tissue

culture. ¥ Cell Comp Physiol 1965, 66, 319-324.

. Ichikawa Y, Pluznik DH, Sachs L. I'n vitre control of the develop-

ment of macrophage and granulocytes colonies. Proc Natl Acad Sci
USA 1966, 56, 488—495.

. Bradley TR, Metcalf D. The growth of mouse bone marrow cells in

vitro. Aust § Exp Biol Med Sci 1966, 44, 287-300.

. Lagunoff D, Pluznik DH, Sachs L. The cloning of macrophages in

agar: identification of the cells by electron microscopy. J Cell Physiol
1966, 68, 385-388.

. Pluznik DH, Sachs L. The induction of clones of normal ‘mast’

cells by a substance from conditioned medium. Exp Cell Res 1966,
43, 553-563.

. Paran M, Sachs L, Barak Y, Resnitzky P. In vitro induction of

granulocyte differentiation in hematopoietic cells from leukemic
and non-leukemic patients. Proc Natl Acad Sci USA 1970, 67,
1542-1549.

. Pike B, Robinson WA. Human bone marrow growth in agar gel. ¥

Cell Physiol 1970, 76, 77-84.

Stephenson JR, Axelrad AA, Mcleod DL, Shreeve MM. Induction
of colonies of hemoglobin-synthesizing cells by erythropoietin in
vitro. Proc Natl Acad Sci USA 1971, 68, 1542-1546.

Metcalf D, Nassal GJV, Warner NL ez al. Growth of B lymphocyte
colonies in vitro. ¥ Exp Med 1975, 142, 1534-1539.

Gerassi E, Sachs L. Regulation of the induction of colonies in vitro.
by normal human lymphocytes. Proc Natl Acad Scit USA 1976, 73,
4546-4550.

Sachs L. In vitro control of growth and development of hematopo-
ietic cell clones. In Gordon AS, ed. Regularion of Hematopotesis, Vol
1. New York, Appleton-Century-Crofts, 1970, 217-233.

Sachs L. Regulation of membrane changes, differentiation and
malignancy in carcinogenesis. Harvey Lectures, Vol. 68. New York,
Academic Press, 1-35.

Landau T, Sachs L. Characterization of the inducer required for
the development of macrophage and granulocyte colonies. Proc Natl
Acad Sci USA 1971, 68, 2540-2544.

Burgess AW, Camakaris J, Metcalf D. Purification and properties
of colony-stimulating factor from mouse lung conditioned medium.
¥ Biol Chem 1977, 252, 1998-2003.

Stanley ER, Heard PM. Factors regulating macrophage production
and growth. Purification and some properties of the colony stimulat-
ing factor from medium conditioned by mouse cells. ¥ Biol Chem
1977, 252, 4305-4312.

Lipton J, Sachs L. Characterization of macrophage and granulocyte
inducing proteins for normal and leukemic myeloid cells produced
by the Krebs ascites tumor. Biochim Biophys Acta 1981, 673,
552-569.

Ihle JN, Keller J, Henderson L, Klein F, Palaszinski E. Procedures
for the purification of interleukin-3 to homogeneity. ¥ Immunol
1982, 129, 2431-2436.

Mier JW, Gallo RC. Purification and some characteristics of human
T-cell growth factor from phytohemagglutinin-stimulated lympho-
cyte-conditioned media. Proc Natl Acad Sci USA 1980, 77,
6134-6138.

Hirano T, Akira S, Taga T, Kishimoto T. Biological and clinical
aspects of interleukin 6. Immunol Today 1990, 11, 443—449.

Paran M, Sachs L. The continued requirement for inducer for
development of macrophage and granulocyte colonies. ¥ Cell Physiol
1968, 72, 247-250.

Sachs L. Growth, differentiation and the reversal of malignancy.
Sci Am 1986, 254, 40-47.

Sachs L. The molecular regulators of normal and leukaemic blood
cells. The Wellcome Foundation Lecture 1986. Proc R Soc Land B
1987, 231, 289-312.

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

Sachs L. The control of growth and differentiation in normal and
leukemic blood cells. 1989 Alfred P Sloan Prize of the General
Motors Cancer Research Foundation. Cancer, 1990, 65, 2196-2206.
Sachs L. The molecular control of hematopoiesis: from clonal
development in culture to therapy in the clinic. Int J Cell Cloning
1992, 10, 196-204.

Ichikawa Y, Pluznik DH, Sachs L. Feedback inhibition of the

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.
56.

859

development of macrophage and granulocyte colonies. I. Inhibition
by macrophages. Proc Natl Acad Sci USA 1967, 58, 1480-1486.
Metcalf D. The granulocyte-macrophage colony-stimulating fac-
tors. Science, 1985, 199, 16-22.

Lotem ], Cragoe EJ, Sachs L. Rescue from programmed cell death
in leukemic and normal myeloid cells. Blood 1991, 78, 953-960.
Sachs L, Lotem J. Control of programmed cell death in normal and
leukemic cells: new implications for therapy. Blood 1993, 82, 15-21.
Clark SC, Kamen R. The human hematopoietic colony-stimulating
factors. Science 1987, 236, 1129-1237.

Lotem ], Shabo Y, Sachs I. Regulation of megakaryocyte develop-
ment by interleukin 6. Blood 1989, 74, 1545-1551.

Lotem ], Sachs L. Regulation of cell surface receptors for different
hematopoietic growth factors on myeloid leukemic cells. EMBO ¥
1986, 5, 2163-2170.

Lotem J, Shabo Y, Sachs L. The network of hematopoietic regulat-
ory proteins in myeloid cell differentiation. Cell Growth Differ 1991,
2,421-427.

Sachs L. Keynote address for symposium on a visionary assessment
of the scientific, clinical and economic implications of heamtopoietic
growth factors. Cancer 1991, 67 (May 15 Supplement), 2681-2683.
Lotem J, Sachs L. Selective regulation of the activity of different
hematopoietic regulatory proteins by transforming growth factor g1
in normal and leukemic myeloid cells. Blood 1990, 76, 1315-1322.
Motro B, Itin A, Sachs L, Keshet E. Pattern of interleukin 6 gene
expression in vive suggests a role for this cytokine in angiogenesis,
Proc Natl Acad Sci USA 1990, 87, 3092-3096.

Lotem J, Sachs L. Induction of dependence on hematopoietic
proteins for viability and receptor upregulation in differentiating
myeloid leukemic cells. Blood, 1989, 74, 579-585.

Shabo Y, Lotem J, Sachs L. Induction of genes for transcription
factors by normal hematopoietic regulatory proteins in the differen-
tiation of myeloid leukemic cells. Leukemia 1990, 4, 797-801.
Lotem J, Sachs L. In vivo induction of normal differentiation
in myeloid leukemic cells. Proc Natl Acad Sci USA 1978, 75,
3781-3785.

Lotem J, Sachs L. In vivo inhibition of the development of myeloid
leukemia by injection of macrophage and granulocyte inducing
protein. Int ¥ Cancer 1981, 28, 375-386.

Lotem J, Sachs L. Control of in vive differentiation of myeloid
leukemic cells. IV. Inhibition of leukemia development by myeloid
differentiation-inducing protein. Int ¥ Cancer 1984, 33, 147-154.
Gootwine E, Webb CG, Sachs L. Participation of myeloid leukaemic
cells injected into embryos in haematopoietic differentiation in adult
mice. Nature, 1982, 299, 63-65.

Webb CG, Gootwine E, Sachs L. Developmental potential of
myeloid leukemia cells injected into mid-gestation embryos. Dev
Biol 1984, 101, 221-224.

Sachs L. Cell differentiation and by-passing of genetic defects in the
suppression of malignancy. Cancer Res 1987, 47, 1981-1986.

Blatt C, Aberdam D, Schwartz R, Sachs L. DNA rearrangement of
a homeobox gene in myeloid leukaemic cells. EMBO ¥ 1988, 7,
4283-4290.

Blatt C, Lotem ], Sachs L. Inhibition of specific pathways of
myeloid ceil differentiation by an activated Hox-2.4 homeobox gene.
Cell Growth Differ 1992, 3, 671-676.

Azumi ], Sachs L. Chromosome mapping of the genes that control
differentiation and malignancy in myeloid leukemic cells. Proc Natl
Acad Sci USA 74, 253-257.

Blatt C, Sachs L. Deletion of a homeobox gene in myeloid leukemias
with a deletion in chromosome 2. Biochem Biophys Res Commun
1988, 156, 1265-1270.

Sachs L. Control of normal cell differentiation and the phenotypic
reversion of malignancy in myeloid leukaemia. Nature 1978, 274,
535-539.

Sachs L. Normal development programmes in myeloid leukaemia.
Regulatory proteins in the control of growth and differentiation.
Cancer Surveys 1982, 1, 321-342.

Degos L. All-trans-retinoic acid treatment and retinoic acid receptor
alpha gene rearrangement in acute promyelocytic leukemia: a model
for differentiation therapy. Int ¥ Cell Cloning 1992, 10, 63-69.
Williams GT, Smith CA, Spooncer E, Dexter TM, Taylor DR.
Haemopoietic colony stimulating factors promote cell survival by
suppressing apoptosis. Nature 1990, 343, 76-79.

Arends MJ, Wyllie AH. Apoptosis: mechanisms and roles in
pathology. Int Rev Exp Pathol 1991, 32, 223-254.

Fibach E, Sachs L. Control of normal differentiation of myeloid



860

leukemic cells. XI. Induction of a specific requirment for cell
viability and growth during the differentiation of myeloid leukemic
cells. ¥ Cell Physiol 1976, 89, 259-266.

57. Lotem ], Sachs L. Mechanisms that uncouple growth and differen-
tiation in myeloid leukemia cells. Restoration of requirement for
normal growth-inducing protein without restoring induction of
differentiation-inducing protein. Proc Natl Acad Sci USA 1982,79,
4347-4351.

58. Lotem J, Sachs L. Coupling of growth and differentiation in normal
myeloid precursors and the breakdown of this coupling in leukemia.
Int ¥ Cancer 1983, 32, 127-134.

59. Levine AJ, Momand |, Finlay CA. The p53 tumor suppressor gene.
Nature 1991, 351, 453-456.

60. Yonish-Rouach E, Resnitzky D, Lotem ], Sachs L, Kimchi A,
Oren M. Wild type p53 induces apoptosis of myeloid leukaemic
cells that is inhibited by interleukin 6. Narure 1991, 353, 345-347.

61. Lotem J, Sachs L. Haematopoietic cells from mice deficient in wild-
type p53 are more resistant to induction of apoptosis by some agents.
Blood 1993, 82, 1092-1096.

62. Lotem J, Sachs L. Regulation by bcl-2, c-myc and p53 of suscepti-
bility to induction of apoptosis by heat shock and cancer chemo-
therapy compounds in differentiation competent and defective
myeloid leukemic cells. Cell Growth Differ 1993, 4, 41-47.

63. Bissonnette RP, Echeverri F, Mahboudi A, Green DR. Apoptotic
cell death induced by c-myc is inhibited by bcl-2. Narure 1992, 359,
552-554.

64. Fanidi A, Harrington EA, Evan GI. Cooperative interaction
between c-myc and bcl-2 proto-oncogenes. Nature 1992, 359,
554-556.

65. Korsmeyer Sf. Bel-2 initiates a new category of oncogenes: regu-
Jators of cel) death. Blood 1992, 81, 879-886.

L. Sachs

66. Lowe SW, Schmitt EM, Smith SW, Osborne BA, Jacks T. p53 is
required for radiation-induced apoptosis in mouse thymocytes.
Nature 1993, 362, 847-849.

67. Clarke AR, Purdie CA, Harrison D], et al. Thymocyte apoptosis
induced by p53-dependent and independent pathways. Nature 1993,
362, 849-852.

68. Demetri GD, Griffin JD. Granulocyte colony-stimulating factor and
its receptor. Blood 1991, 78, 2791-2808.

69. Sakamoto KM, Gasson JC. Clinical applications of human granulo-
cyte-macrophage colony-stimulating factor. Int ¥ Cell Cloning 1991,
9,531-541.

70. Oster W, Schulz G. Interleukin 3: biological and clinical effects. Int
J Cell Cloning 1991, 9, 5-23.

71. Barak Y, Parah M, Levin S, Sachs L. I'n vitro induction of myeloid
proliferation and maturation in infantile genetic agranulocytosis.
Blood 1971, 38, 74-80.

72. Lotem J, Sachs L. Hematopoietic cytokines inhibit apoptosis
induced by transforming growth factor B1 and cancer chemotherapy
compounds in myeloid leukemic cells. Blood 1992, 80, 1750-1757.

73. Lotem ], Sachs L. Selective regulation by hydrocortisone of induc-
tion of in vive differentiation of myeloid leukemic cells with
granulocyte-macrophage colony stimulating factor, interleukin 6
and interleukin lo. Leukemia 1992, 6, 426-431.

74. Fibach E, Landau T, Sachs L. Normal differentiation of myeloid
leukaemic cells induced by a differentiation-inducing protein.
Nature, New Biol 1972, 237, 276-278.

Acknowledgements—I thank for their support the National Foundation
for Cancer Research (Bethseda, Maryland, U.S.A.), the Herman de
Stern Foundation, the Jerome A. and Estelle R. Newman Assistance
Fund, and the Ebner Foundation for Leukemia Research.

0959-8049(94)E0150-3

News

A Workshop Report

Cancer Screening in the European Union

A. del Moral Aldaz, M. Aupee, S. Batal-Steil, S. Cecchini, J. Chamberlain,
S. Ciatto, N.A. Elizaga, B. Gairard, G. Grazzini, C. Guldenfels, B. Herity,
P.A. Kosmidis, E. Lynge, E. Paci, R. Renaud, B.P. Robra, V.L. Rodrigues,
H. Sancho-Garnier, P. Schaffer, D.P. da Silva, M. Tubiana, M.R. del Turco,
W.A. van Veen and A. Vandenbroucke

INTRODUCTION
THE PURPOSE of this report is to present an account of cancer
screening in Europe.

Primary prevention should be given the highest priority in the
fight against cancer; however, the reduction in the incidence of
cancer that can be achieved by interventions, based on present
scientific knowledge of risk factors, is limited. This is, unfortu-
nately, particularly true for some common cancers, such as those
of the colon, rectum, breast and prostate. Early detection and
screening programmes must, therefore, be considered the best
second choice for reducing mortality from certain cancers.

Early detection and screening programmes involve contacting,
examining and possibly treating healthy, symptom-free people.

Society should, therefore, not use resources on cancer screening
programmes unless there is sufficient scientific evidence to
ensure that the population will benefit. Any scientific evaluation
should cover reduction in the number of cases of late-stage
disease and of death from the specific cancer (the aim of such
programmes), any possible side-effects, such as unnecessary
treatment, and an overall evaluation of the potential impact of
the programme on the general health of the target population,
for instance in years of life saved.

It is hoped that this report will provide useful background
information for politicians, administrators and the public. There
is an emphasis on different health care systems and recommen-
dations are made not only for individuals but also for society.



