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ABSTRACT

Regulation of Fetal and Adult Human Haemopoiesis

This thesis has examined the response of human fetal erythroid progenitors to
erythropoietin and other haemopoietic growth factors (HGF's). This work has been
performed in order to explain the different haemopoietic response seen during fetal
life and to establish a system whereby large numbers of human progenitors cells can
be obtained for the study of growth factor actions on primitive haemopoietic cells.
Fetal erythroid progenitor cells are more sensitive in vitro to erythropoietin than
their adult counterparts. A switch in sensitivity occurs just before term. Highly
purified fetal erythroid progenitor cells do not have an absolute requirement for
'early' acting factors, such as granulocyte-macrophage colony stimulating factor
(GM-CSF), nor does GM-CSF modulate the erythropoietin dose response curve. Adult
cells on the other hand require such factors even in the presence of erythropoietin. If
fetal cells are cultured without erythropoietin however, cell death occurs. This can
be prevented by a range of HGF's including IL-1,IL-3, IL-9 and GM-CSF. It is
presently unclear as to which of these growth factors act directly or indirectly.
Using highly purified fetal haemopoietic cells it was shown that these cells respond
to erythropoietin within twenty four hours of culture with increased tritiated
thymidine uptake and maintainance of high levels of c-myc protein. Erythropoietin
did not cause rapid elevation of intracellular calcium ion concentration [Ca 2 +]i,
suggesting that there was no activation of phospholipase 0 . Fetal haemopoietic cells
express the low affinity Fc receptor for IgG (FcyRII). Cross linking of this receptor
with a monoclonal antibody causes a rise in [Ca 2 '*']i indicating that these purified
cells can respond to calcium mobilizing signals and that FcyRII is a functional signal
transduction molecule on these cells.
In view of the different growth factor requirements of fetal and adult progenitor
cells, the serum concentration of HGFs has been measured in fetal blood obtained at
fetoscopy, in neonates and in pregnant and non pregnant adults. Trace amounts of IL6 are present in the fetal circulation but this cytokine is not detected in adult
samples. GM-CSF, IL-1 or IL-3 are not detectable in fetal samples.
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Chapter One
In tr o d u c t io n .
1.1.

Haemopoiesis.

Haemopoiesis is the process by which mature circulating blood cells are generated
from multipotent stem cells. Haemopoietic stem cells have great proliferative
potential,

but are

usually quiescent (in

G q of the cell cycle); additional

characteristics include a capacity for replacement, (usually called self-renewal)
as well as multiple differentiative options. A proportion of the cell division that
occurs in the haemopoietic system is simply the continuation of the self renewal
component. Alternatively the differentiation process results in the acquisition of
specific functional properties and the loss of the ability to self renew. The
progression from stem cell to mature haemopoietic cells is finely regulated by
several mechanisms, which although having been the subject of extensive research
efforts over the past thirty years remain largely unexplained.

1.1.2.

Haemopoietic system in man.

The steady state numerical levels of mature haemopoietic cells in healthy persons
are the result of a complex homeostatic mechanism which maintains a strict balance
between destruction of effete cells and production of their replacements. The mature
blood cells found in the peripheral circulation have a relatively short life span; for
erythrocytes the typical survival time is around 120 days and granulocyte survival
is hours/days. The net result is that the body has to replace about 3.7 x 10^ ^
mature haemopoietic cells every day [Dexter, (1989)]. In order to replace the loss
of these 'end-cells', which are functionally specialized and largely incapable of
further division, the proliferation and differentiation of more primitive cells must
occur. Thus, any deviation from normal blood cell levels in the circulation merely
reflects an imbalance between production of haemopoietic elements and their
destruction. A subject may be anaemic as a result of inadequate erythropoiesis,
excessive destruction

(haemolysis) or haemorrhage. Alternatively,

red cell

numbers may be elevated when erythrocytes are produced at a rate in excess of
destruction. Similarly leucopenia results from inhibited formation or maturation of
leucocytes or their increased destruction or impaired delivery from the marginated
pool into the circulation. Leucocytosis occurs when there is a stimulus to increase
production; this can be a physiological response in infection or an inappropriate
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pathological response in haematological malignancies such as leukaemia. Current
evidence suggests that haemopoiesis is maintained throughout life by the continuous
recruitment into the cell cycle from a pool of primitive, largely quiescent Gg stem
cells. Once the stem cell is recruited it undergoes a series of amplification divisions
giving rise to a large cohort of differentiated progeny.

1.1.3.

Stem Cells.

The notion of two levels of stem cells, one pluripotent operating during growth and
repair after injury, and multiple monopotent stem cells that maintain steady-state
cell production in the adult was first proposed by [Maximow and Bloom, (1934)].

1.1.4.

Evidence for the existence of multipotentlal or
pluripotential

stem

cells.

The existence of multipotent stem cells was first demonstrated experimentally by
[Till and McCullough, (1961)] In this experiment inbred mice were given lethal
irradiation and rescued with injected syngeneic bone marrow. The haemopoietic
systems of these ablated mice were found to contain colonies of multlineage
haemopoietic cells derived from the transplanted donor bone marrow. In the mouse,
after the bone marrow the spleen is an important secondary site of haemopoiesis.
Colonies of cells formed visible plaques on the spleens of these animals, the cells
initiating these colonies were termed colony forming units-spleen (CFU-S). The
clonal nature of the colonies produced was inferred from the linear relationship
between the number of spleen colonies formed to the number of donor cells injected.
Later,

further

experim ents

by

[Becker,

at a/.,

(1967)],

used

transplants

containing chromosomal markers. This work provided definitive proof that the
colonies formed were the progeny of a single cell, demonstrating that the different
lineages could be produced by a single pluripotential stem cell which retains the
ability to self renew. The classical experiments of Till and McCullough have now
been repeated in lethally irradiated mice rescued with bone marrow labelled with
bone marrow cells infected with the retroviral molecular marker Neo [Joyner, a t
a/.,

(1983)][Dick,

at a/.,

(1985)]. This confirm s the original findings

and

additionally shows that lymphoid as well as myeloid cells arise from a common stem
cell origin.
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1.1.5

O rigins a n d m aintenance o f the S tem C eii p o o i.

Clearly the life long maintenance of the haemopoietic tissues requires that stem
cells be able to self renew and to generate differentiated progeny to replace effete
cells.
Two types of theoretical models have been proposed to explain the persistence of
stem cells throughout life.

In the first model a fixed

number of prim itive

cells

is produced

during

embryogenesis to supply the body's requirements throughout its lifetime. These
stem cells are recruited into proliferation, differentiation and maturation as
required. Half the stem cells divide to produce progeny which are themselves stem
cells and the other half divide to form progeny which will enter the one way traffic
of the differentiation scheme. A second model also suggests that a small population of
stem cells develops during the embryonic stage but that they undergo self renewal to
produce daughter cells which fully retain the developmental potential of the
parental cells. In this model each stem cell generates two daughter cells one of
which is a stem cell, where as the other enters the differentiation scheme. This is
thought to be the type of division which occurs in the haemopoietic system.

Control o f the multipotential Stem Cells which produce unipotential progeny.
Several theoretical models have been to described to explain the control of stem cell
differentiation.
i. Determinisitic events: In a deterministic model the recruitment and proliferation
of the stem cells is controlled by environmental influences which may include the
presence or absence of regulatory molecules. [Trentin, (1971)] suggested that
commitment of m ultipotential progenitors to either erythroid or granulocytic
lineages was a function of small anatomical niches in the bone marrow and termed
this

the

'haem opoietic

inductive

m icroenvirom ent'

[Trentin,

(1976)].

An

alternative determinisitic model, 'stem cell competition' suggests that the control of
stem cell differentiation is the result of modulation of the concentration of humoral
factors such as erythropoietin and colony stimulating factors [Van Zant and
Goldwasser,

(1979)]. Finally, another model simply proposed predetermined,

sequential loss of lineage potential [Johnson, (1981)].
ii. Stochastic events: In a stochastic system the recruitment and proliferation of
stem cells is a totally random event [Till, et al., (1964)]. The elegant experiments
based on micromanipulation of murine progenitors performed by [Suda, et al.,
(1984)] demonstrated that the colonies derived from paired progenitors were of

Figure

1.1.
Scheme of Haemopoiesis.

16
Pluripotent
Stem Cell

IL-6 / L y m phoid\ | l . i |L-2
IL - 7 / Stem Cell \IL -6 . IL-7, IL-Î

Myeloid Stem Cell
G M -C SF
IL-3

KL /
KL
GM C S F G M - C S F
IL-3
IL-3
/ IL-11

« A
C FU-Meg

GM-CSF
IL-3

G M-CSF
IL-3
IL-11

[Thymus]

CPU
GEMM
XL
GM
’ IL

CFU-GM
G M-CSF

Pre B Cell

Prothym ocyte

B Lym phoblast

T Lymphoblast

antigen
driven

antigen
driven

CFU-Bas
GM-CSF

GM-CSF
IL-3

CFU-M

CFU-Eo

L-3/IL-4
CFU-G

G M-CSF
M-CSF

Megakaryoblast
j

EPO

P roerythroblast

M egakaryocyte
IL-6
IL-11

EPO

Myeloblast

Myeloblast

G M -C SF
I G M-CSF
IL-3/IL-6/IL-7/IL-11 G-CSF

Neutrophilic
Myelocyte
I GM-CSF
I G-CSF

GM-CSF
IL-5

I
I

GM-CSF
M-CSF

Prom onocyte
G M-CSF
M-CSF

Myeloblast

GM-CSF
IL-5

Eosinophilic
Myelocyte
; GM-CSF
I IL-5

KL
IL-3/IL 4/IL-9

Basophilic
M yelocyte

I

IL-3/IL-4/IL-9

•
E rythrocyte

Throm bocytes

Polym orphonucleated
Neutrophil

M onocyte

Eosinophil

I GM-CSF
I M-CSF

m

Macrophage

Key:
-CSF
IL KL
BFU-E
CFU-

Colony stimulating factor
In te rle u k in Kit ligand, also termed stem cell factor
Burst forming unit - erythroid.
Colony forming unit -

KL
IL-3/IL-4/IL-9

Mast Cell

#
T Cell

Basophil

Plasm a Cell

17
diverse lineage and this was interpreted as consistent with the theory that lineage
selection by the progenitors at the time of cell division is a random event. Analysis
of single and paired human progenitors produces similar findings and thus suggests
that random restriction of lineage potential also occurs during human stem cell
differentiation [Leary, et al., (1984)]. A major limitation of a purely stochastic
model is the lack of a mechanism to enable the selection and recruitment of the
appropriate stem cells in order to respond to a haemopoietic stress, such as acute
blood loss or infection. Clearly, the simplistic theoretical models considered above
cannot completely explain the regulation of haemopoiesis. In fact much of the
experimental work in the haemopoiesis field indicate that both permissive and
inductive influences are involved in the fine control and homeostasis of the
haemopoietic system. Thus, the hypothesis, which has gained some support in recent
years is that the haemopoietic system has both deterministic and stochastic
elements. In a model of haemopoiesis involving stochastic-determinism' the random
recruitment of stem cells into the differentiation scheme occurs, but the only cells
to

survive

and further proliferate

are those

exposed

to the

appropriate

environmental conditions or signals.

1.1.6.

Developmental biology / anatomy of haemopoietic
tissues in man.

There is evidence in man that haemopoiesis is successively located in the yolk sac,
fetal liver, fetal spleen and finally the bone marrow, which remains the normal site
of haemopoiesis throughout life

(figure 1.1(b)).

In the mouse, it has been shown that the sequential development of haematopoietic
organs is probably dependent on their colonization by circulating cells of yolk sac
origin. This migration of a population of primitive haemopoietic cells has been
termed the 'migration stream concept' [Moore and Metcalf, (1970)].
A similar scheme has been proposed in the human, but it remains unproven. The
fact that mid trimester fetal blood samples (obtained by fetoscopy) have very high
levels

of

circu la tin g

com m itted

p roge nitor

ce lls

(both

eryth roid

and

granuloctye/monocyte precursors) [Linch, at a!., (1982)] perhaps supports this
hypothesis.

Figure

1.1

(b).
Proposed scheme of embryonic/fetal haemopoietic deveiopment with stem ceii
migration and seeding in suitable microenvironments.
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Ontogeny of Haemopoiesis : Embryogenesis o f Blood Cells.
All formed elements of the blood originate from embryonal connective tissue, the
mesenchyme. In the primitive-streak and somite stages of embronic development
the primitive blood cells are found exclusively in the yolk sac during the formation
of blood islands in the area vasculosa, coincident with the development of blood
vessels. In the embryo and early fetal stages of gestation, haemopoiesis is almost
exclusively concerned with production of erythropoeitic cells.
Erythropoiesis in the human embryo begins in the yolk sac around the second to
third week after conception. This is seen in the form of blood islands, mainly in the
area vasculosa of the yolk sac. This is a tubular structure composed of two layersan outer layer which forms a primitive vascular structure and an inner layer
which forms the primitive endothelial cells and gives rise to the haemopoietic stem
cells (figure 1.2.) In this phase only megaloblast-like erythroid cells develop.
Although these cells have morphological features of erythroblasts, including
haemoglobinization, they are gigantic cells with a volume of 1800-2400 fl. As
development continues these cells are replaced by smaller normoblasts. As the
latter in turn develop and mature, their nuclei disappear and erythrocytes are
formed (figure 1.3.). This process takes place in the fetal vascular system, and
continues for about six to nine weeks.

Haemopoiesis during Fetal development.
Hepatic Haemopoiesis in the human fetus: The fetal liver was recognized as a major
site of active haemopoiesis by Kolliker (1853). Many descriptive histologists at
the turn of the century studied hepatic haemopoiesis. Saxer 1896 and M axim ow
1907,1909

proposed the theory that the haemocytoblasts seen in the fetal liver

differentiate from mesenchymal cells which infiltrate the hepatic trabeculae as
they grow into the septum transversum. Van der Stricht 1892, and Von Kostaneki
1892

both offered the theory that hepatic haem ocytoblasts derived from

circulating primitive cells settling in the hepatic sinusoids. Finally Neuman 1874,
Schm idt 1892 and Schriddle

1908 suggested the endothelium of the hepatic

sinusoids as the source of haemocytoblasts.
In the studies of fetal hepatic haemopoiesis by [Thomas and Yoffey, (1964)] the
authors reviewed the earlier theories on the origin of the haemopoietic cells and
dismissed them. They noted the similarities between the nuclei of the primitive
haemopoietic cells ('haemocytoblasts') and the nuclei of the entodermal cells
forming the framework of the hepatic trabeculae. They went on to suggest that the
uncommitted entodermal cells give rise to the erythropoietic precursors. As yet the
origins of the haemopoietic elements found in the human fetal liver are uncertain. It
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may be that the migration of primitive cells from the yolk sac, as is seen in the
mouse also occurs in the human fetus [Migliaccio, et a i, (1986)].

Figure
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1.2.
Early human embryo - yolk sac.
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Figure

1.3.
Embryonic haemopoietic cells.
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Figure

1.4.
Longitudinal cross-section of human embryo
at six weeks gestation, (liver arrowed).

J

23
Figure

1.5.
Fetal hepatic haemopoiesis.
High power view of fetal liver at 16 weeks gestation.
(H & E. magnification x 330)

••
#
Figure

1.5.(b)
Fetal hepatic haemopoiesis.
Low power view of fetal liver at 16 weeks gestation.
(H & E. magnification x 66)
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Anatomical sites o f haemopoiesis during fetal development.
Evidence of haemopoiesis in the liver, predominately erythropoiesis, may be noted
about the sixth week of gestation (figure 1.4.). In the liver, haemopoiesis is
extravascular and red cell progenitors are seen between the vascular endothelium of
sinusoids and the liver epithelium. Definite erythroblasts proliferate rapidly and
by 16 weeks they outnumber liver cells (figure 1.5.). The mature red cells formed
here slip through the delicate sinusoidal lining into the circulation along with more
immature erythroblasts and normoblasts.

Spleen.
The spleen derives from an aggregated mass of mesenchymal cells at about the 5th
or 6th week of gestation and acquires its characteristic form by 12 weeks gestation.
Between 1 2 - 2 4 weeks gestation the spleen is engaged in erythropoiesis. However,
the spleen contributes only a small proportion of total blood cell formation during
fetal development and the liver remains the major site of red cell production.

Thymus.
The fetal thymus develops from cells of the third and fourth pharyngeal pouch
towards the end of the 6th week of gestation. Thymic tissue develops at the end of the
third month into a dense cortex containing mainly small lymphocytes and a medulla
containing lymphocytes and mononuclear cells. The process of thymic development
is completed by the formation of a capsule and trabeculae (which forms from the
surrounding mesenchyme). A few scattered erythroblasts and granulopoietic cells
are found in the loose connective tissue of the trabeculae but the thymus only makes
a small contribution to erythropoiesis and granulopoiesis, its major function being
the conditioning of the T-lymphocytes.

Bone marrow.
Consideration of fetal bone marrow haemopoiesis must start with examination of the
development of the skeleton. The two hundred individual bones in the human skeleton
develop at different stages of embryogenesis. The most obvious feature of the
developing skeletal system is the vertebral column. Ossification of the vertebrae is
apparent at about the 8th week and bone marrow stromal elements are present at
the 11th week of gestation, (shown in figure 1.6) active haemopoiesis is evidenced
at multiple sites by the 15th week. The 'long' bones also become ossified at
approximately the same gestational age (8 weeks). In the third month (between the
9 - 12th week of gestation) ossification of most of the remaining skeleton occurs,
including the bones of the hands and feet, ribs, the scapula and the pelvis.
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Figure

1.6.
Transverse cross-section of fetal femur at 16 weeks gestation.
(Toludine blue, magnification x 330)

Transverse cross-section of fetal femur at 1 6 weeks gestation.
(Toludine blue, magnification x 66)
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In all of the skeletal components that are cartilaginous before the development of
bone marrow, histological studies have demonstrated that disintegration and
reabsorption of cartilage occurs simultaneously with the process of ossification.
This is followed by formation of vascularized areas that establish a stromal matrix.
There is a gap of two weeks between the appearance of vascular stromal areas and
the observation of extrasinusoidal 'haemopoietic islands' [Kelman, et al,, (1979)].
The bone marrow, the permanent site of haemopoiesis in adult life, begins to
develops between 1 1 - 1 8 weeks depending on the type of bone. By 25 weeks
gestation granulocytes are present in large numbers. The erythropoietic component
increases towards term and is accompanied by a decline in production in the liver.

Anatomical sites o f haemopoiesis in childhood through to adult life.
After birth erythropoiesis, granulopoiesis and platelet production normally only
occurs in the red (haemopoietic) bone marrow. In infants and children, red bone
marrow is present in most of the skeleton until adult life when haemopoiesis
becomes restricted to the flat bones and the proximal ends of the long bones. In both
children and adults an increased demand for cells which cannot be met by marrow
hyerplasia alone can result in extramedullary haemopoiesis. The spleen, liver and
lymph nodes are able to revert to their fetal role and engage in production of
haemopoietic cells. Extramedullary sites clearly retain the ability to support
haem opoiesis

in

term s

of

inducible

m icroenvirom ental

requirem ents

and

presumably stem cells/progenitors are seeded from the circulation in a fashion
analogous to the transfer of haemopoietic activity from the fetal liver to fetal bones.
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1.1.7.
The

Antigens expressed on progenitor ceiis.

antibodies

which

identify

prim itive

haem opoieito

developm ental stages in the haemopoietic differentiation

ceils

and

various

schemes of both

myelo/monocytic and erythroid lineages are discussed below and are considered in
diagramatic form in figure 1.7. and figure 1.8.

HLA DR.
HLA DR is the framework epitope of one of the class II major histocompatibility
antigens and is expressed on cultured haemopoietic progenitors on the stromal
dependent pre-CFU, CFU-Blast and multipotent and unipotent colony forming cells.
CD34 positive progenitors demonstrate low to moderate levels of HLA DR positivity
[Terstappen, e ta !., (1991)]. This decreases with granulocytic maturation and the
myeloblast stage is negative for this antigen. In contrast, HLA DR expression
increases in monocytic development, peripheral blood monocytes are intensely
positive, as are B-lymphocytes. HLA DR is an activation antigen in lymphoid cells
with T-lymphocytes and NK cells bcoming positive upon stimulation. BFU-E are
variably positive but the more mature morphologically recognisable erythroid
precursor cells are HLA DR negative. [Robinson,

et al., (1981)][W att, et al.,

(1 9 8 7 ) ]

CD38.
The CD38 antigen appears to be acquired by haemopoietic progenitors at the point of
lineage com m ittm ent. The CD38 antigen

is absent on the

most prim itive

multipotential progenitors [Terstappen, et al., (1991)] and the authors calculate
that this negative population typically represents only 0.1% of MY10 (CD34)
positive cells in normal adult bone marrow.

CD34.
The

CD34

antigen

(MW:

105-120kD)

is

a single

chain

transm em brane

glycoprotein. The gene coding for the protein is on the long arm of chromosome 1
(1q32). There are eight coding regions in the gene and there is a high degree of
homology between mouse and man in the transmembrane region. Sequence analysis
does not reveal a relation to other proteins, the core protein (30kD) is heavily
glycosylated (0-linked) and is a mucin like molecule like the CD43 antigen. The
antigen is present on virtually all haemopoietic progenitors detected by in vitro
assays. The function of CD34 is unclear but recent studies indicate that the CD34
glycoprotein is phosphorylated following stimulation by protein kinase C activators
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and it has thus been suggested that the molecule may be involved in signal
transduction [Fackler, et a i, (1990)]. The cytoplasmic domain contains two sites
for protein kinase C phosphorylation and one site for tyrosine phosphorylation
[Simmons, et a i, (1992)]. This membrane glycoprotein has been demonstrated by
immunoselection followed by colony-forming assay to be expressed on nearly all
multipotential (CFU-Blast, CFU-Mix,) and most bipotent/unipotent myeloid colony
forming cells including BFU-E, CFU-Mega and CFU-GM. Both T and B lymphoid
precursors are also thought to bear this antigen. In the developmental scheme of
haemopoiesis CD34 positivity is lost at the late progenitor stage and CFU-E, G-CFC,
M-CFC are only weakly positive or negative for this antigen. Moabs in this cluster
include MY10, 8G12, , BI3G5, ICH3 and 12.8 [Civin, et a i, (1990)] they are
excellent reagents for positive selection and have been used for FACS techniques and
affinity

chrom atographic

separation

[Civin, et a i,

(1987)][Berenson,

et a i,

(1986)].

CD33.
The CD33 antigen is a 140Kd. homodimeric glycoprotein molecule. The human CD33
cDNA predicts a 40Kd transmembrane polypeptide but the function of this molecule
is unknown. Immunohistochemical studies of human tissues indicate that CD33 is
only found on haemopoietic progenitors and myelo/monocytic cells. Very early
colony forming units (CFU-Blast) appear to lack the CD33 antigen. CD33
monoclonal antibodies have been used clinically to purge autologous bone marrow
from patients with AML, based on the lack of CD33 expression on the earliest
haemopoietic progenitors. Approximately 50.0% of the CD34+ cells in

normal

marrow co-express CD33, including a proportion of mixed potential CFU (CFUMix) some BFU-E and most CFU-GM. The expression of CD33 increases as cells
mature along the monocytic and granulocytic pathways. Monocytes stain strongly
whereas neutrophils, eosinophils and basophils stain less intensely. The pattern of
reactivity

with anti CD33 moabs means that they can be used to indentify

progenitors in positive selection procedures but it is necessary to remember that
not

all

p ro g e n ito rs

stain

p o s itiv e ly

and

also

th a t

co n ta m in a tin g

monocytes/granulocytes will co-purify if the antibody is used alone [Griffin, et a i,
(1982)][A ndrew s,

et a i,

(1983)].

CD13.
The CD13 molecule is a ISOKd glycoprotein and analysis of the cDNA sequence
showed that CD13 antigen is identical to aminopeptidase N. This is a cell membraneanchored metalloprotease which is expressed on a variety of non haemopoietic
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tissues. The function of CD13 is unclear but it is thought to be involved in
metabolism of intercellular signalling peptides. CD13 is not present on the early
multilineage haemopoietic progenitor cells; although a major subset of CD34
positive progenitors co-express CD13, the CD13 antigen is expressed after CD33
during myeloid maturation. The first clonogenic cells which express the antigen are
CFU-GM. Erythroid progenitors and lymphoid precursor cells are CD13 negative
[Griffin,

et al.,

(1983)].

CD10.
The 100 kD antigen recognized by CD10 (GALLA) is a metalloprotease, neutral
endopeptidase which is co-expressed with aminopeptidase N. CD10 is expressed
selectively on immature B-lymphocytes, neutrophils and a subset of lymphoid GD34
positive bone marrow progenitors [Givin, (1990)].

CD71.
The transferrin receptor is a IBOKd

disulphide-linked homodimer with two

transferrin binding sites. Transferrin receptors are expressed by bone marrow
progenitors at varying density. Committed myeloid progenitors express transferrin
receptors. Most CFU-GM are strongly positive and 'early' mutlipotential CFU-Mix
exhibit only weak positivity. Normal mature circulating blood cells do not express
transferrin receptors and studies with anti transferrin receptor moabs indicate that
non-erythroid cells progressively lose transferrin receptors during maturation.
Both BFU-E and CFU-E express very high levels of transferrin receptors which
decline as the differentiation process continues, finally losing the receptors at the
early reticulocyte stage. The transferrin receptors on erythroid cells allow these
actively cycling cells to obtain the iron required for haemoglobin synthesis [Sieff, et
a!.,

(1982)].

CD45.

CD45 antibodies recognize the T200 antigen (HLe-1, common leukocyte antigen) and
CD45 proteins are found on all cells of haemopoietic origin, except erythrocytes
[Thomas, et a!., (1989)]. There are at least five high molecular weight isoforms
(MW: 180, 190, 205, 220 kD).The different isoforms arise from a single gene via
alternative mRNA splicing and the expression can be followed with moAbs specific
for protein encoded by the alternate exons or by moAbs that recognise the junction of
the eight amino acid NH2 -terminal conserved sequence and the rest of the conserved
part

of

the

protein.[B arclay,

et a!.,

(1993)]

The

different

epitopes

are
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termed CD45RA, CD45RB, CD45RC and CD45RO respectively. The identical
intracellular region in all isoforms has protein tyrosine phosphatase activity and is
thought to

be

involved

in triggering

intracellular proteins. The antigen

cell

activation

by dephosphorylating

is expressed on virtually

all nucleated

haemopoietic cells, including some progenitors. In the erythroid lineage CD45 is
expressed on the earliest identifiable erythroid cells but antigen expression
decreases early in the differentiation scheme at the stage at which erythroid colony
forming cells acquire large numbers of transferrin receptors.
[Beverley, et al., (1980)] used the CD45 antibody 2D1 to purify human bone
marrow progenitors by FACS sorting GDIS negative CD45 dim cells. More recently,
[Lansdorp,

et a!., (1990)] concluded that as previously described for mouse

clonogenic cells, that all CD34 + cells expressed either CD45RA or CD45RO. The
report published

by [Fritsch,

et a!.,

(1993)] states that the early CD34+

progenitors from bone marrow which are GD45RA- give rise to GFU-Mix, and that
haemopoietic progenitors from cord blood were found to be mainly GD45RA-/RO-.

C D 36.

This antigen (MW: 90kD) is a single chain membrane glycoprotein, which acts as a
receptor for thrombospondin and collagen. It is found on monocytes, tissue
macrophages, platelets, some endothelial cells and weakly expressed on B-cells. The
GD36 antigen is strongly expressed on GFU-E with weaker staining on BFU-E. The
moab 5F1 has been used to describe expression of the GD 36 antigen in haemopoietic
cells [Bernstein, et a!., (1982)] [Andrews, et a!., (1983)].
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Figure

1.7.

Myeloid antigens expressed on progenitor cells.
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Figure 1.8.
Erythroid antigens expressed on progenitor cells.
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1.2.

Regulation of haemopoiesis/Regulatory mechanisms.

There are three crucial interconnected elements involved in the regulation of
production of blood cells. First is homeostatic control of self renewal of the
pluripotent stem cell, considered earlier; second there is differentiation of stem
cells into the different lineages (Commitment); and third, amplification of the
lineages

to

provide

for

the

variable

replacem ent

(Proliferation). The regulatory elements controlling

needs

of the

system

the com ponents of the

haemopoietic sytem are discussed in the following section.

1.2.1.

Reguiatory mechanisms

Cell/Cell interactions and the microenvironmental influence o f stromal cells.
Early models of haemopoietic control systems (before the identification of HGFs);
postulated that the transition from stem cell to progenitor cell might solely be
influenced by cell contact or short range interaction with specialized stromal cells
also present in the anatomical locations where haemopoiesis occurs, whilst the
proliferation

of differentiated

precursors

might

be

regulated

by

humoral

regulatory molecules. It has become clear that this simplistic 'two step' model is not
valid and in fact all stages of haemopoiesis are regulated by complex interlinked
mechanisms which involve the cell/cell contact and microenvironmental effects of
stromal cells and the production of locally active haemopoietic regulatory molecules
(both stimulatory and inhibitory).
The evidence for the role of haemopoietic stromal cells came from culture studies of
bone marrow derived cells which develop an adherent stroma with an overlayer of
active haemopoietic cells as described by [Dexter and Testa, (1976)]. In this
system both murine and to a lesser extent human haemopoiesis can be maintained
over a long period. Self renewal of 'stem cells' occurs in this type of culture, and in
murine cultures the highest concentration of stem cells are found enmeshed within
the adherent stromal layer. Additionally, the culture will continue to produce
multipotential progenitors and their differentiated progeny.

The precise mechanisms by which the stromal elements are able to control the
haemopoietic process is the focus of intense research, but clearly one of the roles of
stromal cells is to facilitate attraction/homing of stem cells and progenitors
[Gordon, et al., (1990)]. The mechanical achorage of stem cells or progenitors in a
'microenvironmental niche' is probably the result of the stromal cells surface
expression of adhesion molecules and complementary molecules on the haemopoietic
cells. Three major groups of cell adhesion molecules have been defined, (shown in
ta b le l.1 .) These molecules are either members of the immunoglobulin gene

Table 1.1.

34

Cell Adhesion molecules.

Immunoglobulin Superfamilv o f Adhesion Receptors.
LFA2 (CD2), LFA3 (CD58), ICAM-1 (CD54), ICAM-2 , VCAM-1, T-cell
receptor (CD3), CD4 (TCR co-receptor), CD8 (IC R co-receptor), MHC I,
MHC II

In te r a r in s .

Pi
(VLA proteins), p i 50,95 (GDI Ic /C D I 8), VLA-1-3,6, VLA-4 (LPAM-1,
CD49d/CD29), Fibronectin receptor (VLA-5,), LPAM-2

P2
LFA1 (CD11a/CD18), MAGI or Mol (GD11b/CD18)

P3
Vitronectin receptor. Platelet gp llb/llla

S e le c tin /L E -C A M .
LEG-GAM-1 (Leu 8), LEG-GAM-2 (ELAM-1), LEG-GAM-3 (GD62)

Matrix

component

Cell surface receptor

Cellular

Fibronectin receptor

BFU-E
B -c e lls
lymphoid cell lines
HL60 cells

ll b / ll la

platelets
megakaryocytes

Thrombospondin

TSP

monocytes, platelets
human CFG, GFU-Mix

Hyaluronic acid

GD44

T and B cells, neutrophils
tum our cells

Hemonectin

unknown

GFG-GM, BFU-E
immature neutrophils

Proteoglycans:
Heparan sulfate

unknown

GFG-Blast

Unfractured EGM

unknown

GFG-Blast

Fibronectin

Adapted from Long ( 1992) Exp. Hematol.

exoression
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superfamily, the integrin gene superfamily or the selectin/LEC-CAM family [Long,
(1992)]. Other components of the extracellular matrix which may interact with
haem opoietic

cells

include,

fibronectin,

throm bospondin,

hyaluronic

acid,

hemonectin and proteoglycans (including heparan sulfate). The proteoglycans are
poly anionic macromolecules found on both the surface of stromal cells and within
the extracellular matrix. The proteoglycan molecules consist of a core protein
containing one or more covalently linked glycosaminoglycan (GAG) side chains and
the significance this is considered further later on in this chapter. [Teixido, et a i,
(1992)] have shown that marrow stromal cell monolayers capable of supporting
proliferation of CD34+ cells express VCAM-1 and fibronectin which are ligands for
VLA-4 and VLA-5 which are present on CD34+ cells. They also noted the presence
of ICAM-1 (ligand for LFA-1 and Mac-1) and their adhesion blocking experiments
indicated that the VLA-4/VCAM-1, VLA-5/fibronectin, and ICAM -1/p2-intergrin
interactions are involved in CD34+ progenitor attachment to stromal cells.
It is also known that cultures of stromal cells are able to produce HGFs in vitro, and
several growth factors have first been observed in conditioned media from stromalderived cell lines [Fibbe, et ai., (1988)]. [Kittler, et ai., (1992)] have recently
demonstrated constitutive production of mRNAs for M-CSF, G-CSF, GM-CSF, SC F
and IL-6 in the adherent stromal cells of murine long-term explant cultures and
from these data they postulate "that intramedullary hematopoiesis is regulated by
exposure of early multifactor-responsive hematopoietic stem cells to combinations
of 6 to 10 (or more) synergistically interacting growth factors some present at
very low concentrations, which are presented as components of stromal membranes
or extracellular matrix". The observation that HGFs may be presented to stem cells
or progenitors bound to extracellular matrix molecules comes from the work of
[Gordon, et al., (1987)]. Gordon and collègues have demonstrated that the
proliferation of haemopoietic cells in the presence of stroma is associated with
GAG-bound GM-CSF. [Roberts, et a i, (1988)] have subsequently shown that the
precise GAG molecules involved in this process were heparan sulfate and they
showed that heparan sulfate side chains could bind both GM-CSF and IL-3.
Taken overall, these data would appear to suggest that adhesion molecules,
extracellular matrix components and haemopoietic growth factors are involved in
complex multiple interactions which result in localization of cells within the
microenviroment, homing of stem cells to specific anatomical sites, cellular
trafficking and migration, and HGF mediated proliferation and development. The role
of HGFs is further considered in the next section.
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1.3.

Haemopoietic growth factors.

E rythropoietin .
The existence of a factor that acted to regulate erythropoiesis was proposed in the
latter part of the nineteenth century in an effort to explain the constancy of red cell
numbers found in the circulation. The historical aspects of the search for a
regulatory influence acting on the erythropoietic lineage were reviewed in detail by
[E rselev

and

Caro,

(1983)], In 1863

Dennis

Journdanet p u b lish e d

his

observations showing that people living at high altitude had increased red cell
counts. His coworker, Paul Bert

published a book in 1873 reasoning that this

increase would provide a survival advantage to these people living at a low partial
pressure of oxygen, but did not believe that this was an acquired adjustment. In
1890 Francois Viault observed an increase in his own red cell count after a stay at
4520m in the Peruvian Andes and it was then suggested that erythrocytosis was an
adaptive change occuring as part of acclimatization to high altitude. It is now
generally accepted that the erythrocytosis that occurs at high altitude is an adaptive
response compensating for the low partial pressure of oxygen of the inspired air in
order to augment the oxygen carrying capacity of the blood. However, a century on
from the original descriptive studies, the study of high altitude erythrocytosis
continues with the aetiology of excessive erythropoiesis which gives rise to chronic
mountain sickness or Monge's disease remaining to be fully explained [LeonVelarde, et a i, (1991)].
In 1893 M ie s c h e r proposed that production of the erythropoietic regulator
occcurred in the bone marrow. In 1906 Carnot and Deflandre first suggested that
erythropoiesis was controlled by a factor found in the plasma and studies by [Gordon
and Dubin, (1934)] and [Krum dieck,

(1943)] provided further support for the

presence of an erythropoietic substance in the serum of anaemic animals. Direct
evidence for the existence of the factor was provided by [Erslev, (1953)] w h o
demonstrated that injections of plasma from anaemic or hypoxic rabbits when given
to healthy rabbits resulted in increased numbers of red cells. In 1957 Jacobson
and colleagues showed that the factor (now termed erythropoietin) was produced in
the kidney and that the kidney functioned as an endocrine gland [Jacobson, et al.,
(1957)]. The precise site of erythropoietin synthesis in the kidney is thought to be
the interstitial renal cells, probably endothelial cells found associated with the
proximal tubules. This is based on the studies of [Lacombe, et al., (1988)] and
[Koury,

et al.,

(1988)] which dem onstrated

that

in murine

kidneys

some

peritubular capillary endothelial cells produce erythropoietin mRNA. Both the
precise anatomical location and mechanism of the 'oxygen sensor' remain areas of
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conjecture but [Goldberg, et al., (1988)] propose the existence of a triggering
heme protein. It is suggested that hypoxia changes the conformation of this heme
protein resulting in the production of a short range factor capable of activating the
erythropoietin gene.
Although the principal site of Epo production is probably the kidney [Bondurant and
Koury,

(1986)] and [Zanjani, at a!., (1977)] suggest that, approximately 10 -

15% of hormone synthesis occurs in the liver. The liver is the major site of Epo
production in the fetus [Fried,

(1972)][Flake,

et a!.,

(1987)] and hepatic

synthesis appears to account for the just detectable plasma concentrations in
anephric patients [Erslev, et a!., (1968)]. The precise cell type responsible for
production in the liver is unclear [Bondurant,

et a!., (1991)]. There is also a

possibility that macrophages in other sites, including the bone marrow are able to
produce Epo as the studies of [Rich, et a!., (1982)] [Rich, (1987)] in murine
bone marrow derived macrophages have shown that these cells can secrete Epo in
vitro and express Epo mRNA in vivo.

Biochemistry o f Epo.
The erythropoietin gene is a single copy on chromosome 7 with considerable
homology throughout the mammalian species. It was originally proposed that the
single chain polypeptide was initially synthesized as an inactive propeptide
(proerythropoietin) and was subsequently processed by a serum factor to a
smaller, biologically active form. Sequencing studies of the Epo gene show that it
codes for a leader sequence of 27 amino acids which are thought to be important in
the secretion of the glycoprotein, and an active hormone structure of 166 amino
acids. The gene predicted structure exactly matches the sequence obtained from
analysis of the natural hormone except for the terminal arginine [Recny, et ai.,
(1987)] but the significance of the finding that the final form is one amino acid
shorter than predicted by analysis of the genomic sequence is unclear.
Following cloning and sequencing of the Epo gene of humans, [Lin, et ai., (1985)]
monkeys [Lin, et ai., (1986)] and mice [Shoemaker and Mitsock, (1986)] the
well-documented biological cross-reactivity was found to be similarly mirrored by
strong homology between human and mouse Epo gene coding sequences. Experiments
by [Imagawa, et ai., (1991)] have shown that highly conserved noncoding 5' and 3'
promoter and enhancer elements confer responsiveness to both hypoxia and cobalt.
The protein core of the natural Epo molecule consists of 165 amino acids resulting
in a molecular weight of 18kD. The molecular structure is characterized by
alternating a - helix regions on (3 - pleated sheets, two disulphide bonds and four
glycosylation sites. The polypeptide backbone is glycosylated in the rough
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endoplasmic reticulum and the fully glycosylated natural molecule has an apparent
molecular weight of 30 - 39kD when analysed by SDS-gel electrophoresis and of 27
- 60 kD when determined by gel filtration [Miyake, et al., (1977)]. The native
molecule is estimated to contain approximately 30% carbohydrate, consisting of
8.9% N-acetylglucosamine, 7.7% sialic acid and 13.0% hexoses; its half-life is
about six hours, but the precise site of degradation is not known. Erythropoietin
contains sialic acid residues, which are necessary for the in vivo activity of the
molecule, but not for stimulating colony formation in vitro . The requirement for
sialic acid for Epo to act in vivo is possibly related to the ability of liver protein
degrading cells to recognize the galactose residue exposed when sialic acid is removed
[Goldwasser, at ai., (1974)]. The biological activity of erythropoietin, in contrast
to the other HGFs discussed later is dependent upon glycosylation and as a result a
mammalian expresssion system is required to manufacture recombinant material
with biological activity in vitro. [Dube, at ai., (1988)], suggest that the N and Olinked sugars at Asp-38, Asp-83 and Ser-126 are absolutely critical for the
biosynthesis and secretion of the mature glycoprotein and additionally that the Nlinked oligosaccharides at Asp-24 and Asp-38 are important for biological activity.
The normal physiological concentration of Epo in human serum is around 15.0
mlU/ml. Biologically active human Epo was originally purified from the urine of
patients with aplastic anaemia and the specific activity of this material was found to
be 70 - 80,000 lU/mg protein. Urinary Epo was used to provide amino acid
sequence which in turn allowed the production of a oligonucleotide probe used to
isolate the whole gene from a human genomic library [Miyake, et al., (1977)]. The
cDNA coding the human gene has been molecularly cloned into different mammalian
cells to produce a biologically active material [Lin, at ai., (1985)] [Jacobs, at ai.,
(1 9 8 5 ) ] .

Function of Epo.
Erythropoietin

is

the

major

physiological

regulator of

erythropoiesis.

The

classically held view of the role of the hormone is the stimulation of stem cells in the
bone marrow to both divide and differentiate into mature blood cells. This is an over
simplification and the evidence from both in vivo and in vitro studies shows that
erythropoietin acts predominantly on a late pool of committed progenitors. In the
bone marrow, erythropoietin acts primarily as a differentiation hormone and acts on
the mature progenitor cell CFU-E causing transformation to a proerythroblast
[Spivak,

(1986)].

program m ed

cell

In the
death

absence
[Koury

of erythropoietin
and

B ondurant,

CFU-E
(1990)]

die

undergoing

and

studie s
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using a murine Epo dependent cell line indicate that Epo may act at some point in G i
as a cell cycle progression factor [Tsuda, et al., (1989)]. Whilst the BFU-E are also
sensitive to Epo the growth of more primitive progenitors cells may be equally
dependent on the presence of locally produced growth factors collectively termed
burst promoting factors. Many of the factors described as burst promoting activity
have subsequently been indentified as members of the haemopoietic growth factor
family and are considered in the following sections.

1.4.

Colony Stimulating Factors and the haemopoietic growth
factor

family.

A large family of haemopoietic growth

factors

has now been discovered,

biochemically characterized and via the application of the techniques of recombinant
DNA technology cloned into expression systems to provide synthetic material. Unlike
erythropoietin, most of these factors were originally defined in in vitro culture
systems. The short term in vitro colony assays for murine haemopoietic cells
developed by [Pluznik and Sachs, (1965)] and [Bradley and Metcalf, (1966)] were
subsequently adapted for use with human cells [Pike and Robinson, (1970)] and
[Iscove and Sieber, (1975)]. The development of this type of assay led to the
discovery of growth promoting agents in crude conditioned media, cell line tissue
culture supernatants, tissue fluids, serum and plasma which were capable of
stimulating the growth of colonies of haemopoietic cells in vitro. The first four
growth promoting agents identified in this way were thus termed 'colony stimulating
factors',

namely

macrophage

granulocyte-m acrophage

(M-CSF)

and

m ultipotential

(GM-CSF),
(m ulti-C SF/

granulocyte
IL-3);

details

(G-CSF),
of their

structure and target cell populations are given in table 1.2. Several further
haemopoietic growth factors have been identified and the biochemically characterized
and cloned growth factors with their primary actions are listed in tables 1.3. and 1.
4.
The fundamental property shared by all the HGFs recognised to date is that they are
all glycoproteins which exhibit biological activity at picomolar concentrations. The
carbohydrate moieties present on HGFs are not absolutely necessary for biological
activity as evidenced by the in vivo biological
recombinant material produced in bacteria.

activity

of

unglycosyslated

Table

1.2.
Structure and Biological A ctivity o f Human Colony Stimulating Factors.

Cells

P ro te in

1.0

5q23-31

2 0 - 26

CFC-Blast, CFU-Mix, BFU-E, GM-CFC,
Eo-CFC,
CFU-Mega,
M o n o c y te s ,
Eosinophils,

GM-CSF

1.0

5q23-31

14 - 35

CFC-GM, Eo-CFC, BFU-E, CFU-Mix, CFCBlast, CFU-Mega, Neutrophils,
Eosinophils, Monocytes.

G-CSF

2.0

1 7 q l 1.2-21

18 - 22

CFC-G, Neutrophils

M-CSF

4.0, 1.8*

5q33.1

70 - 90

M-CFC, Monocytes

mRNA

IL -3

fk b l

fk D l

Target

C h rom oso m e

F a c to r

32 - 5 2 *
both Homodimers

After Cannistra and Griffin, in Seminars in Hematology, July 1988.

o

Table

1.3.
Haemopoietic Growth factors (I).

I

"Late Actinp"
Erythropoietin
G-CSF
M-CSF
I L- 5

II

"Intermediate

Normally considered lineage restricted, acting mainly on the late
divisions of the maturation process.

acting"
May be active on several lineages

I L- 3
GM-CSF
III

"Early/Synergistic
IL-1 a/b
IL- 6
I L- 4
I L- 7
I L- 9
IL-1 1
SCF
LIF/HILDA

Factors ir
Act in a synergistic fashion (often on multiple lineages)
with other growth factors from 1and II.
May have a direct action on a given lineage.

Table

1 .4.
Haemopoietic Growth factors (ii).

Growth

Factor

Cellular

source

Biological

activity

Progenitor
Erythropoietin
G-CSF

on

Cells

Renal peritublar cells,

Erythroid proliferation

liver, bone marrow macrophages.

Megakaryocyte proliferation

Monocytes, Endothelial cells

Granulocyte proliferation,
synergistic factor for growth of
other lineages

Monocytes, Endothelial cells

Monocytic/Macrophage proliferation

fibroblasts

(synergistic factor)

I L- 5

T-cells

Eosinophil progenitor proliferation

GM-CSF

Monocytes, Endothelial cells

Multilineage proliferation

M-CSF

fibroblasts
I L- 3

T-cells,

Multilineage proliferation

(neuronal cells,murine)

including mast cells and lymphoid
cells

I L- 6

Monocytes and numerous other cell

(Synergistic factor

types
IL-la

Monocytes, and numerous other
cell types

Synergistic factor
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Granulocyte Colony Stimulating Factor (G-CSF).
The human G-CSF gene is located on chromosome 17q22, and consists of five exons
and four introns, and when transcribed yields a 2.0kb mRNA. Via different RNA
splicing, disparate species of G-CSF proteins are produced, with one having three
more amino acids than a shorter version. The longer version of the protein has been
shown to be substantially less biologically active than the short G-CSF [Souza, et al.,
(1986)]. The lack of arginine-linked carbohydrate sites results in only 0-linked
glycosylation, yielding a glycoprotein with a molecular weight of 18 - 22 kD (as
determined by SDS-polyacrylamide gel electrophoresis. Human G-CSF has 69%
homology with murine G-CSF at the amino acid level, resulting in bidirectional
biological cross-reactivity [Oster, et al., (1990)].
As one of the four colony stimulating factors originally identifed by the ability to
support in vitro colony formation, G-CSF was so named as it sustains the
proliferation and differentiation of colonies containing neutrophilic granulocytes. GCSF has stimulatory effects both in vivo and in vitro on neutrophilic progenitor cells
and on mature neutrophils. On progenitors it acts as a lineage specific haemopoietin
[Souza, et al., (1986)] and promotes differentiation in several myeloid leukaemia
cell lines. However, G-CSF may also act on multipotential and early erythroid
progenitors in synergy with IL-3 and Epo [Ikebuchi, et ai., (1988)]. G-CSF primes
neutrophil functions, including the 'respiratory burst' by increasing superoxide
anion production upon exposure to the bacterial peptide f-M et-Leu-Phe and
enhances bacterial phagocytosis [Lindermann, et al., (1989)].

Granulocyte macrophage colony stimulating factor (GM-CSF).
G ranulocyte macrophage colony stimulating factor was purified from medium
conditioned by the Mo cell line [Gasson, et al., (1984)] and the gene encoding human
GM-CSF was cloned by [Wong, et al., (1985)]. The human GM-CSF gene maps to
chromosome 5q 21-32 and contains four exons and three introns [Arai, et al.,
(1990)]. The mature GM-CSF protein (also named CSFoc or CSF-2) is a 120 amino
acid polypeptide with an apparent molecular weight of 14.5 - 35 kD due to variable
glycosylation. In colony forming assays it stimulates the formation of colonies
composed of neutrophil, monocyte and eosinophil lineages and has some activity on
erythroid and megakaryocyte precursors [Clark and Kamen, (1987)]. [Metcalf,
(1985)] has noted an apparent dose effect in that low concentrations of GM-CSF act
on bipotential precursors to preferentially yield monocyte colonies, whereas higher
concentrations result in neutrophil granulocyte colonies.
In synergy with other cytokines it promotes the proliferation of multipotential cells
including Epo sensitive early erythroid cells [Sieff, et al., (1985)]. More recently.
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synergy with IL-3 has been seen in serum-free assays [Sieff, et al., (1989)].
Synergy is also observed with the early acting factor termed stem cell factor
[Bernstein,

et a!., (1991)].

Macrophage colony stimulating factor.
M-CSF is produced by monocytes, fibroblasts and endothelial cells and stimulates the
formation of macrophage/monocyte colonies [Metcalf, (1986)]. Molecular cloning
studies have suggested the existence of two mRNa species. The predominant
transcript of 4.0kb arises from an alternative splicing yielding a 61 kD precursor
polypeptide. The 554 amino acid precursor is processed by removing a 32 amino
acid signal peptide and a 333 amino acid C-terminal peptide to yield the 'mature'
unmodifed 189 amino acid form. The mature form contains two potential Nglycosylation sites, 9 cysteine residues and is secreted as an approximately 70 90kD

disulphide linked homodimer containing both N- and 0-linked sugars [Wong,

et al., (1987)]. The other smaller mRNA transcript (1.8 - 2.0 kb) codes for a
disulfide linked homodimer of 32 - 52 kD. Elements of the sequence are suggestive of
a membrane anchor and [Cosman, et al., (1988)] have suggested that human M-CSF
may also be produced as an integral membrane protein which is released by an
unknown proteolytic mechanism. In addition to its effects on haemopoiesis, M-CSF
augments the function of mature monocytes and macrophages including enhancement
of antibody-dependent cell mediated cytotoxicity [Mufson, et al., (1989)] and causes
inhibition of bone resorption by osteoclasts [Hattersley, et al., (1988)].

Interleukin 5.
Two observations made in the early 1970's led to the discovery of interleukin 5;
firstly, eosinophilia was shown to be a T cell dependent condition and second,
supernatants of activated murine spleen cells were shown to be capable of inducing
eosinophil colony formation in clonogenic assays of bone marrow cells [Basten, et
al., (1970)] [Metcalf, et al., (1974)]. The eosinophil differentiating factor (EDF)
was isolated from conditioned supernatants of T-cell clones originally isolated from
mice infected with Mesocestoides c o r ti. Subsequently, the EDF activity was found to
be associated with a protein of 45kD Mr upon gel filtration and this led [Sanderson,
et al.,

(1985)] to suggest the existence of a lymphokine distinct from IL-3 or GM-

CSF. Cloning studies reveal that the human IL-5 gene codes for a 134 amino acid
polypeptide which includes a 19 residue N-terminal hydrophobic leader sequence.
Human IL-5 exists as a dimer with an apparent molecular weight of approximately
45kD [Yokota, et al., (1987)]. IL-5 actions on haemopoietic cells appear restricted
to induction of eosinophilia as a consequence of increased proliferation of CFU-Eo in
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parasitic infections and certain pathological states. Differentiation of B cells
following treatment with IL-5 has been reported in the mouse.

Interleukin 3.
IL-3 is a glycoprotein produced by activated T-cells [Ihle, et al., (1981)]. It has
been known by many names as a result of different observed effects. These include
multi-CSF, burst promoting activity (BPA), mast cell growth factor (MCGF),
haematopoietic cell growth factor (HOGF) and haematopoietin 2 (HP2). As a
haemopoietic growth factor it is thought to act on pluripotential progenitors leading
to the proliferation and differentiation of myeloid progenitor cells for neutrophils,
eosinophils, basophils, monocytes and in the presence of Epo, early erythroid
progenitors and megakaryocytes.
Similiar to the genes for IL-6 and G-CSF the IL-3 gene is composed of five exons and
four introns. The 5' untranslated region contains a GC ’rich’ region and two domains,
CK1 and CK-2, which interact with nuclear proteins. The CK-1 domain is a
conserved feature of the promoter regions of GM-CSF, G-CSF, IL-3 and IL-2,
whereas the CK-2 is found in only GM-CSF and IL-3 [Gasson, (1991)]. Despite the
apparent relationship between GM-CSF and IL-3 the expression of these HGFs
appears to be regulated independently; many cell types are noted to synthesize GMCSF whereas IL-3 appears to be restricted to T-cells only [Arai, et al., (1990)].
In in vitro culture studies of CD344- cells an increase in cell numbers by a factor of
upto 100 fold after 14 days of IL-3 stimulation is seen, in this model GM-CSF leads
to a 3 - 10 fold increase only [Egeland, et ai., (1991)]. As it is thought that bone
marrow stromal cells do not produce IL-3 its physiological significance is unclear,
but its role may lie in initiating emergency haemopoiesis rather than control of
steady-state haemopoiesis. [Itoh, et ai., (1990)].
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1.5.

Synergistic haemopoietic growth factors.

Stem ceil factor.
Mice with mutations in either the dominant white spotting ( IV ) or steel (SI) loci
develop similar phenotypic abnormalities, which include defects in the haemopoietic
system. The proto-oncogene c-kit, a gene encoding a transmembrane tyrosine kinase
receptor has been mapped to the w locus and the gene encoding a new cytokine, which
is the ligand for the kit tyrosine kinase receptor has been mapped to the SI locus
[Zsebo, et ai., (1990)]. This cytokine has been variously termed Steel factor. Kit
ligand or stem cell factor.
As predicted by the phenotypes of various SI and W mutations, stem cell factor has
biological activities in three m igratory cell lineages, including

melanocytes,

primordial germ cells and haemopoietic progenitors during embryonal development
and postnatal life.
The cDNA sequences for human, mouse and rat stem cell factor encode a
transmembrane protein which is composed of a signal peptide, a 189 amino acid
extracellular domain, a hydrophobic transmembrane domain and an intracellular
domain. Native stem cell factor can exist either as a membrane bound form or as a
soluble form consisting of the first 164 or 165 amino acids of the extracellular
domian [Zsebo, et a!., (1990)]. The soluble form is thought to produced by the
proteolytic

cleavage

of the

transm em brane

region.

Both

the

soluble

and

transmembrane form of stem cell factor have growth factor activities. However,
since mouse mutations (S/d) capable of encoding only the soluble truncated form of
stem cell factor (lacking both the transmembrane and cytoplasmic domains) exhibit
phenotypic defects almost identical to those mutations in which no stem cell factor is
produced. The membrane bound form may be important in mediating cell - cell
adhesion and interaction and must have a critical biological role in the the intact
organism.
Native soluble stem cell factor is a heavily N- and O- glycosylated protein which
exists as a non-covalently associated dimer in solution. All four cysteine residues of
stem cell factor monomers are involved in intram olecular disulphide bonds.
Recombinant soluble stem cell factor produced in E. Coil is biologically active in in
vitro bioassays, suggesting that glycosylation of the solouble form is not required for
bioactivity in vitro. Murine or rat soluble stem cell factor is highly homologous to
human soluble stem cell factor (approximately 80%). Whereas, rat and mouse stem
cell factor are active on human cells, the human protein is 800 fold less active on
mouse or rat cells [Williams, et ai., (1992)].
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In clonogenic assays of bone marrow progenitors, SCF enhances Epo-dependent BFUE and CFU-Mix formation, IL-3 or GM-CSF dependent CFU-GM and G-CSF dependent
CFU-G

[Broxmeyer,

et al., (1991)]. Recombinant human stem cell factor in

clonogenic assay enhances the formation of colonies by CD34+ progenitor cells, when
these cells are cultured with IL-3, G-CSF or GM-CSF [Bernstein, et al., (1991)].
On its own or in combination with IL-3, IL-6 or GM-CSF, SCF stimulates the
proliferation of megakaryocytic cell lines and increases megakaryocyte colony
form ation

from

early

progenitors

[B riddell,

of a!.,

(1991)].

When

early

progenitors are treated with SCF alone, it has been observed to prolong progenitor
survival and demonstrate marked synergy with IL-3 and IL-6 [Leary, et a!.,
(1991)]; this may be the result of shortening the period of Gg [Tsuji, et a!.,
(1 9 9 2 ) ].

Interleukin

1.

Interleukin-1

(IL-1 )

is

a

cytokine

produced

by

activated

m onocytes

or

macrophages. IL-1 was first identified by [Gery, (1972)] when it was observed that
phytohaemagglutinin (PHA) or lipopolysaccharide (LPS) stimulated the release of
factors by adherent cells in culture. The first activity noted with the supernatants
from these cultures was the stimulation of thymocyte proliferation, hence it was
orginally named "Lymphocyte Activating Factor" (LAF). Two forms of IL-1 have been
identified; IL-1 a and IL-1 p. Both forms have been found in human, pig, rabbit and
mouse, exhibiting significant interspecies homology at the amino acid level. IL-1 a
and IL -ip are the products of two distinct genes and both are initially synthesized as
30 - 32 Kd propeptides of 270 and 269 amino acids respectively. 'Mature' forms of
IL-1 a and IL -ip are polypeptides with molecular weights of about 17Kd with a
variable degree of glycosylation and are the result of C-terminal cleavage, containing
159 and 153 amino acids respectively. Both IL-1 precursors lack a hydrophobic
signal peptide thought to be required for the extracellular transport of proteins
manufactured within the cell, but it is suggested that phosphorylation of 11-1 a
precursors may play a role in processing and transport via a lysosomal pathway
[Beuscher, et al., (1988)]. The mechanism of cellular secretion is unknown.
IL-1 a and IL -ip

have m ultifunctional biological activities; in the context of

regulatory influence on haemopoiesis, it has been shown that IL-1 stimulates the
release of growth factors associated with the growth and differentiation of myeloid
and lymphoid lineages in vitro. Monkeys injected with IL-1 develop a significant
granulocytosis, thought to be largely due to the induction of colony stimulating
factors in vivo. IL-1 may induce production of G-CSF and M-CSF by human bone
marrow stromal cells [Fibbe, et al., (1988)]; of GM - CSF and G-CSF by dermal
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fibroblasts

[Kaushansky,

et al., (1988)] and of GM-CSF by peripheral blood

lymphocytes [Herrmann, et ai., (1988)].

Interleukin 6.
IL-6 was first described as a 26kD inducible protein produced by fibroblastoid cells
[Billiau, (1987)]. Sequence data from IL-6 cDNA clones indicates that human IL-6
is a 213 amino acid polypeptide with two potential O and N glycosylation sites, the
mature form contains 184 amino acids and the molecule exhibits significant
homology with G-CSF which includes conserved cysteine residues. Human IL-6 has a
molecular weight of 22 - 29 kD as determined by SDS-PAGE gel electrophoresis, the
variation in molecular weight is probably dependent on the degree of postranslational
modification and the cellular source. The cellular sources of this cytokine include T
and B cells, monocytes, fibroblasts, kératinocytes, endothelial cells, astrocytes,
bone marrow stromal cells and several tumour cell lines. Unlike other interleukins,
the variable glycosylation may affect biological activity in that [Wong, et al.,
(1988)]

report

that

IL-6

from

different

sources exhibits

different relative

potencies when tested in an identical system.
IL-6 is thus a rather pleiotropic cytokine with multiple actions, with both endocrine
and paracrine and possibly autocrine activities in various tissues; IL-6 is a major
component of the

acute phase reaction to tissue injury or inflammation and like IL-

1 and IN F induces the production of acute phase proteins by hepatocytes [Gauldie, et
al., (1987)]. This IL-6 specific response is thought to be the result of the induction
of a liver-specific nuclear protein that bind promoter regions of acute phase genes.
IL-6 can also act in the neuroendocrine system by inducing ACTH production. The
production of this cytokine can be induced by other cytokines including IL-1, TNF,
PDGF and interferons and IL-6 itself will induce production of GM-CSF.
In the setting of regulation of haemopoiesis IL-6 is usually considered to be a
synergistic factor. Actions on lymphohaemopoietic cells include the induction of
maturation of B precursor cells into antibody producing cells, growth stimulation of
m yelom a

or

plasm acytom a

cells;

together

with IL-2

it

stim ulates

T cell

proliferation and production of cytotoxic T cells.
On

clonogenic

m ultipotential
synergistically

progenitor cells
haem opoietic
with

other

IL-6

has

progenitors
cytokines

to

been
[Wong,
support

dem onstrated
et al.,

to

stim ulate

(1988)] and interact

prolife ra tion

of

prim itive

haemopoietic progenitors [Ikebuchi, et al., (1987)]. In particular, IL-6 supports
the formation of blast cell colonies in synergy with IL-3 and it is thought that IL-6
induces the entry of quiescent Gg stem cells into the G i phase of the cell cycle
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[Kishimoto, (1989)]. Additionally, IL-6 synergizes with other cytokines to promote
megakaryocyte development [Quesenberry, et aL, (1991)].

Interleukin 9.
Interleukin 9, orginally termed T-cell growth factor P40 (TCGF) in the mouse
system was identifed using a proliferation assay of mouse helper T-cell clones
[Uyttenhove, et al., (1988)]. The human homologue of murine P40 TCGF was
discoved using functional expression cloning with the human megakaryoblastic cell
line M07E as a target population [Yang, et al., (1989)]. The genomic sequence and
chromosomal location have recently been determined [Kelleher, et al., (1991)] and
the IL-9 gene is located in a region of the long arm of chromosome 5 known to contain
many other cytokine genes.
Studies of erythroid colony production in vitro demostrate that IL-9 acts with Epo to
support the growth of BFU-E [Dohahue, et ai., (1990)] [Lu, et ai., (1992)] but
does not appear to have any effect on other lineages.

Interleukin 4.
Interleukin 4 was characterized from the conditioned medium of an activated helper
T cell clone, and was found to sustain the growth of various factor-dependent myeloid
cell lines,

including

mast cells

[Nabel,

et al., (1981)]. IL-4

is a complex

glycoprotein with an apparent molecular weight of 18 - 20kD as determined by gel
filtration and 12-15kd by SDS PAGE gel electrophoresis. Nucleotide sequences from
human cDNA clones show an open reading frame of approximately 140 amino acids
[Yokota, et al., (1986)], the first 20 of which are hydrophobic indicative of a signal
peptide sequence associated with a secreted protein. Similiar sequences are present
in some other cytokines.
IL-4 exerts its biological activity through a specific high affinity receptor which
has been found to be expressed on resting T cells, B cells, macrophage like cells and
myeloid progenitors [Park, et al., (1987)]. Evidence of high affinity receptors on
stromal cell lines cloned from bone marrow, spleen, thymus and brain has been
described by [Lowenthal, et al., (1988)] and this group also found receptors on
normal cells from muscle, brain, fibroblasts and liver. The addition of IL-4 induces
release of M-CSF and G-CSF from monocytes [Wieser, et al., (1989)].
IL-4 has been shown to enhance the proliferation of CFU-GM, BFU-E and CFU-Mega
in response to G-CSF, Epo and IL-1 respectively [Peschel, et al., (1987)]. Other
groups have found that IL-4 inhibits (in a dose dependent manner) proliferation of
IL-3 or GM-CSF dependent cell lines and myeloid or erythroid progenitors normally
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sensitive to the action of IL-3 , GM-CSF or Epo [London and McKearn (1990)][De
Wolf, et al., (1990)].
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1.6.

Negative regulatory Influences.

Haemopoiesis is probably controlled by a combination of both positive and negative
regulatory factors. Molecules shown to inhibit haemopoiesis are outlined in table
1.5. With the exception of lactoferrin which acts on haemopoiesis by inhibiting
production of HGFs by accessory cells [Broxmeyer, e ta !., (1987)], the negative
regulators act directly in a reversible manner via cell surface receptors [Axelrad,
(1990)]. The precise mechanisms of action are unknown but they appear to arrest
proliferation during or just before S phase.
Prostaglandin

E2 and TNFa inhibit progenitor cell growth in vitro [Relus, et al.,

(1981)][Pelus

and Gentile,

(1988)]. Gamma interferon

has some

inhibitory

activity and markedly synergizes with TNFa. The physiological role of these
molecules is unclear but they may play a role in aplastic anaemia and immunemediated cytopenia.
TGFp

is produced by many different cell types and is a potent inhibitor of

haemopoietic stem cells and progenitors, however as it also exerts effects on nonhaemopoietic cells the physiological relevance of TGFp unclear. Addition of a
neutralizing anti-TGFp antibody to long term bone marrow cultures results in an
increase of primitive BFU-E in cell cycle [Del Rizzo, et a/., (1990)]. This shows
that TGFp is active in this model of haemopoietic tissue and that TGFp can hold early
cells in a quiescent state.
The Lund negative regulator or 'leukaemia associated inhibitor' is interesting in that
it is constitutively produced by myeloid leukaemia cells as well as normal cell types
[Olofsson, (1987)]. It inhibits the proliferation of normal progenitors but not
leukaemic cells. This perhaps suggests that the escape from a repressive or negative
regulatory influence may be a mechanism of leukaemogenesis. Macrophage
in fla m m a to ry

p ro te in -1 a

(M IP -1a) [Lord, et al.,

(1976)][G raham ,

et al.,

(1990)] appears to inhibit stem cells but not GM-CFC [Tejoro, et al., (1984)]. It
appears that M IP -la is produced by macrophage-like cells in quiescent bone marow
but is not detected in actively regenerating bone marrow, suggesting that this
molecule may have a physiological role.

Table
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1.5.
Haemopoietic negative regulators.

Name

Transforming growth factor B (TGF-p)

Haemopoietic
target cells

Stem cells

Native
mol. wt.

25000

Progenitor cells
Macrophage inflammatory

Stem cells

p ro te in - la (MIP-1a)
La Jolla negative regulator (Inhibin)

Progenitor cells

Villejuif negative regulator (SDKP)

Stem cells

Toronto negative regulatory

Progenitor cells

32000
487
79000

protein (MRP)
Vienna-Bergen haemoregulatory

Stem cells

peptide (HP and HPSb) (EEDCK)

Progenitor cells

Lund negative regulator (LAI)

Progenitor cells

Acidic isoferritins

Progenitor cells

Prostaglandins

Progenitor cells

Tumour necrosis factor

Progenitor cells

Gamma interferon

Progenitor cells

Lactoferrin

Accessory cells

590

500000

18000
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1.7.

Growth factor receptors:
’Haematopoietin

Cytokine receptor superfamily'.

Haemopoietic growth factors exert effects on target cells by binding to specific cell
surface receptors thereby triggering intracellular signal transduction. Many of the
cytokine receptors have been cloned and sequenced and this has led to the recognition
of a common

structural

homology.

The

HGF and cytokine

receptors are

transm em brane glycoproteins with three characteristic com ponents typically
consisting of an extracellular amino-terminal ligand binding domain, a short
hydrophobic transmembrane region and a carboxyl-terminal intracellular domain. A
number of the HGF receptors share homology with the immunoglobulin superfamily,
including the IL-1 receptor, SCF receptor and M-CSF receptor [Williams, (1987)]
[Ullrich and Schlessinger, (1990)]. The receptors for M-CSF and SCF act as
receptor tyrosine kinases to effect signal transduction. The precise mechanism by
which the ligand binding receptor activates the tyrosine kinase activity of the
receptor is unknown although it has been suggested that receptor aggregation is
involved. The structural relationship between the various cytokine receptors is
illustrated in figure 1.9.
Further HGF receptors when sequenced were found to show common structural
features and as they lack tyrosine kinase activity, are thought to constitute a new
receptor superfamily termed the haematopoietin cytokine receptor superfamily
(HCR)[Bazan, (1989)]. At the amino acid level the common structural domain in the
HCR family is a 210 amino acid sequence in the ligand binding region. The other
common feature found in this region are four cysteine residues and a repeated
Tryptophan-Serine motif separated by a random amino acid residue proximal to the
transmembrane domain. The members of the HCR superfamily are listed in table 1.6.
Of note is the finding that receptors for prolactin and growth hormone share the same
structural features and are therefore included. The IL-6 and G-CSF receptors both
contain immunoglobulin-like domains and they perhaps demonstrate a common or
linked evolutionary ancestry with both the members of the immunoglobulin super
fam ily

and the

cytokine

receptor superfam ily.

The

fundam entally

different

characteristic which receptors with homology to the immunoglobulin super family
exhibit is intrinsic tyrosine kinase activity, members of the HCR superfamily do not
possess intrinsic tyrosine kinase activity and mediate transduction through as yet
largely unidentified or poorly defined second messenger systems.

Figure 1.9.
Structural

relationship

between

haemopoietic

Im m u n o g lo b u lin -lik e
S u p e rfa m ily

growth

factor

receptors.

C ytokine Receptor
S u p e rfa m ily

L ig a n d -b in d in g d om ain ,
with conserved sequences
c ha r a c te ris itic of c y to k in e
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1.7.1.

Mechanisms of Signal transduction.

Possible mechanisms of signal transduction following binding of HGF to its respective
receptor include changes in the intracellular Ca2+ or cyclic nucleotides (cAMP,
cGMP), phosphorylation of cellular proteins on tyrosine, serine or threonine
residues by protein kinases or activation of phosholipidases and these mechanisms
have been reviewed by [Wagner, e ta!., (1993)].

Receptors with intrinsic tyrosine kinase activity.
Binding of M-CSF to its receptor induces autophosphorylation on tyrosine residues
699 and 708 in the Kl of the M-CSFR. Next phosphatidyl-inositol-3-kinase (PI3K)
binds to the intracytoplasmic Kl region via its SH2 domains and is activated. The SH2
domains represent non-catalytic recognition sites of about 100 amino acid residues.
The products of the

PI3K reaction

are phosphatidyl-inositol(PI)-m ono-

and

biphosphates which are thought to play a role in signal transduction. However, the
mechanism appears to be insufficient, at least, for mitogenicity. M-CSF stimulation
induces the rapid accumulation of mRNA of the protooncogenes c-fos, junB and cmyc. C-myc in particular, plays an important role in M-CSF induced proliferation
since M-CSFR mutants that fail to induce c-myc expression are unable to elicit cell
growth [Roussel, et ai., (1991)].
Another important transducter of growth and differentiation signals is RAS, a GTPbinding protein (G-protein). Since blocking the translation of RAS by antisense
oligonucleotides inhibits M-CSF induced growth of monocyte colonies RAS expression
is required in the M-CSF signalling cascade. Similar results have been obtained for
IL-3 & GM-CSF stimulation [Skorski, et ai., (1992)]. Besides the M-CSFR itself,
several cellular proteins are phosphorylated upon ligand stim ulation: GTPase
activating protein (GAP)120 and its associated proteins p62 and p i 90 on tyrosine,
whereas Raf-1, a serine kinase itself ,is serine phosphorylated [Sherr, et a!.,
(1991)] [van Daalen Welters, et ai., (1992)]. Furthermore, there is evidence that
protein kinase C is involved in M-CSF signal transduction [Imamura, et ai.,
(1990)]. SCF binding to SCFR, leads to dimerization of its receptor and activation of
the tyrosine kinase [Blume,

et al., (1991)], SCF stim ulation results also in

phosphorylation of GAP120 p62, p i 90 and RAF-1. In addition to that, MAP-kinase
(mitogen activated protein kinase, a serine/threonine kinase which is activated by
tyrosine and threonine phosphorylation) is phosphorylated. SCFR is able to bind and
activate PI3K and phospholipase Cy (PLCy) suggesting that their products Plphosphates and diacylglycerol (DAG) may be involved in SCF signalling [Miyazawa,
et af.,(1991)], [Okuda et al., (1992)].
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Although none of the other HGF receptors contains a tyrosine kinase domain
phosphorylation of cellular proteins is a common step in their signal transduction
pathways. IL-3 causes phosphorylation and activation of Raf-1 and MAP-kinase
[Carroll, et al., (1990)], [Okuda, et al., (1992)]. Furthermore, PKC may play a
key role in IL-3 mediated proliferation since IL-3 induces translocation of PKC to
the cell membrane and phorbol myristate, a direct activator of PKC, reduces the
requirem ent for IL-3 in several factor dependent cell lines [Farrar,

et al.,

(1985)], [Whetton, et al., (1986)]. Stimulation with IL-3 causes accumulation of
activated, GTP-bound Ras. The IL-3 mediated increase of GTP-Ras and cell growth
are abrogated by experimental inhibition of tyrosine kinases [Satoh,

et al.,

(1 9 9 2 ) ] .

Receptors without intrinsic tyrosine kinases.

As for the receptors without tyrosine kinase it is at present unclear what kinases are
invovled in their signalling and how they are activated. For some HGFRs is it well
established that phosphorylation of the receptor enables binding of cytoplasmic
effector molecules via their SH2 domains which leads to their activation. Another
intriguing feature of HGF signal transduction is that on the one hand several different
pathways may be used after stimulation by one HGF (eg. protein phosphorylation, Gproteins, guanylate cyclase in the GM-CSF pathway) and on the other hand one single
signalling mechanism can be used by various HGFs (eg. MAP-kinase by GM-CSF, IL3, SCF). This structure of signal transduction pathways together with sharing
receptor subunits both mirrors and reflects the functional overlap and synergistic
effects of HGFs.
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GM-CSF receptor signalling.
An early event following ligand binding the GM-CSFR is the phosphorylation of
several cellular proteins. As the GM-CSFR lacks intrinsic tyrosine kinase activity,
several kinases, (including the era kinases lyn, fes and jak2) have been implicated
in the process of linkage of receptor activation to downstream transduction events.
As with IL-3, after GM-CSF stimulation Raf-1, MAP kinase and Ras have been found
to be activated [Satoh, et a i, (1992)]. Further evidence for the involvement of Ras
in GM-CSF signalling is shown by the inhibition of GM-CSF effects either by
antisense oligonucleotides which prevent N-ras translation or by pertussis toxin, an
inactivator of certain G-proteins [Skorski, et a i, (1992)]. GAP may play a role in
GM-CSF signalling as well [Miyazawa, et a i, (1991)] In addition, GM-CSF has been
reported to increase intracellular cGMP [Rapoport, et a i, (1992)]. Whereas GMCSF potently primes arachidonate release trigged by additional stimuli such as the
bacterial tripeptide fMLP, only very small amounts of arachidonic acid are released
after stimulation with GM-CSF alone [Sullivan, et a i, (1987)]. Therefore, the
significance of a phospholipase A 2 pathway in GM-CSF signalling questionable. PKC
and changes in intracellular Ca2+ levels appear not to be involved in GM-CSF signal
transduction

in cell lines

[Roberts,

et a i,

(1990)] [Khwaja, et a i,

(1990)].

Studies examining the role of intracellular Ca2+ in fetal progenitors are presented
in this thesis.

Erythropoietin receptor signalling.
The human EpoR gene has eight exons encoding an 508 amino acid protein with a
single 23 amino acid membrane-spanning domain and is located on the short arm of
chromosome 19 [Winkelmann, et a i, (1990)]. Two classes of receptor have been
identified (0.01 ->1.0nM). A single high affinity binding site is found on BFU-E,
with a peak in EpoR expression at the later CFU-E/proerythroblast stage. Normal
erythroid progenitors have recently been observed to produce three forms of the
EpoR; i) a soluble form without the transmembrane and cytoplasmic domains; ii) a
full length receptor; and iii) a truncated form of the receptor [Nakamura, et a i,
(1992)]. The truncated form is abundantly expressed in very early erythroid
progenitor cells, with the full length form predominating in more mature progenitor
cells [Koury and Bondurant, (1990)]. The truncated receptor lacks most of the
cytoplasmic insert but is still able to transduce a mitogenic signal. However it
appears that this form of EpoR cannot transduce a signal preventing programmed cell
death at low Epo concentrations [Nakamura, et a i, (1992)]. It is suggested that this
might provide a mechanism for the control of the erythroid progenitor cell pool by
limiting the number of early erythroid cells capable of survival unless there is an
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increased demand for them as signalled by a rise in the circulating Epo concentration.
The predicted

m olecular weight

(mw) of the

receptor

is 55kD,

but post-

translational modification in the endoplasmic reticulum results in a mw of 66kD.
The EpoR expressed on the cell surface has a mw of 72 - 75kD, probably due to
modifications such as phosphorylation [Yoshimura and Lodish, (1992)]. The EpoR is
a member of the HCR superfamily (shown in figurel 9.) that also includes the
ligand-binding subunits of receptors for the HGFs IL-2, 3, 4, 5, 6 and 7 as well as
GM-CSF, G-CSF, growth hormone and prolactin. A subfamily of these receptors
including the receptors for Epo, IL-2, IL-3 and IL-4, also display homologies in
their cytoplasmic regions.
In keeping with the concept of multimeric receptor-ligand complexes already seen
with other HGFs, the native EpoR may form dimers and associated molecules of 100
and 85kD are thought to be necessary for high-affinity Epo binding [DusanterFourt,

et al., (1992)]. However the presence of high-affinity receptors is neither a

prerequisite for signal transduction or receptor internalization, both occur in cells
expressing only the low affinity receptors.
The cytoplasmic region of the EpoR does not appear to contain tyrosine kinase or
other catalytic domains.[D'Andrea, et al., (1989)], although it does share some
sequence similiarities with the 11-2(3 receptor within the cytoplasmic domain. The
IL-2(3 receptor is known to bind a cytoplasmic protein kinase of the src family, p56
ick [Hatakeyama, et a!., (1991)] however, the expression of src family tyrosine
kinases has not been noted in Epo responsive cells. The transcription factor GATA-1
is involved in transcriptional control of the majority of erythroid-expressed genes
and EpoR mediated signals strongly enhance GATA-1 gene expression.
Upon ligand binding, the EpoR is phosphorylated on tyrosine and serine and associates
with a phosphoprotein (pp130). The role of pp130 in Epo signalling is presently
unclear, but it might represent a phosphokinase that mediates downstream
signalling. Thus, tyrosine and serine phosphorylation of several cellular proteins,
including Raf-1 is an early event following interaction between Epo and receptor.
Stim ulation

with

Epo also

results

in dephosphorylation

events

and

rapid

dephosphorylation of a 43kD protein has been seen by [Choi, et a!., (1987)].
Since PKC inhibitors block the induction of c-myc expression by Epo, PKC may be a
second messenger in Epo signalling [Spangler, et a!., (1991)], [Yoshimura and
Lodish, (1992)] The role of calcium mobilization remains controversial in Epo
signal transduction and is considered further in this thesis in later chapters.
Phospholipase A 2 (PLA2) and PLO appear to be activated after stimulation with Epo.
PLA2 releases arachidonic acid that is then metabolized by lipoxygenases to give rise
to the second messengers 12- HPETE and leukotriene B4 which have been shown to
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be important in the regulation of cell proliferation. PLC removes DAG from
phospholipids. DAG may then contribute to the activation of PKC [Mason-Garcia and
Beckman,

(1991)].

G-CSF receptor signalling.
Little information is available about signalling via the G-CSF receptor. Tyrosine
phosphorylation, in particular of a 80Kd protein, a phospholipase pathway, cAMP
and G-proteins appear to play a role downstream of the G-CSFR [Demetri and
G riffin ,

(1991)].

In te rle u kin -1 receptors.
IL-1 a and IL -ip bind to a specific 80 -82 Kd. receptor. Both forms of IL-1 appear
to have nearly equal affinities for the receptor and compete together with the IL-1 a
precursor for receptor binding [Dower and Urdal, (1987)]. Sequence analysis of the
receptor cDNA suggests

that

extracellular

region

of the

receptor exhibits

characteristics of members of the immunoglobulin supergene family. IL-1 receptors
appear to give rise to intracellular signalling via activation of a phosphorylation
cascade, without intrinsic kinase activity. The cytoplasmic domain of the receptor
share sequence similarities with known nucleotide binding proteins, suggesting IL-1
dependent signal involve receptor associated G-proteins. Receptor complexes become
associated with the nucleus following IL-1 binding.

interieukin-6 receptor and gp130.
The IL-6 R complex is composed of two functionally different chains: a ligand binding
80kD IL-6R and a non cytokine binding signal transducing moloecule gp130 [Taga, et
ai., (1989)]. Upon binding of IL-6 the IL-6R associates extracellularly with gp130
molecule forming a high affinity receptor. The association of these two molecules
serves to generate a signal via gp130. Human gp130 is a member of the HCR family
and consists of an extracellular region of 597 amino acids (aa), a membranespanning region of 22 aa and a cytoplasmic region of 277 aa [Hibi, et ai., (1990)].
The extracellular region of gp130 contains six units of the fibronectin type 11
module, including the two in the region homologous to the HCR family. The functional
redundancy of cytokines may be partly explained by the interactions between
multiple receptors and a common signal transducer and gp130 is a paradigm in that
this protein serves as a signal transducer for not only IL-6, but LIF, oncostatin M
(OSM) and cilary neurotrophic factor (CNTF). Signals via the gp130 molecule have
been shown to involve intracellular tryosine kinases and induction of tryosines p e c ific

p h o s p h o ry la tio n

of

c e llu la r

p ro te in s

[M u ra k a m i,

et

al..
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(1991 )][M u ra k a m i,

et al.,

(1993 )][K ishim oto ,

et al.,

(1992)].

Increased

expression of the c-fos and c-myc protooncogenes have been linked to IL-6 receptor
activation [Korholz, et al., (1992)]. Recently a secreted form of the receptor has
been described in normal human peripheral blood mononuclear cells [Honda, et al.,
(1992)], the soluble IL-6 receptor actually enhances IL-6 activity by transporting
IL-6 to the gp130 signal transducer unit.
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Chapter Two
General M aterials and Methods.
2 .1

GENERAL MATERIALS

2.1.1

P la stics.

All items used in experimental procedures were either tissue culture grade
polystyrene / polyproplene or laboratory glassware specially washed and sterilized
by autoclaving.
STERILE DISPOSABLE PLASTICS

SUPPLIED BY

30ml universal containers

Sterilin Ltd.

7ml bijou bottles

Feltham,

50ml conical-bottom test tubes

Middlesex.

250ml specimen containers
5ml graduated pipettes
10ml graduated pipettes
2ml bulb Pasteur pipettes
30ml triple-vent Petri dishes
90ml triple-vent Petri dishes

1.8ml cryotubes (Nunc)

Gibco Ltd.
Paisley,
Scotland.

25cmi2 tissue culture flasks

Becton Dickinson &Co.

75cm2 tissue culture flasks

Falcon Division

15ml graduated V-bottomed tubes

Lincoln Park,

5ml round bottomed test tubes

New Jersey 07035

96 well flat-and round bottomed

Flow Laboratories Ltd.

microtitre plates (250ml/well capacity)

Rickmansworth,

Costar ™ 24 well plates

H ertfordshire.

Syringes (1 - 50 ml capacity)

Sabre International
Products Ltd.
Middlesex.
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STERILE DISPOSABLE PLASTICS

Pipette tips

P20

SUPPLIED BY

Alpha Labs. Ltd.

-P200

P 1000

0.22|Lim and 0.45|im cellulose acetate filters

Sartorius Ltd.
Belmont, Surrey

0.22pm Nalgene cellulose nitrate membrane

Nalge Co.

filter units (250ml capacity)

Rochester, NY,
USA.

2 . 1. 2

Laboratory

Glassware.

All glassware used for tissue culture was cleaned by soaking in 0.1% In d u stria l
Chloros ™ (Hayes Chemical Distribution Ltd., Yeadon, Leeds.) overnight, rinsed in
deionised water and then soaked overnight in deionised water containing 1%
{\iN)Decon 90™ (Decon Laboratories Ltd., Hove, Sussex.). Then given two rinses in
deionised water and then two rinses in deionised double-distilled water. The washed
glasssware was dried in an oven at 140°C and where required sterilized by
autoclaving for 20 minutes at 121°C.

Reagents.

2.1.3

All reagents used were of Analar ™ or Tissue culture grade' unless stated otherwise,

a)

Heparin.

Heparin {Monoparin,™ CP Pharmaceuticals Ltd., Wrexham, UK) at 20.0 lU/ml was
used as anticoagulant in all samples of peripheral blood, cord blood and bone marrow
aspirates.

b)

Tissue Culture Medium.

RPMI 1640 with L-Glutamine was obtained from Gibco Europe Ltd., Paisley,
Scotland It was used for cell washing, culturing and freezing procedures. Where
appropriate the addition of the antibiotics penicillin (Glaxo Labs Ltd., Greenford,
Middlesex) at 50 u/ml and streptomycin at 50 pg/m l

(Evans

Medical

Ltd.,

Greenford, Middlesex was made to media prior to use. Iscove's Modified Dulbecco's
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Medium (IMDM) also from Gibco was used for progenitor handling and liquid
cultures as appropriate.

c)

Fetal Calf Serum.

Prior to purchase samples of various batches of PCS were tested for the ability to
support optimal cell growth in both proliferation and clonegenic assay systems.
PCS supplied by Gibco Europe Ltd. Paisley, Scotland., was heat inactivated at 56°C
for 30 minutes, aliquoted into polyproplene tubes and stored at -70.0^0.

d)

Bovine serum albumin (BSA).

BSA ( RIA grade. Sigma) was detoxified prior to use as follows: 91ml of sterile
tissue culture grade water was added to 50 g of BSA and the powdered BSA was
allowed to sublime without stirring at 4°G for 48 hours. Then lOg mixed bed resin
(Analytical grade mixed bed resin AG-501-X8D-20 -50 Mesh, Biorad, Hemel
Hemstead, Herts.) was added to the BSA, stirred and left at 4°C for three hours. The
solution was stirred every 20 minutes for the two hours, left at room temperature
for 30 minutes and the solution was then decanted through nylon gauze. The solution
(approximately 40% w/v at this point) was made isotonic by the addition of 1.1ml
of 10 X strength Dulbecco's phosphate buffered saline (10 X PBS) to each 15ml of
BSA solution. The resulting solution (approximately 37% w/v) was further diluted
with single strength PBS to 10% and centrifuged at 1400g for thirty minutes to
remove particulates. Prior to use the 10% BSA solution was buffered with 7.5%
NaHCOa solution (Gibco), for the methylcellulose cultures 0.6ml 7.5% NaHCOg
solution was added to every 9.4 ml 10% BSA solution. These solutions were then
aliquoted and stored at -30°C.

e)

p-mercaptoethanol stock.

5|il p-mercaptoethanol (Sigma Chemical Co., Poole, Dorset.) was dissolved in 30ml
of IMDM, aliquoted and stored at -30°C.

f)

Methylcellulose

stock.

10.8 g methylcellulose, A4 premium grade Dow Chemical Co., Hounslow, Middlesex,
was weighed into a sterile, glass bottle containing a magnetic stirrer. This bottle was
autoclaved for 15 minutes at 121°C, 400ml IMDM (with antibiotics) added to the
contents which were stirred at 4°C until fully dissolved (typically, 48 - 96 hours.)
This material forms the semi-solid matrix of the erythroid culture medium.

64
g)

Production o f conditioned medium.

Conditioned medium (5637 CM) was produced using a method slightly modified from
the method published by [Fraser, et ai., (1988)]. 5637 CM was prepared by seeding
5 X 105 5637 cells (obtained as the HTB9 Bladder carcinoma cell line from the
European Cell Culture Collection, Porton Down, W iltshire.) in 25 ml Iscove's
modified Dulbecco's medium supplemented with antibiotics and 10% HIPCS

in 75

cm2 tissue culture flasks. The flasks were incubated at 37°C, 5% CO 2 in air. Having
allowed the cells to expand for 8 to 10 days the supernatant tissue culture medium
was removed, centrifuged and then filtered using a 0.22 \i filter unit. Aliquots were
then stored at -30°C prior to use.

h)

E rythropoietin.

Step III sheep plasma erythropoietin (Connaught Labs., Ontario, Canada.) was
reconstituted in IMDM to a final concentration of 40.0 I U/ml, aliquoted and stored at
-3 0 °C .
Recombinant human erythropoietin (tissue culture grade) was purchased from
Amersham International, Aylesbury, Buckinghamshire.was reconstituted in IMDM to
a final concentration of 50.0 IU/ml, aliquoted and stored at - 30°C.

Recombinant human GM-CSF (either material produced in E. coli or yeast ) was
provided by Behringwerke AG. Marburg. Germany. Other recombinant haemopoietic
growth factors were non commercial samples or donations as indicated in the
relevant chapters of this thesis.

2.2.1

M ethylcellulose

cultures.

CFU-GM, BFU-E and CFU-E were grown in a methylcellulose assay system modified
from that described by [Gregory, (1976)]. Briefly, the culture mix was made up in
50.0ml tubes as follows: 20.0ml 2.7% methylcellulose, 18.0ml heat inactivated
PCS, 6.0ml 10% buffered BSA solution and 4.0ml p-mercaptoethanol stock. This
'ready to use' mixture was stored at -70°C .

For use the 50.0ml tube of

methylcellulose mixture was thawed in a waterbath at 37°C and throughly mixed
prior to use.
Cells were typically cultured between 2 x 10^ - 2 x 10^ /ml depending on the
source of the progenitors. Addition of growth factors, conditioned medium or
erythropoietin was made prior to plating. The cultures were plated either as
duplicate or triplicate 1ml volumes into 35.0mm plastic petri dishes or as 0.5ml
volumes into 24 well C ostar dishes. Incubation was at 37°C in a fully humidified
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atmosphere of 4% CO 2 in air. Cultures were examined at x 40 magnification using an
inverted stereo microscope (Olympus Optical Ltd., London ), CFU-GM were counted
after 10 days incubation, being scored as cell aggregates containing more than forty
cells. Erythroid colonies were either classified as CFU-E, being haemoglobinized cell
aggregates of less than 64 cells at day 7 or BFU-E scored at day 14 scoring
aggregates containing more than 64 cells (colonies usually contained several
thousand cells) as a BFU-E colony.

2.2.2

Antibody coupled Ox cells.

Ox cells used for negative selection procedures had rabbit anti- mouse Ig coupled to
their surface using the method described by [Indiveri, et al., (1979)]. C hrom ium
(III) chloride hexahydrate (Sigma) was dissolved at 1.67mg/ml (1 mg/ml CrCLs) in
0.9% normal saline, 0.2ml of this solution was added to 0.2ml of washed packed ox
red cells (Tissue Culture services. Aylesbury, Bucks), 0.2ml of normal saline and
0.2ml of dialyzed rabbit anti-mouse Ig antibody (1 mg/ml) dropwise. After exactly
six and a half minutes the suspension was flooded with ice cold PBS. The cells were
then spun down and washed in cold PBS using a refrigerated centrifuge (4°C) and
finally were resuspended in RPMI1640/FCS and stored at 4°C before use. In use the
cells to be separated were incubated with the appropriate moabs in the smallest
possible volume for forty five minutes on ice, washed three times and further
incubated with the treated ox cells for thirty minutes. The 'immunorosettes' formed
were separated from the mixture by density gradient centrifugation over ficollhypaque. The unrosetted cells were recovered from the interface and washed twice
before further use.

2 .3

Cell separation.

a)

Ficoll-hypaque (FH) separation.

Mononuclear cell (MNC) preparations were obtained by layering blood or bone
marrow(diluted 50% with RPMI) onto an equal volume of Ficoll-paque®(Pharmacia
LKB, Uppsala, Sweden.) followed by centrifugation at 400g for twenty minutes. Low
density cells at the interface were collected and washed twice in RPMI1640 and
finally resuspended in RPMI1640/20% HIFCS and the cell count and viability
determined before experimental use.
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b)

Viability Stain.

4ml of Ethidium Bromide (4mg/ml) was added to 10ml of Acridine Orange (0.1%
w/v solution) this was then diluted to 1 litre with PBS and stored in a dark glass
bottle at 4°C. Samples of cell suspensions were mixed with an equal volume of this
staining solution and were examined in a haemocytometer under an epi-fluorescent
microscope (Zeiss, London.). Dead cells appeared stained red and live (viable) cells
stained green.

2 .4 .

S ta tis tic a l

Tests.

Statistical tests were used to test the null hypothesis, ie. that there was no difference
between two sample means. The student T test was performed using an Apple
Macintosh™ computer and the StatView™ program ,Version 1.0, supplied by
Brainpower Inc., Calabasas, California, USA.
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Chapter Three
Isolation o f p u rified pro genitor ceils obtained from
feta i iiv e r and im m u n oio gical ch aracterisatio n.
3. 1 .

INTRODUCTION.

A fundamental prerequisite for in vitro studies of the regulation of haemopoietic
progenitor cells is the development of a model system in which any effects of growth
factor addition can be attributed to the agent acting directly. In order to meet this
requirem ent, various

techniques

which

allow

isolation

and

enrichm ent of

functionally competent haemopoietic cells have been developed. Purified progenitor
cells may be obtained from different source materials to be considered below. The
choice of starting material dictates the type of accessory/non-haemopoietic cells
present and also the yield of haemopoietic progenitor numbers obtainable.

3.1.1
a)

Sources of haemopoietic progenitors.
Adult bone marrow.

The granulocyte/ monocyte colony forming cells and erythroid burst forming cells
identified by clonogenic colony assay are found in normal adult bone marrow at low
frequency, typically <1% (usually < 0.5%) of bone marrow cells. The content of
accessory cells is typically less than 10% (bone marrow derived lymphocytes and
monocytes), unless the specimen is excessively diluted by peripheral blood at
collection. Haemopoietic progenitors (both erythroid and myeloid lineages) in adult
bone marrow may be readily purified/enriched by a range of techniques to be
considered later. However, one limitation of this material is that the volume of bone
marrow obtainable from a normal subject by single aspiration (under local
anaesthetic) is typically only 2 - 15 ml. Coupled with losses in the purification
methods employed, the final yield may, therefore, be insufficient for large scale
experim ents

[Bodger,

et al., (1984)]. Isolation of large numbers of normal

progenitors derived from bone marrow requires collection of multiple bone marrow
aspirates under general anaesthetic. This is generally only available from normal
subjects acting as allogeneic bone marrow donors.

b)

Adult peripheral blood.

Clearly, peripheral blood is more readily obtainable in large volumes from normal
subjects than bone marrow. Unfortunately, peripheral blood contains circulating
erythroid or myeloid progenitors at a frequency which makes obtaining sufficient
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numbers for experiments difficult. Progenitor cells in the circulation are very rare
cells, for example erythroid CFG constitute only 0.03% of the mononuclear cells in
the peripheral circulation of healthy subjects (unpublished data Linch). In order to
obtain

erythroid

progenitors

(mainly

BFU-E),

[Linch

and

Nathan,

(1984)]

described experiments using peripheral blood; they achieved excellent purification
of progenitors, but the total number isolated were small. [Kannourakis and Bol,
(1987)] successfully employed peripheral blood from transfusion dependent p
thalassaemic patients as the frequency of progenitors in their blood is modestly
raised. One point of note when using blood as a source material is that most
investigators find few if any CFU-E

(perhaps a slightly

higher number in

thalassaemic blood) and this means that the erythroid progenitors isolated are a
relatively homogeneous early cell population. Attempts to obtain larger numbers of
myeloid progenitors have employed the peripheral blood obtained from patients with
chronic granulocytic leukaemia as the circulation contains increased numbers of
GM-CFC compared to normal [Griffin, et al., (1982)]. However, as the progenitors
obtained from CGL blood mostly derive from the patient's malignant clone they may
not necessarily exhibit the same functional or biochemical properties as their
normal counterparts.

c)

UmbUical cord blood.

The frequency of cord blood progenitors (number of colonies formed/number of cells
plated) equals or exceeds that present in marrow and greatly surpasses that
obtainable from adult peripheral blood [Bodger, (1987)]. Typically, 10 - 20ml of
cord blood is readily obtained from the umbilical vessels after the cord has been
clamped and the placenta has been expelled. Thus, although the progenitor frequency
is high the total numbers available is limited. [Broxmeyer, et al., (1989)], looking
at over a hundred deliveries, found that blood volumes between 155 - 239 ml may
be collected from the maternal end of the transected cord while the placenta remains
in situ. Indeed, this material has a content of clonogenic cells sufficient for
transplantation, at least in young children [Gluckman, et al., (1989)][Vilmer, e t
al., (1991)]. This study demonstrates that cord blood may represent a useful source
of progenitor cells although Broxmeyer and colleagues noticed that there were very
large progenitor losses when any cell separations were attempted. The reasons for
this are not clear. Recently, attempts have been made to expand the numbers of
umbilical cord blood derived progenitors using com binations of early acting
synergistic growth factors, in order that sufficient numbers of cells can be made
available for adult transplantation. It remains to be seen if these efforts will prove
fruitful. A particular concern is the possibility that the transplanted growth factor
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expanded progenitors may not be identical to the primary material in terms of their
capacity to reconstitute and sustain haemopoiesis across all the lineages.

d)

Fetal blood.

Fetal blood contains cells with a replating efficiency indicative of self renewal (stem
cells) as well as of multipotential CFU-Mix, erythroid (BFU-E) and granulocyte macrophage (CFU-GM) progenitor cells. [Linch, et al., (1982)], [Migliaccio, et al.,
(1986)]. This material has the advantage of requiring less enrichment due to the
high frequency of clonogenic cells. The increased progenitor content results in a high
plating efficiency in clonogenic assays, which in turn allows low plating numbers.
This results in a minimal content of accessory/suppressor cells likely to modulate
any response of haemopoietic progenitors to HGF's. Unfortunately the difficulty of
obtaining samples together with the small volumes of blood available (typically < 0.5
ml) means that extensive cell purifications are not possible. However the high
frequency of progenitors makes such samples useful for simple culture experiments
as are described in chapter 4.

e)

Fetal Liver.

Second trimester fetal liver may be a superior starting material for the isolation of
large numbers of highly enriched progenitors. As described in chapter one, the fetal
liver is the major erythropoietic organ at mid gestation, with a minimal content of
other cell types (accessory cells). Whole fetal liver of 16 - 20 weeks gestation may
when treated using the scheme outlined in figure 3.1, yield between 2.0 - 15.0 x
107 unfractionated haemopoietic cells. This material is suitable for many types of
experim ent

with

little

further

m anipulation

and

allows

the

purification

of

progenitors as detailed later in this chapter.
The relatively low content of other immuno competent cells likely to cause graft
versus host disease would appear at least theoretically, to make the use of fetal liver
stem

cells appear a superior option to bone

transplantation

[Bhatia,

marrow cells for allogeneic

et al., (1987)][Gale, et al., (1987 (a)] [Gale,

(1987)].

However, the low progenitor numbers available from a single liver limit its
usefulness for therapeutic purposes. As discussed for umbilical cord blood, a similar
scheme of in vitro

expansion treatment with growth factors in a short term culture

before transplantation might allow the use of fetal liver stem cells in place of bone
marrow cells in allogeneic transplantation. Additionally, expanded fetal liver derived
progenitors may be useful for prenatal or postnatal gene transfer. An obvious
prerequisite for all of the above, is the development of suitable isolation techniques
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together with immunophenotypic characterisation of the progenitors present and
determination of their responses to growth factors.
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Figure

3.1
Scheme for the preparation of erythroid progenitors from human fetal liver.

FETAL LIVER

CELL SUSPENSION PRODUCED
BY ASPIRATION THROUGH 19 g. NEEDLE

SEDIM ENTA TIO N AT UNIT GRAVITY
LOW DENSITY FRACTION HARVESTED

I
DENSITY G RADIENT CENTRIFUGATION
ON FICOLL HYPAQUE

I
INTERFACE HARVESTED
FINAL FRACTION
(1.24% ± 0.27 E rythroid p ro g e n ito rs )
Range (0.05 - 3.42 %)

Table

3.1.
Cell separation procedures dependent on physical properties.

Technique

Physical

Property

Sedimentation at Unit gravity 0

Cell density, Cell size (r^)

Adherence depletion/selection *

Adhesiveness, often reversible (ion dependant)

F iltra tio n

Filterability, function of size, adhesion and

Equilibrium density gradient centrifugation

Cell density

Free flow electrophoresis

Zeta potential

deformability

Cell sorting using:
Forward angle light scatter

Light scatter (function of size)

9 0 ° light scatter

G ranularity

E lutriation

Cell size, cell density________

Footnotes

0 Sedimenting agents such as Dextran or Hydroxyethyl starch may be employed to improve resolution.
* Using a variety of substrates, including glass, glass wool, plastic or physiological substrates
eg. Collagen and Fibronectin.
° Density centrifugation may employ, step gradients, continuous gradients or self generating gradient materials.

-<!
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3.1.2

Techniques used for Isolation of purified or enriched
prog en ito rs.

Many of the separation techniques employed for separating haemopoietic progenitor
cells exploit the intrinsic physical properties of the target population. The basic
techniques detailed in table 3.1 have been supplemented with more complex methods
which have evolved from the availability of monoclonal antibodies and the
development of counter current centrifuges and fluorescence activated cell sorters .

a)

Physical separation techniques.

The most basic separation method employs sedimentation at unit gravity, usually
over a solution of known density, such as bovine serum albumin [Bol, et al.,
(1977)]. Separation of progenitors from mature cells on the basis of cell density
alone, is also possible by employing equilibrium density centrifugation. Typically
this is achieved by using a formulated density media such as ficoll-hypaque. This
material allows the isolation of progenitor cells in the low density mononuclear cell
fraction found at the sam ple/gradient interface. One limitation of this simple
technique is the fact that progenitors have a similar density to lymphocytes and
monocytes and thus these cell types are co-purifled with the clonogenic cells. In an
effort to improve the resolution of methods employing cell density centrifugation a
variety of more complex gradient techniques may be employed. This includes pre
generated step gradients, pumped continuous gradients and self generating gradient
media. The colloid Percoll is an example of these types of gradient media. Percoll has
the ability to resolve progenitor cells into a discrete fraction, free of contaminating
accessory cells, but techniques using this material are technically demanding and
require careful calibration of the step gradients.
Free flow electrophoresis has been described by [Bol, (1980)] as a technique for
obtaining progenitors from murine bone marrow. [Eckstein, et al., (1993)] have
evaluated the technique for the enrichment of progenitor cells from peripheral blood.
The method exploits the differences in surface negative charge (Zeta potential)
between progenitors and mature haemopoietic cells. The equipment required is
elaborate and maintaining sterility is a problem.

b)

E lu tria tio n .

Techniques employing countercurrent centrifugation have been developed for the
separation of mammalian bone marrow from the following species: murine, canine,
simian and human [Alimici, et ai., (1992)].

C ountercurrent centrifugation

is
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particularly effective for purifying mouse progenitors [Inouse, et al., (1981)] In
man, the process has been 'scaled-up' in order to prepare material for bone marrow
transplantation [de Witte, et a!., (1986)]. With human bone marrow, although it
has

proved

useful

for

rem oving

lym phocytes

(from

a llo g e n e ic

donor

m arrow)[W agner, et a!., (1990)], its success for progenitor purification has been
lim ited.

c)

Fluorescence activated cell sorting.

The fluorescence-activated cell sorter (FACS) has been developed to allow
purification of populations of viable cells. In order to sort cells the machines select
cells on the basis of light scattering

properties,

binding of antibodies or

fluoresceinated lectins [Visser and Engh van den, (1984)]. Usually combinations of
the above parameters are utilised to enhance the separation. The use of cell size
combined with fluoresceinated lectins has provided very pure populations from mice
[Bol, (1980)] and human marrow [Morstyn, et al., (1980)]. However the yield of
purified progenitor cells obtained by FACS sorting is necessarily limited by the rate
at which cells can be sorted, and obtaining large numbers of progenitors may be
difficult and time consuming [McNiece, et al., (1989)].

Table

3.2.
Immunoselection methods

Method

Type of selection possible

Antibody staining with FACS sorting

positive/negative selection

Lectin binding with FACS sorting ^

positive/negative selection

Antibody mediated cell panning

positive/negative selection

Affinity chromatography

positive/negative selection

Complement mediated cell lysis

negative selection

Immune-rosette formation

positive/negative selection

Immunomagnetic separation

positive/negative selection

Footnotes
0. Lectins are included in this section as they may by used in place of antibodies, either as primary reagents causing agglutination or in
combination with second layer antibodies directed against the lectin.
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3 .1.3

Immunoselection.

Immunoselection, employing immunophenotypic identification of individual cells,
allows a very precise approach to the isolation of progenitors for study. This
m ethodology

enables

preparation

of highly

enriched

purified

haem opoietic

progenitors. The various techniques which may be considered as immunoselection are
detailed in table 3.2. Separations of this type are possible because of the plethora of
anti-leukocyte monoclonal antibodies which have been produced in the last ten years.
MoAbs directed against various antigenic determinants which are developmentally
expressed on haemopoietic cells are suitable for negative or positive selection as
discussed later.

a)

Im mu no-rosette separation.

Negative selection of progenitors is possible using an indirect immuno-rosette
technique [Linch and Donahue, (1985)]. Mature cells are depleted by incubation
with appropriate moAbs, which after washing away unbound moAb then allows the
labelled cells to form

rosettes when ox cells (which have affinity purified goat anti

mouse antibody coupled to their surface using chromic chloride) are added. The
immuno-rosettes are removed using density gradient centrifugation to leave an
enriched progenitor population. The technique is capable of providing an excellent
recovery of purified cells, but suffers the disadvantages of requiring time consuming
multiple washing/density gradient separations and the fresh preparation and testing
of the antibody coupled ox cells before each experiment if poor reproducibility is to
be avoided. The technique has led to the development of stable, magnetic polymer
particles designed to replace the ox cells and this type of separation is discussed
below.

b)

Immunomagnetic separation.

Possibly the most robust of the immunoseparation techniques is immunomagnetic
separation. This method employs magnetic polymer particles of uniform size onto
which monoclonal antibodies have been passively absorbed or chemically covalently
linked. It has been dismissed by some people as the 'poor man's FACS', it is actually a
very efficient method which allows rapid, aseptic processing (employing, either
positive or negative selection). Immunomagnetic depletion procedures for autologous
bone marrow purging [Trelavean, et ai., (1984)] [Kvalheim, et al., (1987)] and
removal of T cells from allogeneic bone marrow transplants have been described
[Vartdal, et al., (1987)] The beads have been found to be useful for rapid isolation of

Table

3.3.
Comparision of Immunoselection methods.

Panning

Immune Lvsis

Af f i ni t y

SRBC Rosettino

Immunomagnetic

Chromatography_________________________________

Selection

RECXDVmV

50.0 - 70.0%

N/A

50.0 - 70.0%

60.0 - 80.0%

PURITY

better than 95.0%

N/A

better than 95.0%

VIABILITY

better than 90.0%

N/A

REPRODUGIBIUTY

Low

TIME

2 - 3 hours

REAGENT STABILITY less than one

FACS Sorting

30.0 - 60.0

%

60.0 - 80.0 %

better than 95.0%

95.0 - 99.0

%

90.0 - 95.0%

better than 90%

better than 90.0%

better than 90.0%

Moderate

Moderate

Low

Moderate

High

1 - 2 hours

1 - 2 hours

2 - 3 hours

5 - 1 0 hours

1 - 2 hours

> Twelve months

2 - 3 months

2 - 3 weeks

N/A

> Twelve months

High

Moderate

Moderate

better than 95.0%

month
RELATIVE Ab.

High

N/A

Low

CONSUMPTION

-v l
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lymphocytes for tissue typing

[Vartdai, et al., (1987b)] and fractionation of

specific ceils types [Lea, et a!., (1986)] or sub cellular organelles [Howell, et a!.,
(1983)]. Fractionation of bone marrow from normal donors to yield progenitors for
experimental purposes has been described by [Kannourakis and Johnson, (1988)].
Additionally Kannourakis and Bol isolated erythroid and mixed potential colony
forming cells from bone marrow obtained from thalassaem ic patient samples
[Kannourakis and Bol, (1987)].
Techniques of positive progenitor selection using magnetic polymer beads with CD34
moAb attached to them have been described by [Strauss, et a!., (1991)] (using beads
coated with MY10 moAb) and by [Smeland, et a!., (1992)] using beads coated with
the Bl 3C5 moAb. A distinct disadvantage of this method of positive selection is that
the the target cells are recovered attached to magnetic beads. Strauss and collègues
used the enyzme chymopapain to detach the beads rosetted around the isolated cells.
Although a sub-Fab fragment of the moAb remained, they found that viable
progenitors be could cultured in clonogenic assays and immunophenotyped with other
moAb in the CD34 cluster which recognized different epitopes of the CD34 antigen.
This system has been commercially developed and a device capable of clinical scale
separations of CD34 positive cells is in early clinical trials (Baxter Biotech,
Munich, Germany.) The clinical significance of enzyme treated progenitors still
bearing

small fragm ents of murine protein when

reinfused

remains to be

determined. Smeland and colleagues have demonstrated that the beads may be removed
from positively selected progenitors using an anti-Fab fragment antiserum.
The advantages of the immunomagnetic technique are summarised in the table 3.3.
Extensive use of this system has been made for isolation (by negative selection) of
target progenitor populations used in studies detailed in this thesis.
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c)

Affinity column separation.

Positive selection of viable cells using biotin labelled moAb and a column containing
polycarbonate beads coated with avidin has been described by [Berenson, et a!.,
(1986)]. Isolation of progenitor cells bearing the CD34 antigen has been performed
in dogs [Berenson, et ai., (1987)], nonhuman primates (baboons) [Berenson, eta!.,
(1988)] and humans [Berenson, et a!., (1991)]. Proprietary laboratory scale
devices using this technology have recently become available (Ceprate™ LC, Cellpro
Inc. Seattle WA. USA.) and a clinical scale system is in advanced clinical trials.

d)

Antibody mediated panning to plastic surfaces.

Isolation of progenitor cells using antibody mediated panning as described by
[Greenberg,

et al., (1985)] and [Sieff, et al., (1986)] has recently been further

refined by a patented modification of the surface properties of the plastic substrate.
The modification allows a higher density of moAb to be bound per unit area as
compared with unmodified plastic and this results in improved efficency of target
cell capture. Proprietary laboratory scale devices based on this technology (small
tissue culture flasks coated with moAb) have recently become available (Applied
Immune Sciences, Inc Menlo Park CA. USA.) and a clinical scale device is in clinical
trials. This approach leaves the positively selected cells when released from the
capture surface, still bearing a small portion of the moAb used, and as with the other
positive selection systems discussed this may effect the functional characteristics of
the cells isolated.
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3.1.4

Monoclonal Antibodies used for immunoselection.

Monoclonal antibodies to antigens only expressed on mature haemopoietic cells are
powerful tools for depletion of non-clonogenic cells. Alternatively, positive selection
of progenitors is possible using moAbs to antigens present on progenitor cells as
discussed in chapter 1.

Depletion reagents.

CD2:
MoAbs to the CD2 antigen (the E-rosette receptor) are valuable as pan-T reagents
used for the removal of T-cells from samples.

CDS:
Antibodies to CDS are pan-T markers used for removing T-cells.

CD4:
Antibodies in this cluster react with the CD4 antigen found on the helper/inducer
s u b p o p u la tio n

of

T -c e lls .

The

a n tib o d ie s

also

re a ct

w ith

som e

monocytes/macrophages. They are used for removal of both accessory cell types.

GD8:
MoAbs to the CDS antigen found on the suppressor/cytotoxic subpopulation of T-cells
are suitable for removal of this lymphocyte subtype.

CD20:
Antibodies to CD20 are pan-B markers used for removing B-cells.

CD15:
MoAbs

in

the

CD15

cluster

recognise

the

lactogenic-N -fucopentanose

III

polysaccharide found on multiple cell membrane proteins. CD15 antibodies bind
intensely to neutrophils, moderately to eosinophils and weakly to monocytes,
basophils and natural killer cells. This pattern of reactivity on mature haemopoietic
cells means that CD15 moAbs are ideally suited to depletion of these cells. On
primitive haemopoietic cells, CD15 is present at the myeloblast stage at the point
where cells of this lineage cease to form CFU-GM colonies in culture. CD15 is not
found on erythroid or B and T lymphoid precursors [Buescher, (1989)]. One of the
first moAbs in this cluster to be identified as a useful reagent for separation of
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progenitors was TG1 [Beverley, et a i, (1980)]. This particular antibody is an IgM
isotype and thus fixes complement efficiently making it suitable for antibody
mediated lysis. It has also proved to be useful for depletion of mature granulocytes
using

FACS

sorting

[Beverley,

et a i,

(1980)],

or

immune

resetting

and

immunomagnetic depletion [Jones, et a i, (1992)].

CD14:
The GDI 4 moAbs are directed against a 55Kd cell surface glycoprotein which is found
on all mature monocytes/macrophages. The binding to monocytes/macrophages is
strong but neutrophils also stain weakly and eosinophils and basophils are faintly
positive. It is not detected on erythroid or lymphoid cells or their progenitors and is
therefore useful for depleting mature myeloid and monocytic cells.

A n ti-glycoph orin:
The glycophorin sialoglycoprotein is expressed specifically on the erythroid lineage
and may be identified by moAb such as RIO [Edwards, (1980)]. Expression is first
noted at the morphologically recognisable erythroblast [Sieff, et al., (1982)]. Early
erythroid progenitors BFU-E or later progenitors CFU-E do not express this
molecule. It is of use in negative selection methods to remove mature red blood cells
and normoblasts.

Band 3:
The band 3 antigenic determinant is detected by moAbs such as R6A [Edwards,
(1980)]. This antigen is strongly expressed on mature erythrocytes and the
majority of normoblasts are also moderately positive [Robinson, et a i, (1981)].
This means that this antibody is useful for removing red blood cells and normoblasts.
Unfortunately a minor population of erythroid and myeloid progenitors are weakly
positive [Sieff, et al., (1982)] and thus such moAbs may also remove these cells.

Table

3.4.
Monoclonal antibodies used for negative selection of progenitor cells from second trimester fetal liver.

Monoclonal antibody

CD Designation

D onor/Source

UCH T1

CD 3

Prof. Peter Beverley, ICRF Human Tumour Immunology UCMSM

UCHT4

CD 8

University College London.

UCH M1

CD 14

UCHTG1

CD 15

AME -1

Anti - glycophorin

Dr M.J.E. Bos, Central Laboratory of the Red Cross Blood
Transfusion Service, Amsterdam Holland

Bl

CD 20

T il

CD 2

Leu 3a

CD 4

Coulter Electronics, Luton, Bedfordshire.

Becton Dickinson U.K. Cowley, Oxford, Oxfordshire.

QO
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3.2.

MATERIALS AND METHODS.

3.2.1

Cell

a)

Preparations.

Fetal liver blast cell preparations.

Haemopoietic blast cells were purified from fetal liver. Local ethical committee
approval and licence from the Secretary of State, Department of Health was granted
for collection of this material. Whole fetal livers were obtained from fetuses
(gestational age 1 6 - 2 0 weeks) aborted by destructive curettage. The liver was
placed on ice and then chopped and mechanically disaggregated by repeated aspiration
through a 19g hypodermic needle. Following this procedure the resulting cell
suspension was allowed to sediment at unit gravity for 15 minutes and the non
sedimented cells removed. The suspension was twice subjected to buoyant density
fractionation at 400g for 20 minutes over Ficoll-Hypaque (density 1.077g/ml @
20°C ) (Pharmacia Fine Chemicals Uppsala, Sweden) and the low density cells
obtained from the interface.
To obtain a primitive cell population, depletion of mature cells was performed using
a panel of moAb to mature cell antigens, as listed in table 3.4 These moAbs have
previously been shown to be non-reactive with myeloid progenitor cells [Linch and
Donahue, (1985)][Emerson, (1987)]. The cells were reacted with the panel of
moAbs for thirty minutes on ice, washed twice and the cells to which antibody was
bound were removed using magnetic microbeads to which affinity purified and
absorbed goat anti-mouse IgG had been covalently coupled (Dynal Ltd., New Ferry,
Wirral, Merseyside.). After addition of the beads at a ratio of 10:1 beads/cell the
tube was incubated on ice for 45 minutes with occasional mixing. After gentle
resuspension, the tube containing the mixture was placed in a Dynal m agne tic
particle concentrator (Dynal Ltd.) and the unbound cells removed. The recovered
cells were subjected to a second magnetic depletion and finally the unbound cells
were concentrated by centrifugation. In some earlier experiments, affinity purified
and absorbed rabbit anti-mouse IgG (Zymed, Cambridge Bioscience, Cambs.) coupled
to chromate treated ox cells was employed instead of the magnetic microbeads (for
preparation of coupled ox cells see chapter 2) Briefly, the treated ox cells were
added to the washed cell suspension at a ratio of 40:1 and the mixture was pelleted by
centrifugation using a refrigerated centrifuge (4°C) at SOOg for 5 minutes and then
incubated on wet ice for one hour. The pellet was then gently resuspended and the cell
suspension subjected to density gradient centrifugation on Ficoll-Hypaque to remove
'immuno-rosettes' formed around the mature cells present. The low density cells
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were obtained from the interface and washed in RPMI1640/FCS twice before further
use.

b)

Adult peripheral blood and bone marrow cells.

Heparinized peripheral blood from

normal volunteers

(laboratory staff) was

collected and mixed with an equal volume of 6.0% hydroxylethyl starch in 0.9%
physiological saline. {Hespan Du Pont (UK) Ltd. Stevenage, Hertfordshire.) and
allowed to sediment at unit gravity. The upper leukocyte-rich layer was removed
after 30 minutes and washed twice in RPMI 1640/FCS before use.
Bone marrow was aspirated from iliac crests of patients with no haematological
malignancy undergoing diagnostic marrow puncture for clinical purposes and placed
in tubes containing heparin 20.0 lU/ml and RPMI 1640. Low density cells were
obtained as detailed above for fetalhaemopoietic blast cells,

c)

Cell lines.

The human erythroleukaemic cell lines K562 [Lozzio and Lozzio, (1975)] and HEL
[Martin and Papayannopoulou, (1981)], monocytoid line U937 [Sundstrom and
Nilsson, (1976)], promyelocytic leukaemic line HL60 [Collins, et al., (1977)] and
the lymphoid cell line Daudi [Silverman, et al., (1982)] were taken from stocks
maintained in continuous culture in the laboratory. The growth factor dependent
erythroleukaem ic cell line TF-1

[Kitamura,

et al., (1989)] was maintained in

RPMI 1640 with 10.0% FOS and 4.0 ng/ml recombinant human GM-CSF.

3 .2 .2

a)

Im m u n o p h e n o ty p in g .

Flow cytometry.

Cells were immunophenotyped using a microtitre plate method [Linch, et al.,
(1982)]. Briefly, cells were incubated in U-bottomed microtitration plates with 50
ml of moAb on ice for 30 minutes. The cells were then washed three times in RPMI
with 2.0% PCS for one minute at 350g and 50 ml of pre-titred fluoresceinated goat
anti-mouse added to each well. After a further 30 minutes incubation the cells were
washed three times (as above), resuspended in RPMI plus 2.0% PCS with 3.0%
para-formaldehyde before fluorescence analysis on either a FACS IV (Becton
Dickinson U.K. Cowley, Oxford, Oxfordshire.) or an EPICS CD
(Coulter Electronics, Luton, Bedfordshire.)

flow cytometer

85
b)

Immunoperoxidase staining.

Bone marrow smears were stained with CIKM5 or irrelevant immunoglobulin
isotype matched control moAbs using the peroxidase-anti peroxidase (PAP)
technique

as previously described by [Mason, et al., (1982)]. Briefly, the smears

were fixed

at room temperature for ten minutes in methanol with 0.35% hydrogen

peroxide added (to inhibit endogenous enzyme activity) and then allowed to air dry.
The CIKM5 moAb or the control antibody was then applied under a coverslip, after
45-60 minutes incubation the coverslip was removed and the slides were washed
three times in Tris buffered saline (TBS). An excess of the second layer bridging
antibody (rabbit anti-mouse Ig, obtained from Dako Ltd. High Wycombe, Bucks.) was
applied and the slides incubated for 45 minutes and then again washed three times in
TBS. The third application to the slides was an anti mouse immunoglobulin/horse
radish peroxidase complex, the slides were further incubated for 45 minutes and
then the slides were washed three times in TBS. Finally, DAB chromogen (3,3'diaminobenzidine tetrahydrochloride, from Dako Ltd.) was used to visualise the
stained cells. Slides were lightly counterstained with Harris's Haematoxylin before
mounting for (photo)microscopy.

3 .3 .

RESULTS.

3 .3 .1

Characteristics of

haemopoietic cells recovered from fetal liver

specimens.
The erythroid and myeloid progenitor numbers present in the cell suspensions
produced from the fetal liver samples were determined in the clonogenic assay
described in chapter 2.2.1. The content of BFU-E forming cells present in cell
suspensions produced by two rounds of density gradient centrifugation is only around
1.24%, the results of examination of 14 such preparations are given in table 3.5.
Enrichment using negative selection of clonogenic cells from this material results in
increased cloning efficiency. The mean recovery of cells in the purified fraction was
6.19 X 10® cells in a series of experiments [n=15] and this data is fully presented
in table 3.6 and 3.7. The yields of erythroid and myeloid progenitor cells are also
presented in table 3.6 and 3.8. The mean progenitor content of the purified fraction,
assessed by combining both erythroid and myeloid progenitors numbers observed in
clonegenic assays was 10.8% (Range 0.74 - 36.2%).
The morphological appearance of the cells isolated from fetal liver is that of
proerythroblasts and undifferentiated blast cells. The cells exhibit typical features
of primitive cells namely, they are relatively large cells with a high nucleus to
cytoplasm ratio. The nucleus in these cells contains open chromatin and prominent
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nuclei are often seen. Figure 3.2 is a photomicrograph of a May-Grundwald-Giemsa
stained cytospin of a purified preparation showing these features, additionally
cytospin slides of these preparations were noted to contain occasional cells in
metaphase.

3 .3 .2 .

Immunophenotype o f purified fetai iiver derived progenitors.

The immunophenotype of the isolated cells is presented in table 3.9. Unsurprisingly,
antigens detected by the moAbs used in the depletion cocktail are not detectable by an
indirect immunofluroscence technique. However, the majority of isolated cells were
found to highly express the CD71 antigen and exhibit moderate positivity with antiCD33, CD34 and CDw32 moAbs. A representative set of fluorescence profiles for
CDw32, CD33 and CD34 is shown in figure 3.3. The novel finding of cells positively
staining for the CDw32 antigen using the CIKM5 moAb is further considered
overleaf.

3 .3 .3 .

a)

Reactivity of CiKMS with haemopoietic ceils.
Fetai liver blast cells.

Single cell suspensions of unfractionated haemopoietic cells obtained from human
fetal liver of 16 - 20 weeks gestation were stained with CIKMS [n = 4]. Over 90%
of unfractionated cells were erythroid, predom inantly interm ediate and late
normoblasts and less than 2% of these cells reacted with CIKMS. When blast cells
(predominantly proerythroblasts) were isolated and stained with CIKMS a variable
proportion were positive (23.0 ± 12.0% [n = S], range S.O - 6S.0%. This
variability was due in part to the relatively low level of antigen expression and the
arbitrary cut off taken to indicate positivity. (figure 3.4 ). In the blast cell sample
with 6S.0% of ceils positive with CIKMS, staining was also carried out with another
CDw32 moAb 2E1 and 67.0% of cells were found to bepositive.

b)

Peripheral blood.

In order to further characterisation of the reactivity of haemopoietic cells with the
CIKMS moAb, peripheral blood cells prepared from normal donors were examined
using an indirect immunofiuorescence technique. CIKMS was found to react with
nearly all granulocytes, platelets 87,0 ± 4.0% of monocytes and a small (less than
S.0%) population of circulating lymphoid cells.
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c)

Bone marrow.

In five experiments aspirated normal bone marrow specimens were examined, 40.0
± 7.0% of bone marrow mononuclear cells were positive with CIKMS (range 22.0 57.0%). The results of indirect immunoperoxidase staining with CIKMS on bone
marrow smears is described in table 3.10. Staining of bone marrow elements is also
illustrated in the photomicrographs comprising figure 3.S.

d)

Cell lines.

A variety of haemopoietic cell lines including, erythroid, myeloid and B-lymphoid
lineages was also examined for reactivity by indirect immunofluorescence. The cell
lines KS62, HEL, TF-1, U937, AML-193, HL60, and Daudi cells also reacted with
CIKMS. The order of relative FcyRII expression was KS62 > HEL > HL60 > TF-1 >
U937.

T a b le

3.5.
% BFU-E content of cell suspensions post two rounds of density
gradient centrifugation.

BFU-E % clones
1 .1 3 0
2 .3 3 0
0 .4 2 0
0 .5 2 0
1 .9 0 0
3 .4 2 0
2 .5 2 0
0 .4 9 0
0 .1 7 6
0 .8 4 0
1 .4 4 0
0 .0 5 0
0 .5 8 0
1 .5 0 0
Mean = 1.24 % se. ± 0.27
Ranae 0.05 - 3.42%

Experiment
1
2
3
4
5
6
7
8
9
10
11
12
13
14

T ab le

3.6.
Fetal liver progenitor isolation experiments :
Characteristics of purified progenitor cells.
Cell re co ve ry

:

Mean = 6.19 x 10® (se. ± 0.96) [n=15]
Range 1.35 -13.4 x 10®______________
Total p ro g e n ito r C ells @ Day 14 :
Mean = 10.8% (se. ± 3.6) [n=13], Range 0.74 - 36.2%
P ro p o rtio n

e ry th ro id

:

Mean = 72.6% (se. ± 5.6), [n=12], Banfl£. 33.1 - 92.0%
BFU-E (% clo n e s)

:

Mean = 7.2% (se. ±1.8), [n=27]
CFU-GM (% c lo n e s) :
Mean = 2.0% (se. ± 0.5), fn=131
E n richm ent of BFU-E :

% BFU-E

Starting cells

: 1.24% se. ± 0.27 Range 0.05 - 3.42%

Purified cells

: 7.20% se. ± 1.83 Range 0.31 - 30.4%

_______________________ [ 6.2 -8.9 fold enriched]__________
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Table 3.7.
Fetal liver progenitor isolation experiments: Cell recovery data.
Experiment

Initial count (xIO®)

Post count (xIO®)

% Yield

1

15.0

4.6

3 0 .6 7

2

2 4 .0

6.0

2 5 .0

3

6 0 .0

4 .0

6 .7

4

5 2 .0

7 .6 5

1 4 .7

5

8.0

2.6

3 2 .5

6

2 0 .0

2.8

14

7

4 3 .4

13.4

3 9 .0

8

18.6

9.2

49

9

3 6 .0

5 .9 5

16.5

10

2 0 .0

10.0

5 0 .0

11

18.9

2 .6 4

14 .0

12

3 3 .3

6.0

18 .0

13

2 2 .4

1.35

6.0

14

12.5

4.0

32

15

2 0 .0

12.6

63

Initial count

: Mean = 26.34 x10® (se. ± 3.72)
Range = 8.0 - 60 x 10®

Final Fraction

: Mean = 6.19 x 10® (se. ± 0.96)
Range = 1.35 - 13.4 x 10®

% Yield

: Mean = 27.4 % (se. ± 4.4)
Range = 6 - 63% of input

In experiments 1
microbeads.
In experiments 7

6 Ox cells were used to achieve separation,instead ofmagnetic
: Mean = 21.91 xIO® (se. ± 4.9), Range = 6.7- 32.5 x 10®
15 magnetic microbeads were used to achieve separation.
: Mean = 31.94 xIO® (se. ± 6.5), Range = 6.0 - 63.0 x 10®

By unpaired t-test the differences in yield using Ox cell or microbeads is not
significant, (p >0.375)
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Table

3.8.
Fetal liver progenitor isolation experiments :
% BFU-E, CFU-GM post purification.

Experiment

BFU-E
% clones

CFU-GM
% clones

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

0.31
7.51
6 .8 0
2 .2 8
2 6 .0 2
5 .8 0
4 .5 0
1 7 .8 0
2 6 .3 0
3 0 .4 0
2 .3 0
4 .1 0
1.80
1.70
1.15
8 .4 5
0 .6 6
0 .5 8
1.59
0 .5 7
0 .6 8
3 .2 8
2 7 .7 6
9 .3 6
1.20
0 .8 0
0 .5 9

nd
nd
nd
2 .1 6
4 .2 0
3 .5 3
1.10
nd
nd
5 .8 0
0 .2 0
nd
nd
nd
nd
0 .9 5
0 .8 0
0 .1 6
0 .2 0
nd
nd
0 .8 9
4 .9 2
nd
nd
nd
1.19

Proportion
erythroid %

Combined
BFU-E/CFU-GM %
clones

5 1 .8
86.1
6 2 .4
8 0 .4

4 .4 4
3 0 .2 2
9 .3 3
5 .6 0

8 4 .0
9 2 .0

3 6 .2
2 .5

8 9 .9
4 5 .2
7 8 .9
8 8 .8

9.4
1.46
0 .7 4
1 .7 9

7 8 .7
8 4 .9

4 .1 7
3 2 .6 8

33.1

1.7 7

In experiments 1 - 11 Ox cells were used to achieve separation, instead
of magnetic microbeads:

Mean = 11.81% (se. ± 3.36), Range = 0.31 - 30.4%

In experiments 1 2 - 2 7 magnetic microbeads were used to achieve
separation:

Mean = 4.01% (se. ± 1.72), Range = 0.57 - 27.8%

By unpaired t-test the differences in % BFU-E clones recovered using Ox cells
rather than microbeads is significant. (0.01 < p < 0.25)
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Table 3.9.
Fetal iiver progenitor isolation experiments :
Phenotype of primitive haemopoietic progenitors isolated by negative
selection.

Antigen

Reactivity

(indirect

immunofiuorscence)

Analysis by Flow cytometry.

CD2

Not detected

CDS

Not detected

CD4
CDS

Not detected

CD20

Not detected

CD14

Not detected

CD15

Not detected

Glycophorin A

Not detected

CD71

76.0 ± 8.0%

CD33

36.0 ± 8.0%

CD34

25.0 ± 7.0%

CDw32

23.0 ± 12.0 %
(Range 5.0 - 65.0%)
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Table

3.10.
Pattern of reactivity of normal bone marrow specimens with the CIKMS
monoclonal antibody.

M o rp h o lo a lc a l
c la s s ific a tio n

/ ce ll

R e a c tiv ity
typo

u s in g

PAP

s t a in in g

P roerythroblasts

Positive

Early normoblasts

Negative

Intermediate normoblasts

Negative

Late normoblasts

Negative

Megakarocytes/Platelets

Positive on early megakarocytes, platelet
clumps also positive.

Reticular cells/Histiocytes

Strongly positive

Macrophages/Monocytes

Strongly positive on both nurse cells and

Nurse cells

monocytes

Plasma cells

Positive

Myeloid series, Myeloblasts &

Positive

Myelocytes
Metamyelocytes/granulocytes

positive but some variability in staining
intensity.

Lymphocytes

Negative

Figure
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3.2.

Photomicrographs of isolated fetal progenitors.
(May Grundwald-Giemsa, Mag. x 330)

#
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Figure

3.3.

Immunophenotype of fetal liver progenitor cells:
Indirect immunofiuorscence with irrelevant control moAb
and anti- CDw32, CD33 and CD34 moAb.

Irrelevant

control

an ti-C D w 3 2

a n ti-C D 3 3

£
0)

.Û

E
3

a n ti-C D 3 4

O
CJ

Fluorescence

intensity

moAb.
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Figure

3.4.

Immunophenotype of fetal liver progenitor cells;
Indirect immunofiuorscence with anti-CDw32 moAb.

irrelevant

isotype

matched control moAb.
(IgGl)

a nti-C D w 3 Z
( C I K MS )
36.0%

positive

Goat anti-mouse
FITC only
3.0%

Fluorescence

intensity

positive

Figure
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3.5.

Immunophenotype of normal marrow cells;
Indirect immunoperoxidase staining with anti-CDw32 moAb.
Myeloid

series

positive

'Nurse'

cell

positive

P ro e ryth ro b la s t
positive
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3.4.

DISCUSSION.

The work described here has demonstrated that second trimester fetai liver derived
haemopoietic cells can be obtained in sufficient numbers and of sufficient purity to
provide a suitable model population for direct studies of haemopoietic growth factor
action. The morphological appearance of the cells isolated from fetal liver is that of
proerythroblasts and undifferentiated blast cells, with these cell types typically
representing greater than 90% of the cells present. The characteristics of the cells
isolated in a series of procedures are fully detailed in tables 3.6, 3.7 and 3.8. In
summary, a final fraction containing between 1.35 - 13.4

xIO® cells was obtained,

approximately 6 - 8 fold enriched for erythroid CFG (BFU-E) compared with the
low density fraction isolated by two rounds of density centrifugation on ficollhypaque. Also, this work has shown that FcyRII is expressed on a proportion of
primitive fetal haemopoietic cells, the majority of which are likely to be erythroid
in origin as the fetal liver at mid-gestation is predominantly an erythroid organ. The
level of staining on enriched fetal progenitors was rather variable

with a range of

5.0% - 65.0% in the five preparations examined. A representative pattern of
staining is illustrated in figure 3.4., clear distinction between positive and negative
cells is difficult. As the fetal progenitor samples stained with CIKM5 exhibit only
dim staining the arbitrary cut-off for positivity was chosen by inspection of control
samples stained with an irrelevant isotype-matched control. The apparent low
reactivity is either a result of low level antigen expression overall or alternatively
only a proportion of the purified population express

FcyRII molecules.

The demonstration of FcyRII receptors using CDw32 moAbs on fetal liver derived
haemopoietic progenitors led to further studies of the expression of this antigen on
haemopoietic tissues and cell lines. The expression of FcyRII described here using
CIKM5 on mature peripheral blood haemopoietic cells is similar to that previously
found using other CDw32 moAbs [Hogg and Horton, (1987)]. As with the purified
fetal progenitors the staining observed with CIKM5 on bone marrow cells was again
found to be weak, with only 40.0 ± 7.0 % of bone marrow low density cells scored
as positive using an indirect immunofluorescence technique with analysis on a flow
cytom eter. Indirect immunoperoxidase staining of bone marrow smears was
employed to confirm this reactivity and allow morphological identification of
positive

cells. Mature granulocytes, plasma cells, platelets and megakarocytes were

strongly positive. Myelocytes and metamyelocytes were weakly reactive and often
difficult to differentiate from negative controls. Occasional primitive cells, thought
to be proerythroblasts were clearly reactive with CIKM5, intermediate and late
normoblasts were negative. These results are similar to those found in the study by
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[Ball, et al., (1989)] using the moAb IV.3, where 57.8 ± 10.9% of bone marrow
low density mononuclear cells (isolated using ficoll-hypaque) were positive with
approxim ately

60%

of

prom yelocytes,

70%

of

m yelocytes

and

80%

of

metamyelocytes scored as positive. The staining observed on cell lines is as
previously described [Schmidt, (1989)]. It is noteworthy that the highest level of
expression seen is on the primitive erythroleukaemia cell lines K562 and HEL.
Previously undescribed as bearing FcyRII, the erythroleukaemic line TF-1 had
staining intermediate between HL60 and U937 cells.
The ontogeny of FcyRII in human haemopoiesis has yet to be fully determined, but
expression on progenitor/precursor cells as far back as the myeloblast and the
malignant blasts in some cases of AML has been shown by Ball et ai. In addition the
majority of CFU-GM and half the BFU-E obtained from clonogenic assay of adult bone
marrow show dim staining. The demonstration of FcyRII receptor molecules on a
proportion of primitive fetal haemopoietic cells, further supports the view that
FcyRII receptors are acquired during normal differentiation at or before the colony
forming unit level. Additionally, the demonstration of FcyRII receptors on fetal liver
derived haemopoietic progenitors has enabled the functional studies of haemopoietic
growth factors and signal transduction detailed in this thesis to be validated and this
work is described in chapters 5 and 6.
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Chapter Four
F etal eryth ro id

4.1 .

ceii growth.

INTRODUCTION.

Role o f Erythropoietin
The

p ro g en ito r

structure

and

in

regulating erythropoiesis.

physical

properties

of

erythropoietin

(Epo)

and

the

erythropoietin receptor (Epo-R) are described in chapter one, section 1.3 together
with the physiological aspects of production. Epo is the only HGF which has been
proven to date, to be active in influencing steady state erythropoiesis both in vitro
and in in vivo in humans. In normal healthy subjects a direct relationship between
haemoglobin concentration (taken as an index of red cell mass) and circulating Epo
levels exists. Furthermore, a reduction of erythropoietin production (as may occur
in someone who is anephric or has chronic renal failure) results in a profound
anaemia, largely due to the absence or destruction of the specialised peritubular
cells which are the major source of Epo. This 'anaemia of deficiency state' may be
largely corrected by administration of recombinant human erythropoietin (rHEpo)
[W in e a rls ,

et ai.,

(1 9 8 6 )][E s c h b a c h ,

et ai.,

(1987)].

A

sim ila r

clear

demonstration of direct influence on the process of erythropoiesis in vivo has yet to
be noted for the other HGFs which appear to have in vitro effects in culture
experim ents.
glycoprotein
d iffe re n tia tio n

Having

established

responsible
of

the

for

cells

the

erythropoietin
regulatory

com prising

the

as

the

control
erythron,

of
in

m ajor

regulatory

p ro life ra tio n
vitro studies

and
of

erythropoietic cells indicate that the Epo responsive stages may be sub divided into
two major cell types on the basis of their relative Epo sensitivity. Highly Eporesponsive progenitor cells (CFU-E) present in haemopoietic tissues serve to
provide erythrocyte replacements in the steady state. As this committed CFU-E
compartment has minimal capacity for self renewal, Epo is additionally thought to be
responsible for the recruitment of replacement needs from an earlier cell population
termed BFU-E. BFU-E have great proliferative potential and when exposed to Epo in
vitro form very large colonies containing many thousands of cells.

Role o f other Factors in erythropoiesis.
Experimental evidence would appear to indicate that the earliest steps in
erythrocytic differentiation are less dependent on Epo levels than the later CFU-E
stage [Testa, et ai., (1980)]. Of the two possible explanations, the first is that the
early erythroid progenitors merely require greater Epo stimulation to proliferate
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or alternatively that another factor (or combination of factors) is additionally active
in the regulation of early erythropoiesis. Over the past twenty years the analysis of
the control of erythropoiesis in in vitro culture systems has led to the recognition of
an

ill-defined

stim ulatory

activity

often

term ed

Erythroid

Burst-Prom oting

Activity (BRA). This term was coined as a generic label for stimulating activities
from a variety of sources (discussed below) which when added to clonogenic assays of
erythroid progenitors increase both the total number and size of colonies produced as
compared with the addition of Epo alone.
In the late 1970s the first sources of molecules with demonstrable BRA activity
were typically the crude conditioned medium (CM) from, for example, poke weed
mitogen (RWM) stimulated lymphocytes or spleen cells [Axelrad, et a!., (1978)],
human bone marrow conditioned medium [Porter, et al., (1980)] and Human
placental conditioned

medium

id e n tifie d ,

the

included

m onocyte/m acrophages,

I

CM

[Burgess,

et al., (1977)]. Other BRA sources

produced

- cells

(1979)][Reid, (1981)]and CM from

[Gordon,

by

prim ary

cu ltu re s

of

et ai., (1980)] [Nathan,

both
et al.,

M onocytic/ T-Lym phoid/Tum our cell lines

including, GCT [Abboud, et al., (1980)], MO-1 [Goide, et al., (1980)], HTB9
(5637) [Fraser, et al., (1988)], MLA 144 [Linch and Donahue, (1985)].
These findings gave rise to a definition of BRA as any growth factor which stimulates
the production of erythropoietic bursts in culture in combination with Epo. Strictly
this did not include factors which were known not be specific for haemopoietic cells
(eg. Growth hormone. Insulin, Transferrin). A rigorous functional definition of BRA
required that the factor(s) were not only specific for haemopoietic cells but
additionally required the determination of its specificity for early versus late
erthyroid progenitors.

Assays o f BPA/Erythrold potentiating activity.
As discussed above, the most basic approach to studying molecules which may have
burst promoting activity is to observe increased stimulation of BFU-E colonies in a
clonogenic assay upon their addition. For this approach to be valid, the system must
necessarily be well defined both in terms of the constituents of the assay and purity
of the target cell population. In most culture conditions the various sources of BRA
can be shown to increase both the number and size of bursts. The increase in burst
number may come from the recruitment of BFU-E into proliferation in culture by
influencing the departure of BFU-E from the Gq phase or be the result of
recruitment of further BFU-E from a primitive population not responsive to Epo
alone. Additionally, the survival of BFU-E has been shown to be dependent on the
composition of the culture medium by [Iscove, et a i, (1974)], where they observed
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that if a source of BPA was absent during the first two days of culture the numbers of
bursts that ultimately developed was substantially reduced. This observation is the
basic principle behind delay assays designed to determine if molecules have BPA
activity. The effect of delayed addition of growth factors may be tested by placing an
accessory cell depleted target population in liquid culture with or without growth
factor for several days and then subsequently plating the sample into clonogenic
assay with optimal epo and BPA stimulation. An alternative form of assay is to plate
erythroid progenitor cells into semi solid medium containing the putative BPA
activity but delay addition of Epo for several days [Donahue, et aL, (1985)].
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4 .2
4. 2. 1
a)

MATERIALS AND METHODS.
Ce// preparations.
Fetal liver progenitors.

Progenitors were prepared from fetal livers of between 1 4 -1 9 weeks gestational
age, as detailed In cfiapter three, section 3.2.1.

b)

Second trimester fetal blood.

Second trimester fetal blood was collected by fetoscopic venepuncture [Rodeck,
(1980)] Heparlnlsed samples (usually between 0.2 - 0.5 ml) were either diluted
two fold and low density cells obtained by centrifugation over ficoll-hypaque or
sedlmented at unit gravity with HES to remove mature red blood cells.

c)

Third trimester fetal blood.

Heparlnlsed venous cord blood samples were obtained at delivery from pre-term
Infants. The low density mononuclear fraction was obtained by centrifugation over
ficoll-hypaque.

d)

Adult peripheral blood.

Adult peripheral blood was collected from normal volunteers (laboratory personnel)
aged between 20 - 40 years old. Low density mononuclear cells were obtained by
centrifugation over ficoll-hypaque. In order to purify BFU-E from adult blood, a
peripheral blood sample was obtained from a patient undergoing stem cell
mobilization using cyclophosphamide and G-CSF priming. Low density cells were
obtained using ficoll-hypaque, and CD34 positive cells were selected using a
'MIcroCELLector'™ flask coated with CD34 moab ICH3. The flasks were supplied by
Applied Immune Sciences, Inc. California, USA.

4.2.2

Clonogenic Assays.

Delay Assays using second trimester fetal blood samples.
Second trimester fetal blood samples processed as detailed previously to obtain
mononuclear cells were placed In culture at 2 x 10^/ml In the m ethylcellulose
culture system with the addition of either, recombinant IL-1, IL-3, IL-6, IL-9 or
GM-CSF. Recombinant human Epo (1.0 lU/ml) (Amgen Inc. Thousand Oaks, CA. USA.)
was also added Immediately or after three or six days Incubation. The resulting BFUE colonies were scored at day 14 using an Inverted stereo microscope (Olympus
Optical, London.) scoring large haemogloblnlzed aggregates of cells as BFU-E
colonies. By definition these contain more than 64 cells, but under the culture
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conditions used in this thesis they usually contained more than 1000 cells and
sometimes more than 10000 cells.
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4 .3

RESULTS.

4 .3 .1

Clonogenic BFU-E assays o f erythroid progenitors sourced from adult
peripheral blood, fetal blood and fetal liver.

The incidence of BFU-E colony forming cells present in cell suspensions produced
from adult peripheral blood, fetal blood and fetal liver samples was determined In
the clonogenic BFU-E assay described In chapter 2, section 2.2.1. Without addition of
erythropoietin to the culture mix, no spontanous growth of BFU-E colonies was
observed In any adult peripheral blood (n = 25), fetal blood specimens (n = 18), or
purified fetal liver progenitor samples (n = 27) tested. Upon addition of either
sheep plasma Epo or rHEpo growth of BFU-E colonies was seen In all samples tested.
Prior to the sheep plasma Epo preparation ceasing to be available (manufacture was
discontinued In 1989) the dose response curves using sheep plasma Epo and rHEpo of
adult peripheral blood derived BFU-E were compared. BFU-E colony assays
comparing sheep step three Epo with rHEpo (both with 10% 5637 CM added as a
source of BPA) are shown In table 4.1 and figure 4.1. The recombinant human
preparation gave a similar pattern of response to that seen In earlier experiments
using sheep Epo. There was no significant difference [p > 0.375] by paired analysis
of the colony numbers produced with the addition of 2.0 lU/ml of either preparation
In eight paired experiments.

4 .3 .2

Incidence o f circulating erythroid progenitor ceiis at different
stages of gestation in the presence o f an optimai concentration
o f erythropoietin.

The erythroid progenitor Incidence determined using the clonogenic BFU-E assay. In
fetal peripheral blood, cord blood and adult peripheral blood Is shown In figure 4.2
and table 4.2. The frequency In second trimester fetal blood Is 484.0 ± 427.0 per
10^ mononuclear cells plated (n = 18). The Incidence of BFU-E falls progressively
with gestation but at term, cord blood still contains a 3.4 fold higher Incidence than
adult blood. Adult blood contains relatively low numbers of BFU-E, 14.0 ± 8.2 per
10^ cells plated (n = 25).
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Table 4.1.
Erythropoietin dose response curves of adult periperal blood derived BFU-E,
using sheep plasma erythropoietin or recombinant human erythropoietin.
(BFU-E colony assays, results per 10^ cells plated.)

Expt

4 .0

2.0

1 .0

0.5

0.25

0.125

No.

l U/ ml

l U/ ml

l U / ml

l U/ ml

l U/ ml

l U / ml

1

nd

2 1 .5 0

1 6 .5 0

1 6 .5 0

1 4 .0 0

1 0 .0 0

2

nd

2 3 .0 0

1 5 .5 0

1 0 .5 0

4 .0 0

6 .5 0

3

nd

1 3 .2 5

1 3 .2 5

1 0 .5 0

6 .7 5

0

4

nd

2 5 .0 0

2 8 .5 0

2 8 .0 0

1 3 .5 0

2 .5 0

5

6 .5 0

7 .5 0

8 .5 0

5 .5 0

0 .5 0

nd

6

7 .0 0

4 .5 0

8 .5 0

6 .0 0

6 .5 0

nd

7

1 1 .6 7

11 .0 0

1 3 .0 0

8 .0 0

0

2 .6 7

8

1 6 .6 7

10 .0 0

7 .6 7

2 .6 7

4 .0 0

1 .6 7

9

3 1 .5 0

2 4 .5 0

12 .5 0

1 1 .5 0

9 .5 0

nd

10

2 3 .0 0

2 2 .0 0

1 6 .0 0

1 1 .0 0

0

nd

mean

1 6 .0 6

1 6 .2 3

1 3 .9 9

1 1 .0 2

7 .4 3

3 .8 9

± sem

3 .9 9

2 .4 5

1.90

2 .2 5

1 .68

1.5 0

Sheep step 3 erythropoietin.

Expt

4 .0

2.0

1. 0

0.5

0.25

0.125

No.

l U/ ml

l U / ml

l U/ ml

l U/ ml

l U/ ml

l U / ml

1

nd

1 9 .0 0

1 0 .5 0

1 3 .5 0

8 .5 0

4 .0 0

2

nd

18 .5 0

1 3 .5 0

7 .0 0

5 .5 0

2 .5 0

3

nd

1 2 .2 5

8 .0 0

4 .2 5

5 .0 0

0

4

nd

2 0 .0 0

2 3 .5 0

2 6 .5 0

1 7 .0 0

1 .00

5

1 0 .5 0

4 .0 0

3 .0 0

0

0

nd

6

6 .0 0

9 .0 0

2 .5 0

5 .5 0

0 .5 0

nd

7

1 2 .0 0

1 3 .0 0

4 .0 0

3 .0 0

0

nd

8

3 2 .0 0

2 6 .0 0

1 7 .0 0

8 .0 0

5 .0 0

nd

mean

1 5 .1 3

1 5 .2 2

1 0 .2 5

8 .4 7

5 .1 9

1 .8 8

± sem

5 .7 7

2 .4 7

1 .90

2 .9 3

2 .0 0

0 .8 8

(nd= not determined.)
There was no significant difference [p > 0.375] by paired analysis of the colony
numbers produced with the addition of 2.0 lU/ml of either preparation in eight
paired experiments.
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Figure

4.1.
Erythropoietin dose response of adult peripheral blood BFU-E, using sheep
plasma erythropoietin or recombinant human erythropoietin (n=8).
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F igure

4.2.
Changing incidence of BFU-E with gestation.
Vertical axis = No of BFU-E colonies per 10^ cells plated.

600-

500-

Second T rim ester (n=
2 7 - 2 9 w eeks (n=6)
3 0 - 31 w eeks (n=3)

400 -

3 2 - 3 3 w eeks (n=7)
3 4 - 3 5 weeks (n=10)
3 6 - 3 7 w eeks (n=5)

300-

> 3 8 w eeks (n = 4)
Adult (n = 25)

200-

100-

18)
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T a b le

4.2.
Changing incidence of circulating BFU-E with gestation.

BFU-E /105 cells
plated
Second Trimester

(n= 18)

484 ± 104

27 - 29 Weeks

(n = 6)

289 ± 119

30 - 31 Weeks

(n = 3)

187 ± 34

32 -33 Weeks

(n = 7)

108 ± 16

34 -35 Weeks

(n = 1 0)

172 ± 53

36 - 37 Weeks

(n = 5)

88 ± 34

> 38 Weeks

(n = 4)

45 ± 19

Adults

(n = 2 5 )

14 ± 8.2
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4 .3 .3

Erythropoietin sensitivity, erythroid colony growth,BFU-E assays on
cord blood, fetal blood and Adult peripheral blood.

The relative erythropoietin sensitivity of fetal BFU-E (27 -31 weeks gestation) and
adult peripheral blood BFU-E when assayed in clonogenic assays stimulated with
sheep plasma step three Epo is shown in figure 4.3, the Epo dose response of fetal
BFU-E (24 - 31 weeks gestation) using rHEpo is also shown on this figure. In a
further series of experiments, using rHEpo the difference in sensitivity between
fetal progenitors and adult BFU-E is also apparent, shown in fig 4.4. In these
experiments the difference between fetal and adult BFU-E sensitivities at 0.5 lU/ml
is significant with p=< 0.05. At 0.25 lU/ml. p=< 0.1 and at 1.0 lU/ml the difference
is not signficant p=> 0.4 (unpaired t test).

4 .3 .4

Changes in erythropoietin sensitivity during ontogeny.

The relative erythropoietin sensitivity of fetal blood BFU-E and later gestation cord
blood BFU-E is compared with that of adult peripheral blood BFU-E in fig 4.5. The
36 - 40 week gestation cord derived BFU-E and BFU-E from adult blood show a
reduced Epo sensitivity compared to the fetal and earlier gestation cord BFU-E. In
some experiments the number of adult BFU-E colonies was increased by further
erythropoietin addition (upto 4.0 lU/ml.), whereas this was not observed with the
fetal samples. Fetal blood BFU-E obtained by in vivo sampling have an apparent
higher sensitivity to Epo, stimulation was maximal at 0.5 lU/ml. as shown in figure
4.4. Similarly, both 27 - 31 and 32 - 35 week cord blood BFU-E showed an
apparent increased sensitivity compared to the adult with plateau effects at around
1.0 to 1.5 lU/ml. The difference between mean colonies/10^ cells plated from cord
blood BFU-E 27 to 35 weeks gestation and adult BFU-E sensitivities is significant at
the p=<0.05 level.
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F ig u re

4.3.
BFU-E assays showing relative erythropoietin sensitivity of fetal BFU-E and
adult BFU-E using sheep plasma erythropoietin also shown here is the dose
response of fetal BFU-E (24 - 31 weeks gestation) using recombinant human
erythropoietin. The dose of Epo giving 50% stimulation on adult BFU-E is 0.6
lU/ml, for 27 -31 weeks gestation fetal BFU-E, 0.35 lU/ml and for 24 -31
weeks 0.2 lU/ml.
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4.4.
Erythroid colony growth, using recombinant human erythropoietin.Fetal
BFU-E show an increased sensitivity to rHEpo compared with adult
peripheral blood derived BFU-E. The results shown here have been
normalized to percentages using 2.0 lU/ml as 100%. In some experiments
adult derived BFU-E demonstrated further enhancement of growth with rHEpo
addition at 4.0 lU/ml, this was not apparent when fetal BFU-E where
examined.
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Figure

4.5.
Relative erythropoietin sensitivity of cord blood BFU-E obtained from
premature deliveries and later gestation cord blood BFU-E compared with
that of adult peripheral blood BFU-E. The 36 - 40 week gestation cord
derived BFU-E and BFU-E from adult blood show a reduced Epo sensitivity
compared to earlier gestation cord blood BFU-E.
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4 .3 .5

Comparison o f erythroid colony growth, BFU-E assays on, fetal blood,
adult peripheral blood and purified progenitors from fetal liver

When second trimester progenitors were purifed from fetal liver the erythropoietin
dose response curve was (in the absence of accessory cells) found to be similar to the
adult pattern demonstrating increasing colony growth upto 2.0 lU/ml and this is
illustrated in figure 4.6. At 0.5 lU/ml rHEpo, adult BFU-E exhibited 65.0% ± 25.0
of maximum stimulation vs 39.0% ± 18.0

for purified fetal BFU-E and at 1.0

lU/ml adult BFU-E = 88.0% ± 24.0 vs 65.0% ± 25.0 for purified fetal BFU-E, the
differences in % stimulation were significant by unpaired t test, p=<0.025.
W hereas, adult BFU-E appeared to require an early acting factor distinct from Epo
as shown in experiments using highly purified progenitors in table 4.3. In contrast,
rHEpo alone appeared to be sufficent for optimal growth of the majority of fetal
BFU-E, as can be seen in the comparison of BFU-E colony production shown in figure
4.7. The production of adult BFU-E is 20.0% ± 6.0 of that seen in the presence of
Epo and GM-CSF as 'BPA', whereas 91.0% ± 48.0 of fetal BFU-E are seen in the
absence of a source of 'BPA'. This suggested that the difference in response to Epo may
be secondary to differences in responsiveness to other accessory cell dependent
factors. The first candidate growth factor to be examined was GM-CSF and it was not
found to influence the Epo sensitivity of purified fetal BFU-E shown in figure 4.8.
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Figure

4.6.
Erythroid colony growth: The difference between adult BFU-E and fetal blood
Epo sensitivities. A fetal blood progenitor curve is included on this figure for
reference and shows the relatively high Epo sensitivity unpurified fetal
progenitors exhibit, (maximal at 0.5 lU/ml). At 0.5 lU/ml, the lower
sensitivity shown by both adult BFU-E and purified fetal progenitors
compared with fetal blood progenitors is significant by unpaired t test
p<0.025.
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T a b le

4.3.
Samples of purified adult peripheral blood BFU-E and GM-CFC grown with
different sources of 'BPA'.

GM-CFC
2.5

X

10^ cells

BFU-E
2.5 x 1 0 3 cells

GM-CFC
0.5

X

10^ cells

BFU-E
0.5 X 10^ cells

plated

plated

plated

plated

2.7

clusters only

n il

n il

5637 CM 5.0%

5 9 .0

nil seen

14.0

n il

5637 CM 5.0%

5 0 .0

11.3

19 .3

6.7

5 0 .0

18.7

9 .0

2 .7

4 2 .0

3 8 .0

10.0

1 3.3

clusters only

4 .3

nil seen

nil seen

No added GF

rHEpo 2.0 lU/ml
GM-CSF10ng/m
rHEpo 2.0 lU/ml
IL-3

10ng/m l

rHEpo 2.0 lU/ml
rHEpo 2.0 lU/ml
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F igure

4.7.
'BPA' dependence of adult and fetal BFU-E.
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F ig u re

4.8.
Erythropoietin dose response curves of fetal liver progenitors with and
without recombinant GM-CSF (12.5 ng/ml) added as 'BPA'.
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4 .3 .6
Early

0.5
Epo

1.0
concentration

1.5
lU/m l.

2.0

Effects o f BPA addition to BFU-E forming ceiis in culture.
acting

factors

with

synergistic

actions

may

be

able to

m odify the

erythropoietin dose response curve in purified fetal progenitors as they do in adult
cells. This may be inferred by the production of very large multicentric BFU-E
colonies from fetal samples when cultured in the presence of both recombinant
human Epo and conditioned medium from the 5637 cell line. The 5637 cell line
produces variable concentrations of IL-1, IL-6, G-CSF, GM-CSF and SCF. With the
availability of recombinant HGFs it became possible to look at the effects of a single
factor in combination with rHEpo. Using progenitors from second trimester blood in
clonogenic BFU-E assays with rHEpo, (paired experiments detailed in table 4.4.)
addition of IL-3 caused a significant increase in the number of BFU-E colonies
produced (p< 0.05), only a trend to increased numbers was observed with IL-9,
GM-CSF and IL-1 (all p< 0.1).
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4.4.
Experiments using second trimester fetal blood progenitors.
BFU-E / 2.5 X 10^ ceils plated.
No

+

+

+

+

+

HGF

GM

IL - 3

IL - 9

IL - 6

IL -1

1

2 5 .0

3 2 .0

2 2 .0

2 9 .5

2 2 .5

2 4 .0

2

6 .0

11 .0

1 5.5

12 .0

8 .0

7 .0

3

9 .0

17.0

1 7.0

9 .5

11 .5

14 .5

4

2 4 .0

2 1 .5

2 5 .5

19 .0

2 0 .5

2 4 .0

5

2 2 .5

18.5

nd

2 4 .5

2 2 .0

2 1 .0

6

1 0.5

11.5

16.0

16 .0

10

15.0

7

3 .5

7.0

9.0

8 .0

5 .0

7 .5

8

6.5

Expt No.

6.5

9
10
Mean

14.4

17.0

17.5

17.0

1 4 .2

16.1

±SD .

± 9.2

± 8.3

± 5.7

± 8.0

± 7.3

± 7.2

p value

p<0.1

p< 0.05

p<0.1

p> 0.4

p< 0.1
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4 .3.7

Delay Assays; Delay experiments, on fetal blood.

The results of clonogenic BFU-E assays with various HGFs and delayed addition of
rHEpo are shown in table4.5. With the addition of Epo delayed for three days,
significant increases in BFU-E yield occur using IL-3, IL-9 (p< 0.0005)(p <
0.005), Significant increases with IL-1, IL-6 and GM-CSF are also seen (p <
0.05), (p< 0.025), (p < 0.005).
T a b le

4.5.
Experiments using second trimester fetal blood progenitors.
BFU-E /2.5 X 10^ cells plated, rHEpo addition delayed for three days.

Expt No.

No

+

+

+

+

+

HGF

GM

IL-3

IL-9

IL-6

IL-1

1

1.0

6.5

8.0

5.5

4.0

3.2 5

2

17.5

13.5

19.5

24.0

18.5

24. 0

3

4.0

13.5

13.5

12.0

11.0

10.0

4

7.0

15.0

12.5

10.0

8.5

8.5

5

1.0

1.0

2.5

1.0

2.5

1.0

6

8.5

10.5

19.5

17.0

11.5

12.0

7

7.5

9.5

14.0

14.0

11.0

10.5

8

3.0

10.5

11.5

5.0

1.5

4.0

Mean

6.2

10.0

12.6

11.0

8.6

9.2

±SD .

± 5.4

± 4.5

± 5.6

± 7.4

± 5.7

± 7.2

p< 0.025

p< 0.005

9
10

p value *

p< 0.05

p value from paired t test.

p< 0.0005 p< 0.005
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Table 4.6.
Summary of data from delay experiments:
% BFU-E colonies of. 2.0 lU/ml rHEpo added on day 0.

HGF and rHEpo

HGF and rHEpo

p value

addition on Day 0

addition on Day 3

(for day 3)

GM-CSF (n = 9)

1 1 5 .8

1 6 2 .7

p ^O .0 2 5

IL-3 (n = 9)

1 3 4 .6

2 1 2 .3

p ^O .0 0 0 5

IL-9 (n = 10)

120.1

1 7 8 .2

p^O .00 5 *

IL-1 (n = 9)

1 1 1 .8

1 4 7 .4

p^O .01

IL-6 (n= 8)

9 8 .8

1 3 8 .7

p ^O .0 2 5

recombinant HGF

**
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4 .4

DISCUSSION.

Erythroid

progenitors

capable

of

giving

rise

to

BFU-E

colonies

in

the

methylcellulose assay used, demonstrate an obligatory requirement for Epo. Without
the addition of either sheep step three plasma erythropoietin or rHEpo, no
spontanous colony formation was observed in adult peripheral blood, fetal blood
specimens or fetal liver progenitors samples. Upon addition of erythropoietin,
growth of BFU-E colonies was seen in all samples tested. Many of the early
experiments were performed using sheep derived (step III) Epo. When the dose
response curves using sheep plasma Epo and rHEpo of adult peripheral blood derived
BFU-E were compared, the human recombinant preparation gave a similiar pattern
of response to that seen in earlier experiments using sheep Epo. In eight experiments
there was no significant difference by paired analysis of the BFU-E colony numbers
seen when comparing sheep step three Epo with rHEpo [p > 0.375].
The incidence of BFU-E in adult blood determined in the methylcellulose assay
system is low, 14 ± 8.2 per 10^ cells plated. Second trimester fetal blood contains
much larger numbers of BFU-E, as shown in figure 4.2 and table 4.2. The incidence
of BFU-E may be seen to fall progressively with gestation, but at term, cord blood
samples still contain a 3.4 fold higher incidence of BFU-E than adult blood.
The use of cord blood as a source of transplantable progenitors in place of bone
marrow has recently become of increasing interest, [Broxmeyer, et aL, (1989)]
and the possiblity of establishing of a 'matched unrelated donor' panel of
cryopreserved cord blood cells has been mooted [Hows, et aL, (1992)]. From the
studies presented here the optimal gestational age for obtaining the greatest number
of progenitors would appear to be 36 weeks. The samples of 36 weeks gestation tested
had a BFU-E content of 88.0 ± 34.0 per 10^ cells plated and this is nearly twice the
number present at term (45.0 ± 19.0 per 10^ cells plated ). The human fetus at 36
weeks is nearly as well developed as the term 38-40 weeks fetus and the volume of
blood obtainable from the transected cord should be very similar to the amount
obtained from term deliveries.
There are also apparent changes in erythropoietin sensitivity during ontogeny and
culture of mononuclear cell samples revealed that fetal BFU-E require less
erythropoietin than their adult counterparts as shown in figures 4.3 and 4.4. A
switch from a fetal to an adult growth pattern was seen to occur at approximately 36
weeks gestation and this perhaps mirrors the switch seen in haemoglobin synthesis
and other erythrocyte constituents also seen at 36 - 40 weeks gestation.
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[Linch, et al., (1982)] suggested from the results of co-culture experiments of
fetal blood and adult mononuclear cells with different levels of erythropoietin that
the differences in fetal and adult erythropoietin sensitivities are intrinsic to the
progenitor cells, rather than being merely a reflection of different accessory cell
populations. However, If second trimester BFU-E are purified from fetal liver the
erythropoietin dose response curve is similar to the adult pattern and this is
illustrated in fig 4.6. This suggests that the apparent differences in response to
erythropoietin may be secondary to differences in responsiveness to another
accessory cell dependent factor or factors. Indeed, whereas adult BFU-E require an
early acting factor distinct from erythropoietin, erythropoietin alone was found to
be sufficient for optimal growth of the majority of fetal BFU-E. The sheep step three
Epo is a plasma fraction containing native protein, and it is possible that something
else with BPA activity is present. However, against this is the fact that similar
results were obtained with sheep derived (step III) and recombinant human
erythrop oie tin.
Conditioned medium produced using the 5637 bladder carcinoma cell line [Fraser,
(1988)1 contains variable concentrations of IL-1, IL-6, G-CSF, GM-CSF and SCF,
with GM-CSF as a major product. As this mixture of factors is able to amplify the
response to erythropoietin seen in purified fetal cells as suggested by the production
of large multicentric BFU-E in the presence of both rHEpo and 5637 CM, studies
were

perform ed

using

recom binant

GM-CSF,

which

has

been

previously

demonstrated to act as BPA in assays of adult erythroid progenitors by [Donahue, et
al., (1985)][Sieff,

et al., (1985)].

These studies of fetal derived progenitors did not demonstrate a marked effect of GMCSF. It is noteworthy that in the mid-trimester fetus despite the presence of many
myeloid progenitor cells few granulocytes are produced. This suggests that factors
with late myeloid activity such as GM-CSF are not produced at this stage of gestation.
Further experiments to determine which growth factors were capable of stimulating
fetal erythropoietic cells were performed, using addition of a single recombinant
human factor together with rHEpo. Using progenitors from second trimester blood in
clonogenic BFU-E assays with rHEpo, (paired experiments detailed in table 4.4.) the
co-addition of IL-3 with rHEpo caused a significant increase in the yield of BFU-E
colonies (p< 0.05), but only a trend to increased numbers with IL-9, GM-CSF and
IL-1 (but all p< 0.1). Using delayed additon of rHEpo the results were more
pronounced, with the addition of Epo delayed for three days : IL-3, IL-9, provided
highly significant increases in BFU-E numbers (p < 0.0005)(p < 0.005). In
contrast to the results seen in experiments using immediate addition, smaller but
significant increases with IL-1, IL-6 and GM-CSF (p < 0.01), (p < 0.025), (p <
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0.025) were also seen. In this screening system as the progenitors were not purified
before culture, the universal effect of HGF addition may be an indirect action of a
different growth factor produced by cells other than erythroid progenitors.
The differences in sensitivity to erythropoietin which were found in erythroid
progenitors from different sources probably represent a differing responsiveness to
another as yet unidentified factor. Also, these studies indicate that requirements for
other growth factors are intrinsically different, whereas on adult erythroid
progenitors GM-CSF will act as a potent BPA, it appears to have minimal activity on
fetal cells. The most potent BPA acting on fetal progenitors appeared to be IL-3, but
purified fetal progenitor cells appear not to require (or have a lesser requirement)
for factors referred to as BPA. As to the nature of BPA, although there are many
candidates recently discovered and cloned to produce highly active pure recombinant
proteins there is as yet no clear indication of a single factor as the 'missing link' in
the control of early erythropoietic cells. The hypothesis suggesting that another
single factor regulates erythropoiesis in conjunction with Epo is probably untenable.
Particularly in the light of the recognition of whole families of growth factors, few
of which are strictly lineage restricted or even active on haemopoietic tissues alone.
A further complication to the elucidation of the regulatory role of these factors is the
realization that there are many synergistic combinations. Thus, it may be the case
that a complex permutation of several factors acting together may be the elusive
'BPA'. These discoveries together with the demonstration that many of the
haem opoietic cell types defined by in vitro culture are able to respond to
recombinant versions of many different GFs, makes the blanket term 'BPA' somewhat
redundant and perhaps indicates that further efforts should concentrate on defining
which of the several candidate molecules are capable of exerting direct effects on
purified early erythropoietic cells and ideally this should be complemented by
demonstration of in vivo production.
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Chapter Five
o f erythropoietin on : proiiferation,
caicium , c-m yc p ro tein expression,

and ceii cycie in fetai haem opoietic biast ceiis.
5 .1

INTRODUCTION.

E rythropoietin

is

the

regulatory

glycoprotein

hormone

proliferation and differentiation of erythropoietic cells.

necessary

for

the

The mechanisms of action of

Epo on these target populations has been extensively studied, but as yet the precise
biochemical basis of its effects on cellular processes which lead to proliferation or
differentiation remain unclear.
An area of conjecture is the issue of whether or not erythropoietin influences
progression through the cell cycle. Studies using an Epo-dependent murine cell line
suggesting that the G i phase is the specific Epo-sensitive phase have been described
[Tsuda, et al., (1989)][Necas and Neuwirt, (1976)][Ni]hof, et a!., (1984)]. Other
work indicates that the sensitive phase may be the 8 [Monette, et a!., (1980)] or G 2
phases of the cell cycle [Bedard and Goldwasser, (1976)].
One of the early biochemical changes produced by Epo is an increase in RNA synthesis
within 15 minutes in target tissue exposed to the hormone. Initially this increase
consists prim arily of a large (1508) species which is thought to represent
precursor messenger RNA. 8ubsequently, increases in ribosomal, transfer and
globin messenger RNA can be demonstrated. These changes are accompanied by
sequential elevation of RNA polymerases II and I and by non histone protein
synthesis. Increased DNA synthesis also occurs, but generally follows the stimulation
of RNA synthesis. Inhibition of DNA synthesis does not block erythropoietin-induced
stim ulation of RNA form ation, whilst inhibition of RNA synthesis blocks the
erythropoietin-related increases in DNA formation. The mechanism by which Epo
stimulates RNA synthesis is not yet clear, but the processes involved may include the
continued elevation of nuclear oncoproteins such as c-myc which is present in
actively cycling cells and Is thought to be involved in transcription or DNA
replication. The expression of the protooncogene c-myc and its protein product have
previously been

shown to vary as a function of cellular proliferation

and

differentiation status in haemopoietic cell lines [Collins and Groudine, (1982)]
[Roberts, et a/., (1989)]. In primary haemopoietic cells, the c-myc protein has
been found to be highly expressed in CD34 positive haemopoietic progenitors
[Kastan, et a/., (1989)] and c-myc mRNA and c-myc protein levels are thought to
decrease during
(1989)] [Bains,

erythroid

maturation

et a/.,(1 9 8 7 )].

[Kirsch, et al., (1986)] [Kastan, et al.,
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The effects of rHEpo on proliferation, cell cycle, intracellular calcium ion flux and
c-myc protein content of fetal erythroid progenitor cells are examined in this
chapter.
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5 .2
5.2.1

MATERIALS AND METHODS.
Cell

preparations.

Fetal liver progenitors.
Progenitors were prepared from fetal livers of between 1 4 - 1 9 weeks gestational
age, as detailed in chapter three, section 3.2.1.

5.2.2

Cell staining for c-myc protein and cell cycle
d eterm ination.

a)

Preparation

o f cells for flow cytometry.

In order to minimise any possible variation in staining with either the c-myc moab
or propidium iodide in samples taken in the time course experiments, all cell
samples (typically 1 x 10® cells) were fixed in 4% paraformaldehyde in PBS for
thirty minutes, washed twice in PBS and stored at 4°C. Batches of samples were
subsequently permeabilised in Analar grade absolute methanol (BDH) at 4°C for 30
minutes. The cells where then washed in 0.1 M Tris buffer pH 6.0 before staining
for c-myc protein estimation. Paraformaldehyde fixed cell samples intended for cell
cycle analysis were processed as detailed below.

b)

Cell Cycle Analysis of fetal Liver Blast cells.

The percentage of cells in the S G 2 M phases of the cell cycle were determined on
bare cell nuclei using propidium iodide and flow cytometry. Nuclei were prepared by
a modification of the method of [Vindelov, et al., (1983)]. Cell samples (10®^ml)
were fixed in ice cold absolute methanol for 20 minutes and then washed in PBS. The
cells were then incubated for 15 minutes at room temperature (RT) in a stock
citrate solution containing 0.1% (v/v) Nonidet P40 (Sigma), 0.52 mg/ml Tris
(pH7.6), and 0.03mg/ml trypsin (type IX, Sigma Chemical Co., Poole, Dorset) was
added. 2.0ml of the stock citrate solution containing 0.1% (v/v) Nonidet P40, 0.52
mg/ml Tris (pH7.6), and 0.6 mg/ml ribonuclease A (type MIA, Sigma) was added
for 30 minutes at RT, The digestion was stopped by the addition of an excess of stock
solution containing spermine tetrahydrochloride

(STS), 1.682 mg/ml and placed on

ice for 15 minutes. The nuclei were recovered by centrifugation at lOOOg for 15
minutes. The pelleted nuclei were finally resuspended in STC solution containing
0.42 mg/ml propidium iodide. Stained nuclei were analysed by flow cytometry on a
FACS IV cytometer (Beckton Dickinson U.K. Cowley, Oxford, Oxfordshire.) using
200mW of laser light at 488nm with the fluorescent signal obtained through a band
pass filter at 620nm. Estimation of the areas 'under the curve' of the DNA content
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profile corresponding to the different phases of the cell cycle were performed by
manual gating of the fluorescence profiles.

c)

Estimation o f c-myc protein by

fiow cytometry.

c -m y c protein levels were determined by a semi quantitative flow cytometric
technique employing indirect immunofluorescence. Permeabilised cells were stained
using, a primary moAb to c-myc (Cambridge Biologicals. Cambridge, Cambs.) or an
isotype matched control moAb UCHT1 (lgG1) for thirty minutes on ice. The cells
were then washed three times in RPMI with 2.0% PCS for one minute at 350g and 50
ml of pre-titred fluoresceinated goat anti-mouse added to each well. After a further
30 minutes incubation the cells were washed three times, (as above) resuspended in
RPMI plus 2.0% PCS with 3.0% paraformaldehyde before fluorescence analysis on a
PACS IV flow cytometer comparing the linear fluorescence signal of the cells stained
with the anti c-myc moAb with the irrelevant isotype matched control moAb.

5.2.3

P ro life ra tio n in d u c e d b y re c o m b in a n t hum an
e r y t h r o p o ie t in .

a)

Proliferation assays.

Proliferation assays were performed using tritiated thymidine (^HTDR) uptake to
assess cell proliferation. Cells at between 5.0 x 10^ and 2.0 x I O ^ / well were
plated out in round bottomed 96 - well microtitre plates (Plow laboratories Irvine,
A yrshire.)

in

Iscove's

m odified

Dulbecco's

medium

(Gibco

Ltd.

Paisley,

Renfrewshire.) with 10% heat inactivated fetal calf serum (PCS) (Gibco) and the
various stimulating activities added. After 18 hours incubation at 37°C in a humid
4% CO 2 incubator, 20ml (1|iCi) of^H T D R (Amersham International) was added and
after a further 8 hours the cells were harvested using an Automash (Dynatech
Laboratories Ltd., Billinghurst., Sussex.). The glass fibre filters were dried and the
discs containing the cell associated radioactivity placed in a scintillation cocktail
before counting in a liquid scintillation spectrometer.

128
Fluorometric assays of intracellular calcium Ion

5.2.4

concentration and Intracellular pH.
a)

Measurement o f intracellular Calcium ion concentration.

Measurements of intracellular calcium concentration were performed using the cell
permable fluorescent calcium indicators, Quin-2 tetra acetoxymethyl ester {O uin-2
A M ) or F u r a - 2

acetomethyl

ester,

1- [ 2 - ( 5 - c a r b o x y o x a z o l - 2 - y l ) -

6 a m in o o b e n z o fu ra n -5 -o x y l-2 -(2 'a m in o -5 '-m e th y lp h e n o x y )-e th a n e -N ,N ,N ',N 'tetracetic acid; pentasodium salt {Fura-2 AM) both obtained from Amersham
International. Calcium measurements were made on a modified Locarte fluorimeter
fitted with a zinc lamp. This instrumentation was fitted with a 360nm (75) band
pass filter to select the excitation wavelengths and a 440 nm longpass filter before
the detection photomultiplier to select emission wavelengths.
Purified fetal blasts , at 10^/ml in RPMI 1640 were incubated with Quin-2 AM
IS jiM from a lOmM stock in DMSO or Fura-2 AM 2.0p.M from a 20|iM stock in
DMSO for 20 minutes, diluted fivefold, incubated for a further forty minutes,
washed once to remove excess Fura-2 AM, respended at 10^/ml in assay buffer and
maintained at room temperature until use. All measurements were carried out at
3 7 °C in a standard buffer ph 7.4, containing; 145 nM Na 01, 5mM KCI,0.5mM
glucose, lOmM HEPES , Im M Ca CI2 . Calibration of the signals to obtain F max and F
min as shown in figure 5.1 and described in [M acIntyre,

et a i,

(1988)] was

performed, and intracellular free calcium ion concentration was calculated using the
equation with the appropriate Kd value for either Q uin-2 or Fura-2.

b)

Measurement o f intraceliular pH.

Intracellular pH was examined using cells loaded with the fluorescent H+ probe
Quene-1. The samples of cells were loaded using a similiar protocol to the method for
Q u in -2 or F u ra -2 . The modified Locarte fluorimeter was fitted with a mercury
lamp and a 440 nm long pass absorbance before the PMT to select emission
wavelengths.
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Figure

5.1.
Measurement of intracellular calcium ion concentration.
Calibration of fluorescent intracellular reporting system.

F Maximunn

Manganese Chloride

Fluorescence

f
Triton X 100
+ DTPA

I

F Minimum

[ Ca 2 +] . = Kd .

[ F - F min]

[ F max - F ]
Where Kd. for Fura-2 = 224 nM
and for Quin-2
= 115 nM
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5.3

RESULTS.

5.3.1
a)

Proliferation Assays:
Tritiated thymidine incorporation.

Isolated proerythroblasts or purified erythroid progenitors when placed in liquid
cultures containing only Iscove's medium and 10% heat inactivated fetal calf serum
in the absence of erythropoietin died over a 72 hour period. In proerythroblasts and
purified erythroid progenitors from second trim ester fetal liver, erythropoietin
dependent proliferation was detected within 24 hours, shown in table 5.1. Tritiated
thymidine incorporation was assessed in 6 experiments using a low density
erythroblast cell fraction. Thymidine uptake between 18 hours and 26 hours after
the initiation of culture was 3.33 ± 0.48 times greater than

control cultures in

cultures containing rHEpo at 0.1 lU/ml and 4.39 ± 0.60 in cultures containing
rHEpo at 1.0 lU/ml. In 3 experiments enriched progenitor cells were used and
between 18 and 26 hours in the presence of rHEpo the stimulation index was 3.2 ±
1.01 (rHEpo 0.1 lU/ml) and 4.1 ± 1.03 (rHEpo 1.0 lU/ml) relative to controls.

b)

Cell counts.

During the first 24 hours of cell culture there was a decline in cell numbers in the
presence or absence of erythropoietin, this is shown in table 5.2. In 5 experiments
using low density erythroblasts the proportion of viable cells surviving at 24 hours
was 63.0% ± 24.2% in the absence of rHEpo and 62.4% ± 24.0 in the presence of
rHEpo. Sim ilar results were obtained in the 3 experiments using enriched
progenitor cells with 48.7% ± 17.2 of cells surviving in the absence of rHEpo and
41.0% ± 14.7 of cells surviving in the presence of rHEpo. This suggests that the
increased tritated thymidine uptake at 18 -26 hours in the presence of rHEpo is a
reflection of DNA synthesis rather than cell division. At 48 hours the cell numbers
were similar to those at 24 hours in the absence of rHEpo but had started to rise in
the presence of rHEpo. Although the cell counts after 48 hours in culture with rHEpo
1.0 lU/ml were only slightly higher than in control wells (without rHEpo) but this
difference was significant (p=<0.05). No morphological changes were seen over a 48
hour incubation period. The proportion of blasts did not change and there was no
morphological evidence of differentiation with the proportion of blasts remaining
unchanged as determined by examination of May-Grunwald-Giemsa stained cytospin
preparations.
Overall, combining the experiments with both the low density erythroblasts and the
purified progenitors the cell count in the absence of rHEpo was 53.0% ± 20.7 of the
original cell count and 92.5% ± 46.3 in the presence of rHEpo.(p=<0.05).
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Table 5.1.
Proliferation Assays: Tritiated thymidine incorporation.

Low

d e n s ity

e ry th ro b la s ts .
1.0 lU/ml

Stim ulation

Stim ulation

CRM

CRM

Index. 0.1

Index. 1.0

947

4840

3944

5.11

4. 16

2

6983

27933

38600

4. 00

5.53

3

5603

19419

nt

3. 4 7

4

12 4 4

3576

nt

2. 87

5

3903

11 4 2 2

13570

2.93

6

4249

6798

nt

1.6

Mean ± sem

3.33 ± 0.48

4.39 ± 0.6

1.0 lU/ml

S tim ulation

Stim ulation

No rHEpo

0.1

CRM
1

Expt. No.

E n ric h e d p r o g e n ito r
Expt No.

lU/ml

3.48

c e iis .

No rHEpo

0.1

lU/ml

CRM

CRM

CRM

Index. 0.1

Index. 1.0

1

4839

22179

1 7006

4.58

3.51

2

1 1 674

14732

3132 1

1.26

2.68

3

4478

17 6 2 9

27362

3. 94

6.1

Mean ± sem

3.26 ± 1.01

4.1 ± 1.03
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Table 5.2.
Cell number changes over time in the absence or presence of 1.0 lU/mL
recombinant human erythropoietin.

Low density erythroblasts.
Expt. No.

Time 0

Time 0

24 hrs

24 hrs

48 hrs

48 hrs

- Epo

+ Epo

- Epo

+ Epo

- Epo

+ Epo

1

100 .0%

100 .0%

150.0

150.0

180.0

40 0 .0

2

100.0%

100.0%

48.0

42.0

30 .0

50. 0

3

100.0%

100.0%

32.0

33.0

7.0

10.0

4

100.0%

100.0%

10.0

13.0

4.5

8.0

5

100.0%

100.0%

74.0

74.0

76.5

134 .0

63.0%

62. 4%

59 .6 %

120 .4%

± 24.2

± 24.0

± 32.8

± 73.5

M ean%

n=5

Change

Enriched progenitor cells.
Expt. No.

Time 0

Time 0

24 hrs

24 hrs

48 hrs

48 hrs

- Epo

+ Epo

- Epo

+ Epo

- Epo

+ Epo

1

100 .0%

100.0%

53.0

47.0

57. 0

63.0

2

100 .0%

100.0%

17.0

13.0

7.0

13.0

3

100.0%

100.0%

76.0

63.0

62.0

62.0

48. 7%

41 . 0 %

42 .0 %

46 .0 %

± 17.2

± 14.7

± 17.6

± 16.5

M ean%

n=3

Change

Combined results with enriched progenitors and low density ceiis.
Mean%
Change

n=8

53 .0 %

92.5%

± 20.7

± 46.3

p = 0.05 < p < 0.1
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Figure

5.2.
Intranuclear staining of c-myc protein in purified fetal erythroid
progenitors, demonstrated using indirect immunofluorescence (FITC).
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5.3.2

Estimation o f c-myc protein by semi-quantitative fiow cytometry.

In 3 experiments c-myc protein levels were determined by a semi quantitative flow
cytometric technique in different fetal liver cell fractions. The fractions examined
were fetal liver cells following unit gravity sedimentation to remove hepatocytes,
consisting predominantly of erythroid cells of all stages of maturation, high density
cells passing through ficoll-hypaque consisting of late and intermediate normoblasts
and low density blast cells remaining at the interface after two rounds of buoyant
density separation. The cells were then selected for analysis by gating on toward
angle light scatter. The mean cell fluorescence values were all normalized to the
100% value for the initial cell fraction. The MCF was 59.0 ± 26.2 % in the late
normoblasts and 825.0 ± 380.0% in the large blast cells. The c-myc content of both
the low density erythroblasts and enriched progenitor cells was then assessed after
culture and expressed as a percentage of the initial pre culture value. With the low
density erythroblasts c-myc protein levels fell by 24 hrs this being more marked in
the absence of Epo (shown in table 5.3 and figure 5.3) and by 48 hours in the
presence of Epo the levels of c-myc protein were above those pre culture.
With the enriched progenitor cells the initial fall in c-myc protein in the absence of
Epo was more marked, with levels at 24 hrs being less than half the original values
(shown in table 5.3 and figure 5.4). Examination of the flow cytometric histograms
showed that the fall occurred in the population as a whole, and as only one third of
cells are in the S/ G 2 M phases this implies that c-myc protein is lowered in cells
from all phases of cell cycle (see 5.3.3). In the presence of Epo there was initially
only a small decline in c-myc protein content, although by 48 hours the levels were
reduced to 68.3 ± 14.6 % of original values.
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Table 5.3.
C-myc protein measurements:
% positive X Peak channel = Mean cell fluorescence in arbitrary units, with
the mean cell fluorescence values all normalized to the 100% value for the
initial cell fraction.

Low

d e n s ity

e ry th ro b la s ts .

24 hrs -Epo

24 hrs +Epo

24 hrs -Epo

24 hrs +Epo

1

72

64

47

64

2

46

122

41

76

3

68

57

32

116

62 ± 8.08

81 ± 20.6

40.0 ± 4.4

85.3 ± 15.7

48 hrs -Epo

48 hrs +Epo

48 hrs -Epo

48 hrs +Epo

1

77

135

43

49

2

62

140

43

59

3

80

143

50

97

73 ± 5.6

139.3 ± 2.3

45.3 ± 2.3

68.3 ± 14.6

p=<0.05

p=<0.1

p=>0.4 (NS)

p< 0.005

Expt No

Mean Arb.

E n ric h e d p r o g e n ito r

c e iis .

Units

Mean Arb.
Units
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Figure

5.3.

Changes In c-myc protein expression
In low density erythroblasts over
48 hours Incubation.
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Figure.

5.4.

Changes In c-myc protein expression
In enriched fetal liver progenitors
over 48 hours Incubation.
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Figure

5.5.
Representative tracing from intracellular pH measurement experiment.
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5 .3.3

Cell Cycle Analysis o f fetal Liver Blast cells.

In the 3 experiments using enriched progenitor cells 32.5 ± 2.0% of cells were in
the S/G 2 M phases of the cell cycle as determined by propidium iodide staining
immediately after purification. At 48 hours this proportion of cells in S/G 2 M was
unchanged either in the absence (32.0% ± 3.0%) or presence 33.3% ± 3.0%) of
erythropoietin. In control experiments using fresh peripheral blood lymphocytes
less than 3.0% of cells were in cycle and PHA treated peripheral blood lymphocytes
showed marked changes in cell cycle profile in response to this mitogenic stimulus
and in HL60 cells in logarithmic growth phase 26.0% were in the S/G 2 M phases.

5.3.4

Measurement o f intracellular Calcium Ion concentration.

Addition of either sheep (step three) or recom binant human erythropoietin
(different doses of Epo were tested [range 0.1 - 20.0 lU/ml] (n=5) did not cause a
change in intracellular calcium ion concentration [Ca^+Jj in purified erythroid blast
cells when measured using

either Q uin-2 or F ura-2 as the fluorescent calcium

probe. The isolated erythroid cells were tested either immediately after preparation
or following incubation in liquid culture (without erythropoietin) for two to sixteen
hours. In all cases the cells were subsquently shown to be Epo-responsive in
proliferation assays or clonogenic assays.

5.3.5

Measurement o f intracellular pH.

No change in intracellular pH in purified erythroid blast cells was observed upon
addition of rHEpo. Intracellular pH was monitored using the fluorescent H+ probe
Quene-1 (n=3). However the addition of TPA induced cytoplasmic alkalinisation
within ten minutes. Figure 5.5 is a representive tracing from such an experiment.
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5 .4

DISCUSSION.

In studies in prim itive human fetal liver derived erythroid cells removal of
erythropoietin

decreases

thym idine

uptake

w ithout obviously

affecting

the

percentage of cells in the active phases of the cell cycle. It appears that
erythropoietin is not acting as a cell cycle recruiting or mitogenic stimulus
(sometimes termed

a 'progression' factor), in that the proportion of cells in S/G 2

M is not influenced by addition of erythropoietin. These data are compatible with the
view that Epo deprivation results in prolongation of the cell cycle without arrest in a
particular phase of the cycle. Alternatively, cells may accumulate at the G i phase
and deprived of the mitogenic signal provided by Epo they die via apoptotic
mechanisms, so that there is no obvious change in the cell cycle profile.
The possibility that Epo is not merely functioning as a progression factor but as a
maintenance or competence factor is also suggested by the fact that the high levels of
c-myc protein which are seen in fetal liver derived proerythroblasts and erythroid
progenitor cells immediately ex wVo are maintained in the presence of Epo, where as
in the absence of Epo c-myc protein levels fall within 6 - 1 2 hours. [Spangler and
Sytkowski, (1992)] have shown that c-myc is an early response gene for Epo in
transformed murine erythroleukemia cells and erythroid cells from the spleens of
phenylhydrazine-treated mice. In their system, erythroid progenitors were washed
free of endogenous Epo and then incubated in the absence of Epo. Subsequent addition
of Epo for one hour led to a dramatic elevation of c-myc transcript. Addition of the
protein synthesis inhibitor cycloheximide did not prevent the c-myc response, thus
identifying c-myc as an Epo early response gene in these cells. Also of note is the
observation that Epo activation of c-myc in these cells appeared to require protein
kinase C as inferred by inhibitor studies.
However, the precise role of the c-myc protein in proliferation or differentiation
processes remains unknown; indeed in fibroblasts it has been suggested that
continued relatively high c-myc protein levels are a feature of proliferating cells
irrespective of cell cycle status [Evan, et al., (1992)]. More recently the c-myc
protein has been shown to associate with a helix-loop-helix zipper protein termed
MAX to form a sequence-specific DNA-binding complex [Blackwood and Eisenman,
(1991)]. Also, [Koury and

Bondurant,

(1990)] have recently suggested that

erythropoietin prevents programmed cell death (apoptosis). The mechanism by
which Epo appears to prevent this decline has been demonstrated to be via the
retardation of DNA cleavage and or breakdown. Thus, it is possible to speculate that
the c-myc-MAX complex may have some importance in both the protection of DNA
from cleavage (accumulation of cleavage fragments is an early event in the
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programmed cell death/apoptosis process) as well as transcription or DNA
replication functions in erythroid cells exposed to Epo.
The Epo-R belongs to a receptor superfamily that includes IL-2, IL-3, IL-4, IL-6
and GM-CSF [Bazan, (1989)] and has a single membrane spanning domain and no
intrinsic kinase-catalytic domains [D’Andrea, et al., (1989)]. When considering
signalling through the Epo-R in erythroid progenitors, calcium initially appeared to
be an attractive candidate molecule for signal transduction because it is widely
involved in coupling extracellular processes in other electrical excitable cells and
secretory cells and during the initiation of mitogenesis. Receptor activated changes in
intracellular free calcium in other cell types usually involve the phospholipasemediated hydrolysis of phosphatidylinositol to yield diacylglycerol and inositol
triphosphate, which releases calcium from intracellular stores [Berridge

and

Irvine, (1984)]. Diacylglycerol remains associated with cell membrane where it
activates PKC. There is some evidence for the involvement of phospholipases A2 and C
in the actions of Epo, including an early rise in lipoxygenase metabolites of
arachidonic acid [Mason-Garcia and Beckman, (1991)].
Alterations in intracellular free calcium may have a role in signal transduction in
certain IL-3 dependent cell lines [Whetton, et a!., (1986)] [Hogans and Spivak,
(1988)] but phosphatidylinositol hydrolysis is not observed in these cell lines
[W hetton,
(1988)].

et a/.,

(1988)] or FVA infected erythroblasts [Thom pson,

et a/.,

Another possible functional mechanism would be the induction of

transmembrane calcium channels as observed in T-cells [G ardner,

(1989)]

Although it appears that Epo receptor-mediated activation of adenylate cyclase or
guanylate cyclase does not occur, cAMP and cGMP may play modulatory roles
[Miller,

et a/.,

(1991)].

The initial observation that suggested that calcium might play a role in the
interaction between Epo and target cells was from the experiments by [Misiti and
Spivak, (1979)] showing that calcium ionophores enhanced CFU-E colony formation
and that addition of EGTA in order to preferentially chelate metal ions inhibited
colony formation in a manner which could be reversed by further addition of calcium
but not by manganese, magnesium or zinc. Enhancement of calcium accumulation was
the observed effect of Epo in Friend virus antigen (FVA)-infected erythroblasts
[Sawyer and Krantz, (1984)] and in this system Epo appeared to increase the
exchangeable calcium pool, an effect sim iliar to that observed in quiescent
lymphocytes exposed to mitogenic lectins [Lichtman, e ta !., (1983)].
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The development of sensitive techniques for the measurement of intracellular free
calcium showed that Epo produced an increase in free intracellular calcium in
unseparated human marrow cells [Tsien, et al., (1982)]. Furthermore the effect of
Epo in this system could be abrogated by the addition of Epo antiserum [Mladenovic
and Kay, (1988)]. Other studies suggesting a calcium modulating role for Epo, have
demonstrated an inhibitory effect on the calcium pump in rabbit reticulocyte
membranes [Lawrence, et al., (1987)].
[M iller,

et ai.,

(1988)] in a series of studies using partially purled human

erythroid progenitors and a digital imaging system for measuring calcium levels in
immobilized single cells demonstrated that Epo addition produced increases in
intracellular free calcium in a time and dose-dependent manner. Subsequent studies
demonstrated that the response was seen primarily in late stage erythroblasts
[Miller, et a!., (1989)] With further refinements to the optical system Epo was
observed to preferentially increase nuclear free calcium in these cells [Yelam arty
and Miller, (1990)]. From these data the suggestion is that Epo-mediated changes in
compartmentalized intracellular free calcium might be involved in promoting the
nuclear involution that accompany erythroid maturation, because nonrandom DNA
degradation in living cells involves a calcium-dependent endonuclease [W yllie,
(1980)][N ikonova,

et a!., (1982)]. Against this, compelling evidence indicating

that Epo protects against DNA degradation exists in the observations of [Koury and
Bondurant,

(1990)] and [Spivak,

(1991)] where Epo can be demonstrated to

prevent apoptosis.
The failure to observe changes in intracellular calcium upon Epo addition to fetal
erythroid progenitors with the cells subsquently shown to be Epo-responsive in
proliferation assays or clonogenic assays described here, is in agreement with the
findings in the report by [Imagawa, et a!., (1989)]. They found that Epo did not
increase calcium in partially purified splenic erythroblasts from phenylhydrazinetreated mice, although such an effect could be induced with the carboxylic ionophore
A23187. The role of calcium as a second messenger in Epo mediated signalling is thus
ill defined, and the different findings reported may merely be the result of the
measurement techniques employed. It is also possible that the failure to observe
calcium

mobilized in puirifed progenitor cells was related to the purification

procedures, but work described in the next chapter suggests this is not the likely
explanation. Another possible explanation for the contradictory findings would be the
existence of different signalling pathways in late progenitors as compared with early
erythroid cells.
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A change in cytosolic pH may be observed in some cell types upon the activation of
PKC. In the purified fetal erythroid progenitors tested, Epo not only did not produce
calcium changes but also failed to cause a rise in intracellular pH. However, this is a
rather insensitive index of protein kinase 0 activation, and signal transduction via
protein kinase 0 in these primitive cells remains a possibility. Activation of PKC has
been seen in Epo-stimulated cells by others [M ason-G arcia,

et a/., (1990)]

[Spangler, et al., (1991)].
It must be concluded that the signalling mechanisms activated by Epo are largely
uncharacterized. Further studies are required to determine whether there are
different signalling processes at different stages of differentiation along the
erythroid lineage.
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Functional studies

6 .1

Chapter Six
on haem opoietic progenitors
express Fey Rii.

which

INTRODUCTION.

The findings detailed in chapter three, showing that primitive haemopoietic blasts
from fetal liver express FcyRII, led to the following studies. This chapter describes
studies

dem onstrating

that

the

FcyRII

expressed on the

K562 and

HEL

erythroleukaemic cell lines and on a proportion of fetal haemopoietic blast cells is a
functionally active component of a signal transduction pathway in these primitive
cells as evidenced by calcium mobilization subsequent to receptor crosslinking.

Form and function of Fc receptors.
Receptors for the Fc portion of the different immunoglobulin isotypes (FcR) are
expressed on the surface membranes on many different cell types participating in
immune responses, (table 6.1). Molecular cloning of the different Fc receptors has
indicated that they are Ig superfamily-related molecules and whilst they all possess
homologous

Ig-like

extracellular regions, the structures of their membrane

anchoring and cytoplasmic domains vary considerably [Mellman, (1988)].

FcyR.
The three classes of receptor for the Fc portion of immunoglobulin G (FcyR) are
expressed on mature haemopoietic cells [Anderson and Looney, (1986)][Mellman,
(1988)]. Much is known about the IgG specific FcyRs found on mature phagocytic
leucocytes where they serve to mediate endocytosis, phagocytosis, antibodydependent cell-mediated cytotoxicity of opsonized micro-organisms/ tumour cells
and clearance of immune complexes. The low affinity receptor FcyRII has the widest
distribution

being

expressed

on

peripheral

blood

m onocytes,

neutrophils,

eosinophils, B-cells, some T-cells, platelets and non haemopoietic cells of epithelial
and endothelial origin [Hogg, (1988)]. This has been determined using the moabs in
the CDw 32 cluster described in table 6.2.

Structure o f FcyRII.
The FcyRII molecule is a membrane protein of around 40 Kd. MW [Rosenfeld, et al.,
( 1 9 8 5 )] . Multiple isoforms of the FcyRII

receptor have

been described

in

macrophages, lymphocytes and placental epithelium [Stuart, et al., (1989)]. These
isoforms which display functional heterogenity arise as the result of alternative
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mRNA splicing of multiple genes [Brooks, et al., (1989)]. Three human FcyRII
cDNAs have been isolated by virtue of their homology with murine FcyR cDNA
sequence and have been termed FcRII-A, FcR-B and FcR-C . Comparison of the three
human FcyRII sequences shows that there is high homology (90% - 95%) between
extracellular and trans-membrane domains and 98% homology between FcRII-A and
-B but less than 20% homology between the intracellular domain of FcRII-C and the
other two species [Ravetch and Kinet, (1991)]

Functional aspects o f FcyRII - Signal Transduction.
FcyRII is an important signal transduction molecule and extensive cross-linking of
FcyRII with monoclonal antibody results in calcium mobilization in both monocytes
and neutrophils, with generation of superoxide production in y -interferon or GMCSF primed cells [M acIntyre,

et al., (1987)] [Roberts, et al.,

activation via this mechanism is illustrated in figure 6.1.

(1990)]. Cell
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Figure

6.1.
Cell activation via cross-linking of FcyRII with monoclonal antibody
results in calcium mobilization.

Fc
Low

a ffin ity

binding

FcR

F(ab)
Ag

High a f f i n i t y
binding

147
Table

6.1.
IgG Fc Receptors on human mature haemopoietic cells.

C haracteristic

EcyB I

E£yRJ.1

E C yB U I

MW

72 KDa

40 KDa

50- 70 KDa

Cells

Monocytes

Monocytes

Macrophages

N eutrophils

Neutrophils

Eosinophils

LG Lymphocytes

B-Cell
Platelets
Specificity for

lgG1=lgG3 > lgG4

lgG1=lgG3 > lgG2

IgGI = lgG3

lgG2a = lgG3/lgG1

lgG l> lgG2b

lgG2a >

human IgG
S pecificity

(murine)

lgG2b/lgG1
Affinity for IgG

High

Low

Low

monomers

Table

6.2.
List of monoclonal antibodies in CDw32 cluster.

Moab name

Donor

Soecies

KB61

Pulford

murine

2E1

Tursz

m

lgG2a

CIKM5

Pilkington

m

IgGI

IV.3

Anderson

m

lgG2a

41H1 6

Z ip f

m

lqG2a

Ig Isotype
(m)

IgGI

footnote.
Compiled from the list of monoclonal antibodies submitted to the 4th International
monoclonal antibody workshop.
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6.2

MATERIALS AND METHODS.

6.2.1

a)

Cell preparations.

Fetal liver progenitors.

Progenitors were

prepared from fetallivers

of between 1 4 - 1 9 weeks gestational

age, as detailed in chapter three,section 3.2.1.

b)

Cell lines.

The human erythroleukaemic cell lines K562, HEL and the monocytoid line U937
were taken from stocks maintained in continuous culture in the laboratory.

Monoclonal antibodies.

6.2.2.

The murine moAb CIKM5 (CDw32) used in these studies was raised against K562
cells and recognizes FcyRII [Pilkington, et al., (1984)], Dr Glen Pilkington also
kindly supplied a second moab to FcyRII, CIKM3 (IgM isotype). A third CDw32 moAb
2E1 reactive with FcyRII was supplied by Dr. F Farace, Institute Gustave Roussy,
Villejuif, France. Antibodies were titred using indirect immunofluorescence prior to
use, (against K562) and then used at saturating concentrations in subsequent
experiments.

6.2.3

a)

Studies using Murine Monoclonal antibodies to FcyRII.
Flow cytometry.

Cells were immunophenotyped using a microtitre plate method, as described in
chapter three, section 3.2.4.

b)

Western blotting o f FcyRII from fetal liver blast cells.

Samples of fetal liver progenitors obtained by density gradient centrifugation from
fetal livers of 16 and 18 weeks gestation, were incubated at 2 x 10^ ml in
IMDM/10% HIFGS in a Costar 24 well plate, with or without the addition of 2.0
lU/ml rHEpo. After 24 hours incubation at 37°C /4% CO 2 the cells were harvested
and the cell counts determined. Cells were pelleted and lysed by resuspension in SDS
gel sample buffer and placed in a boiling waterbath for 5 minutes. Protein from 10^
cells from samples incubated with and without rHEpo were loaded onto lanes of a
polyacrylamide SDS gel containing 38:1 acrylam ideibis acrylamide [Laemmli,
(1970)] Control lanes containing cell lysate from 2 x 10^ untreated, a interferon
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or phorbal ester (PMA) treated Daudi cells were included in the other lanes of the
gel (these lysates were kindly provided by Dr Shaun Thomas). The gel was cast and
run on a Bio-Rad M iniprotean (Biorad, Hemel Hemstead, Herts.) electrophoresis
system

for 45 minutes.

Proteins were then transferred

onto

nitrocellulose

membrane (Hybond C Extra, Amersham International.) using a semi-dry blotting
apparatus (Atto, Japan) with a constant current of 0.5A for 45 minutes in 25mM
Tris, 197mM glycine, 20% methanol. After transfer, the filter was immersed in a
blocking solution containing 10% non-fat dried milk (Marvel) in PBS and agitated
for an hour at room temperature. The membrane was then heat sealed into a plastic
pouch containing 3ml of a 1:100 dilution of either purified CIKM5 or CIKM3
antibody in 10% non-fat dried milk, PBS, 0.05% Tween-20 (Sigma) and incubated
overnight at 4°C. After washing with three changes of PBS, 0.05% Tween-20, the
membranes were incubated for one hour at room temperature with

labelled

sheep-anti-mouse Ig antibody (16^iCi/^ig, Amersham International.) at 0.2^C i/m l
in 10% non fat milk,PBS, 0.05% Tween-20. The membranes were washed with
three changes of PBS, 0.05% Tween-20 and dried before being exposed for two
months to pre-flashed X-OMAT X-Ray film (Kodak.).

Radio-labelled markers

{Rainbow markers, Amersham International) were also transferred from the gel to
the membrane to serve as protein size standards in the final autoradiograph.

c)

Measurement o f Intracellular Calcium concentration.

Measurements of intracellular calcium concentration were performed using the
fluorescent calcium indicator F u ra -2 acetomethyl ester {Fura-2 AM). Calcium
measurements were made on a modified Locarte fluorim eter. Details of the
instrumentation are given in chapter 5.
Purified fetal blasts or U937 cells at 10^/ml in RPMI 1640 were incubated with
Fura-2 AM

(Amersham International) 2 jiM for 20 minutes, diluted fivefold,

incubated for a further forty minutes, washed once to remove excess Fura-2 AM,
respended at 10^/ml in assay buffer and maintained at room temperature until use.
All measurements were carried out at 3 7 °C in a standard buffer ph 7.4, containing ;
145 nM Na 01, 5mM KCI,0.5mM glucose, lOmM HEPES , Im M Ca CI2 . Calibration of
the signals to obtain Fmax and Fmin as detailed in [MacIntyre, et al., (1988)] was
performed, and intracellular free calcium ion concentration was calculated using the
equation of [Hesketh, et al., (1983)].

d)

Proliferation assays.

Proliferation assays were performed using tritiated thymidine (^HTDR) uptake to
assess cell proliferation as detailed in chapter 5.2.1 d).

■

6.3

RESULTS.

a)

Reactivity o f CIKM5 with haemopoietic cells.

Although a variety of cell lines were shown to be positive with the CIKM5 moAb using
indirect immunofluorescent phenotyping as described in chapter 3.3.3 (d), the
strongest reactivity on erythroleukaemic cell lines was found with K562 cells in the
logarithmic growth log phase (mean 74.5% positive ± 13.9, with a range 48 -94%
[n=10], shown in figure 6.2. The HEL cell line is also positive when stained using
the CIKM5 moAb as shown in figure 6.3. Staining using the 2E1 moAb gave similar
patterns of reactivity to CIKM5 and a representative comparison of staining on
purified fetal liver blasts, K562 and granulocytes is illustrated in table 6.3.

b)

Western blotting o f FcyRII from fetal liver blast cells.

The presence of bands characteristic of the FcyRII molecule at around 43Kd MW were
seen in the two western blots of fetal liver progenitor total protein lysates. This was
demonstrated using both the CIKM5 and CIKM3 antibodies. There was an apparent
small increase in the level of FcyRII present in the samples prepared from cells
incubated with rHEpo for twenty four hours, (shown in figure 6.4)
c)

Effects o f CIKf\/l5 on Calcium Mobilization In Fetal Liver Blast Cells.

Purified fetal liver blast cells were loaded with Fura-2 AM on four occasions, the
level of [Ca2+]j was 62.6 ± 6.7 nM (range 46 - 80 nM). Addition of CIKM5, at a
concentration shown to cause maximal calcium mobilization in the monocytic cell
line U937, resulted in a variable but consistent increase in [Ca^+jj 82.7 ± 13.8 nM
(range 53 - 129 nM) and this is detailed in table 6.4. The response occured within
30 seconds and reached a maximum level at 6 - 8 minutes a representative trace is
shown in figure 6.5., also shown in this figure is the rapid calcium transient which
occured in U937 cells when they where challenged with an optimal dose of CIKM5.
Addition of the moAb 2E1 which binds to FcyRII without causing activation in
monocytic and granulocytic cells, failed to elicit any response in the fetal liver blast
cells, and inhibited the response to CIKM5.
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Figure
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6.2.
Indirect immunofluorescent staining of K562 cell line using the
CIKM5 moAb and anti-lgGi specific second layer (FITC).
(Representative profile shown).
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Figure

6.3.
Indirect immunofluorescence of K562 and HEL cell lines using tfie CIKM5
moAb and goat anti-mouse Ig FITC.
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Table

6.3.
Staining using the 2E1 moAb gave similar patterns of reactivity to CIKM5 and
a representative comparison of staining on purified fetal liver blasts, K562
and granulocytes is illustrated here. (Indirect Immunophenotyping using
either CIKM5 or 2E1 (CDw32) moAbs and goat anti-mouse Ig FITC.)

FETAL LIVER BLASTS

% Positive

MOF

Control

2.0%

2 0 .0

CIKM5

65 .0 %

1 5 1 .0

2E1

6 7.0%

1 5 5 .5

Control

2.0%

2 9 .4

2E1

6 9.0%

1 2 7 .5

7.0%
5 0 .0 %

5 7 .8
1 2 5 .7

K 562

GRANULOCYTES
Control
2E1

MCF= Mean cell fluorescence.

Figure

6.4.
Western blotting of FcyRII from fetal liver blast cells.
The presence of bands characteristic of the FcyRII molecule at around
43Kd MW were seen in the two western blots of fetal liver progenitor
total protein lysates. This was demonstrated using both the CIKM5 and
CIKM3 antibodies.
Daudi

a IFN

Nil

Fetal liver progenitors.

PMA

16/52
Nil +Epo

18/52
Nil +Epo

►
_46 Kd

i»
-4

CIKM5 moAb with 125; second layer. 2 months exposure (X-omat pre-flashed film)
Daudi lanes contain lysate from 10^ cells.
Lanes with fetal progenitors, lysate from 2 x 10^ cells.
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Table

6.4.
Intracellular calcium flux experiments: Effect of CIKM5 moAb addition on Calcium mobilization in purified fetal progenitors.

Experiment

1 (a)

(b )

2 (a)

3 (a)

4 (a)

(b)
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41

4 6 .5

(33)

(38.5)
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(38)
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Ô Mn

8
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(86)
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(14)
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CF
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15

CF
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12. 5

15
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(29.5)

(32.5)
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(30)
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(78)

OF = Calibration failure.
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F ig u re

6.5.

Intracellular calcium flux experiments:
Effect of CIKM5 moAb addition on calcium mobilization in purified fetal
progenitors, (a representative trace is shown).
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d)

Effects o f CIKI\/I5 on Calcium f^obilization in Fetal Liver Blast Cells.

Purified fetal liver blast cells were loaded with Fura-2 AM on four occasions, the
level of [Ca2+]j was 62.6 ± 6.7 nM (range 46 - 80 nM). Addition of CIKM5, at a
concentration shown to cause maximal calcium mobilization in the monocytic cell
line U937, resulted in a variable but consistent increase in [Ca^+Jj 82.7 ± 13.8 nM
(range 53 - 129 nM) and this is detailed in table 6.4. The response occured within
30 seconds and reached a maximum level at 6 - 8 minutes a representative trace is
shown in figure 6.6. Addition of the moAb 2E1 which binds to FcyRII without causing
activation in monocytic and granulocytic cells, failed to elicit any response in the
fetal liver blast cells, and inhibited the response to CIKM5.
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6.6.

Effects of CIKM5 and erythropoietin addition on fetal progenitor cell
proliferation. (Assessed by
Thymidine incorporation).
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[n = 4]

[n = 3]

Erythropoietin at 0.1 lU /w ell and 1.0 iU /w ell induces dose dependant cell proliferation as
assessed by 3H thym idine incorporation (0.05 < p < 0.1 and 0.025 < p < 0.05 respectivley
by paired t test). FcyRII m onoclonal antibody does not induce proliferation or significant
enhancem ent of the erythropoietin response.
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6.4

DISCUSSION.

As discussed in chapter three, FcyRII molecules were found to be expressed on a
proportion of fetal haemopoietic blast cells as well as the primtive erythroleukaemic
cell lines K562 and H E L The studies described in this chapter demonstrate that this
receptor is a functionally active signal transduction molecule in both the erythroid
cell lines and primitive fetal liver cells as evidenced by calcium mobilization
subsequent to receptor crosslinking. FcyRII on mature phagocytic cells is a signal
transduction molecule an cross linking of this receptor results in rapid phoshatidyl
inositol

turnover

and calcium

m obilization.

[M acIntyre,

et al., (1989)] The

experiments detailed in this chapter show that the surface structure recognized by
the CIKM5 moAb on fetal liver haemopoietic blast cells is also a competent signal
transduction molecule with a rise in [Ca^+jj following addition of CIKM5. The
response is present within 30 seconds and is maximal at six minutes and the elevated
levels of [Ca2+]j are maintained for a least ten minutes. This contrasts with the more
rapid but transient response observed in neutrophils and monocytes or monocytoid
cell lines such as U937. The specificity of the responses is confirmed by the finding
that it is blocked by the moAb 2E1, which masks the epitope recognized by CIKM5.
The 2E1 moAb is of IgGg isotype and does not bind its Fc portion to Fc receptors and
thus fails to induce membrane pertubation and subsquent calcium mobilization
[MacIntyre, et a!., (1988)]. The magnitude of the rise in [Ca^+]i (mean rise of
29.7%) is less than that of monocytes or neutrophils on exposure to CIKM5, but the
latter two populations are of high purity, whereas only a proportion of fetal blast
cells express FcyRII. The finding that the purified blast cells are able to raise their
[C a2+]j in response to cross-linking of FcyRII demonstrates that the relevant
biochemical pathways for calcium mobilization are intact and that the cell have not
been adversely affected by the isolation procedures. This demonstration of functional
integrity is further discussed in chapter five in the context of absence of responses
to HGFs in cells capable of calcium flux upon addition of CIKM5.
The addition of the anti-FcyRII moAb CIKM5 alone does not induce proliferation, or
significant enhancement of the response of fetal progenitors to rHEpo, where as
rHEpo at 0.10 lU/ml and 1.0 lU/ml induces dose dependant cell proliferation as
assessed by ^H thymidine incorporation (0.05 < p < 0.1 and 0.025 < p < 0.05
respectively by paired t test).
The significance of the apparent increase in FcyRII molecules (demonstrated by
western blotting) on fetal liver progenitors incubated with rHEpo is unclear, and of
course it is equally possible that Epo deprivation has merely caused a decrease in
expression in the cells incubated without this growth factor. The role of functional
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FcyRII molecules on primitive haemopoietic cells is unknown, but it seems unlikely
that they are involved in a host defence response. It is possible in the light of the

I

relationship

I

immunoglobulin-like superfamily, that ligands other than IgG

I

receptor and impart a proliferation or differentiation signal but evidence for this is

I

of

some

growth

factor

receptors

to

other

m embers

of

the

could bind to this

lacking.
As considered in the discussion at the end of chapter three, the ontogeny of FcyRII in
human haemopoiesis has yet to be fully determined, but in addition to the
dem onstration of FcyRII molecules on fetal liver derived haemopoietic cells,
expression on progenitor/precursor cells as far back as the

myeloblast and the

malignant blasts in some cases of AML has recently been demonstrated [Ball, et al.,
(1989)]. Additionally, Ball et al. noted that the majority of CFU-GM and half the
BFU-E obtained from clonogenic assay of adult bone marrow show dim staining. Also
interesting from a phylogenitic point of view are the findings of [Tsukuru

and

Papayannopolou, (1989)] showing that primate/simian progenitors adhere readily
to immunoglobulin coated magnetic beads. These data perhaps suggest that in the
normal differentiation schemes of both human haemopoietic progenitors from fetal
liver and adult bone marrow, FcyRII receptors are acquired at or before the colony
forming unit level. The precise role of these receptor molecules on the cell surface of
primitive haemopoietic cells remains unknown.
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Chapter Seven
M easurem ent o f circulating cytokine levels in

7 .1

fetal and

INTRODUCTION.

The patterns of response to haemopoietic growth factors described in the previous
chapters demonstrate that fetal and adult progenitors exhibit different growth factor
requirements. The pivotal HGF for erythroid cells is of course Epo and it is known
that Epo deprivation

in Epo reponsive cell lines results in cell death via

'programmed cell death' or apoptosis [Koury and Bondurant, (1990)]. As shown in
chapter 4, fetal progenitor cells placed in culture without Epo are unable to develop
into colonies at a later time when appropriately stimulated, this loss of response
following prolonged deprivation of the signal transduced through the Epo receptor
may be prevented by a range of other HGF's. This perhaps supports the view that
these HGFs may be important in regulation and maintainance of the size of the stem
cell/progenitor pool as well as influencing proliferation and production of the
differentiated progeny.
Also of note is the fact that placental and fetal tissues have been shown to contain
cells which manufacture growth factors and or express growth factor receptors
[M etcalf, (1986)] [Azoulay, et al., (1987)], these studies were made on murine
material and little is known about the role of HGFs in human developmental
haemopoiesis. However, some HGFs have been reported to be present in high
concentrations in cord plasma samples from term infants . In view of this, with
paired fetal and maternal serum or plasma samples (gestational age 1 9 - 4 0 wks)
available, attempts to detect a range of candidate HGFs have been made in fetai
samples obtained at fetoscopy, in neonates and in pregnant and non pregnant adults,
and these data are presented in this chapter.

7.2
7.2.1
a)

MATERIALS AND METHODS.
Plasma/Serum

samples.

Second / third trimester fetai biood and maternai biood specimens.

Second trimester fetal blood samples were collected by Prof. Charles Rodeck and
collègues using a fetoscopic or ultrasound guided venepuncture (usually between 0.2
- 0.5 ml) [Rodeck, (1980)] from fetuses undergoing diagnostic investigation. Blood
samples were either placed into paediatric sized lithium heparin tubes or plain
plastic tubes. The specimens were centrifuged and the plasma or serum separated and
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Stored frozen at -70°C. Samples of maternal peripheral blood were collected at the
same time as the fetoscopic sampling and processed to provide either plasma or
serum. The gestational ages of the samples ranged from 19 weeks to 40 weeks and
further details of all the samples tested are given in tables 7.1, 7.2, and 7.3.
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Table

7.1.
Details of specimens examined, (i)
Matched maternal and fetal specimens.

sample ID

sample ID

Gestation

Maternal

Fetal

(W eeks)

Diagnosis

C224S2

24

Ureteric obstruction

C221S1

C221S2

22

Ureteric obstruction

C220S1

C220S2

27

Ureteric obstruction

C219S1

C219S2

20

Ureteric obstruction

G362P1

G362P2

23

Chromosomal mosaic

G360S1

G360S2

22

Toxoplasmosis

G359P1

G359P2

38

Maternal ITP

G358S1

G358S2

26

Toxoplasmosis

G356P1

G356P2

26

Toxoplasmosis

G355P1

G355P2

40

Maternal ITP

G354P1

G354P2

21

Toxoplasmosis

G353S1

G353S2

20

Raised MSAFP

G352S1

G352S2

22

Raised MSAFP

G330S1

G330S2

19

Choroiditis

E213P1

E213P2

26

Ureteric obstruction

C224S1
C224P1

SI = Maternal serum sample.

PI = Maternal heparinized plasma sample.

82 = Fetal serum sample.

P2 = Fetal heparinized plasma sample.

(Raised MSAFP = raised maternal serum a feta protein).

164
Table

7.2.
Matched maternal and fetal specimens (11).

sample ID

sample ID

Gestation

Maternal

Fetal

(W eeks)

UCL1 M

UCL1 F

25

UCL2M

UC L 2 F

29

UCL3M

UC L 3 F

33

UCL4M

UC L 4 F

32

UCL5M

UC L 5 F

21

UCL6M

UC L 6 F

23

UCL7M

UC L 7 F

28

UCL8M

UC L 8 F

31

UCL9M

UC L 9 F

29

UCL10 M

UCL10F

33

UCL11 M

UCL11F

35

UCL12M

UCL12F

37

UCL13M

UCL13 F

21
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Table

7.3.
Details of specimens examined, (iii)

Sample ID

i.

Gestation

Sample

(W eeks)

Type

Specimens obtained by cord
sampling at delivery

6.7

(39/40)

39

Cord plasma

27.3

(38/40)

38

Cord plasma

22.3

(38/40)

38

Cord plasma

24.4

(38/40)

38

Cord plasma

30.6

(38/40)

38

Cord plasma

9.8

(38/40)

38

Cord plasma

7.8

(37/40)

37

Cord plasma

12.6

(37/40)

37

Cord plasma

28.8

(35/40)

35

Cord plasma

H

(35/40)

35

Cord plasma

J

(37/40)

37

Cord plasma

B

(37/40)

37

Cord plasma

26

Cord plasma

17.5

(26/40)

ii.

Plasma obtained before in utero
transfusion.

FB 21/52 HDN

Fetal plasma *

FB 20/52 HDN

Fetal plasma *
Volunteer donors.

iii.

AK

Normal adult +

AJ

Normal adult +

MJ

Normal adult +

RA

Normal adult +

* Fetal plasma collected prior to in-utero transfusion for Rhesus haemolytic disease.
+ Normal adult plasma samples, male laboratory workers.
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b)

Third trimester cord biood.

Heparinized venous cord blood samples were kindly provided by Dr. Mervyn Jaswon
and were obtained at delivery from term and pre-term infants. The plasma was
separated and stored frozen at -70°C.

0

)

Adult peripheral blood.

Adult peripheral blood was collected from normal volunteers (laboratory personnel)
aged between 20 - 40 years old and processed as above.

d)

Sample preparation prior to assays o f haemopoietic growth factors.

The frozen plasma/serum samples for assay were thawed at 4®C and diluted in
RPMI/5%FCS (between 1:2

- 1:10) before use, this allowed the sterilization of the

small volume of samples, using low protein binding 0.2mm syringe tip filters
(Gelman Sciences. Ann Arbor. Michigan. USA.) and additionally served to reduce non
specific reactions or interference in both immuno and bioassay systems.

7.3.

H aem opoietic g row th fa c to r A ssa ys and asso cia te d m ate rials.

7.3.1

ELISA Assays.

ELISA assay kits for measurement of GM-CSF, IL-1 and IL-6 were obtained from
Medgenix Ltd., High Wycombe, Bucks. The R & D systems IL-3 ELISA was obtained
from British biotechnology Ltd. Abingdon, Oxon. The 'Insight'™ GM-CSF ELISA was
obtained from Lab Impex Ltd., Teddington. Middlesex. All assays were used as directed
by the manufacturers instructions and the samples tested were assayed in duplicate.
M-CSF was assayed in an ELISA with reagents the gift of Alpha Therapeutics Osaka,
Japan, as developed by [Hanamura, et al., (1988)]. The M-CSF assays were kindly
performed by Dr. Kwee Yong in the department using the method as detailed in [Yong,
et al.,

(1992)].

7.3.2

Standard preparations and neutralizing polycionai antibodies.

In addition to the standard preparations provided in the commercial assays, standard
reference

preparations

erythropoietin

were

for G-CSF,

obtained

from

M-CSF,
the

GM-CSF,

N ational

IL-1,

Institute

IL-3,
for

IL-4

and

biological

standardization and control (NIBSC) Potters Bar. Herts. Neutralizing antisera
produced in sheep to GM-CSF, IL-3, IL-4 and erythropoietin were kindly provided
by Dr. Robin Thorpe, NIBSC.
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7.3.3

IL-6 Bioassay-Proiiferation assay.

B9 murine hybridoma cells were grown in RPMI/5% PCS and 0.02% human
fibroblast conditioned medium. After two days culture in fibroblast conditioned
medium and just prior to use B9 cells were washed twice in warm RM PI/5% PCS by
centrifugation at 250g for ten minutes and respended at 5 x 10^/m l. Triplicate
100)il volumes of the samples to be tested and a dilution series of a standard
preparation of IL-6 (NIBSC 88/514 ) were placed in a flat bottomed 96 well
microtitre plate (Palcon 3072). 5 x 10^ washed B9 cells were added and the
plate(s) incubated in a humidified incubator at 3 7 °C, 5% CO 2 for 72 hours. Then
l OpI of MTT solution (5mg/ml in PBS, sterile filtered) was added and the plate
further incubated for 4.5 hours. The addition of 25pl of 10% SDS/0.02M HOL lysed
the cells and solublized the coloured product. After overnight incubation at room
temperature the plates were read in a MR700 dual wavelength microtitre plate
reader (Dynatech

Ltd.,

Billingdhurst,

Sussex.)

at 570nm

with

a reference

wavelength of 630nm.

7.3.4

Interleukin 1 Bioassay.

A two stage IL-1 assay as described by [Gearing, et al., (1987)] was employed. In
this system IL-1 present in a sample induced NOB-1 murine thymoma cells to
secrete IL-2 which was then assayed in a proliferation assay using a murine
cytotoxic T-Cell line (CTLL). The International standard preparation (NIBSC
86/632.) was used to produce a standard curve over the range of 100 - 0.1 pg/ml
(dilutions were made in RPMI/5% PCS). Triplicate lOOpI samples of the standard
curve and unknown samples were placed in a 96 well plate and 10^ washed NOB-1
cells in lOOpI added. After 24 hours incubation at 3 7 ^0 5% C 02 in a humidified
incubator 50pl volumes of supernants were removed from each well to a fresh
microtitre plate and assayed for IL-2 by the addition of 10^ washed CTLL cells.
Pollowing overnight incubation (18 hours) 20pl of RPMI containing 0.5pCi of
tritiated thymidine (Amersham) was added and the plate incubated for a further four
hours. The plate was then harvested using an automash and the incorporation of
labelled thymidine determined using a liquid scintillation counter.

7.3.5

Bioassay for GM-CSF, IL-1, IL-3, IL-4, IL-5 and erythropoietin.

This assay involved the measurement of proliferative responses in the growth factor
dependent cell line TP-1 [Kitamura, et al., (1989)] to the cytokines listed above,
detected by incorporation of tritiated thymidine. Briefly, the assay procedure was as
follows, TP-1 cells growing in log phase in 2 mg/ml GM-CSP were washed twice and
incubated without any growth factor for 24 hours. lOOpI (10^) of starved TP-1
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cells were added to microtitre assay plates (Falcon 3072) containing lOOpI volumes
of unknown samples. Standard preparations (NIBSC) for GM-CSF, IL-3, IL-4 and
erythropoietin were included on the plates containing unknown samples. After 48
hours incubation at 37°C 5% CO 2 in a humidified incubator 20pl of RPMI containing
O.SpCi of Tritiated thymidine (Amersham International) was added and the plate
incubated for a further four hours. The plate was then harvested and the
incorporation of labelled thymidine determined using a liquid scintillation counter.
The specificity of response to the HGFs was confirmed using neutralizing antisera to
GM-CSF, IL-3, IL-4 and erythropoietin.
The presence of cytotoxic inhibitors which might result in false negative results in
bioassays was looked for in some of the fetal samples, by Dr Tony Meager in his
laboratory at NIBSC. Tumour necrosis factor and transforming growth factor were
not present at detectable levels in sensitive cytotoxicity assays, (limit of detection <
10.0pg/ml) in the samples tested.

7 .4

RESULTS.

GM-CSF Assays.
The results of GM-CSF ELISA measurements on fetal and maternal specimens using
the two different types of commercial kit are are given in table 7.4. 13 sample pairs
were tested. Ten maternal samples were tested using the 'Insight' GM-CSF ELISA, 8
of these samples had undetectable levels of GM-CSF (< 25.0 pg/ml). Maternal
sample C221 gave a level of 2240.0 pg/ml and maternal sample G356 140.0 pg/ml.
All 13 maternal specimens were further tested using a three site ELISA, 12 samples
had undetectable levels (< 12.5 pg/ml), and maternal sample G358 gave a
borderline level of 25.0 pg/ml. The fetal specimens (n=13) were assayed in the two
site assay;

9 samples contained < 25.0 pg/ml, however fetal specimens C219,

G354, G353, G330 appeared to contain 112.0,140.0, 220.0 and 192.0 pg/ml
respectively. Inadequate sera were available to further test these samples in the 3
site assay.
Further studies using the three site assay on eight 36-40 weeks gestation cord
serum samples contained < 12.5 pg/ml GM-CSF as did 4 adult (male) control
samples also tested.
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Figure

7.1.
GM-CSF ELISA assay (3 site assay) Representative assay curve
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7.2.
GM-CSF ELISA (3 site assay) Expanded lower portion of dose response curve.
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T a b le

7.4.
GM-CSF ELISA results on maternal and fetal samples.

2 Site ELISA

3 Site ELISA

2 Sight ELISA

Maternal

Maternal

Fetal Samples

Samples pg/ml

Samples pg/ml.

pg/ ml

0224

0

0

0

0221

2240 #

0

0

0 22 0

0

0

0

0 21 9

0

0

1 12

G362

0

0

0

G358

0

25

0

G356

140

0

0

G355

0

0

0

G354

nt

0

1 40

G353

0

0

220

G352

0

0

0

G330

nt

0

1 92

E213

nt

0

0

Sample ID.

# Not confirmed by bioassay.
Due to dilution of test samples (Fetal specimens diluted 1:4)
Detection limit 2 site assay 0 = < 50.0 pg/ml
Detection limit 3 site assay 0 = < 25.0 pg/ml
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Interleukin 3.
The results of IL-3 ELISA measurements using the two site assay are detailed in table
7.5. below. Six maternal samples and 8 fetal samples were examined. The maternal
samples contained a mean of 14.5 pg/ml (range 0 - 4 1 . 0 pg/ml) and the 8 fetal
specimens contained 9.3 pg/ml (range 0 - 30.0 pg/ml).

T a b le

7.5.
IL-3 ELISA results.
Maternal

Fetal Samples

Samples pg/ml

pg/ ml

C224

12. 0

<8.0

C220

nt

30. 0

G362

41. 0

12. 0

G356

nt

8.0

G355

<8.0

8.0

G354

12. 0

16. 0

G353

10. 0

nt

G352

12. 0

<8.0

E213

nt

<8.0

Sample No.

J 37/52

32. 0

B 37/52

18. 0

H 35/52

26

FB 21/52 HDN

96. 0

FB 20/52 HDN

72. 0

Detection limit 8.0pg/ml in fetal samples diluted 1:2
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Figure

7.2.
IL-3 ELISA assay (2 site assay) Representative assay curve.
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IL-3 ELISA. Expanded lower portion of dose response curve
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Interleukin 6.
The B9 biological assay indicated the presence of stimulating activity in some of the
fetal samples tested, 54.0 pg/ml ± 10.6 (range 25.0 -90.0 pg/ml) [n =5]. 12 fetal
samples were tested using the R & D ELISA, 11 samples contained a mean of 8.0
pg/ml ± 2.9 (range 0.0 - 30 pg/ml), one sample E213 appeared to contain 1920.0
/1952.0 pg/ml. Results shown in table 7.6.
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Table 7.6.
IL-6 ELISA and Bioassay results.

Maternal

Maternal

Fetal Samples

Fetal Samples

Samples pg/ml

Samples pg/ml

pg/ ml

pg/ ml

Sample No.

C224

2.0

(<5.0)

<3.0

8.0

(<10.0)

45

C221

3.0

(<5.0)

nt

7.5

(<10.0)

nt

C220

2.0

(<5.0)

nt

4.5

(<10.0)

nt

C219

2.0

(<5.0)

nt

0 .0

G362

0.0

<3.0

30.0

5 7. 0

G358

0.0

nt

20. 0

nt

G356

7.0

(<5.0)

nt

0.0

nt

G355

4.0

(<5.0)

<3.0

8.0

G354

12. 0

nt

0. 0

nt

G353

9.0

<3.0

nt

51. 0

G352

nt

<3.0

10. 0

25

G330

0.0

nt

0 .0

nt

E213

6.0

nt

1920

(<5.0)

(<5.0)

nt

(<10.0)

#

#sample repeated, gave 1952 pg/ml

ELISA detection limit of assay, maternal samples tested neat = 5.0 pg/ml.
fetal samples tested diluted 1 : 2 so limit of detection = 10.0 pg/ml

Bioassay, all maternal samples tested neat detection limit = 3.0 pg/ml.
all fetal samples tested diluted 1: 8 detection limit = 24.0 pg/ml

90. 0

nt
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Figure

7.6.
IL-6 ELISA assay (3 site assay) Representative curve shown.
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Interleukin

1.

Using the EL-4 -NOB-1 bioassay five maternal and five fetal samples were found to
contain < 20.0 pg/ml IL-1a/p. The results are shown in table 7,7. below.
T a b le

7.7.
IL-1 Bioassay results.

Sample ID.

Maternal

Fetal Samples

Samples pg/ml

pg/ ml

C224

<20.0

<20.0

C221

<20.0

<20.0

C220

nt

nt

C219

nt

nt

G362

<20.0

<20.0

G358

nt

nt

G356

nt

nt

G355

<20.0

<20.0

G354

nt

nt

G353

<20.0

<20.0

G352

<20.0

<20.0

G330

nt

nt

E213

nt

nt

nt= not tested.
Detection limit = 20.0 pg/ml at a sample dilution of 1:10
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Macrophage colony stimulating factor.
Samples were tested in the two site ELISA assay. The samples were tested diluted
1:10 resulting in a lower limit of detection of 100.0 u/ml (= 660.0 pg/ml). The
results of the assays on two batches of matched maternal and fetal specimens are
given in tables 7.8 and 7.9. Results of assays on term cord serum samples are shown
in table 7.10.
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7.8.
M-CSF ELISA Results. (Matched maternal and fetal samples).

Maternal

Maternal

Fetal

Fetal

M-CSF ng/ml

M-CSF u/ml

M-CSF ng/ml

M-CSF u/ml

C224

2. 24

340

C220

3. 70

560

6. 73

1020

G355

4. 49

680

4. 36

660

G353

3. 43

520

nt

G352

3. 83

580

nt

E213

4. 10

620

G360

4. 49

680

mean ± sd

3.76 ± 0.77

569 ± 117

Sample ID

nt= not tested.
(unpaired t-test p < 0.025)

nt

5.81

800
nt

5.46 ±1.19

827 ± 181
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Table

7.9.
M-CSF ELISA (Matched maternal and fetal samples).

Maternal

Maternal

Fetal

Fetal

M-GSF ng/ml

M-GSF u/ml

M-GSF ng/ml

M-GSF u/ml

UCL1

7. 66

1160

6. 67

1010

UCL2

5. 20

788

6. 80

1030

UCL3

3. 76

570

6. 66

1000

UCL4

3. 76

570

5. 15

780

UGL5

4. 03

610

6. 34

960

UGL6

4. 30

650

5. 74

870

UGL7

3. 43

520

5. 28

800

UGL8

7. 23

1 095

7. 33

1110

UGL9

5. 08

770

6. 07

920

UGL10

4. 30

650

6. 40

970

UGL 11

4. 09

620

6. 34

960

UGL 12

4. 49

680

5. 74

870

UGL 13

5. 28

800

6. 66

1 000

4.81 ± 1.3

729 ± 19

6.24 ± 0.64

945 ± 96

Sample ID

mean ± sd.

(paired t test, p < 0.0005)
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Table

7.10.
M-CSF ELISA results (Term cord specimens).

Sample ID.

M-CSF nq/ml

M-CSF u/ml

24.4

38/40

7.7 2

1 1 70

27.3

38/40

5.7 4

870

22.3

38/40

3 .7 0

560

28.8

35/40

7.4 6

1 130

30.6

38/40

5.7 4

870

5 .8 7

890

4 .2 2

640

6.7
17.5

39/40
26/40

7.8

37/40

5.9 4

900

9.8

38/40

5.4 8

830

BL 38/40

7.00

1060

LG 37/40

7.78

1 1 80

mean ± sd

6.06 ± 1.35

918 ± 204
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DISCUSSION.

The failure to detect the presence of high levels of most HGFs in fetal specimens
tested perhaps confirms the view that cytokines and HGFs are secreted in order to act
locally. Of the 10 maternal samples examined for the presence of GM-CSF, only two
maternal samples C221 and G356 gave detectable readings of 2240pg/ml and 140.0
pg/ml respectively in the 2 site assay. These levels were not confirmed by bioassay
using TF-1 cells or a second ELISA technique using a different commercial ELISA
assay. These results were probably caused by cross reacting heterophilic antibody
present in these maternal serum samples. The fetal specimens (n=13) were assayed
in the two site assay and 9 samples appeared to contain < 25.0 pg/ml, however fetal
specimens C219, G354, G353, G330 appeared to contain 112.0,140.0, 220.0 and
192.0 pg/ml respectively. However, as there was insufficent specimen available for
confirmatory testing of these samples in a bioassay the significance of these results
is unclear. The high levels of GM-CSF previously

reported by [Laver,

et

a/.,(1990)] in term cord serum samples were not detected using the three site GMCSF ELISA. The eight, 36-40 weeks gestation cord serum samples examined
contained < 12.5 pg/ml GM-CSF. The studies performed by Laver et al., used a
clonogenic assay and it is possible that a stimulating activity other than GM-CSF was
detected. Four adult male serum samples contained < 12.5 pg/ml GM-CSF. From
manufacturers data, the IL-3 ELISA gave the following on 34 normal donor sera, nil
detectable in 23 samples, 11 samples 5 - 1 0

pg/ml (range 0.0 -30.0 pg/ml) In

studies detailed here the minimum limit of detection was 8.0 pg/ml. The maternal
samples examined gave a mean of 14.5 pg/ml (range 0 - 4 1 .0 pg/ml) and the 8 fetal
specimens contained 9.3 pg/ml (range 0 - 30.0 pg/ml). Three term cord serum
samples gave 18.0, 26.0 and 32.0 pg/ml, however fetoscopic plasma samples of 21
and 20 weeks gestation from fetuses with Rhesus haemolytic anaemia contained 96.0
and 72.0 pg/ml. These potentially interesting results require further studies in a
larger number of samples with confirmation in bioassays using specific blocking
antibodies.
IL-1 induces production of G-CSF and M-CSF in established bone marrow stromal
layers of long term cultures [Fibbe, et al., (1988)] and G-CSF and GM-CSF in
cultures of human umbilicial vein endothelial cells [Zsebo, et a!., (1988)]. These
findings support the idea that IL-1 might be active in regulating production of CSFs.
However, the IL-1 bioassay on five paired fetal/maternal specimens failed to
demonstrated biologically active IL-1, with less than 20.0 pg/ml detected in all
specimens tested. Due to the relative insensitivity of this assay the presence of IL-1
in the fetal circulation cannot not be ruled out, and it should be remembered that the
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experimental data suggests that even very low concentrations might be responsible
for significant production of other HGFs.
The only biological assay which indicated the presence of any stimulating activity
was the B9 IL-6 assay and positive samples in this assay were then tested in an
immunoassay for confirmation. From manufacturers data the IL-6 ELISA gave the
following on 80 normal donor sera, non detectable 49 samples, 29 samples 3.0 8.5 pg/ml, one sample gave 24.5 pg/ml and one sample gave 72.3 pg/ml. In studies
detailed here by taking 3.0 - 10.0 pg/ml as the limits of detection in the maternal
samples the specimens examined gave a just detectable mean of 3.6 pg/ml (range 2.0
- 12.0 pg/ml) and 11 of the 12 fetal specimens contained contained a mean of 8.0
pg/ml ± 2.9 (range 0.0 - 30 pg/ml), one sample E213 appeared to contain
1920.0/1952.0 pg/ml. Elevated IL-6 levels in the amniotic fluid have been found in
cases

of

intraam niotic

infection

[Liechty,

et al., (1990)] and this must be

considered as an explaination of the very high level of IL-6 detected in the fetal
sample E213. There was insufficient sample remaining to further test the fetal
sample E213 in the the B9 IL-6 bioassay. The other growth factor which may react
in the B9 bioassay is basic fibroblast growth factor (bFGF) and it is possible that the
disparity between the levels seen in the bioassay and immunoassay may be due to
bFGF in some of the fetal samples. In the studies by [Gardner, et ai., (1990)], using
term cord blood and adult bone marrow, they found IL-6 supports the formation of
fetal CFU-GM, BFU-E and CFU-Mix but does not support such colony formation from
adult progenitor samples, additionally IL-6 induces cycling in fetal cells. [Migliaccio
, et ai. , (1987)] have suggested that the effects of both IL-6 and IL-1 on adult
progenitors are indirectly mediated by production of GM-CSF and IL-3 which then
act on adult derived BFU-E. The precise role of IL-6 in fetal haemopoiesis, in vivo
remains to be defined.
There is no firm evidence that fetal blood generally contains detectable amounts of
the HGFs generally regarded as potent BPAs in studies of erythroid progenitors. The
studies detailed here were hampered by the small specimen volumes available but it
seems

unlikely that

IL-1,

IL-3,

IL-6 or GM-CSF

are

present in the fetal

circulation. Other candidate HGFs with an established BPA function such as SCF or
IL-9 may be present and further studies when assays for these factors become
available would interesting. Fetal blood does contain M-CSF at levels significantly
higher than the maternal blood samples collected at the same time. The significance of
high levels of M-CSF in the context of regulation fetal haemopoiesis is unknown, but
[Bot, et ai., (1989)] have shown that IL-6 and M-CSF can act in synergy.
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Chapter Eight
D isc u ss io n
8.1.

CONCLUSIONS.
This thesis has examined the in vitro regulation of erythropoiesis with

particular reference to the human fetus. A technique for the isolation of haemopoietic
progenitors from second trimester fetal liver was developed employing density
gradient

centrifugation

and

negative

im m unoselection.

The

area

of

stem

cell/progenitor cell isolation has become an important clinical issue with regard to
bone marrow purging and gene transfer. The methods used on a clinical scale employ
positive selection using anti CD34 antibodies, but negative selection may have the
advantage at least in the experimental setting of not modulating cell surface
molecules of potential functional importance. It is noteworthy that the role of CD34
is not yet known.
Fetal liver has potential advantages over bone marrow for clinical transplantation
including high stem cell/progenitor cell content and a low incidence of immuno
competent cells. One fetal liver provides inadequate cells for transplantation into an
adult, but if current approaches to expand stem cells in vitro [Muench, et al.,
(1 993)][B rugger,

et al., (1993)] prove to be workable then clinical interest in

fetal liver as a source of stem cells will increase. It is likely that fetal liver stem
cells wil be actively cycling because of the extreme demands of the rapidly enlarging
fetus and such cells may be particularly amenable to gene transduction and thus
suitable for prenatal or post natal gene transfer. Cord blood as a source of
transplantable progenitors in place of bone marrow is also being explored, and the
possibility of establishing a 'matched unrelated donor' panel of cryopreserved cord
blood cells has been mooted [Hows, et al., (1992)]. The studies presented in this
thesis suggest that the optimal gestational age for obtaining the greatest number of
progenitors would appear to be 36 weeks. The human fetus at 36 weeks is nearly as
well developed as the term 38-40 weeks fetus and the volume of blood obtainable
from the transected cord should be very similar to the amount obtained from term
deliveries. However for cord derived stem cells/progenitors to be useful in large
adult transplants a scheme for ex vivo expansion may also be required.
The response of fetal blood progenitors and purified fetal liver cells to
erythropoietin was examined. The previously noted high sensitivity of fetal blood
progenitors was confirmed but if second trimester BFU-E are purified from fetal
liver the erythropoietin dose response curve is similar to the adult pattern. This
suggests that the apparent differences in response to erythropoietin may be
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secondary to differences in responsiveness to another accessory cell dependent factor
or factors. Prelimary studies were performed to ascertain the role of other HGFs in
the growth of BFU-E using fetal blood. It was found that, IL-1, IL-3, IL-6, IL-9 and
GM-CSF all had BPA activity, the most potent being IL-3 and IL-9. These studies
require confirmation with purified progenitor to exclude indirect effects. Other
factors of interest as potential fetal BPA include SCF and IL-11. It must be pointed
out that fetal liver derived progenitors had a lesser requirement for BPA compared
to adult cells suggesting either different sensitivity to these factors or that Epo has
more widespread effects on fetal cells. There is no firm evidence that fetal blood
generally contains detectable amounts of the HGFs generally regarded as potent BPAs
in studies of erythroid progenitors. The studies detailed here were hampered by the
small specimen volumes available but it seems unlikely that IL-1, IL-3, IL-6 or
GM-CSF are present in the fetal circulation. Other candidate HGFs with an
established BPA function such as SCF or IL-9 may be present and further studies
when assays for these factors become available would be interesting. Fetal blood does
contain M-CSF at levels significantly higher than the maternal blood samples
collected at the same time. The significance of high levels of M-CSF in the context of
the regulation of fetal haemopoiesis is unknown. In pathological states such as Rhesus
haemolytic disease of the newborn HGFs including IL-3 may be present in increased
concentrations and further studies are merited. A possible methology to explore these
areas further would be to examine fetal tissues containing haemopoietic activity
using

non-isotopic

in -s itu

hybridization

for cytokine

mRNAs, together with

immunophenotypic identification of the cells involved.
Fetal progenitors were used in studies of signal transduction. In particular Epo was
not found to mobilize intracellular calcium on addition to fetal erythroid progenitors
although the cells were subsequently shown to be Epo-responsive in proliferation
assays or clonogenic assays. Although this is in agreement with the findings in the
report by [Imagawa,

et al., (1989)] it disagrees with data from [Miller, et ai.,

(1988)]. In subsequent studies they demonstrated that the response was seen
primarily in adult late stage erythroblasts [Miller, et al. , (1989)]. With

further

refinements to the system, using a digital confocal imaging system Epo was observed
to preferentially increase nuclear free calcium in these cells [Yelamarty and Miller,
(1 9 9 0 )].

From these data the suggestion is that Epo-mediated changes in

compartmentalized intracellular free calcium might be involved in promoting the
nuclear involution that accompany erythroid maturation. It would be interesting to
repeat the experiments in fetal progenitors using the methodology employed by
Miller and colleagues. Another possible explanation for the contradictory findings
would be the existence of different signalling pathways depending on the maturational
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Stage of the cells tested. Ultimately it will be of interest to contrast the Epo induced
kinase signalling events [Witthuhn, et al., (1993)] in fetal and adult progenitor
cells.
In the intracellular calcium experiments already discussed, it was possible to
prove that the cells tested were functionally competent by exploiting the presence of
FcyRII molecules (recognised by moAbs in the CDw32 cluster) on the isolated
progenitors. The FcyRII molecules proved to function as signal transduction
molecules upon cross-linking thereby modulating the cellular calcium level. The
finding of FcyRII on fetal progenitors was unexpected but has now been confirmed by
others in adult blast cells and progenitors [Ball, et a!., (1989)]. The functional role
of FcyRII receptors on fetal progenitors remains unknown but one intriguing
possibility might be the existence of a ligand other than monomeric immunoglobin. It
should be remembered that the FcyRII

molecule contains elements of the

immunoglobulin superfamily as do many HGF receptors. It may be speculated that
this alternative ligand could be involved in adherence within the microenvironmental
niche.
In the studies of primitive human fetal liver derived erythroid cells removal of
erythropoietin

decreased

thymidine

uptake

without

obviously

affecting

the

percentage of cells in the active phases of the cell cycle, thus it appears that
erythropoietin is not acting here as a cell cycle recruiting stimulus, in that the
proportion of cells in S/G 2 M is not influenced by addition of erythropoietin. These
data are compatible either with the view that Epo deprivation results in prolongation
of the cell cycle without arrest in a particular phase of the cycle or alternatively
that cells may accumulate at the G i phase and deprived of the mitogenic signal
provided by Epo they die via apoptotic mechanisms, so that there is no obvious change
in the cell cycle profile. Furthermore the possibility that Epo is not functioning as a
progression factor but as a maintenance or competence factor is compatible with the
fact that the

high

levels of c-myc protein

which

are

proerythroblasts and erythroid progenitor cells ex vivo

seen

in fetal liver

are maintained in the

presence of Epo, where as in the absence of Epo c-myc protein levels fall within 6 12 hours. However, the precise role of the c-myc protein in proliferation or
differentiation processes remains unknown. It has been suggested that continued
relatively high c-myc protein levels are a feature of proliferating cells irrespective
of cell cycle status [Evan, et a!., (1992)]. More recently the c-myc protein has
been shown to associate with a helix-loop-helix zipper protein termed MAX to form
a sequence-specific DNA-binding complex [Blackwood and Eisenman, (1991)]. Also,
[Koury

and

Bondurant,

(1990)] have recently suggested that erythropoietin

prevents programmed cell death (apoptosis) the mechanism by which Epo appears to
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prevent this decline has been demonstrated to be via the retardation of DNA cleavage
and or breakdown. Thus, it is possible to speculate that the c-myc-MAX complex may
have some importance in both the protection of DNA from cleavage (accumulation of
cleavage fragments is an early event in the programmed cell death/apoptosis
process) as well as transcription or DNA replication functions in erythroid cells
exposed to Epo.

Future directions.
T echniques

em ploying

im m unoselection

(e xp lo itin g

the

d iffe re n t

immunophenotypic profiles of the cells present in a mixed haemopoietic tissue) are
likely to become increasingly used in experimental haematology and also be applied
to clinical aspects of what has been termed 'graft engineering'. Future clinical
applications to be explored include, both active and passive 'purging' of harvested
bone marrow to remove tumour cells, concentration of transplantable progenitors
from peripheral blood cytapheresis and the selection of haemopoietic progenitors as
vehicles for gene therapy. It is undoubtedly true that the progenitor pool isolated in
the experiments described here or by use of CD34 positive selection are
heterogeneous. Future clinical studies of gene transfer are likely to focus on
purifying subpopulations of the CD34 positive cell population (eg. CD34+, CD38-,
CD33-) which have long-term repopulating activity. This will ease the logistics of
retroviral gene transfer where virus must be in excess relative to the total cells.
In the experimental setting, immunoselection allows direct examination of primary
progenitors; this is prerequisite for in vitro

studies of the regulation and signal

transduction mechanisms of haemopoietic progenitor cells and of course provides an
assay system in which any effects of growth factor addition can be attributed to the
agent acting directly.
One of the most intriguing aspects of the haemopoietic system remains the
mechanisms underlying aspects of the transplantation of haemopoietic progenitors.
The means by which transplanted stem cells and progenitors find their way to the
correct anatomical niche remains unclear, as are the mechanisms by which they may
be mobilized into the circulation by administration of HGF. Of course these processes
merely mirror the latter stages of the developmental sequence of fetal life where
circulating progenitors home to the bones. Further studies of fetal haemopoietic
tissues including both progenitors and pre-haemopoietic bones may identify the
molecules involved and allow the precise mechanisms of these processes to be
dissected. Recent advances in the techniques of in-situ hybridization which allow
demonstration of cellular sites of HGF or cytoadhesion molecule production at the
single cell level together with fine anatomical detail might if applied to fetal material
reveal the precise components of the cytoadhesion/localization and growth factor
interactions involved.
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Appendix 1.

Photomicrographs of isolated fetal progenitors:
Transmission electronmicrographs prepared by Anatomy Dept. UCL.
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